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Zusammenfassung 

Vieles deutet darauf hin,  dass Erythrozyten, neben ihrer Rolle als Gas- und 

Nährstofftransporter, weitere nicht-klassische Funktionen besitzen. Es wird vermutet, 

dass Erythrozyten am Stickstoffmonooxid (NO) Metabolismus und an der Freisetzung 

von ATP zur Regulierung des vaskulären Tonus beteiligt sein könnten. Zusätzlich sind 

sie in der Lage, über die Präsentation von Phosphatidylserin (PS) auf der extrazellulären 

Seite ihrer Plasmamembran, ihre Lebensdauer selbst zu regulieren. Das präsentierte PS 

wird anschließend in der Milz von Makrophagen als „find me“ Signal für alte oder 

geschädigte Erythrozyten erkannt. Die unterliegenden Regulationsmechanismen dieser 

nicht-klassischen Funktionen sind bisher noch nicht gänzlich aufgeklärt worden. Die 

vorliegende Arbeit basiert auf der Hypothese, dass die nicht-klassische Funktionen der 

Erythrozyten in kardiovaskulären Krankheiten verändert sein und/ oder Einfluss auf den 

klinischen Outcome haben könnten. Daher war das Hauptziel der Studie, die nicht-

klassischen Funktionen der Erythrozyten in gesunden Erythrozyten und in Erythrozyten 

von Patienten mit koronarer Herzkrankheit und Niereninsuffizienz zu charakterisieren. 

Die Teilziele bestanden darin, die Signalwege zu analysieren, die an der Regulation der 

ATP Freisetzung (1.) und der PS-Präsentation (2.) beteiligt sind. Zusätzlich sollten die 

nicht-klassischen Funktionen von Erythrozyten von Patienten mit koronarer 

Herzkrankheit und Niereninsuffizienz im Vergleich zu gleichaltrigen Kontrollen 

charakterisiert werden (3.). Die Hauptergebnisse dieser Studie bestanden darin, dass die 

erythrozytäre ATP Freisetzung unabhängig vom Guanylatzyklase/cGMP- und cAMP-

Signalweg reguliert wird. Diese Studie zeigte weiterhin, dass die ATP Freisetzung durch 

hypotonischen Stress und Phosphodiesterase (PDE)-Inhibierung induziert wird, dass 

diese jedoch unabhängig vom Pannexin-1 Kanal reguliert wird. Jedoch konnte gezeigt 

werden, dass die PDE -vermittelte ATP Freisetzung „downstream“ über den Cystic 

Fibrosis Transmembrane Conductance Regulator kontrolliert wird. Das Hauptergebnis 

bei der Analyse der PS-Präsentation bestand darin, dass NO die 

Ca2+/Calciumionophor/N-Ethylmaleimide induzierte Präsentation von PS auf der 

Erythrozytenoberfläche inhibiert, dass dieser Mechanismus jedoch unabhängig vom 

Guanylatzyklase/cGMP-Signalweg wirkt. Der letzte Teil der Studie beschäftigte sich mit 

der Analyse des Zustandes der nicht-klassischen Funktionen der Erythrozyten in 

kardiovaskulären-und Nierenerkrankungen. Die Ergebnisse der Studie haben ergeben, 
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dass der zelluläre Redox-Status, NO Metaboliten, Membransymmetrie, Verformbarkeit 

sowie Aggregationsfähigkeit der Erythrozyten in koronarer Herzkrankheit 

aufrechterhalten sind, woraus sich schließen lässt, dass die nicht-klassischen Funktionen 

Erythrozyten unter diesen pathologischen Bedingungen nicht beeinflusst werden.  
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Summary  

Beside the role of red blood cells (RBCs) as transporter of oxygen and nutrients to the 

tissues, there is accumulating evidence that RBCs exert non-canonical functions, which 

might contribute to regulation of vascular tone or cardioprotection. RBCs were proposed 

to participate to nitric oxide (NO) metabolism and to release ATP to regulate vascular 

tone. In addition, RBCs were shown to control their own half-life by exposing 

phosphatidylserine (PS) on their surface, which is recognized by macrophages as a “find 

me signal” for old/damaged erythrocytes in the spleen. The mechanisms underpinning 

these non-canonical functions of RBCs are not fully understood so far. This work is based 

on the hypothesis that non-canonical functions may be affected by cardiovascular 

disease (CVD), and/or might contribute to its clinical outcome. Therefore, the main aim of 

the study was to characterize non-canonical RBC functions in healthy RBCs and in RBCs 

from patients with coronary artery disease (CAD) and chronic kidney disease (CKD). The 

main goals of the study were to analyze pathways regulating (1.) ATP release and (2.) 

PS exposure of RBCs, as well as (3.) to characterize non-canonical RBC functions in 

RBCs taken form patients with CAD or CKD as compared to age-matched controls. The 

main findings in the analysis of ATP signaling were that soluble guanylyl cyclase 

(sGC)/cGMP as well as cAMP signaling do not regulate ATP release from RBCs. 

Moreover, the study showed that ATP release is induced by hypotonic stress and 

phosphodiesterase (PDE) inhibition and that this release is not controlled via pannexin-

1, but PDE mediated effects are downstream regulated via cystic fibrosis transmembrane 

conductance regulator. The main finding in the analysis of PS exposure was that 

treatment of RBCs with NO inhibits Ca2+/calcium ionophore/ N-ethylmaleimide induced 

exposure of PS in RBCs, but sGC/cGMP signaling is not involved in this regulation. The 

last part of the study aimed to analyze the status of non-canonical functions in 

cardiovascular- and renal disease. The results indicated that cellular redox-state, NO 

metabolites, RBC deformability and membrane symmetry are preserved in CVD 

indicating that RBC functions are not affected in these pathological conditions.  
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1 Introduction 

1.1 Canonical and non-canonical functions of red blood cells 

Red blood cells (RBCs) play an important role in the body due to their ability to 

transport oxygen (O2) and carbon dioxide (CO2) through the body and to maintain 

the acid/base equilibrium in the blood. Moreover, they have unique 

characteristics and are highly abundant. They have been firstly characterized in 

1674 by lee Van Hock and until now, the process of analysis has not come to the 

end [1]. RBCs represent a volume of about 99% and a cell number of 4.5 × 1012 

per liter in human whole blood. They are shaped as biconcave discs of 7.5 µm 

diameter with a thickness of 2 µm, which provides them the ability of a high gas 

exchange due to their high surface and short diffusion ways [2].  

The main protein in RBCs is hemoglobin (Hb). Together with the enzyme carbonic 

anhydrase, it contributes to the major canonical functions of RBCs, which is the 

transport of O2 and CO2 through the body and the preservation of the systemic 

acid/base balance of the blood [2, 3]. The regulatory mechanisms of these 

functions are intertwined [3].  

Hb is a tetrameric protein whose subunits consist of a globulin chain and a heme-

group. The heme mediates its O2 binding capacity by containing a central Fe2+-

atom, which is able to bind O2 dependent of O2-partial pressure, acid/base 

balance and temperature. The binding of O2 to Hb results in a conformation 

change of the protein from a tense T-state to a relaxed R-state [2]. Hb also 

functions as a buffer system by binding of free H+ ions to its histidine residues. 

Furthermore, the histidine residues are also able to bind CO2 resulting in 

generation of carbamino-Hb. Thereby, Hb contributes to the transport of CO2 from 

the tissues. However, the major mechanism of RBCs to transport CO2 to the lungs 

is the hydration of CO2 to carbonic acid (H2CO3) via carbonic anhydrase. 

Thereby, the enzyme contributes to the regulation of the blood pH-value. The 

generated H2CO3 dissociates to HCO3- and H+ and free H+-ions are buffered by 

Hb [2].  
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However, beside their commonly known function as O2 transporters, RBCs might 

have additional non-canonical functions (Figure 1).  

These include the release of vasoactive metabolites like (1.) adenosine 

triphosphate (ATP) [4-7] and (2.) nitric oxide (NO) [8-11], which are proposed to 

contribute to the regulation of vascular tone [5, 12]. Furthermore, (3.) regulation 

of membrane functions like deformability and aggregation [13-15], but also 

phosphatidylserine (PS) exposure [16, 17] as well as (4.) redox regulation [18, 

19] are believed to play an important role in human physiology. 

 

Figure 1: Overview of canonical and non-canonical functions in RBCs 

Until today, complexity of RBC non-canonical functions is not completely 

understood. Moreover, it remains to be investigated whether non-canonical 

functions of RBCs are changed in cardiovascular disease (CVD).  

1.1.1 RBCs in the regulation of NO metabolism 

NO is a short living, but highly important signaling molecule in the human body. 

It represents an important vasoactive molecule in the endothelium-dependent 

regulation of vascular tone and blood flow [2] and this regulation is highly 

connected to cardiovascular physiology [20].  

1.1.1.1 Role of endogenous NO in the modulation of vascular tone 

In the endothelium, NO is generated by the constitutively expressed endothelial 

NO synthase (eNOS) [21, 22]. The eNOS enzyme in the endothelium generates 

NO via conversion of l-arginine and O2 to l-citrulline. It is tightly regulated by 



3 

 

variety of calcium-dependent and -independent pathways, of which most are 

connected to each other [23-27]. eNOS is activated by increase of intracellular 

calcium concentrations (Ca2+i) with subsequent binding of Ca2+/calmodulin [28, 

29] to its eNOS binding region [30]. Furthermore, enzyme activation is dependent 

on multiple cofactors like tetrahydrobiopterin, flavin mononucleotide, flavin 

adenine dinucleotide and nicotinamide adenine dinucleotide phosphate [31]. 

Beside the calcium-dependent activation, eNOS is also activated by shear stress 

[20, 28, 32-34]. Although NO is highly reactive, it is able to diffuse from endothelial 

cells into the smooth muscle cells where it mediates vasodilatory effects in a 

complex intracellular signaling pathway [35] (Figure 2). 

 

Figure 2: Depiction of the NO/ soluble guanylyl cyclase signaling pathway in the smooth muscle cell 

[35]  

First (1.), NO diffuses through the membrane of the smooth muscle cell and binds 

to soluble guanylyl cyclase (sGC) [2]. The enzyme contains a heme domain [36, 

37], which is activated by NO via binding to the Fe2+ atom of the heme group [38, 

39] and thus converts cyclic guanosine monophosphate (cGMP) from guanosine 

triphosphate (GTP) [40]. The enzyme is typically found as a heterodimer, 

consisting of a larger α -subunit (α1/α2 isoforms) and a smaller heme binding β-

subunit (β1/β2 isoforms) [41], but also homodimers of these subunits are existing 

rarely (sGCα/α or β/β) [42]. The heme subunit consists of a central Fe2+ - atom, 

which is associated with four nitrogens and an axial ligand histidine-105 [43]. 

Binding of NO leads to a generation of a nitrosyl-heme-complex and a 
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conformation change of sGC [43, 44] resulting in an increase in enzyme activity 

up to the 200 fold [45]. The heme complex functions as the NO binding site since 

its removal leads to abolishment of NO activation of the enzyme [46, 47]. For 

activation of sGC, just small amounts of NO in nM range are necessary [43]. 

Moreover, the chemical compound BAY-412272 (BAY-41) synthesized by 

BAYER AG is able to potentiate the effect of NO in a heme-dependent manner 

[43]. Removal of heme-group as well as oxidation of sGC by 1h-

[1,2,4]oxadiazolo[4,3,-a] quinoxalin-1-one  (ODQ) abolishes the effect of NO [48, 

49]. Changes in redox-state may happen via reactive oxygen species (ROS) and 

nitrogen species such as superoxide anion (•O2−) and peroxynitrite (ONOO−) and 

are increased under oxidative stress conditions [50].  

The generated cGMP from sGC affects diverse protein kinases, ion channels and 

phosphodiesterases (PDEs) [44]. As shown in Figure 2, cGMP (3.) binds to 

protein kinase G (PKG) (4.) in the smooth muscle cell. Thereby, it activates the 

kinase. PKG further phosphorylates multiple factors, which lead to a decrease of 

Ca2+i and to dephosphorylation of the myosin light chain. In result, relaxation of 

the smooth muscle cells (5.) is induced [35, 51]. There is strong evidence that 

downregulation of eNOS activity might be correlated to pathological conditions 

like atherosclerosis [52-54] and diabetic vascular disease [55]. 

1.1.1.2 Role of RBCs in NO metabolism 

For a long time, RBCs have been considered as scavengers of free NO [56], 

because they are able to convert NO to nitrate (NO3-) via generation of metHb. 

Small quantities of NO are converted to nitrite (NO2-) via reaction with free O2 [57-

61]. Since NO-scavenging is increased in aged RBCs, RBCs have been 

proposed to play a key role in the impairment of NO bioavailability during blood 

transfusion or pathological conditions [62, 63].  

However, RBCs not only function as NO sinks, but also are able to store, 

synthetize and transport NO [8, 10]. NO2- has been proposed to function as a 

main marker for NO bioavailability [64]. Moreover, the majority of NO2-  in whole 

blood is present in RBCs [65].  Under hypoxic conditions, RBCs release NO to 

the blood stream [66]. Thereby, stored NO2- serves as a source of NO via reaction 
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with deoxyHb and generation of metHb [67] and thus might participate to the 

regulation of vasodilation [64, 68].  

In the past years, we and others have shown that besides the endothelium, a 

functional eNOS also exists in RBCs (red cell eNOS) [9, 69]. We demonstrated 

this by purification and concentration of the red cell eNOS-enzyme by magnetic 

beads and mass spectrometry analysis and showed further that RBCs are able 

to synthetize NO [69]. This was supported by the finding that the isolated enzyme 

is not present in RBCs from eNOS-/- mice [70].  

Therefore, RBCs might play an important role in the regulation of NO 

bioavailability in the human body. 

1.1.2 Redox-regulation of RBCs 

Oxidative stress is generally described as an imbalance between production of 

ROS and their degradation via anti-oxidative molecules [71]. The main 

intracellular source of oxidative stress of RBCs is based in autoxidation reactions 

of Hb [72].  

Therefore, RBCs are equipped with a number of anti-oxidative systems 

consisting of enzymatic and non-enzymatic components [3]. These include 

antioxidants like glutathione, thioredoxin, ascorbic acid and vitamin E, but also 

enzymatic anti-oxidative factors such as superoxide dismutase, catalase, 

glutathione peroxidase, glutathione reductase and metHb reductase [73-76]. 

Because of their high abundance of anti-oxidative enzymes, RBCs may function 

as potent ROS neutralizing cells for the whole human body [18, 19].  

Reduced glutathione (GSH) is described as the main antioxidant in RBCs [77, 

78] and about 10% of total GSH (tGSH) in the body are present in RBCs [79-81]. 

Beside its role as an antioxidant, it also serves as modulator of detoxification, cell 

proliferation or apoptosis [82, 83]. In RBCs, GSH is generated from glutamate, 

cysteine and glycine. The intracellular concentration is defined as equilibrium of 

GSH synthesis, consumption and efflux. GSH is a cofactor of glutathione 

peroxidase, which catalyzes the reduction of hydrogen peroxide (H2O2) to H2O 

and thereby oxidizes GSH to glutathione disulfide (GSSG). The generated GSSG 
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is reduced to GSH by glutathione reductase via NADPH oxidation, but some parts 

of GSSG efflux out of the cell, which contribute to loss of intracellular GSH [84].  

It has been proposed that oxidative stress might play a major role in several 

disease states like atherosclerosis [85], diabetes [86] and CVD [87]. However, it 

remains to be investigated whether changes in redox state of RBCs occur in CVD. 

1.1.3 ATP release from RBCs 

Beside its role as an energy transporter, ATP serves as a potent signaling 

molecule in RBCs. RBCs contain intracellular concentrations of about 5 mM ATP, 

which is mainly generated by glycolysis [5]. There is evidence that RBCs might 

be involved in the  control of O2 supply and vascular tone via release of ATP [88]. 

Several studies showed that vessels exposed to fully saturated RBCs dilate in 

response to a decrease of O2 tension [89, 90]. This showed a relationship 

between vasodilation, RBCs and O2, but did not clarify the underlying 

mechanisms. Until today, a lot of new aspects of ATP signaling have been 

investigated.  

ATP released in the lumen interacts via purinergic receptors on the endothelium 

[91-93], which results in a release of vasoactive molecules such as NO and eNOS 

dependent vasodilation [94-96].  

ATP release from RBCs is induced by extracellular stimuli like hypoxia and 

deformation [97, 98], but also by activation of prostacyclin- and β-adrenergic 

receptors [99].  

1.1.3.1 Role of second messengers cAMP and cGMP  

Cyclic adenosine monophosphate (cAMP) and cGMP both are second 

messengers involved in the regulation of cellular processes of various organs like 

heart, brain or kidney [2], but also have been proposed to play a regulatory role 

in ATP release from RBCs [100, 101]. cAMP is generally converted from ATP by 

membrane bound adenylate cyclase (AC) [40] and its main targets are protein 

kinase A [102] and cAMP-regulated ion channels [103]. AC is ubiquitary 

expressed in mammalian tissues [104] and exists of a family of at least 9 isoforms 
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[105]. The enzyme is regulated via extracellular agonists like adrenaline, 

noradrenaline, glucagon or histamine, which act extracellular via heptahelical 

receptors [40]. These receptors further activate or inhibit AC via intracellular 

guanine nucleotide proteins (G-proteins) and thus function as molecular switches 

[40]. In an inactive state, the heterotrimeric G-proteins consists of a complex build 

from a Gαs/i-, Gβ- and Gγ-subunit [2]. The Gαs/i domain is bound to GDP. 

Activation of heptahelical receptors results in exchange of GDP and GTP and 

breakdown of the trimeric complex. The released Gα binds to AC and thus 

activates (Gαs) or inactivates (Gαi) the enzyme depending of the type of G-protein 

[40].  

AC type II is mainly expressed in the brain and lungs [106, 107], but also in rabbit 

RBCs [108]. Although Gi is generally known as an AC inhibiting protein [40], it 

acts as an activating molecule at AC type II in RBCs [104, 108-110]. It has been 

shown that activation of Gs as well as Gi results in generation of cAMP from ATP 

in RBCs [108, 111, 112]. Furthermore, deformation and hypoxia both lead to 

activation of Gi in RBCs [111, 113-115]. However, regulatory effects of Gi on AC 

type II in other tissues have not been clarified yet [116, 117].  

The other important second messenger proposed to play a role in ATP release 

from RBCs is cGMP. It is converted from GTP by all isoforms of guanylyl cyclases 

[43, 118] and its main targets are PKG and cGMP-activated channels [2].  

1.1.3.2 Role of PDEs 

There is strong evidence that regulation of cAMP and cGMP in RBCs might be 

additionally regulated by compartmentalization of the specific PDEs [119-121]. 

The general role of PDEs is the control of intracellular cAMP and cGMP levels by 

specific hydrolyzation of the second messengers. The individual isoforms are 

classified by their specificity for either one or both nucleotides [119, 122]. 

Moreover, cGMP controls cAMP levels via cGMP-mediated regulation of PDEs 

[122-124]. cGMP- and cAMP- specific PDEs are present in RBCs, which include 

PDE2, -3, -4 and -5 [125-127]. Furthermore, it was indicated that PDE3 is 

involved in prostacyclin-mediated ATP release via potentiation of intracellular 

cAMP-increase, but not in β-adrenergic signaling [119, 126]. This indicates the 



8 

 

existence of at least more than one regulatory mechanism of ATP signaling within 

RBCs. 

1.1.3.3 Role of ion channels: Cystic fibrosis transmembrane conductance 

regulator and pannexin-1  

Deformation and hypoxia mediated ATP release of RBCs involves the cystic 

fibrosis transmembrane conductance regulator (CFTR) [7] as well as the 

pannexin-1 channel (Pnx-1) [4, 7]. The CFTR is a cAMP-regulated chloride 

channel, which is mainly present at the apical membrane of epithelial cells of 

pancreas, airways and other fluid-transporting tissues [128, 129]. Furthermore, 

the channel is a member of the ATP-binding cassette transporter [130]. It is 

activated via cAMP/protein kinase K mediated phosphorylation [131] and ATP 

hydrolysis [132, 133]. Moreover, mutation of the CFTR gene (DF508) is 

associated to the development of cystic fibrosis (CF), which results in organ 

pathology [134, 135]. Recent studies indicate that CFTR is also present at the 

RBC plasma membrane and that CFTR expression is reduced in CF patients 

[136]. Furthermore, deformation-induced ATP release from RBCs is CFTR-

dependent [137]. However, prostacyclin-mediated ATP release is regulated via 

CFTR, but not via Pnx-1 [7], indicating presence of at least two independent 

signal cascades within the RBCs.  

The Pnx-1 channel builds a pore by oligomerization of 6 equally structured 

subunits [138]. It has been shown that the channel is expressed ubiquitously in 

human tissues like brain, heart, endothelium or RBCs [139]. Pnx-1 is activated 

via shear stress [140], caspase cleavage [141] or membrane depolarization [140]. 

Moreover, it has been proposed that Pnx-1 inhibition is controlled via negative 

feedback of ATP release [142] or pharmacological inhibition by probenecid and 

carbenoxolone [143-145]. Furthermore, ATP release from RBCs induced by 

hypoxia [7], shear stress and hypotonic stress [145] is Pnx-1-dependent.  

Until today, the exact molecular mechanisms of ATP release from RBCs have not 

been fully understood and intracellular signaling mechanisms of ATP release 

remain to be investigated. In detail, it is unknown whether PDE and cGMP 
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signaling is involved in the regulation of ATP release. Furthermore, the involved 

transport channels have not been identified in detail so far.  

1.1.4 Regulation of PS exposure in RBCs 

RBCs have a unique membrane composition consisting of cholesterol and 

phospholipids (PLs) and an anchored elastic cytoskeleton [146, 147]. The 

cholesterol is evenly distributed in the inner and outer side of the plasma 

membrane. In contrast, the main phospholipids like PS, phosphatidylcholine, 

phosphatidylethanolamine and sphingomyelin are asymmetrically distributed. In 

healthy RBCs, PS and PE are mainly present inside of the cell membrane [148, 

149]. In case of senescence, cell activation or damage, the PS is exposed to the 

outer face of the membrane representing a signal for phagocytosis to the 

surrounding macrophages [150-155]. In this way, RBCs are removed from the 

blood stream. Regulation of membrane asymmetry is controlled via PL-

translocators, which vary in their specificity and regulation mechanisms [156]. PL-

translocation is proposed to be controlled via ATP-dependent flippases, which 

continuously move phospholipids from the outer to the inner side of the 

membrane [147] and ATP-independent scramblases, which reallocate the PLs 

randomly from one side to the other. Until today, the exact regulatory 

mechanisms of the enzyme groups are unknown [157]. However, it was 

demonstrated that scramblase activity is increased via calcium influx or 

modifications via protein-SH groups or oxidation [157-160]. Furthermore, it was 

shown that also flippase activity is controlled via sulfhydryl modifications resulting 

in a decrease of enzyme activity [159, 161]. However, there is a disagreement 

about the existence of scramblases and flippases in RBCs [147] and scramblase 

is the only enzyme that has been characterized so far [162]. 

Possible intracellular signaling mechanisms concerning the control of RBC death 

have been focused in the past decades. Since RBCs lack mitochondria and 

nucleus, differently cell death mechanisms have been proposed compared to 

other cell types. PS exposure is induced by oxidative stress [163], glucose 

depletion and calcium ionophore (Ca-I) treatment [164] via uptake of Ca2+i [164] 

and activation of several calcium/cation channels [165, 166]. Furthermore, Ca2+i-
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uptake results in scramblase activation [167-169] and/or flippase inhibition [170] 

and might lead to enhancement of PS exposure at the RBC surface and RBC 

removal from the blood stream. Ca2+i increase is also followed by activation of 

calcium activated potassium channels and accompanied by cell shrinkage [171].  

Loss of membrane symmetry is found in RBCs from patients with several clinical 

disorders like diabetes [163], heart failure [172] or hemolytic anemia [173]. 

Furthermore, it was demonstrated that application of NO donors and stable cGMP 

derivate blunt the increase of PS exposure evoked by Ca-I [164]. In detail, it was 

shown that application of NO donor sodium nitroprusside (SNP) from 1 nM to 

1000 nM significantly decreases PS exposure in presence of Ca-I treatment and 

that application of 1 mM dibutyryl-cGMP (db-cGMP) has the same effect [164]. 

However, it remains to be investigated whether sGC signaling plays a role in the 

regulation of membrane symmetry in RBCs.  

1.1.5 Rheological properties of RBCs 

Blood is physically defined as a ”non-Newtonian, shear-thinning fluid” [174], in 

which viscosity decreases by accelerating shear rates in a non-linear manner. 

The characteristics of blood viscosity are influenced by RBC deformability and 

aggregation [13-15]. Therefore, deformability is the factor dominantly influencing 

viscosity at high shear rates and aggregation at low shear rates [175].  

Deformability of RBCs is defined as their ability to change their shape, when they 

are exposed to high shear forces, from their biconcave form to a ellipsoidal 

structure [14]. These alterations of RBC shape results in a decrease of blood 

viscosity [175] and thus make it a key regulator of blood rheology. Deformability 

of RBCs is mainly allowed by the structure of their unique cytoskeleton, which 

enables RBCs to be highly flexibile [176]. Besides their ability to deform in 

response of high shear situations, RBCs are able to aggregate in situations of 

low shear forces or stasis. In these conditions, RBCs discs tend to form linear 

aggregates, commonly known as “rouleaux formation” [177, 178]. The 

aggregates contribute to an increase of blood viscosity due to increased particle 

size and flow resistance [175]. It was demonstrated that regulation of aggregation 

is highly dependent on type and concentration of plasma proteins [179]. It was 
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demonstrated that deformability is affected by disease states like circulatory 

disorders, diabetes, infections or pulmonary disorders [180, 181]. It was further 

shown that changes of aggregability are related to myocardial infarction, chronic 

inflammation, infections or trauma, probably due to increased levels of fibrinogen 

[182-184]. It has also been proposed that increased RBCs aggregability may be 

considered as an indicator of bad clinical outcome in angina pectoris [185]. 

Oxidative stress was shown to influence both deformability and aggregability 

depending on the source of ROS [186]. In the large vessels, RBCs control blood 

viscosity [13]. In smaller vessels their deformability has a regulatory impact on 

flow resistance [187, 188]. In capillaries, the deformability is of high importance 

due to the fact that RBCs have to pass vessels, which are even smaller than their 

diameter. Thus, they strongly contribute to blood flow regulation in capillaries 

[189, 190].  

1.2 RBC dysfunction and anemia 

The World Health Organization (WHO) describes anemia as a pathological 

condition, which is defined by decreased concentrations of Hb in the whole blood, 

being  Hb <12 g/dL in females and <13 g/dL in males [191]. As shown in Figure 3 

[3], anemia classification can be done accordingly to (A) changes in 

morphology/size of circulating RBCs, (B) decrease of Hb, or (C) etiopathology, 

which itself is caused by (1.) defects in erythropoiesis, (2.) increased hemolysis 

or RBC uptake, (3.) bleeding or (4.) disorders of cell distribution [3, 192]. Taken 

together, anemia is characterized by loss of RBC integrity resulting in impairment 

of RBC mediated canonical functions in the body [193]. Interestingly, there is 

clinical evidence that anemia is a common comorbidity in CVD [194] and 

associated to cardiovascular complications [194-196]. Specifically, clinical cohort 

studies with patients with CVD have shown that anemia is related to increased 

mortality in this disease state [194] even under mild anemic conditions [197, 198]. 

Moreover, it was shown that anemia is associated to multiple severe 

complications in CVD, which include thromboembolic events or bleeding 

complications [199]. 
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Figure 3: Classification of Anemia [3] 

Anemic conditions can be classified according to (A) changes in morphology/size of the circulating RBCs, 

(B) decrease of Hb, or (C) etiopathology, which itself may be caused by (1.) changes in erythropoiesis, (2.) 

increased hemolysis, or RBC depletion, (3.) bleeding, or (4.) disorders of cell distribution.  

However, the underlying mechanisms of these complications are unclear. As 

described in §1.1, there is accumulating evidence that RBCs exert additional non-

canonical functions and therefore have been proposed to play a role in 

cardiovascular protection [3]. However, it is unknown whether non-canonical 

RBC functions are affected in CVD. Since CVD is the most frequent cause of 

death in the western countries [202], it is of high interest to identify underlying 

molecular mechanisms and to find new perspectives for therapeutic approaches. 

The WHO defines CVD as a group of disorders of the heart and blood vessels, 

which include coronary artery disease (CAD), cerebrovascular disease, 

peripheral arterial disease and others. [203]. CAD is classified as the 

manifestation of atherosclerosis in the coronary arteries. Due to flow-limited 

coronary stenosis, it results in coronary insufficiency and to an impairment of O2 

supply of the heart. The most abundant manifestation of myocardial ischemia are 

angina pectoris (40%), acute coronary syndrome (ACS; 50%) and sudden heart 

death (10%). In the clinical practice, ACS is defined as the event of instable 

pectoris, acute myocardial infarction or sudden heart death. These are 

categorized due to electrocardiogram -changes in non ST-segment elevation 

myocardial infarction (NSTEMI) and ST-segment elevation myocardial infarction 

(STEMI) [202].  
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2 Aim of the work  

Beside the role of RBCs as transporter of O2 and nutrients to the tissues, there is 

accumulating evidence that RBCs may exert non-canonical functions.  RBCs 

were proposed to participate to NO metabolism and to release of ATP and 

thereby may contribute to regulate vascular tone or cardioprotection. In addition, 

RBCs were shown to control their own half-life by exposing PS on their surface, 

which is recognized by macrophages as a “find me signal” for old/damaged 

erythrocytes in the spleen. The mechanisms underpinning these non-canonical 

functions of RBCs are not fully understood so far.  

This work is based on the hypothesis that non-canonical functions of RBCs may 

be affected by CVD, and/or might contribute to its outcome. 

Therefore, the main aim of the study was to characterize non-canonical RBC 

functions in healthy RBCs and in RBCs from patients with CAD and chronic 

kidney disease (CKD). The main goals of the study were to analyze pathways 

regulating (1.) ATP release and (2.) PS exposure of RBCs, as well as (3.) to 

characterize non-canonical RBC functions in RBCs taken form patients with CAD 

or CKD as compared to age-matched controls (Figure 4).  

Specifically: 

(1.) Previous data indicate that sGC/cGMP signaling might be involved in the 

regulation of ATP release from RBCs. Furthermore, the Pnx-1 and CFTR 

channels have been proposed to be involved in ATP export from RBCs. 

Here, the role of cGMP signaling and PDE inhibition in control of ATP 

release, and the involvement of Pnx-1 and CFTR in ATP release induced 

by hypotonic stress will be investigated.  
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(2.) There is evidence that the NO and cGMP pathway are involved in the 

regulation of membrane symmetry and PS exposure. Therefore, the 

present study will investigate whether sGC activation by NO is involved in 

the control of PS exposure from RBCs.  

(3.) Anemia has been described to be associated to increased mortality in 

patients with CAD and CKD. However, it is unknown whether non-

canonical RBC functions affected by CVD. Therefore, the present study 

will analyze whether selected RBC functional properties including NO 

metabolism, changes in redox state and maintenance of membrane 

symmetry (PS exposure), RBC deformability and aggregability are 

changed in RBC from patients with CAD, ACS and CKD as compared to 

age-matched controls. 

 

 

 

Figure 4: Aims and goals of the study 
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3 Material and methods 

3.1 Material 

Table 1: Instruments and consumables 

Applicance/Consumable Purchased by 

TH 15 Incubator Edmund Bühler 

Autoclave DX-65 Systec 

Rotina 38 R Hettich 

Ritina 380 R Hettich 

Mikro 200R Hettich 

Micro Star 17R VWR 

FluoStar Omega  BMG Labtech 

ImageQuant LAS4000 GE healthcare 

Eppendorf tubes Starstedt 

Pipettes with tips Eppendorf 

Corning® 96 well plates, UV-transparent #CLS3635, Sigma 

96 well plate, F-bottom, white #655083, Greiner Bio one 

96 well plate, ELISA, U-bottom, transparent #650001, Greiner Bio one 

Omega Software, 2007-2012 BMG, Labtech 

Omega data Analysis Software V2.41 BMG Labtech 

FACS Verse BD 

Magnetic particle concentrator #12001d, Invitrogen 

Eppendorf tube rotator Neolab 

Shaker KL-2 Edmund Bühler 

Hamilton syringe VWR 

Pipetboy Ibs Integra 

XCell II™ Blot Module Invitrogen 

XCell SureLock™ Mini-Cell Electrophoresis System Invitrogen 

Milli-Q Millipore Reference 

Cell culture flasks (250ml) with filter Greiner Bio one 

Waterbath VWB 12 VWR 

Cleanbench CA/REV 4 Biohazard 

CO2 incubator Hera Cell240  Heraeus 

DFC450 microscope Leica 

Neubauer counting chamber Roth 
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 Table 2: Software 

Software Purchased by 

FluoStar Omega  BMG Labtech 

ImageQuant LAS4000 Software Version1.2 GE healthcare 

Omega Software, 2007-2012 BMG, Labtech 

Omega data Analysis Software V2.41 BMG Labtech 

FlowJo V10 FlowJo 

GraphPadPrism 6.0.1 GraphPad, Inc. 

FACS Suite V1.0.53841, 2013 BD 

SPSS Statistica V23.0.0.0 IBM 

Leica Application Suite V4.3.0 Leica Microsystems 

NIS Elements V4.30.02 Laboratory Imaging 

 

 

Table 3: Chemicals,buffers, kits and antibodies part 1 

Article 
Purchased 

by 
Article no. 

3-8% Tris-Acetate (TA) Gel Invitrogen EA0375Box 

8-(4-chlorophenylthio) –cAMP (8-CPT-cAMP) Sigma C3912 

8-CPT-cGMP Sigma C5438 

Albumin Fraction V Roth 8076.3 

Annexin V-PE BD 556422 

Antioxidant Invitrogen NP0005 

ATP Determination kit Invitrogen A22066 

BAY-41  Bayer AG - 

CaCl2 Sigma C7902 

CaCl2x2H2O Sigma C3881 

Ca-I Sigma C7522 

Carbogen Linde - 

4-amino-5-methylamino-2',7'-difluorofluorescein diacetate 

(DAF-FM-DA) 
Invitrogen D23844 

DC protein assay (Lowry assay) Biorad 5000116 

Diethylamine NONOate diethylammonium salt (DEA/NO) Sigma D5431 
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Table 4: Chemicals,buffers, kits and antibodies part 2 

Article 
Purchased 

by 
Article no. 

DMEM medium Invitrogen A14430-01 

Dimethylsulfoxid (DMSO) Roth 5179.1 

Dynabeads® Antibody Coupling Kit Invitrogen 14311D 

Endothelial cell medium + supplement Promocell c-22010 

Ethanol 70% VWR 20905296 

FACS clean BD 340345 

FACS flow BD 342003 

Fetal calf serum (FCS) Sigma 12133C 

Glucose Sigma G5767 

Glutathione Fluorescent Detection Kit, 5 Plate Arbor K006-F5 

2',7'-dichlordihydrofluorescein-diacetat (DCF) Invitrogen D-399 

H2O2 30% wt Sigma 216763 

Acetic acid Roth 3738.4 

Diethylenetriaminepentaacetic acid (DTPA) Sigma D1133 

Hanks balanced salt solution (HBSS) + CaCl2 

+MgCl2, no phenolrot (HBSS (+)) 

Invitrogen 14025-100 

HBSS without (w/o) CaCl2 +MgCl2, no phenolrot 

(HBSS (-)) 

Invitrogen 14175095 

HCl VWR 1.09911.0001 

Heparin 25000 I.E Ratiopharm PZN3029843 

4-(2-hydroxyethyl)-1-piperazineethanesulfonic 

acid (Hepes) 

Sigma H3375 

Hepes solution for cell culture Invitrogen 15630-080 

HPLC-water VWR 83.650.320 

human umbilical vein endothelial cell (HUVEC) 

vials c-pooled (lot.399Z014) 

Promocell c-12203 

IGEPAL Sigma I3201-50m 

J2 Sigma I3380 

K3Fe(CN)6 Roth P745.1 

KCl Sigma P9333 

KH2PO4 Sigma 1551139 

KJ Merck 1.050.430.25 

Magic Marker Invitrogen LC5602 

Methanol VWR 83.638.320 
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Table 5: Chemicals,buffers, kits and antibodies part 3 

Article 
Purchased 

by 
Article no. 

MgSO4x7H20 Sigma 230391 

NaCl Sigma s7653 

NaHCO3 VWR 144-55-8 

NaOH Sigma s8045 

NaOH Sigma s8045-1kg 

N-ethylmaleimide (NEM) Sigma E3876 

NP40 Sigma 74385 

NuPage LDS Sample Buffer (4x) Invitrogen NP0007 

ODQ VWR ACRO328800100 

Phosphate buffer saline (PBS (+)) Sigma D8537 

PBS (-) Sigma D8662 

Penicillin/Strepomycin Invitrogen 15140122 

Ponceau S solution Sigma 1441194 

Reagent A Biorad 500-0113 

Reagent S Biorad 500-0115 

Reagtent B Biorad 500-0114 

Sodium dodecyl sulfate (SDS, 10%-solution) Aglichem A06760599 

Sildenafil citrate salt (Sil) Sigma PZ-0003 

Sodium deoxycholate Sigma 30970 

Sample reducing agent (SRA) (10X) Invitrogen NP0004 

SuperSignal™ West Femto Maximum Sensitivity 

Substrate 

Invitrogen 34095 

Tris buffered saline with Tween-20 (TBS-T), (10X) Biorad 170-6435 

Thiol Tracker® (TT®) Invitrogen T10095 

Toluol Roth 7346.2 

Transfer buffer (20X) Invitrogen NP006-1 

TA-Buffer (20X) Invitrogen LA0041 

Trypsin/EDTA Invitrogen R-001-100 

Tween-20 Sigma P9416 
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Animals 

Male 12-20 weeks old C57Bl/6J mice were used as wild type (WT) control mice 

(Janvier Labs, Saint-Berthevin, France). For CFTR-KO experiments, mouse 

blood was freshly delivered from Bayer AG, Wuppertal. The used CFTRtm1UNC 

knock out mice (CFTR KO) had C57Bl/6J background and were purchased from 

Jackson Laboratory, Maine, U.S.A. Animal care was in accordance with the 

institutional guidelines. All experiments were performed according to the criteria 

outlined in the NHLBI Animal Care and Use Committee and the LANUV 

Nordrhein-Westfalen (no. 84-02.04.2013.A228).  

Human blood donors 

For analysis of healthy human RBCs, blood was obtained from the antecubital 

vein of healthy individuals (25-33 years). The study was approved by the local 

ethics committee (no. 3857) and performed in accordance to the Declaration of 

Helsinki and the guidelines of good clinical practice (GCP). The study has been 

performed according to the legal data protection requirements. Written informed 

consent was obtained from all subjects taking part in the study. 

 CVD study 

The study was led by Prof. Dr. med. M. Kelm, head of the cardiology department 

and coordinated by Prof. Dr. rer. nat. Dr. M. M. Cortese-Krott. The study was 

approved by the local ethics committee (no. 4460) and performed in accordance 

to the Declaration of Helsinki and the guidelines of GCP. The study has been 

performed according to the legal data protection requirements. Written informed 

consent was obtained from all subjects taking part in the study. The study was 

performed together with Dr. med. G. Wolff and the medical students Thirumakal 

Manokaran, Claudio Parco and Jonathan Schmidt. 

CKD study 

The study was approved by the Ethics Committee of the University of Chieti and 

was performed in accordance to the Declaration of Helsinki. Written informed 

consent was obtained from all subjects taking part in the study [204]. 
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3.2 Methods 

3.2.1 RBC purification 

3.2.1.1 Human samples 

Human blood was collected in heparin tubes. Whole blood was centrifuged at 800 

x g for 10 minutes at room temperature (RT) and buffy coat and plasma were 

removed. RBC pellets were washed three times with the corresponding buffer of 

the specific experiment (as described in §3.2.2.1 for ATP determination, §3.2.3.1 

for PS exposure and §3.2.5.1 for western blot) at 300 x g at RT for 10 minutes. 

In the patient study, heparinized whole blood was used for flow cytometric- and 

(Laser-assisted Optical Rotational Cell Analyzer (Lorca) measurements. 

3.2.1.2 Murine samples 

Murine blood was collected in heparinized tubes. Mice were anesthetized by 

injection of ketamine (100 mg/kg bodyweight) and xylazin (10 mg/kg bodyweight) 

and blood was taken from the heart. Murine blood was centrifuged at 3000 x g 

for 3 minutes at RT, and plasma and buffy coat was removed. RBC pellets were 

washed three times with the corresponding buffer described in §3.2.2.1 at 300 x 

g at RT for 10 minutes.  

3.2.2 Analysis of ATP signaling from RBCs 

3.2.2.1 ATP determination 

After RBC separation as described in §3.5.1 and §3.5.2, cells were diluted either 

in Krebs-Henseleit (KH buffer) or HBSS (+) + 0.5% bovine serum albumin (BSA, 

Table 6 and 7) in a total volume of 150 µl to the corresponding hematocrit (Hct) 

as described in §4.1. Afterwards, suspensions were incubated with the used 

stimulators and inhibitors from Table 8. Hypotonic stress was induced by 

incubation of RBC suspension with 1:2 diluted buffer (in millipore water) for 30 

seconds.    
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Table 6: Formulation of HBSS 

Components Concentration (mM) 

CaCl2, anhydrous  1.26 

MgCl2  0.49 

MgSO4 0.41 

KCl  5.33 

KH2PO4 0.44 

Na2CO3  4.17 

NaCl 137.93 

NaHCO3 0.34 

Glucose  5.56 

 

KH buffer was prepared as followed and flushed with carbogen for 30 minutes: 

Table 7: Formulation of KH buffer 

Compound Concentration (mM) 

KH2PO4 1.2  

KCl 4.7  

MgSO4x7H20 1.2   

CaCl2x2H2O 1.25 

NaCl 118  

NaHCO3 25  

Glucose 11  

 

 

Table 8: Stimulators and inhibitors used in ATP determination assay 

Substance Concentration/diluent 

DEA/NO  0,5-1000 µM/ 10 mM NaOH 

BAY-41 10 µM/ DMSO (<0.1%) 

8-CPT-cGMP 1-1000 µM/ millipore water 

Sil 100µM/ millipore water 

Carbenoxolone 100 µM/ millipore water 

Probenecid 4 mM/ KH buffer 
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The ATP assay is based on the reaction of ATP serving as a substrate for 

luciferase to convert D-luciferin into oxyluciferin and light. The emitted light of 

wavelength of 560 nm was measured via luminescence (Figure 5). 

  

Figure 5: Measurement principle of ATP assay  

The assay is based on the enzymatic reaction of firefly luciferase, which converts D-luciferin to oxyluciferin 

and light in presence of ATP and other cofactors. The emitted light was detected via luminescence.  

 

After incubation with the stimulators and inhibitors, RBC suspensions were 

centrifuged at 300 x g at RT for 5 minutes and the supernatant was transferred 

to a new tube. Luciferin-Luciferase assay was measured via ATP Determination 

kit as described in the manufacturer’s description (#A22066, Life Technologies) 

and a standard curve from 5 nM to 1000 nM was applied in 96 well plates.  

3.2.2.2 Hb detection 

RBC pellet was lysed in 0.1% SDS/ 0.1 M NaOH and protein concentration was 

measured by Lowry assay (#5000116, Biorad) following the manufacturer’s 

instructions. Hb content from the supernatant was determined by taking a UV-

spectrum from 200-600 nm and absorbance at wavelengths of 416 and 540 nm 

were analyzed.  

3.2.3 Flow cytometric analysis of RBCs 

3.2.3.1 Detection of PS exposure  

To analyze whether sGC signaling might play a key role in the regulation of 

membrane symmetry in RBCs, PS exposure was analyzed by flow cytometry. 

RBC pellets were diluted 1:1000 in the PS buffer (Table 9) and compounds were 

added depended on the experimental purpose (Table 10). The suspension was 

incubated for 1 hour at 37 °C. Afterwards, it was centrifuged at 300 x g for 10 
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minutes at 4°C and supernatant was discarded. The pellet was washed twice in 

the buffer containing 0.1% BSA. The pellet was resuspended 1:1000 in the buffer 

in presence of 100 µM calcium. 100 µl of the RBC suspension were transferred 

into FACS tubes and incubated 1:20 with Annexin-V-PE (#556422, BD) for 30 

minutes in the dark. Samples were centrifuged at 300 x g for 10 minutes and 

buffer was removed. Pellets were resuspended in 500 µl PBS (+) and analyzed 

by FACS Verse (FACS Suite Software) and FlowJo. 

Table 9: Formulation of PS buffer 

Compound Concentration (Millipore) 

NaCl 55 mM 

KCl 90 mM 

Glucose 0,1% 

Hepes 10 mM 

add to pH=7,4 with NaOH   

 

 

Table 10: Chemicals for PS analysis 

Compound Endconcentration/diluent 

NEM 10 mM/ Millipore water 

Cal  4 µM/ DMSO 

CaCl2 1 mM/ Millipore water 

DEA/NO 0,5-1000 µM/ 10 mM NaOH 

BAY-41 10 µM/ DMSO 

8-CPT-cGMP 1-1000 µM/ Millipore water 

ODQ 5 µM/ DMSO 

 

3.2.3.2 Detection of NO-, ROS- and reduced thiols-levels 

Heparinized whole blood was diluted 1:500 in PBS (+). Tubes were labeled as 

described in Figure 6 and 500 µl of the suspension was added to each tube. 3 

mM nω-nitro-l-arginine methyl ester hydrochloride (L-NAME) was added in the 

provided tubes and all tubed were incubated for 30 minutes at 37°C.  

Afterwards, the fluorochromes DAF-FM-DA (NO-level detection), DCF (ROS 

detection) and ThiolTracker® (TT®, reduced thiol detection) were diluted as 
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indicated in Table 11 and added to the blood suspensions. All tubes were 

incubated for another 30 minutes in the dark at RT. The tubes were centrifuged 

at 300 x g, 10 minutes at 4°C and buffer was removed. 500 µl PBS (+) were 

added to the tubes. H2O2 was diluted as indicated before and added to the tubes. 

All tubes were centrifuged in the dark for 15 minutes. 

 

Figure 6: Treatments for flow cytometry of DAF-FM-DA, DCF and TT® 

 

Table 11: Fluorochromes used in flow cytometric analysis 

Compound Concentration 

DAF-FM-DA (NO detection) 10 µM 

DCF (ROS detection) 6.67 µM 

TT® (reduced thiol detection) 6.67 µM 

Annexin V-PE (PS exposure) 5 µl of antibody in 100 µl suspension 

H2O2 (30 %) 3 (v/v%) 

 

Afterwards, 500 µl of buffer was added to all tubes and analyzed via FACS verse 

(FACS Suite software) and FlowJo. Additionally, Annexin-V-PE detection was 

performed by using 100 µl of the blood suspension from the beginning. 5 µl of 

Annexin-V-PE (#556422, BD) was pipetted, incubated for 30 minutes in the dark 

and then centrifuged at 300 x g for 10 minutes at 4°C. The buffer was removed 

and 500 µl PBS (+) was added to the tubes. The samples were analyzed via 

FACS verse (FACS Suite software) and FlowJo. 

3.2.4 Cell culture experiments 

3.2.4.1 Cultivation of HUVECs 

HUVECs of identical lot number were purchased by Promocell. The HUVEC vial 

was thawed in water bath and cultivated over night (o.n.) in endothelial cell 
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medium + supplements + 1% penicillin/streptomycin in a CO2 incubator (37°C, 

5% CO2). The next day, medium was changed and cells were incubated for 

another 2 days. At the 4th day, cells were detached with Trypsin/EDTA. Reaction 

was stopped by adding DMEM medium + 2.5 % FCS followed by centrifugation 

at 500 x g at RT for 3 minutes. The supernatant was discarded and cell pellets 

were lysed as described in 3.2.4.2.  

3.2.4.2 Cell lysis 

HUVEC pellets were lysed in radioimmunoprecipitation assay (RIPA) buffer 

(Table 12) + 5% proteinase Inhibitor (#78445, Invitrogen) and alternately vortexed 

and sonicated for 30 seconds. This step was repeated three times. Samples were 

centrifuged at 13000 x g at 4°C for 10 minutes and supernatant was transferred 

to a new tube. Protein concentration of the lysate was determined by Lowry assay 

as described in 3.2.4.3  

 

Table 12: Formulation of RIPA buffer 

Compound Concentration in PBS (+) 

NP40 1 Vol.% 

Sodium deoxycholate  1.2 mM 

SDS (10%) 1 Vol.% 

 

3.2.4.3 Protein determination 

Protein concentration of lysates was determined by Lowry assay following the 

manufacturer’s instructions (Biorad protein assay). A standard curve from 0.2 

mg/ml to 2 mg/ml BSA was prepared. 5 µl of standards and samples were 

pipetted to a 96 well plate in duplicates in presence of the detection solutions of 

the kit. The plate was incubated for 15 minutes in the dark and analyzed 

photometrically at 740 nm with OMEGA software. Protein concentration was 

determined using Omega Mars software. 20 µg/µl aliquots of HUVEC lysates 

were diluted in 1 X lithium dodecyl sulfate (LDS) and frozen at -20°C until use. 
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3.2.5 Analysis of red cell eNOS expression  

3.2.5.1 Cell lysis  

RBC pellets were washed three times in PBS (+) as described in §3.2.1.1. 500 µl 

aliquots of the pellets were frozen in liquid nitrogen and stored in a -80 °C freezer. 

For analysis, samples were thawed by adding 2 ml H2O including protease and 

phosphatase inhibitor (#5892953001, cOmplete Ultra Tablets, EDTA free, 

Roche) and 500 µl toluol to the samples. Samples were vortexed and centrifuged 

at 4000 x g 10 minutes at 4°C and the middle phase was transferred to a new 

eppendorf tube. The centrifugation step was repeated twice and the lysate was 

transferred to a new tube each time. Afterwards, the centrifugation step was 

repeated at 13000 x g. Finally, the protein content of the lysate was detected 

using Lowry assay. As protein standard, BSA was diluted in millipore water from 

concentrations of 0 mg/l to 2 mg/l. A standard curve from was applied in each 

experiment.  

3.2.5.2 Protein determination 

RBC lysates were diluted 1:50, 1:100 and 1:200 in millipore water. Protein content 

was analyzed by Lowry assay as described in 3.2.4.3. RBC lysates were 

immunoprecipitated using M-270 dynabeads coupled to an eNOS antibody 

(#624086, BD) as described in the following chapter. 

3.2.5.3 Bead coupling and immunoprecipitation of red cell eNOS 

For immunoprecipitation of red cell eNOS, magnetic beads were coupled to an 

eNOS antibody (#624086, BD). Therefore, dynabeads antibody coupling kit 

(#14311D, Invitrogen) was used following the manufacturer’s instructions. 50 µl 

of the eNOS-antibody (1 mg/ml) and 10 mg of M-270 dynabeads were used in 

each tube. Coupled beads were stored at 4°C until usage.  

For immunoprecipitation, PBS (10X), 70 µl bead-solution and 80 mg RBC lysate 

(from 3.2.5.1) were mixed and incubated under rotation o.n. at 4°C. The next day, 

beads were washed 4 times with 200 µl PBS (-). Finally, 22.5 µl LDS (1X) was 

added to the beads and samples were stored at -20°C until use.   
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3.2.5.4 Detection of red cell eNOS expression by western blot 

A western blot modul was used by filling the outer chamber with 1X TA-buffer and 

the inner chamber with 1X TA-buffer + 0.1% Antioxidant. The measurement was 

performed using a 3-8 % TA-gel. Prepared bead-samples were thawed and 2.5 

µl SRA (10X) was added. Tubes were incubated for 10 minutes at 70 °C and kept 

on ice. 10 µl Magic Marker (#LC5602, Invitrogen) and 25 µl of sample-solution 

were added to the pockets. As positive control, 5 µg of HUVECs stock lysate was 

used. Therefore 5µl of the stock solution were mixed with 13 µl LDS (1X) + 2.5 µl 

SRA (10X). SDS PAGE was run at 150 V for 1 hour.  

Afterwards, the gel was removed from the blot system and protein was 

transferred on a methanol activated PVDR membrane. 3 wet whatman papers (in 

1 X Transfer buffer + 1% MeOH) were placed to each side and transferred to the 

blot modul. The blot was run for one hour at 30 V. Afterwards, PVDR membrane 

was incubated for 5 minutes in Ponceau S and subsequently washed in millipore 

water until membrane was white again. The membrane was blocked for 1 hour at 

the shaker with 5% BSA in 1X TBS + 0.1% Tween-20 (TBS-T). Afterwards, 

blocking solution was removed and the membrane was incubated with eNOS 

antibody (#624086, BD) 1:250 in 5% BSA/TBS-T o.n. at 4°C. The next day, the 

membrane was washed three times for 10 minutes in 1X TBS-T and incubated 

with HRP goat anti-mouse 1:5000 in 5% BSA/TBS-T for one hour at R.T. 

Afterwards, membrane was washed three times for 10 minutes in TBS-T and 

analyzed with the West Femto Maximum Sensitivity Substrate kit (#34095, 

Invitrogen) according to the manufacturer’s instructions. Detection was 

performed via ImageQuant LAS4000 and ImageJ.  

3.2.6 RBC NO2
- detection via chemiluminescence  

50 µl RBC from patients with ACS, CAD or healthy age-matched controls was 

diluted in 333 µl preservation solution and samples were frozen at -80°C until 

usage. Additionally, an aliquot of preservation solution was frozen each day. 

Preservation solution was mixed as described in Table 13. 
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Table 13: Formulation of preservation solution 

Compound concentration 

K3Fe(CN)6 10 mM 

NEM 20 mM 

DTPA 10 µM 

IGEPAL 1 (vol. %) 

dest. water ad. 20 ml 

 

The samples were thawed at RT and diluted 1:2 in methanol. Afterwards, 

samples were centrifuged at 14000 x g for 10 minutes at 4°C. The supernatant 

was transferred for the measurement of NO2- levels. A NO2- standard curve was 

applied for each experiment from concentrations of 50 nM to 200 nM in PBS. A 

reduction solution was prepared in which the samples were injected during the 

experiment (Table 14). The reduction solution reduces NO2- to NO, which further 

reacts with O3 to NO2 and light. This light signal was analyzed by the 

chemiluminescence detector (CLD) representative for NO2- level of the RBC 

samples.  

 

Table 14: Formuation of reduction solution 

Compound Amount (g,ml) 

KJ 1.62 g 

J2 0.57 g 

Acetic acid 200 ml 

HPLC-water 15 ml 

 

The water bath was set at 60 °C and cooling bath at 4°C. The computer was and 

the NO analyzer was turned on. Afterwards, helium gas was turned on. The 

reaction vessel was cleaned with (1.) water then (2.) isopropanol and (3.) water. 

The glass container was cleaned the same way and filled with 1 M NaOH until 

the glass frit touched the solution. The solution was cooled on ice. The program 

Chromstar was started and set on: (1.) Acquisition: width 500 ms, run time 35 min 

and (2.) Integration: noise 50, threshold 500 mV, skim ratio 3. 
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The reaction vessel was filled with 40 ml of reduction solution with a syringe. 

Then, reaction vessel and NaOH-vessel were connected. The pressure 

measuring pipe was connected to the CLD. After this step, the pressure should 

be at 0 bars. A standard curve of NO2- was measured by adding 100 µl of NO2- 

standard to the system. The samples were measured in triplicates. Afterwards, 

samples were measured in the same way. After 6 samples, the reduction solution 

was changed. Data were analyzed via Chromstar software and Microsoft Excel.  

3.2.7 Analysis of rheological properties of RBCs 

RBCs deform in response to increasing shear stresses [14] and form aggregates 

in situations of low shear [177, 178]. Deformability and aggregability of RBCs was 

measured via ectacytometry using the Lorca system. 

3.2.7.1 Aggregability measurement 

RBC aggregability is analyzed in whole blood as backscattered light of a diode 

laser inside the inner cycle.  

 Aggregation of RBCs includes 4 stages: 

1. Disaggregation stage 

2. Shape-recovery stage (when motor is stopped) 

3. Rouleaux formation 

4. 3D-aggregate formation 

 

RBC Aggregability is characterized by measurement of a syllectogram (Figure 7). 

Briefly, the motor of the system is stopped and aggregation behavior is measured 

by the back scattered light [205]. This is defined by usage of the aggregation 

index (AI), which is a value between 0 and 100% depending on extend 

(erythrocyte aggregation amplitude (AMP)) and kinetics (t1/2) of the RBC 

aggregation [184, 206, 207]. For analysis of aggregability, the program was set 

to aggregation measurement and 1 ml whole blood was added. In Table 15, the 

program settings are listed. 
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Figure 7: Syllectogram of RBC aggregability [208] 

RBC aggregation consists of 4 stages, which include disaggregation stage, shape-recovery stage (when 

motor is stopped), rouleaux formation and 3D-aggregate formation.  

Table 15: Aggregation settings 

Bob radius 15.660 

Cup radius 16.020 

Bob temperature 37.0 

Fill/empty speed (rps) 1.0 

Autostart if temperature is stable within (°C) 0.2 

..for at least (s) 30 

Perform iteration procedure On 

Inermediate disaggregation On 

Samples per shear rate 2.0 

Maximum deviation (au) 0.5 

Iteration timeout (s) 300 

Binary search steps  2.0 

Sort results On 

Disaggregation shear rate (1/s) 500 

Disaggregation time (s) 3.0 
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3.2.7.2 Deformability measurement  

To measure RBC deformability, increasing shear stresses were applied to a RBC 

suspension. A laser was led through the RBC suspension and the diffraction 

pattern was projected on a small screen. RBC deformability was analyzed by 

calculation of the elongation index (EI, Figure 8) [205]. This factor is defined as: 

�� =
���

���
, in which A represents the horizontal and B the vertical axis of the RBC 

[205].  

 

 

Figure 8: RBC deformability curve [208] 

Deformability curve is defined by analysis of RBC shape calculated as EI in response to increasing shear 

stresses. 

 

For deformability measurement, 25 µl of whole blood was diluted in 5 ml pre-

warmed PVP solution and gently homogenized. The Lorca system was turned on 

30 minutes before usage. In the software, deformability curve was chosen and 

the system was started. 1 ml of the blood suspension was added to the Lorca 

and the measurement was started when temperature was stable at 37°C. In Table 

16, the program settings are listed. 
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Table 16: Elongation settings 

Bob radius 15.660 

Cup radius 16.020 

Bob temperature 37.0 

Default medium viscosity (mPa*s) dependent on PVP solution 

Fill/empty speed (rps) 1.0 

Shear stress for camera adjustment 10.0 

Logarithmic shear stress axis On 

First shear stress (Pa) 0.3 

Last shear stress (Pa) 10.0 

Initial image stabilization time (s) 10000 

Intermediate image stabilization time (s) 5000 

Measuring points on curve 9 

Valid determinations per shear stress 50 

 

3.3 Study design: CVD  

The present dissertation includes a patient study performed by the Department 

of Cardiology, Pulmonology and Angiology, Düsseldorf, Germany. The main aim 

of the study was to investigate, whether red cell eNOS/NO-mediated RBC 

dysfunctions might play a role in CVD. The study was separated into a main study 

indicated as case control and a follow up study described as longitudinal study 

(Figure 9). The main study was a cross-sectional, matched, 3-armed, parallel 

group design in patients with CAD, ACS and age-matched healthy controls. The 

follow-up study was a controlled, longitudinal, observational design in the cohort 

of ACS patients 1 day and 90 days after treatment of ACS. Male and female 

patients (aged 50-70 years) were recruited in the Department of Cardiology, 

Pulmonology and Angiology, Düsseldorf. The selection of study population was 

performed in the clinic via routine clinical parameters (e.g. troponin) as well as by 

coronary angiography and flow mediated-dilation. Patients with acute 
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inflammation (C-reactive protein (CRP) >1.0 mg/dl, blood leukocytes > 11000/µl), 

malignanies, or treatments with NOS/NO/sGC affecting drugs were excluded.  

  
Figure 9: Study design of CAD and ACS study  

To investigate, whether red cell eNOS/NO-mediated RBC dysfunctions might play a role in CVD, a patient 

study with patients from Department of Cardiology, Pulmonology and Angiology in Düsseldorf was 

performed. These included patients with ACS, CAD and age-matched controls. Exclusion criteria and study-

characteristic are mentioned in the figure.  

Group-specific inclusion-criteria were: 

• Group 1: CAD (n=20) 

o Angiographic confirmed coronary heart disease 

o No ACS for at least 3 months 

• Group 2: ACS (n=8) 

o Angiographic confirmed coronary heart disease 

o ACS 

o Instable angina pectoris with significant coronary stenose (troponin 
-, no significant ST increase) and Low-risk NSTEMI (troponin +, no 
significant ST increase) 

• Group 3: control (n=25) 

o No angiographically confirmed atherosclerosis 
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Primary endpoint of the study was the analysis of red cell eNOS expression and 

activity. All other aims and the study protocol are listed in Figure 10. The patients 

were recruited in the department of Cardiology, Pulmonology and Angiology at 

the University Hospital in Düsseldorf. The study included biochemical, cell 

biological measurements as well as hemodynamic and cardiovascular analyses. 

In the clinic, flow mediated dilation was measured by Dr. med G. Wolff. In the 

next step, blood of the patients was taken by cubital venial puncture and 

heparinized [5000IU/ml]. Routine clinical blood parameters were elevated in the 

University hospital. The analysis of non-canonical functions (red cell eNOS/NO-

pathway, membrane functions, NO metabolism) was analyzed in the lab of 

cardiology. As described in Figure 10, redox-state, levels of NO and PS exposure 

were measured via flow cytometry and red cell eNOS expression was analyzed 

via western blot. RBC deformability and aggregability was evaluated by usage of 

the Lorca system. Moreover, NO2- levels were examined by CLD. 

 

 
Figure 10: Study protocol of of CAD and ACS study  

Parameters analyzed in the study following a defined protocol. These included physiological parameters 

(laser doppler, flow-mediated dilation (FMD) as well as analysis of biochemical parameters (red cell eNOS 

expression, NO2
--levels, redox-state, deformability…). 
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3.4 Study design: CKD 

A clinical study with patients with CKD was performed by Di Pietro et al. from the 

Department of medical, oral and biotechnological sciences and the aging 

research center and translational medicine CeSI-MeT, Chieti, Italy. The general 

aim of the study was to evaluate, whether red cell eNOS/NO signaling plays a 

role in CKD.  

In this study, red cell eNOS expression was analyzed in the laboratory of 

cardiology in Düsseldorf. All other parameters (routine clinical parameters, 

NO/cGMP levels, red cell eNOS Ser1177 phosphorylation level, multidrug 

resistance-associated protein 4 (MRP4) ATPase activity) were performed in the 

other departments (see publication Di Pietro et al.) [204].  

The study included patients suffering from CKD and age- and gender-matched 

controls. The study population (age 18-75) was recruited at the dialysis center of 

the University Hospital of Chieti.  

Exclusion criteria were: diabetes mellitus, uncontrolled hypertension, active 

infections, malignant or inflammatory disease, blood transfusion over the past 3 

months, iron and folic acid deficiency, use of drugs that might interfere with 

erythropoiesis. Furthermore, the usage of NO pathway influencing drugs was 

avoided. Other exclusion criteria for the healthy controls were medications, 

abnormalities on routine physical examination, standard laboratory tests, 

electrocardiography (ECG), or chest x-ray [204].  

3.5 Statistics 

For statistical analysis GraphPad6 and SPSS V23 were used. Data are 

expressed as mean ± standard error of the mean (SEM).  

Multiple comparisons were calculated using one-way ANOVA or Kruskal-Wallis 

followed by an appropriate post hoc test as described in the figure legends in 

chapter 4. For comparison of two groups, paired or unpaired Student’s T-test was 

performed. Outliers analysis was performed graphically by box & whiskers plots 

according to Tukey.  
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4 Results 

4.1 Part 1: Measurement of ATP release from RBCs 

4.1.1 Assay Optimization 

4.1.1.1 Time-dependent decrease of ATP levels from RBCs 

To analyze the concentrations of ATP in the supernatant of RBCs, the luciferin-

luciferase assay was used. Briefly, ATP is used as a substrate for luciferase to 

convert D-luciferin into oxyluciferin and light, which was measured via 

luminescence. For verifying the stability of the assay, potentially interfering 

parameters were analyzed first. Murine RBCs were diluted 1:4 in KH buffer and 

incubated at RT for different time points to analyze steady state concentrations 

of ATP from the RBCs (Figure 11 (A)). After incubation, suspensions were 

centrifuged at 300 x g for 5 minutes at RT and the supernatant was analyzed for 

the presence of ATP.  

 

Figure 11: Basal ATP levels are decreasing with time in RBC suspensions 

(A) Time-dependent decrease of ATP levels from RBC suspensions. RBCs of 25% Hct in total volume of 

150 µl were incubated at RT for different time points. Samples were analyzed via luciferin-luciferase assay, 

data are expressed as median in a Tukey distribution plot, n=5, paired one-way ANOVA against each 

treatment: post-hoc test Tukey (*) and paired T-test (#), #,* p ≤0.05. (B) No differences of ATP release from 

RBCs after 20 minutes incubation time at 25°C (RT) and 37°C. RBCs of 25% Hct were incubated in a total 

volume of 500 µl. After 20 minutes incubation time, samples were analyzed via luciferin-luciferase assay, 

data are expressed as median in a Tukey distribution plot, n=2. 
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Figure 11 (A) shows that levels of basal ATP are decreasing over time. In detail, 

the graph presents that the levels of ATP are already decreasing significantly 

within 5 (paired T-test between 5 minutes and 10 minutes) and 10 minutes (paired 

T-test 10 minutes against 20 minutes) of incubation. Furthermore, significant 

decrease of extracellular ATP levels was detected after 20 minutes incubation 

(time points 10 minutes against 30 minutes, one-way ANOVA).  

In another setup, human RBCs were incubated for 20 minutes at 25°C and 37°C 

to analyze the effect of temperature on the steady state ATP release into the 

supernatant. Figure 11 (B) shows that there are no differences in ATP levels 

between the two treatments. This finding shows that temperature has no 

influence on steady state ATP levels. In conclusion, ATP decrease is time-

dependent, but not temperature-dependent.  

These data show that the assay should be performed within shorter incubation 

times and paired treatment analysis should be preferred because of sample to 

sample variability. 

4.1.1.2 Hemolysis is a confounding parameter in ATP measurement 

It was shown before that ATP release from RBCs may be regulated by 

intracellular signaling pathways within the RBCs [5, 6, 88, 99-101, 111, 125, 209-

213]. PDE-dependent signaling as well as intracellular nucleotides (e.g. cAMP, 

cGMP) were proposed to participate in regulation of ATP [100, 119, 125-127, 

209, 212, 214, 215]. In the present study, RBC suspensions of 20% Hct were 

incubated with the PDE 5 inhibitor Sil (100 µM) at 37°C for different time points 

(Figure 12 (A)).  

Figure 12 (A) shows that PDE 5 inhibition by Sil leads to significant increases in 

extracellular ATP levels in the supernatant after 15 minutes incubation time (see 

bars at 15 and 20 minutes).  

In another setup, RBCs were incubated with Sil together with the NO-donor 

DEA/NO, the sGC stimulator BAY-41or their combination for different time 

periods (Figure 12 (B)). The figure shows that stimulation with the different 
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pharmacological agents induces increase of ATP levels. Further analyses were 

performed by incubation with a stable and cell permeable derivate of cGMP CPT-

cGMP (100 µM) for various time points (data shown in Figure 12 (D)).  

 

Figure 12: Hemolysis is a confounding parameter in ATP measurement 

(A), (B) Extracellular ATP levels are increased by treatment with (A) PDE 5 inhibitor Sil or (B) sGC stimulator 

BAY-41and NO-donor DEA/NO. Human RBCs of 20% Hct in total volume of 500 µl were incubated at 37°C 

with (A) Sil (100 µM, control (CTRL): n=16, 10 min: n=7, 15 min: n= 4, 20 min: n=9, 30 min: n=4) for different 

time points and (B) BAY-41and 200 µM DEA/NO (CTRL: n=7, Sil: n=7, 200 µM DEA/NO: n=5, Sil/BAY-41: 

n=7, Sil/BAY-41/DEA/NO: n= 5, Sil/DEA/NO: n=3) for 10 minutes. Samples were analyzed via luciferin-

luciferase assay. Data are expressed as median in a Tukey distribution plot, unpaired one-way ANOVA 

against CTRL: post-hoc test Dunnett (*), p ≤0.05, ** p ≤0.01. (C) Representative UV/VIS spectrum (400-600 

nm) with marked Hb peaks. Supernatants of treated RBCs from (A), (B) and (D) were analyzed photometrical 

by full UV/VIS spectra for identification of free Hb. (D) Correlation of 1st Hb peak (416 nm) and ATP signal 

from the treatments of (A), (B) and 100 µM CPT-cGMP for various time points. Data are expressed as scatter 

dot plots, two-tailed Pearson correlation analysis, p=0.001, r=0.372, n =76,** p≤0.01. 
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The intracellular concentrations of ATP are 10-100 folds higher than the 

extracellular ATP concentrations [216]. Therefore, cell rupture of even few cells 

may be responsible for increases of ATP concentration in the supernatant. The 

concentration of Hb can be detected by absorbance in a full UV/VIS spectrum. 

To verify whether ATP increases in the supernatant are independent of 

hemolysis, an UV/VIS spectrum from 400 to 600 nm was recorded for each 

experiment. To assess Hb in the supernatant, 50 µl of supernatant were analyzed 

in a 96 well UV-transparent plate.  

Figure 12 (C) presents an absorbance spectrum from 400 to 600 nm. It shows 

the absorption spectrum of Hb, which is characterized by 2 main Hb peaks. The 

first peak maximum is at 416 nm (1st bigger peak) and the second one is at 540 

nm (2nd smaller peak). To verify whether ATP levels in the supernatant correlate 

with the Hb levels, ATP levels were compared against absorbance at 416 nm 

(Figure 12 (D)) and 540 nm via two-tailed Pearson test (540 nm: p=0,052, r= 

0,224, n =76, n.s.). Although the results only correlate at 416 nm, but not at 540 

nm, the present data demonstrate that measured ATP levels are related to the 

amount of free Hb in the supernatant. Due to this, the increase of ATP release 

may not be mediated by pharmacological agents, but rather by hemolysis of the 

RBCs induced by the treatment. To generate valid data, hemolysis should be 

minimized in the assay. 

4.1.1.3 ATP measurement requires normalization  

To analyze the effects of RBC concentration on extracellular ATP levels, human 

and murine RBC suspensions of increasing Hct (from 0.5% to 35%) were 

analyzed for ATP concentrations and Hb content (Figure 13 (A),(C)). Therefore, 

RBC suspensions were incubated for 10 minutes and analyzed for detection of 

ATP levels and Hb.  

Figure 13 (A) shows that the concentrations of ATP in the supernatant were 

significantly higher in 0.5% Hct than in all other dilutions. Furthermore, ATP 

concentrations have a high variation from over 500 nM in the samples from 10 to 

35% Hct. At 0.5% Hct the variation is smaller, but this is probably due to the small 

amount of RBCs in the sample. In conclusion, ATP release from RBCs is 
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dependent on cell concentration in the suspension. The levels of free Hb in the 

supernatant can indicate the grade of hemolysis of RBCs. To verify whether the 

measured ATP release is independent of hemolysis, a correlation of Hb and ATP 

was made for each experiment. The levels of Hb were defined as the amount of 

absorbance of the supernatant at 540 nm and 416 nm. Samples showing a 

positive correlation of either 416 nm or 540 nm were excluded. Furthermore, 

levels of absorbance at 540 nm were additionally compared with the ATP data 

(Figure 13 (B)). The figure shows that Hb levels are significantly decreased in 

samples corresponded to 0.5% Hct compared to 25% and 35% Hct. In contrast 

to ATP, the levels of Hb only have small variations (0.1 ≤ λ≥ 0.3 at 540 nm), 

indicating that the release of steady state ATP levels is not related to hemolysis.  

In conclusion, steady state ATP levels of human RBCs with increasing cell 

concentration (as % Hct) have high variations, but do not differ significantly at 

high concentrations (10% to 35% Hct). Moreover, the basal levels of hemolysis 

are relatively constant among 35% Hct.  

Figure 13 (C) and (D) show the same experiment as (A) and (B) carried out with 

murine RBCs. In detail, also for murine RBCs low RBC concentrations (0.5% Hct) 

show significantly different (C) ATP release and (D) Hb levels as compared to 

higher concentrations. Moreover, the Hb levels are not different compared to 

human RBCs. Furthermore, the absorbance varies in the same range as in 

human RBCs (0.1 to 0.3). These results indicate that ATP release in murine 

RBCs also depends on Hct, but variability is smaller than in human samples. 

For normalization of ATP levels, protein concentration of the RBC pellets was 

determined by Lowry assay. Figure 13 (E) shows that normalization of ATP per 

protein concentration minimizes the high variations in ATP release at higher RBC 

concentration (from 20% to 35% Hct). It shows that by normalization the 

differences of ATP release between 0.5% Hct and the other treatments become 

highly significant (****).  
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Figure 13: ATP measurement requires normalization 

(A), (C) High variation of ATP levels of (A) human and (C) murine RBCs at increasing Hct. RBC suspensions 

(% Hct in total volume of 150 µl) were incubated for 10 minutes at RT and analyzed via luciferin-luciferase 

assay. (B), (D) Low variation of absorbance of RBC supernatant at 2nd peak (540 nm) at increasing Hct. 

Supernatant of treated RBCs was analyzed photometrical by UV/VIS spectra for identification of free Hb. 

Data are expressed as median in a Tukey distribution plot. (B) paired one-way ANOVA against each 

treatment: post-hoc test Tukey (*,**,***) n=8, (D) unpaired one-way ANOVA against each treatment: post-

hoc test Tukey (*,**,***, 0.5%: n=9, 10%, 20%, 25%: n=10, 35%: n=8), unpaired T-test of lower concentration 

against the next higher one (#). (E) Normalization of ATP signal against amount of RBCs minimizes high 

variation of ATP levels. Protein content of lysed RBCs were determined by Lowry assay, paired one-way 

ANOVA against each treatment: post-hoc test Tukey (****,0.5%: n=9, 10%, 20%, 25%: n=10, 35%: n=8), 

unpaired T-test of lower concentration against the next higher one (#). (#), *, # p ≤0.05, **, ## p ≤0.01,*** 

p≤0.001, **** p≤0.0001. 
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In conclusion, steady state ATP release depends on Hct (RBC concentration) 

and has high variability and therefore requires normalization against protein 

concentration to decrease sample to sample variability. Furthermore, human 

RBCs show higher sample to sample variability than murine RBCs. The grade of 

hemolysis detected as Hb concentration in the supernatant (absorbance at 540 

nm) did not affect the ATP measurement at high Hct range.  

Therefore, further experiments were performed with murine RBCs of same Hct 

(25%) and ATP data was normalized against protein concentration.  

4.1.1.4 Hypotonic stress induces ATP release in mouse RBCs independent 

of hemolysis 

To verify assay functionality and to minimize treatment-dependent hemolysis, a 

positive control was established. It has been shown that hypotonic stress induces 

ATP release from RBCs [145]. Therefore, murine RBCs of 25% Hct were exposed 

to hypotonic stress conditions at RT for 30 seconds. Figure 14 (A) shows ATP 

levels after hypotonic treatment against control. The results demonstrate that 

hypotonic stress induces ATP release from murine RBCs.  

Figure 14 (B) shows representative UV/VIS spectrum (n=8) of the treatments. To 

exclude the effects of hemolysis on ATP release, a threshold at wavelength of 

540 nm was used as exclusion criteria. Figure 14 (B) shows that there is a 

variation of mean between 0.2 and 0.4 at the peak maximum independently of 

treatment (purple and blue lines are mixed). Based on these data, a threshold of 

absorbance of λ=0.45 was chosen (maximum + ~10% deviation).  

Excluding data with Hb absorbance greater than the threshold, correlation 

analyses between ATP and Hb levels were made both with absorbance at 416 

nm (Figure 14 (C)) and 540 nm. Pearson correlation analyses showed that there 

is no statistically relevant relationship (540 nm: r=0.005, p=0.976). Furthermore, 

Figure 14 (D) shows that there were no differences between Hb levels at 540 nm 

among the treatments (T-test).  
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Figure 14: Hypotonic stress induces ATP release from RBCs independent of hemolysis 

(A) Hypotonic stress induces ATP release from murine RBCs. Cell suspensions were incubated in with CTRL 

or hypotonic treatment. Samples were analyzed via luciferin-luciferase assay. For normalization, protein 

concentration of lysed RBCs was analyzed via Lowry assay, data are expressed as median in a Tukey 

distribution plot, paired T-test, n=19, #### p≤0.0001. (B) Representative UV/VIS spectrum (400-600 nm) 

with threshold definition of λ=0.45 at 2nd peak (absorbance at 540 nm). Supernatant of RBCs was analyzed 

photometrical by full UV/VIS spectra for identification of free Hb. blue: CTRL, purple: hypotonic treatment, 

n=8 C) No correlation of ATP levels and Hb at 1st peak (absorbance at 416 nm). Correlation calculation 

absorbance and ATP signal, two-tailed Pearson correlation analysis, r= 0,069, p=0,680, n=38. Data are 

expressed as scatter dot plots. D) No differences of absorbance of supernatant at 2nd peak (absorbance at 

540 nm) between the treatments, data are expressed as median in a Tukey distribution plot, paired T-test, 

n=19.  

In conclusion, hypotonic conditions induce ATP release from RBCs, which is 

independent of hemolysis. Furthermore, the effects of hemolysis can be excluded 

by definition of a threshold. For further experiments, hypotonic stress was used 
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as positive control. Therefore, correlation analyses of supernatant absorbance at 

540 nm and 416 nm against ATP levels were performed in each experiment. 

Data with absorbance which exceeded the threshold of 0.45 or which showed a 

positive correlation between ATP and Hb-absorbance were excluded.  

4.1.2 Intracellular signaling of ATP release from murine RBCs 

4.1.2.1 PDE-inhibition induces ATP release in RBCs 

It is known that PDEs hydrolyze cAMP or cGMP to shut down cyclic nucleotide-

dependent signaling pathways within the cell [119, 123] and different isoforms 

show different specificity [119].  The first aim was to test whether PDE 5 is 

involved in regulation of ATP release of RBCs.  

Therefore, RBCs were incubated with various concentrations of the PDE 5 

inhibitor Sil for 10 and 15 minutes and ATP- and Hb- levels were measured 

(Figure 15). 

Figure 15 (A) shows that incubation of 100 µM Sil for 10 minutes induces ATP 

release in RBCs. Furthermore, the incubation with 100 nM did not have any 

effect. Moreover, Figure 15 (A) shows that the vehicle control has no effect on 

ATP release. Figure 15 (B) shows that the vehicle control and 100 µM Sil 

treatment both increase Hb-levels compared to control, but there were no 

significant differences between Sil and vehicle. Furthermore, there was no 

correlation at 540 nm and 416 nm between ATP levels and Hb.  

In Figure 15 (C), the data obtained after 15 minutes treatment with 100 µM Sil 

are presented paired to their respective control, and clearly demonstrate that ATP 

release is induced by Sil treatment. Figure 15 (D) shows that Hb levels (as 

absorbance at 540 nm) is unchanged between Sil and vehicle. This result 

indicates that the effect of Sil is independent of sample to sample variation. 

In conclusion, Sil treatment induces ATP release independent of hemolysis. 

Thus, PDE 5 is involved in regulation of ATP release from RBCs. However, 

although Sil is a PDE 5 inhibitor at the high applied concentration of 100 µM, we 
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cannot exclude that these results also depend on changes in cAMP levels 

induced by inhibition other isoforms of PDE.   

 

 Figure 15: PDE 5 inhibition induces ATP release in murine RBCs 

(A) Treatment of 100 µM Sil induces ATP release from murine RBCs. Cell suspensions were incubated with 

0.1 and 100 µM of PDE 5 inhibitor Sil for 10 minutes at RT. Induction of hypotonic stress was used as 

positive- and water as vehicle- control. Samples were analyzed via luciferin-luciferase assay. For 

normalization, protein concentration of lysed RBCs was analyzed via Lowry assay. (B) No hemolysis in 

response to treatment of Sil. Supernatant of RBCs was analyzed photometrical by full UV/VIS spectra for 

identification of free Hb representative for amount of lysed RBCs. Absorbance of supernatant at 2nd peak at 

540 nm including threshold definition of λ=0.45. (A), (B) data are expressed as median in a Tukey distribution 

plot, unpaired one-way ANOVA against CTRL or vehicle: post hoc test: Dunnett (CTRL: n=21, Hypo: n=11, 

0.1 µM Sil: n=9, vehicle: n=8, 100 µM Sil: n=5). * p ≤0.05, ** p ≤0.01,*** p≤0.001, **** p≤0.0001. (C) Paired 

treatment of 100 µM Sil induces ATP release from murine RBCs. Cell suspensions were incubated with 0.1 

and 100 µM of PDE 5 inhibitor Sil for 10 minutes at RT. (D) No hemolysis in response to paired treatment of 

100 µM Sil. Supernatant of RBCs was analyzed photometrical by full UV/VIS spectra for identification of free 

Hb representative for amount of lysed RBCs. Absorbance of supernatant at 2nd peak at 540 nm including 

threshold definition of λ=0.45.    

(C), (D) Paired T-test, n=8, # p ≤0.05. Outlier analysis was performed graphically by box & whiskers plots 

according to Tukey. 
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4.1.2.2 No effect of extracellular cGMP on ATP release 

Based on the result that PDE inhibition induces ATP release the next aim was to 

analyze whether cGMP and cAMP affect ATP release from RBCs (Fig. 16).  

 

Figure 16: No effect of CPT-cGMP on ATP release from murine RBCs 

(A) No effect of CPT-cGMP on ATP release from murine RBCs.  Cell suspensions were incubated with 8-

CPT-cGMP (100 µM) for 10 minutes ± 5 minutes preincubation with PDE 5 inhibitor Sil (100 µM) at RT. 

Hypotonic stress or Sil treatment was used as positive control. Samples were analyzed via luciferin-

luciferase assay. Samples were analyzed via luciferin-luciferase assay. For normalization, protein 

concentration of lysed RBCs was analyzed via Lowry assay. (B) Sil and cGMP treatment do not induce 

hemolysis in murine RBCs. Supernatant of RBCs was analyzed photometrical by full UV/VIS spectra for 

identification of free Hb representative for amount of lysed RBCs. Absorbance of supernatant at 2nd peak at 

540 nm including threshold definition of λ=0.45. Data are expressed as median in a Tukey distribution plot, 

unpaired one-way ANOVA against CTRL, Sil: post hoc test: Dunnett (CTRL: n=35, Hypo: n=16, Sil: n=14, 

cGMP/Sil: n=6), * p ≤0.05; ** p ≤0.01,*** p≤0.001, **** p≤0.0001. C) No effect of paired treatment with CPT-

cGMP on ATP release from murine RBCs. Cell suspensions were incubated with 8-CPT-cGMP (100 µM) for 

10 minutes against control. (D) Paired cGMP treatment does not induce hemolysis in murine RBCs. 

Supernatant of RBCs was analyzed photometrical by full UV/VIS spectra for identification of free Hb 

representative for amount of lysed RBCs. Absorbance of supernatant at 2nd peak at 540 nm including 

threshold definition of λ=0.45,  (C), (D) Data are expressed as median in a Tukey distribution plot, paired T-

test, n=13, n.s. 
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To investigate the role of extracellular cGMP, 100 µM of CPT-cGMP was applied 

for 10 minutes with or without 5 minutes preincubation with Sil (Figure 16).   

CPT-cGMP is a stable derivative of cGMP, which is able to cross the cell 

membrane and to activate cGMP specific downstream signaling.  

 Figure 16 (A) shows that the effect of Sil on ATP release is not affected by 

addition of cGMP (Sil/ Sil + cGMP not significant). Figure 16 (B) shows that cGMP 

treatment also has no effect on Hb-levels in the supernatant indicating no effects 

of hemolysis. Figure 16 (C) and (D) show that ATP and Hb-level in the 

supernatant are not affected by cGMP application in absence of Sil against 

control (paired measurements).  

In conclusion, cGMP has no effects on ATP release or hemolysis in murine RBCs 

under the applied conditions.  

4.1.2.3 No effect of extracellular cAMP on ATP release 

To investigate the role of extracellular cAMP, a stable cell-permeable derivate of 

cAMP was used. As shown in Figure 17, CPT-cAMP was incubated for 5 minutes 

with or without a 10 minute preincubation with 100 µM Sil.  

Figure 17 (A) shows that the increase of ATP levels in the supernatant via Sil is 

not affected by cAMP application. Figure (B) shows that cAMP application also 

has no effect on Hb-levels in the supernatant indicating no effects of hemolysis. 

Furthermore, Figure 17 (C) shows that cAMP application alone does not influence 

on ATP release and Hb-levels in the supernatant (paired measurement).  

In conclusion, the application of cGMP and cAMP (the downstream targets of 

PDEs) do not influence ATP release from RBCs.  
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Figure 17: No effect of CPT-cAMP on ATP release in murine RBCs 

A) No effect of CPT-cAMP on ATP release from murine RBCs. Cell suspensions were incubated with 8-

CPT-cAMP (100 µM) for 5 minutes ± 10 minutes preincubation with PDE 5 inhibitor Sil (100 µM) at RT. Sil 

was used as positive control. Samples were analyzed via luciferin-luciferase assay. Samples were analyzed 

via luciferin-luciferase assay. For normalization, protein concentration of lysed RBCs was analyzed via Lowry 

assay. (B) Sil and cAMP treatment do not induce hemolysis in murine RBCs. Supernatant of RBCs was 

analyzed photometrical by full UV/VIS spectra for identification of free Hb representative for amount of lysed 

RBCs. Absorbance of supernatant at 2nd peak at 540 nm including threshold definition of λ=0.45. Data are 

expressed as median in a Tukey distribution plot, paired one-way ANOVA against CTRL, Sil: post hoc test: 

Dunnett (n=4), * p ≤0.05; ** p ≤0.01. (C) No effect of paired treatment with CPT-cAMP on ATP release from 

murine RBCs. Cell suspensions were incubated with 8-CPT-cAMP (100 µM) for 5 minutes against control. 

(D) Paired cAMP treatment does not induce hemolysis in murine RBCs. Supernatant of RBCs was analyzed 

photometrical by full UV/VIS spectra for identification of free Hb representative for amount of lysed RBCs. 

Absorbance of supernatant at 2nd peak at 540 nm including threshold definition of λ=0.45. (C),(D) Data are 

expressed as median in a Tukey distribution plot, paired T-test, n=8, # p ≤0.05. 
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4.1.3 No effect of sGC stimulation on ATP release  

To verify whether sGC stimulation is involved in ATP release from RBCs, murine  

RBCs were treated with the heme-dependent sGC stimulator BAY-41and 

DEA/NO in presence and absence of Sil.  

 

Figure 18: sGC stimulation has no impact on ATP release  

A) No effect of sGC stimulation on ATP release from murine RBCs. Cell suspensions were incubated with 

sGC stimulator BAY-41(1 µM), NO-donor DEA/NO (200 µM) and PDE 5 inhibitor Sil (100 µM) for 15 minutes 

at RT. Samples were analyzed via luciferin-luciferase assay. For normalization, protein concentration of 

lysed RBCs was analyzed via Lowry assay. (B) sGC stimulation does not induce hemolysis in murine RBCs. 

Supernatant of RBCs was analyzed photometrical by full UV/VIS spectra for identification of free Hb 

representative for amount of lysed RBCs. Absorbance of supernatant at 2nd peak at 540 nm including 

threshold definition of λ=0.45. (A), (B) data are expressed as median in a Tukey distribution plot, unpaired 

one-way ANOVA against CTRL, Sil: post hoc test: Dunnett (CTRL, Sil/BAY-41/DEA/NO: n=9, Sil: n=5), * p 

≤0.05 ; ** p ≤0.01. (C) No effect of paired sGC stimulation on ATP release from murine RBCs. Cell 

suspensions were incubated with sGC stimulator BAY-41(1 µM), NO-donor DEA/NO (200 µM) for 15 minutes 

at RT. (D) Paired sGC stimulation does not induce hemolysis in murine RBCs. Supernatant of RBCs was 

analyzed photometrical by full UV/VIS spectra for identification of free Hb representative for amount of lysed 

RBCs. Absorbance of supernatant at 2nd peak at 540 nm including threshold definition of λ=0.45.  

(C), (D) data are expressed as median in a Tukey distribution plot, paired T-test, n=9, n.s. 
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All treatments were added together for 15 minutes at RT and analyzed via 

luciferin-luciferase assay and UV/VIS spectrum (Figure 18). 

Figure 18 (A) shows effects of treatments in presence of Sil. It shows that the 

increase of ATP levels in the supernatant via Sil is not further potentiated by sGC 

stimulation.  

Figure 18 (B) shows that the stimulation also does not affect Hb-levels in the 

supernatant indicating lack of hemolysis. Figure 18 (C) and (D) show that sGC 

stimulation of BAY-41and DEA/NO in absence of Sil also did not affect ATP 

release or hemolysis. Therefore, stimulation of sGC did not induce ATP release 

from RBCs. 

  

To sum up, the presented data indicate that PDE inhibition with Sil induces ATP 

release from RBCs, but stimulation with cAMP and cGMP/sGC signaling does 

not have any effect.  

4.1.4 Role of ion channels in ATP release 

4.1.4.1 Hypotonic stress induces ATP release but is independent of Pnx-1  

To verify whether hypotonic stress induced ATP release from RBCs is Pnx-1 

dependent, RBCs from WT mice were induced to hypotonic conditions with or 

without pharmacological inhibitors of Pnx-1 (Figure 19).  

As shown in Figure 19, RBC suspensions of WT mice were preincubated with the 

Pnx-1 inhibitors probenecid and carbenoxolone. Afterwards, hypotonic conditions 

were induced by buffer change and (A) ATP- and (B) Hb-levels were determined. 

Figure 19 (A) shows that incubation with both inhibitors did not affect the 

hypotonic stress induced ATP release from RBCs. Furthermore, as shown in (B) 

Hb levels were unchanged in all conditions excluding an effect of hemolysis. In 

conclusion, Pnx-1 is probably not involved in the transport of ATP out of the cell.  
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Figure 19: Hypotonic effect on ATP release is Pnx-1 independent 

(A) No effect of Pnx-1 inhibition by probenecid and carbenoxolone on hypotonic induced ATP release from 

RBCs. Cell suspensions were preincubated with 4 mM probenecid and 0.1 mM carbenoxolone for 30 

minutes. Afterwards, RBCs were induced to hypotonic stress. Samples were analyzed via luciferin-luciferase 

assay. For normalization, protein concentration of lysed RBCs was analyzed via Lowry assay. Data are 

expressed as median in a Tukey distribution plot, paired one-way ANOVA against CTRL w/o: post hoc test: 

Dunnett, n=4, * p ≤0.05. (B) Pnx-1 inhibition does not induce hemolysis independent of hypotonic conditions. 

Supernatant of RBCs was analyzed photometrical by full UV/VIS spectra for identification of free Hb 

representative for amount of lysed RBCs. Absorbance of supernatant at 2nd peak at 540 nm including 

threshold definition of λ=0.45, data are expressed as median in a Tukey distribution plot, paired one-way 

ANOVA against CTRL w/o: post hoc test: Dunnett, n=4, n.s. 

4.1.4.2 PDE 5 regulated ATP release is Pnx-1 independent 

To verify whether Sil induced ATP release from RBCs is Pnx-1 dependent, RBCs 

of WT mice were preincubated with pharmacological inhibitors. RBC suspensions 

of WT mice were incubated with Pnx-1 inhibitors probenecid (4 mM) and 

carbenoxolone (100 µM) before application of 100 µM Sil for 15 minutes (Figure 

20). Figure 20 (A) shows that pretreatment with Pnx-1 inhibitors does not 

influence the effect of Sil on ATP release from RBCs. As shown in Figure 20 (B), 

Hb-levels are increased in presence of the inhibitors indicating small amounts of 

hemolysis. However, there was no correlation between ATP- and Hb-levels in the 

supernatant. 
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Figure 20: Pnx-1 is not involved in ATP release via phoshodiesterase 5 inhibition  

(A) No effect of Pnx-1 inhibition by probenecid and carbenoxolone on Sil induced ATP release from RBCs. 

Cell suspensions were preincubated with 4 mM probenecid and 0.1 mM carbenoxolone for 30 minutes. 
Afterwards, RBCs were incubated with 100 µM of PDE 5 inhibitor Sil for 15 minutes. Samples were analyzed 

via luciferin-luciferase assay. For normalization, protein concentration of lysed RBCs was analyzed via Lowry 

assay. Data are expressed as median in a Tukey distribution plot, paired one-way ANOVA against CTRL 

w/o: post hoc test: Dunnett, n=6, * p ≤0.05. (B) Pnx-1 inhibition does not induce hemolysis independent of 

Sil. Supernatant of RBCs was analyzed photometrical by full UV/VIS spectra for identification of free Hb 

representative for amount of lysed RBCs. Absorbance of supernatant at 2nd peak at 540 nm including 

threshold definition of λ=0.45, data are expressed as median in a Tukey distribution plot, paired one-way 

ANOVA against CTRL w/o: post hoc test: Dunnett, n=6, * p ≤0.05, ** p ≤0.01. 

In conclusion, the effect of Sil on ATP release from RBCs is independent of Pnx-

1, but incubation with pharmacological inhibitors may lead to small amounts of 

hemolysis, however correlation was not significant.  

4.1.4.3 Hypotonic stress induces hemolysis in RBCs from CFTR KO mice 

Besides Pnx-1, the CFTR channel has been proposed to contribute to the 

transport of ATP from RBCs. CFTR is also known to be present in the RBC 

membrane and to be involved in shear-induced ATP release [137, 217]. To verify 

whether hypotonic stress induced ATP release from RBCs is CFTR-dependent, 

RBCs from CFTR KO mice and WT were treated with hypotonic buffer (Figure 

21). 

Figure 21 shows that induction of hypotonic stress with RBCs from CFTR KO 

mice leads to high levels of (A) ATP and (B) Hb in the supernatant indicating 
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strong hemolysis (absorbance>threshold). In conclusion, CFTR-dependency of 

hypotonic stress induced ATP release from RBCs cannot be verified in CFTR KO 

mice due to high amounts of hemolysis. Because there are no specific 

pharmacological CFTR inhibitors available, the role of CFTR in hypotonic-

dependent ATP release was not further analyzed.  

 

Figure 21: Hypotonic stress induces strong hemolysis in RBCs from CFTR KO mice 

(A) Hypotonic stress induces ATP release from RBCs from CFTR KO mice. Cell suspensions from CFTR 

KO mice were induced to hypotonic stress. Samples were analyzed via luciferin-luciferase assay. For 

normalization, protein concentration of lysed RBCs was analyzed via Lowry assay. Data are expressed as 

median in a Tukey distribution plot, paired T-test, n=4, # p ≤0.05. (B) Hypotonic stress induces strong 

hemolysis in RBCs from CFTR KO mice. Supernatant of RBCs was analyzed photometrical by full UV/VIS 

spectra for identification of free Hb representative for amount of lysed RBCs. Absorbance of supernatant at 

2nd  peak at 540 nm without threshold of λ=0.45, data are expressed as median in a Tukey distribution plot, 

paired T-test, n=4, n.s. 

4.1.4.4 PDE 5 regulated ATP release is CFTR dependent 

The next aim was to analyze whether Sil-dependent ATP release from RBCs is 

CFTR dependent. Therefore, RBC suspensions of CFTR KO and WT were 

incubated with 100 µM Sil for 15 minutes and ATP concentration and Hb levels 

were measured from the supernatant (Figure 22).  

Figure 22 (A) shows that steady state ATP concentrations (CTRL) are decreased 

in CFTR KO mice compared to WT. Furthermore, the figure shows that Sil 

treatment does not induce ATP release from CFTR KO RBCs. Instead, ATP 

levels of RBCs from WT mice are increased after Sil treatment. Moreover, levels 
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of ATP after Sil treatment are significantly decreased in WT versus KO. In 

conclusion, CFTR KO RBCs lack to release ATP in response to Sil treatment and 

have lower steady state ATP concentrations. Figure 22 (B) shows that Hb levels 

are significantly higher in CFTR KO than in WT mice since there are no 

differences in Hb-levels of CFTR KO between CTRL and Sil. These effects were 

independent of hemolysis.  

 
Figure 22: CFTR is participating in PDE 5 mediated ATP release 
A) No effect of Sil on ATP release from CFTR KO RBCs. Cell suspensions of WT (grey) and CFTR KO mice 

(red) of 25% Hct were incubated with PDE 5 inhibitor Sil (100 µM) for 15 minutes at RT. Samples were 

analyzed via luciferin-luciferase assay. For normalization, protein concentration of lysed RBCs was analyzed 

via Lowry assay. B) Levels of RBC hemolysis are higher in CFTR KO than in WT mice. Supernatant of RBCs 

was analyzed photometrical by full UV/VIS spectra for identification of free Hb representative for amount of 

lysed RBCs. Absorbance of supernatant at 2nd peak at 540 nm including threshold definition of λ=0.45, All 

data are expressed as median in a Tukey distribution plot, paired T-test within one strain, unpaired T-test 

for strain comparison, CFTR n=5, WT n=14, # p ≤0.05, ## p ≤0.01, ### p≤0.001, #### p≤0.0001. 

In conclusion, the CFTR channel is involved in basal as well as Sil derived ATP 

release from mouse RBCs. Moreover, lacking of the CFTR channel is related to 

an increase of hemolysis on steady state, but not to treatment dependent 

hemolysis indicating that CFTR may be involved in the regulation of membrane 

stability of RBCs.  

4.1.5 No Correlation of Hb levels and ATP  

To ensure that hemolysis did not interfere the results of the experiments, Hb 

levels measured as absorbance at 416 nm and 540 nm were correlated against 
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ATP levels. Figure 23 shows that the total data set did not correlate and thus all 

effects can be assumed as ATP release induced by pharmacological treatment 

independent of hemolysis. 

 

Figure 23: Hemolysis control of performed experiments 

Correlation of Hb from (A) absorbance at 416 nm and (B) absorbance at 540 nm against ATP signal, two-

tailed Pearson correlation analysis, (A) p=0.147, r=0.145, n=102, (B), p=0.514, r=0.065, n=102. 

4.2 Part 2: Regulation of PS exposure in human RBCs 

4.2.1 Induction of PS exposure in RBCs by NEM, CaCl2 and Ca-I 

PS is located in the inner leaflet of the membrane, but gets “flipped” to the outside 

in case of cardiac diseases and apoptosis [218]. Likewise RBCs carry PS, stimuli 

like glucose depletion or calcium influx increase PS on the surface of RBCs [17, 

165, 219]. The aim of the second part of the study was to investigate the 

intracellular regulation mechanisms of PS exposure in RBCs.  

Based on the protocol of Closse et al. [220], increase of PS exposure from young 

and healthy RBCs was induced by treatment of RBC suspension with NEM (10 

mM, Ca-I (4 µM) and CaCl2  (1 mM) for 1 hour at 37°C and exposure of PS was 

assessed as Annexin V positive cells in flow cytometric analysis (Figure 24).  
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Figure 24: NEM/Ca-I/CaCl2 increases phosphatidyserine exposure of human RBCs 

Human RBCs were treated for 1 hour at 37°C with 10 mM NEM/ 4 µM Ca-I/ 1 mM CaCl2 (CTRL) or DMSO 

(vehicle) and PS exposure was analyzed via Annexin V-PE with flow cytometry. Data are expressed as 

median in a Tukey distribution plot against (A) geo. MFI of RBC and (B) frequent of parent of RBC/PE+ 

cells, paired one-way ANOVA against CTRL: post hoc test: Dunnett, n=5, * p ≤0.05, ** p ≤0.01. 

Figure 24 (A) shows that NEM/Ca-I/CaCl2 (CTRL) treatment leads to a significant 

increase of PS exposure. Vehicle control (DMSO) had no effect on PS exposure. 

The figure shows that the treatment significantly increase the fluorescence 

intensity (FI) (assessed as geometric mean fluorescence intensity (geo. MFI)) 

and the % of positive cells. This demonstrates that both, percentage of PS 

exposing cells and the amount of total PS exposed are enhanced. 

Besides the exposure of PS, also decrease in cell size in response to Ca-I 

treatment was demonstrated in the past [164]. To analyze whether changes in 

RBC morphology occur in response to the used treatment, RBCs were analyzed 

via light microscopy and flow cytometry (Figure 25). Figure 25 (A) and (B) show 

a representative flow cytometric experiment with (A) untreated RBCs (CTRL) and 

(B) RBCs treated with NEM/Ca-I/CaCl2. The cell population was gated against 

RBC/PE+ (PS exposing cells) and results are shown as histograms against 

forward scatter (FSC) in Figure 25 (A) and (B). The result indicates that cell size 

assessed as FSC (frequent of parent) is increased in RBCs after treatment with 

NEM/Ca-I/CaCl2.  
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Figure 25: NEM/Ca-I/CaCl2 treatment changes human RBC morphology  

(A),(B) RBC/PE+ cell population of (A) CTRL versus (B) NEM/Ca-I/CaCl2 treatment shown as FSC histogram 

with frequent of parent via flow cytometry.  (C), (D) Increased RBC cell size by NEM/Ca-I/CaCl2 treatment 

versus CTRL analyzed by FSC via flow cytometry. Data are expressed as median in a Tukey distribution 

plot against (E) geo. MFI of RBCs and (F) frequent of parent of RBC/PE+ cells, paired T-test, n=22, ## p 

≤0.01. (E), (F) Changes of cell shape of human RBCs (A) before (CTRL w/o,) and (B) after treatment with 

10 mM NEM/ 4 µM Ca-I/ 1 mM CaCl2 (CTRL) via light microscopy. 
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Figure (C) and (D) show the statistical analysis of the flow cytometric experiment 

from (A) and (B). These data demonstrate that cell size assessed as geometric 

mean of FSC of RBCs with flow cytometry is unchanged. Figure (D) 

demonstrated that FSC of RBC/PE+ cells is increased. In conclusion, the number 

of stained cells (RBC/PE+) PS exposing cells (PE+) increases cell size in 

response to NEM/Ca-I/CaCl2 treatment.  

Figure 25 (E) and (F) show that RBCs undergo changes in cell shape after 

treatment with NEM/Ca-I/CaCl2 as assessed with light microscopy. The cells 

seem to change from their biconcave form to a more round form.  

In conclusion, RBC cell size is increased in response to NEM/Ca-I/CaCl2 

treatment. 

4.2.2 NO-donor DEA/NO inhibits NEM/ CaCl2/ Ca-I mediated PS exposure 

To analyze the effects of NO on the regulation of PS exposure, the effects of 

NO donor DEA/NO were assessed. Hence, a concentration-response curve of 

DEA/NO was measured in presence of NEM/Ca-I/CaCl2 treatment (Figure 26). 

 
Figure 26: DEA/NO decreases NEM/Ca-I/CaCl2 induced PS exposure  

Concentration dependent effect of DEA/NO on NEM/Ca-I/CaCl2 induced PS exposure. Human RBCs were 

treated for 1 hour at 37°C with 10 mM NEM/ 4 µM Ca-I/ 1 mM CaCl2 ± increasing concentrations of DEA/NO 

(0-1000 µM). PS exposure was analyzed via Annexin V-PE with flow cytometry. Data are expressed as 

median in a Tukey distribution plot against geometric mean of RBC, unpaired one-way ANOVA against 0: 

post hoc test: Dunnett (CTRL w/o, 0: n= 15, 0.5, 10, 50 µM: n=4, 1.0, 1000 µM: n=5, 200 µM: n=7), * p ≤0.05; 

** p ≤0.01,*** p≤0.001,**** p≤0.0001. 
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Figure 26 shows that NO treatment leads to a significant decrease of PS 

exposure at a range of concentrations from 1 to 1000 µM. Therefore, these results 

demonstrate that extracellular NO blocks PS exposure evoked by NEM, Ca-I and 

CaCl2.  

4.2.3 PS exposure is sGC/cGMP independent 

The next aim was to verify whether the effects of extracellular NO on PS exposure 

on activation of sGC and increase in cGMP levels. Therefore, PS exposure was 

induced by NEM, Ca-I and CaCl2 and cells were additionally incubated with the 

sGC stimulator BAY-41(10 µM) and DEA/NO (200 µM) ± sGC inhibitor ODQ (5 

µM) (Figure 27 (A)). ODQ was used as an sGC inhibitor, because it is able to 

inactivate sGC by oxidation of the heme from Fe2+- to Fe3+ -form. In this state, 

sGC cannot be stimulated by NO and BAY-41.  

The pharmacological agents were coincubated in different combinations as 

indicated in Figure 27 (B) with NEM, Ca-I and CaCl2 for 1 hour at 37°C and 

affected RBCs were labeled with Annexin V-PE. Fluorescent data were analyzed 

as described above by determing RBC geo. MFI and % of PE+ RBCs. Because 

both analyses showed same results, only geometric mean is shown in the figures.  

Figure 27 (A) shows that treatment of RBCs with DEA/NO ± BAY-41leads 

significant decreases of PS exposure compared to CTRL (NEM/Ca-I/CaCl2). 

Furthermore, there are no differences in PS exposure of RBCs between DEA/NO 

treatment alone and with BAY-41-2272. Moreover, BAY-41alone has no effect on 

PS exposure. This means that BAY-41has no effect on PS exposure. 

The addition of ODQ doesn’t change the effect of BAY-41+ DEA/NO, indicating 

that the effects of NO on PS exposure regulation are sGC independent.  

As a control, RBCs were also treated with stable cell permeable cGMP derivate 

CPT-cGMP (Figure 27 (B)) at concentrations ranging from 1 µM to 1 mM.  Similar 

to sGC stimulation, also cGMP did not affect PS exposure.  
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Figure 27: Effects of DEA/NO on PS exposure in RBCs are independent of sGC/cGMP  signaling  

(A) No effects of sGC stimulator BAY-41(10 µM) and sGC inhibitor ODQ (5 µM) on PS exposure of RBCs in 

presence of NEM/Ca-I/CaCl2 ± DEA/NO (NO, 200 µM). Human RBCs were incubated with the treatments 

for 1 hour at 37°C and samples were analyzed via Annexin V-PE with flow cytometry, Data are expressed 

as median in a Tukey distribution plot against geometric mean of RBC, Kruskal-Wallis against CTRL: post 

hoc test: Dunn’s (CTRLw/o, CTRL: n=9, DEA/NO, BAY-41: n=5, BAY-41/NO: n=7, BAY-41/NO/ODQ, ODQ: 

n=4) * p ≤0.05, ** p ≤0.01, *** p≤0.001. (B) No concentration dependent effects of 8-CPT-cGMP on NEM/Ca-

I/CaCl2 induced PS exposure. Human RBCs were treated for 1 hour at 37°C with 10 mM NEM/ 4 µM Ca-I/ 

1 mM CaCl2 (NEM) ± increasing concentrations of CPT-cGMP. PS exposure was analyzed via Annexin V-

PE with flow cytometry. Data are expressed as median in a Tukey distribution plot against geometric mean 

of RBC, unpaired one-way ANOVA against CTRL: post hoc test: Dunnett (1000 µM: n=3, all other treatments: 

n=5), * p ≤0.05.  
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In conclusion, treatment with NO protects RBCs against Ca2+/Ca-I/NEM induced 

PS exposure, but these effects are not dependent on activation of sGC/cGMP 

pathway.  

4.3 Part 3: Patient study I 

The third aim of the study aimed to analyze whether non-canonical functions of 

RBCs are affected by pathological conditions like CKD and CAD. Therefore, 2 

independent studies were performed. 

4.3.1 Red cell eNOS expression is decreased in CKD 

Di Pietro et al. from the Department of medical, oral and biotechnological 

sciences and the aging research center and translational medicine CeSI-MeT, 

Chieti, Italy, performed a clinical study with patients with CKD[204]. 

It has been proposed in the past, RBCs from CKD patients have impaired 

deformability or life span [221]. However, up to now little is known about the 

regulation of the red cell eNOS/NO pathway in CKD and CAD. The general aim 

of the study was to evaluate, whether red cell eNOS/NO signaling is affected in 

CKD.  

Table 17 reports the demographic and clinical characteristics of the study 

population.  

 

Table 17: Demographic and clinical characteristics of the study population (CKD) [204] 

 Control (n = 18) Hemodialysis (n = 27) P-value 

Gender (M/F) (7/11) (16/11)  

Age (years) 57.1 ± 9.4 65.3 ± 11.2 0.143 

Systolic blood pressure (mmHg) 121.9 ± 11.4 118.5 ± 17.4 0.655 

Diastolic blood pressure (mmHg) 74.1 ± 6.8 73.1 ± 10.4 0.413 

Hb (g/dl) 13.6 ± 1.7 10.9 ± 2.1 <0.001 

Creatinine (mg/dl) 1.0 ± 0.2 9.1 ± 2.5 <0.001 

Body mass index 23.2 ± 1.4 22.5 ± 2.2 0.577 
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The study included patients suffering from CKD (n=27) and age- and gender-

matched controls (n=18). The study population (age 18-75) was recruited at the 

dialysis center of the University Hospital of Chieti.  

All patients have been treated with hemodialysis for more than 6 months. The 

CKD was caused by nephroangiosclerosis (n=13), chronic glomerulonephritis 

(n=7), chronic interstitial nephritis (n=4) or unknown (n=3). Patients with diabetes 

mellitus, uncontrolled hypertension, active infections, malignant or inflammatory 

disease, blood transfusion over the past 3 months, iron and folic acid deficiency, 

use of drugs that might interfere with erythropoiesis were excluded. Furthermore, 

patients who used NO donors were excluded from the study.  

CKD patients were treated with erythropoietin dosage and got dialysis three times 

a week (4-h dialysis via bicarbonate dialysate and membranes of polysulphone 

(n = 12) or polyacrylonitrile (n=15). Other exclusion criteria for the healthy controls 

were medications, abnormalities on routine physical examination, standard 

laboratory tests, ECG, or chest x-ray. The study was approved by the Ethics 

Committee of the University of Chieti and was performed in accordance to the 

Declaration of Helsinki. Written informed consent was obtained from all subjects 

taking part in the study.  

The data of Table 17 was observed by the Department of medical, oral and 

biotechnological sciences and the aging research center and translational 

medicine CeSI-MeT, Chieti, Italy [204]. The p-value was calculated by T-test.  

To verify whether red cell eNOS expression is affected in CKD, frozen RBC 

pellets obtained by the described patient cohort were analyzed via 

immunoprecipitation and western blot. For normalization, an internal control 

(HUVECs) was used to generate comparable data. Figure 28 shows that red cell 

eNOS expression is decreased in CKD compared to healthy controls (135 kDa 

band).  



63 

 

 

Figure 28: Red cell eNOS expression is decreased in CKD 

Red cell eNOS expression of patients with CKD (CKD) compared to age-matched controls was measured 

from frozen RBC pellets after immunoprecipitation and western blot analysis. (A) Representative western 

blot gel modified by photoshop following the guidelines of good scientific practice. (B) Levels of red cell 

eNOS expression in CKD calculated against eNOS-expression of HUVECs (positive control) compared to 

healthy controls, data are expressed as median in a Tukey distribution plot, unpaired T-test, CTRL: n=8, 

CKD: n=10, # p ≤0.05. Outlier analysis was performed graphically by box & whiskers plots according to 

Tukey.  

4.3.2 Patient study II: Role of RBC functions in CAD and ACS 

Here we aimed to verify whether red cell eNOS/NO signaling from RBC might 

play a role in CVD. Therefore, RBC functions of patients with CAD, ACS and 

healthy age-matched controls were characterized. This included the analysis of: 

1. Red cell eNOS-expression 

2. NO metabolism  

3. Redox-state  

4. PS exposure 

5. Rheological parameters (deformability and aggregability) 

For this aim, patients with CAD and ACS and healthy individuals without CAD 

and medication were recruited from the Department of Cardiology, Pulmonology 

and Angiology, Düsseldorf.  

Figure 29 shows an overview of the study design. As described here, patients 

with acute inflammation (CRP >1.0 mg/dl, blood leukocytes >11000/µl), 

malignancies, pregnancy, or treatments with NOS/NO/sGC affecting drugs were 

excluded from the study. 
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Figure 29: Study design of CAD and ACS study  

To investigate, whether red cell eNOS/NO-mediated RBC dysfunctions might play a role in CVD, a patient 

study with patients from Department of Cardiology, Pulmonology and Angiology in Düsseldorf was 

performed. These included patients with ACS, CAD and age-matched controls. Exclusion criteria and study-

characteristic are mentioned in the figure.  

Figure 30 shows the study protocol including the used methods and analyzed 

parameters. Grayed parts of were part of the patient study, but described in this 

dissertation.  

 

Figure 30: Overview of CAD and ACS study  

The figure shows the parameters analyzed in the study following a defined protocol. These included 

physiological parameters (laser doppler, FMD as well as analysis of biochemical parameters (red cell eNOS 

expression, NO2
--levels, redox-state, deformability…). 
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Demographic and clinical characteristics of CAD and ACS patients and healthy 

controls are reported in Table 18.  

Table 18: Demographic and clinical characteristics of the study population (CAD, ACS) 

 

 Stable CAD (n=20) ACS (n=8) Control (n=25) P-value 

Age (years) 59 ± 10 51 ± 10 54 ± 6 ns 

Weight (kg) 82 ± 12 99 ± 20 88 ± 9 
** (stable CAD 
vs. ACS) 

Height (cm) 175 ± 6 181 ± 5 180 ± 6 
* (stable CAD vs. 
control) 

 

Body mass 

index 

(kg/m²) 

26.8 ± 4.1 30.3 ± 5.4 27.2 ± 2.8 ns 

RRsystole 

(mmHg) 
131 ± 14 138 ± 12 133 ± 9 ns 

RRdiastole 

(mmHg) 
79 ± 11 82 ± 4 85 ± 10 ns 

Heart 

frequency 

(beats/sec) 

63.2 ± 8.7 64.4 ± 10.3 67.9 ± 7.5 ns 

HbA1c (%) 5.5 ± 0.4 5.5 ± 0.2 5.4 ± 0.3 ns 

Creatinin 

(mg/dl) 
1.0 ± 0.2 1.0 ± 0.1 1.0 ± 0.1 ns 

glomerular 

filtration 

rate (MDRD) 

78.8 ± 15.8 86.7 ± 10.6 82.0 ± 16.8 ns 

Cholesterin 

(mg/dl) 
164.0 ± 32.4 188.5 ± 28.2 210.7 ± 42.8 

*** (stable CAD 
vs. control) 

low density 

lipoprotein 

(LDL) 

(mg/dl) 

96.8 ± 22.7 128.3 ± 26.2 148.6 ± 39.8 
**** (stable CAD 
vs. control) 

high density 

lipoprotein  

(mg/dl) 

52.8 ± 13.4 47.1 ± 14.2 57.5 ± 14.3 ns 

CRP (mg/dl) 0.2 ± 0.2 0.3 ± 0.1 0.3 ± 0.2 ns 

Pack years 

(median) 
30 range 0-100 20 range 0-40 10 range 0-50 

** (stable CAD 
vs. control) 

Risk factors 

(0-4; 

median) 

3 range 1-4 3 range 1-4 1 range 0-3 
*** (stable 
CAD/ACS vs. 
control) 

 

RBC indices            

Hb (g/dl) 14.6 ± 0.8 14.6 ± 0.6 14.9 ± 1.1 ns  

RBC 

number 

(cells*106/µl) 

4.7 ± 0.4 4.8 ± 0.3 4.9 ± 0.4 ns  

Hct (%) 43.1 ± 2.6 43.5 ± 1.9 43.8 ± 3.0 ns  

MCV (fl) 91.0 ± 3.1 90.9 ± 2.1 89.7 ± 3.7 ns  

MCH (pg) 30.8 ± 1.2 30.5 ± 0.9 30.4 ± 1.3 ns  

MCHC (g 

Hb/dl) 
33.9 ± 0.8 33.5 ± 0.9 33.9 ± 0.7 ns  

RBC 

distribution 

width (%) 

13.6 ± 1.0 13.5 ± 0.5 13.2 ± 0.5 ns  
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Most patient data were in the same range. All patients were 50-60 years old, 

weighed about 80-100 kg and had a height from 170-180 cm. Moreover, CAD 

patients had higher cholesterol and LDL levels compared to controls. 

Furthermore, CAD and ACS patients had more risk factors than healthy 

volunteers. The p-value was calculated by one-way ANOVA against each group 

and post hoc test Bonferroni was chosen. All data were collected by Dr. med G. 

Wolff from the department of Cardiology, Pulmonology and Angiology, 

Düsseldorf, Germany. 

4.3.2.1 Red cell eNOS expression is decreased in CAD 

To verify whether NO synthesis of RBCs from patients with in CAD and ACS is 

changes, the levels of red cell eNOS expression was investigated. Figure 31 

shows that red cell eNOS expression is decreased in CAD and ACS compared 

to healthy control (135 kDa band).  

 

Figure 31: Red cell eNOS expression is decreased in CAD and ACS 

Red cell  eNOS expression of patients with CAD and ACS compared to age-matched controls was measured 

from frozen RBC pellets after immunoprecipitation and western blot analysis. (A) Representative western 

blot gel modified by photoshop following the guidelines of good scientific practice. (B) Levels of red cell 

eNOS expression in CAD and ACS calculated against eNOS-expression of HUVECs (positive control) 

compared to healthy controls, data are expressed as median in a Tukey distribution plot, unpaired one-way 

ANOVA against CTRL: post hoc test: Dunnetts, CTRL: n=10, CAD (+ACS): n=8, ACS (t=0; t=1): n=5, * p 

≤0.05; ** p ≤0.01. Outlier analysis was performed graphically by box & whiskers plots according to Tukey.  

4.3.2.2  Levels of NO and NO2
- are unchanged in CAD 

The next aim was to investigate whether levels of NO metabolites are effected in 

RBCs from patients with CAD and ACS. NO level were analyzed by loading RBCs 

with DAF-FM-DA and flow cytometry in presence and absence of NOS-Inhibitor 
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L-NAME (3 mM) for 30 minutes at 37°C (Figure 32 (A)). Moreover, he levels of 

NO2- of RBCs were measured by CLD. 

 

Figure 32: Levels of NO and NO2
- are unchanged in CAD and ACS 

(A) Levels of NO from human whole blood of all cohorts are decreased in presence of NOS inhibitor L-

NAME, but basal levels of NO are unchanged. Whole blood samples were incubated in absence or presence 

of NOS inhibitor L-NAME (3 mM) and analyzed via DAF-FM-DA with flow cytometry, data are expressed as 

median in a Tukey distribution plot, unpaired one-way ANOVA against CTRL: Dunetts post hoc test, CTRL: 

n=22, CAD: n=18, ACS (t=0-t=3):n=19,n.s., paired T-test CTRL against L-NAME, #p ≤0.05; ## p ≤0.01,### 

p≤0.001. Outlier analysis was performed graphically by box & whiskers plots according to Tukey, n.s.  

(B) NO2
- levels are unchanged in CAD and ACS. NO2

- levels of frozen RBC pellets of all cohort groups were 

measured via CLD, data are expressed as median in a Tukey distribution plot, unpaired one-way ANOVA 

against CTRL: Dunetts post hoc test, CTRL: n=14, CAD: n=12, ACS (t=0): n=6, t=1 (24h): n=7, n.s. Outlier 

analysis was performed graphically by box & whiskers plots according to Tukey. The experiment was 

performed by medical student Claudio Parco from the department of Cardiology, Pulmonology and 

Angiology, Düsseldorf, Germany. 

The figure shows that there are no differences in basal NO levels or between the 

cohort groups. The figure further shows that the levels of NO decrease in 

presence of NOS inhibitor, indicating red cell eNOS dependence of basal NO 

levels in RBCs. The figure shows that NO2- concentrations are unchanged in CAD 
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and ACS compared to healthy control. NO metabolite levels are NOS-dependent 

since levels are decreasing in presence of NOS inhibitor L-NAME, although basal 

NO metabolite- and NO2-- levels are unchanged in CAD and ACS. Furthermore, 

red cell eNOS expression is decreased in RBCs from CAD and ACS. In 

conclusion, although red cell eNOS expression is decreased, the levels of NO 

metabolites are preserved in CVD.  

4.3.2.3 Redox-state is preserved in CAD and ACS 

RBCs are equipped with highly effective antioxidant systems such as non-

enzymatic, but also enzymatic anti-oxidative factors [159-162]. To analyze 

possible changes of RBC redox-state in CAD and ACS, ROS-levels and thiol-

levels were evaluated (Figure 33).  

 

Figure 33: No differences of ROS- and thiol levels in CAD and ACS 

(A) No changes of ROS levels in RBCs from patients with CAD and ACS versusage-matched controls. 

Human whole blood of all cohorts was analyzed via DCF with flow cytometry. Data are expressed as median 

in a Tukey distribution plot, unpaired one-way ANOVA against CTRL: Dunetts post hoc test, CTRL: n=25, 

CAD: n=19, ACS (t=0-t=3): n=20, n.s. Outlier analysis was performed graphically by box & whiskers plots 

according to Tukey. (B) No differences in free thiol levels in human RBCs from CAD and ACS compared to 

age-matched controls. Human whole blood of all cohorts was analyzed via ThiolTrackerTM with flow 

cytometry. Data are expressed as median in a Tukey distribution plot, unpaired one-way ANOVA against 

CTRL: Dunetts post hoc test, CTRL: n=20, CAD: n=17, ACS (t=0-t=3): n=17, n.s. Outlier analysis was 

performed graphically by box & whiskers plots according to Tukey. The experiment was performed together 

with medical student Thirumakal Manokaran from the department of Cardiology, Pulmonology and 

Angiology, Düsseldorf, Germany. 

Figure 33 (A) shows that ROS levels measured via loading with DCF with flow 

cytometry are unchanged in CAD and ACS. Furthermore, Figure 33 (B) shows 

that levels of reduced thiols detected by ThiolTrackerTM are preserved in CAD 

compared to health matched controls. 
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To verify whether glutathione levels are changed in RBC in CAD and ACS, 

glutathione concentrations were analyzed. Therefore amount of GSH and tGSH, 

as well as GSSG was assessed by derivatization of GSH with fluorescence 

molecules in a glutathione reductase based assay (Figure 34).  

 

 

Figure 34: No changes of glutathione levels in CAD and ACS 

Measurement of glutathione from frozen RBC pellets from patients with CAD and ACS compared to age-

matched controls measured via glutathione detection kit (Arbor). No differences in (A) free GSH (B) total 

GSH (C) GSSG and (D) tGSH/GSSG. Data are expressed as median in a Tukey distribution plot, unpaired 

one-way ANOVA against CTRL: Dunetts post hoc test, CTRL: n=14, CAD: n=8, ACS (t=0-t=3): n=9, n.s. 

Outlier analysis was performed graphically by box & whiskers plots according to Tukey. 

Figure 34 shows that GSH (A), tGSH (B)) as well as GSSG (C) and tGSH/GSSG 

ratio (D) are unchanged in CAD and ACS.  

In conclusion, the results indicate that redox-state of RBCs is preserved in CAD 

and ACS. 
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4.3.2.4 PS exposure is unchanged in patients with CAD and ACS  

The next aim was to reveal whether RBCs from patients with CAD and ACS show 

increased PS exposure. Therefore, PS exposure from RBCs was analyzed via 

flow cytometry.  

Figure 35 shows that PS exposure is unchanged in CAD and ACS compared to 

age-matched controls.  

 

Figure 35: No changes in PS exposure in patients with CAD and ACS 

PS exposure of human whole blood of patients with CAD and ACS compared to age-matched control group 

was analyzed via Annexin V-PE with flow cytometry. Data are expressed as median in a Tukey distribution 

plot against FI, unpaired one-way ANOVA against CTRL: Dunetts post hoc test, CTRL: n=19, CAD: n=11, 

ACS (t=0): n=8, n.s. Outlier analysis was performed by box & whiskers plots according to Tukey. 

Measurements were performed together with medical student Thirumakal Manokaran from the department 

of Cardiology, Pulmonology and Angiology, Düsseldorf, Germany.  

In conclusion, RBCs compensate changes of membrane symmetry in CVD.  

4.3.2.5 Rheological parameters 

RBCs are a major determinant of blood viscosity, because of their high number 

and mechanical properties including deformation and aggregation. To verify 

changes in rheological parameters, deformability and aggregability of RBCs were 

analyzed by ectacytometry.  
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4.3.2.5.1 Aggregability is increased in ACS 

Aggregability is displayed as AI. This index is calculated from t1/2, the time, which 

RBCs take to aggregate and AMP, the amplitude, which defines the aggregation 

strength. For aggregability measurement, whole blood was measured against 

time (Figure 36).  

 
Figure 36: RBC Aggregability is increased in ACS 

Measurement of RBC aggregability from whole blood of patients with CAD and ACS compared to age-

matched controls via Lorca. (A) AI is increased in ACS (t=0), data are expressed as median in a Tukey 

distribution plot, unpaired T-test, CTRL: n=25, CAD: n=21, ACS (t=0-t=3): n=7 each, # p ≤0.05. (B) t1/2 is 

decreased in ACS (t=0), data are expressed as median in a Tukey distribution plot, unpaired T-test, CTRL: 

n=25, CAD: n=19, ACS (t=0-t=3): n= 7 each, # p ≤0.05. C) AMP (au) is unchanged in ACS and CAD, data 

are expressed as median in a Tukey distribution plot, unpaired T-test, CTRL: n= 20, CAD: n=21, ACS (t=0-

t=3): n= 7 each. Outlier analysis was performed graphically by box & whiskers plots according to Tukey. All 

aggregability experiments were performed by medical student Jonathan Schmidth from the department of 

Cardiology, Pulmonology and Angiology, Düsseldorf, Germany. Outlier analysis was performed graphically 

by box & whiskers plots according to Tukey 

 

Figure 36 (A) shows that aggregability (as AI) is increased in ACS (t=0), but not 

after 24 h and 7 days after ACS treatment. Figure 36 (B) and (C) indicate that t1/2 
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is decreased in ACS whereas AMP (au) is unchanged. These data show that 

RBCs from patients with ACS have increased aggregability as compared to 

healthy controls. 

4.3.2.5.2 Deformability is unchanged in CAD and ACS 

RBC deformability was observed by ectacytometry. This method is based on the 

ability of RBCs to deform from their typically biconcave to an elliptic form in 

response of increasing shear stresses.  For analysis, deformability was induced 

by stepwise increase of shear-stress and cell deformation was displayed as EI. 

This index is defined by the shape of the RBC to allow comparison of RBC 

deformability behavior from different cohort groups (Figure 37).  

 
Figure 37: RBC deformability is unchanged in CAD and ACS 

Measurement of RBC deformability from diluted whole blood of patients with CAD and ACS compared to 

age-matched controls via Lorca. Deformability (EI) of RBCs was measured against increasing shear stresses 

from 0,3 Pa to 10 Pa, data are expressed as mean ± standard deviation of mean, two-way ANOVA, CTRL: 

n=23, CAD: n=20, ACS (t=0): n=8, n.s. Outlier analysis was performed graphically by box & whiskers plots 

according to Tukey. All deformability experiments were performed by medical student Jonathan Schmidth 

from the department of Cardiology, Pulmonology and Angiology, Düsseldorf, Germany. 

Figure 37 shows that deformability is unchanged in RBCs from CAD and ACS 

patients. Taken together, the present data demonstrate that rheological 

parameters like aggregability are increased in ACS, but not in CAD. Moreover, 

deformability is preserved in both cohort groups.  
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5 Discussion  

The main hypothesis of this study was that non-canonical functions of RBCs may 

be affected in CVD. 

This study aimed to characterize non-canonical functions of RBCs from healthy 

young individuals and from patients with CAD and CKD, as compared to age-

matched controls. The main goals were to analyze pathways regulating (1.) ATP 

release and (2.) PS exposure of RBCs, as well as (3.) to characterize non-

canonical RBC functions in RBCs from CAD or CKD patients. Figure 38 describes 

the main goals of the present study. 

 
Figure 38: Aims and goals of the present study 

The main findings of this study were the following:   

(1.) The first goal (part 1) was to assess whether sGC/cGMP and cAMP signaling 

is involved in ATP release from RBCs. The present results show that sGC/cGMP 

as well as cAMP signaling do not regulate ATP release from RBCs. 

(2.) Part 1 further aimed to investigate whether PDE inhibition or hypotonic stress 

induce ATP release and whether these are downstream dependent of Pnx-1 or 

CFTR. Data presented in this work demonstrate that ATP release is induced by 

hypotonic stress and PDE inhibition and that this release is not controlled via Pnx-

1 channel, but that PDE mediated effects are downstream regulated via CFTR. 
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(3.) The second goal (part 2) was to analyze whether sGC/cGMP signaling might 

play a role in the NO-mediated regulation of PS exposure in RBCs. For these 

studies, ATP release and PS exposure were examined by pharmacological 

activation-and inhibition or direct incubation with stable derivatives of the second 

messengers. The data presented here show that treatment of RBCs with NO 

prevents Ca2+/Ca-I/NEM induced exposure of PS in RBCs, but the sGC/cGMP 

signaling is not involved in regulation of PS exposure. 

(4.) The third goal (part 3) was to assess whether functional properties like redox-

state, NO metabolism and membrane characteristics of RBCs are affected in 

patients with cardiovascular- and renal disease to identify possible changes of 

RBC functions under pathological conditions. The present results show that 

cellular redox-state, NO metabolites, RBC deformability and membrane 

symmetry are preserved in CVD indicating that RBCs are able to compensate in 

these pathological conditions.  

5.1 Part 1: ATP release from RBCs 

5.1.1 Technical hurdes of measurement of ATP release: Hemolysis 

The present results demonstrate a positive correlation between ATP-

concentration and Hb-levels (416 nm) in the supernatant. These data are in line 

with data of Sikora et al., who showed that hemolysis is a strong confounding 

parameter in the measurement of ATP release from RBCs [222]. They 

demonstrated that in most treatments (e.g. mechanical shear stress, hypoxia or 

pharmacological stimulation), there is a correlation between Hb- and ATP levels 

indicating presence of hemolysis. Because nM concentrations of ATP are 

measured in this assay and mM concentrations are present in the cell, a few 

destroyed cells may lead to increases of ATP in the supernatant. Therefore, it 

was important to optimize the assay concerning control of Hb levels to avoid 

systemic hemolysis. Thus, a threshold for Hb was established on the basis of 

measurement undertaken in untreated RBC suspensions from different donors. 

Furthermore, Hb levels were measured via UV/VIS spectrum for each sample 

and correlation curves were made for each experiment. By applying this method, 

many samples needed to be excluded because of the hemolysis. 
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As described in Figure 13, basal ATP levels show high variability in human and 

murine RBCs and thus, normalization was necessary (as done here). Ellsworth 

et al. [5, 6, 223] and other groups [90, 100, 111, 125, 126, 137, 212] used the 

same assay system, but measured ATP from RBC suspensions directly, not from 

the centrifuged supernatant. One advantage of usage of the supernatant is that 

ATP levels can directly be compared to Hb-levels from the same treatment and 

no further steps, which could interfere the result, were included. A further 

advantage of centrifugation is that extracellular ATP was separated from RBCs 

which are carrying membrane-bound ectonucleotidases [224].  

Since Hb-levels were not reported in previous publications, data should be 

critically evaluated. The findings of the present study mainly support this by 

showing that cAMP application does not induce ATP release from RBCs which 

contradicts to previous published data [100]. However, the data which we 

observed by our study are in line with data of Sikora et al., who demonstrated 

that AC activation via forskolin does not affect ATP release from RBCs and further 

that its application induces hemolysis [222]. Taken together, the present study 

shows for the first time that hemolysis mediated ATP release can be minimized 

with adequate handling. For future studies, insertion of a threshold for Hb-levels 

(absorbance at 540 nm) should be taken into account for proper analysis of ATP 

signaling without side effects of hemolysis. 

5.1.2 Hypotonic stress induces ATP release independent of hemolysis 

The present study shows that hypotonic stress induces ATP release from murine 

WT RBCs independent of hemolysis. In contrast, Sikora et al. demonstrated that 

there is a correlation between Hb- and ATP-levels at hypotonic treatment in their 

setup [222]. A possible reason for the missing of reproducibility by Sikora et al. 

might be the incubation time of 5 and 15 minutes. In this study, the incubation 

time was 30 seconds followed by direct centrifugation and separation of the 

supernatant from the RBCs. This is supported by the data of the present study 

which shows that steady state ATP levels are decreasing with time. Moreover, 

these data are in line with results of Coade et al., who demonstrated that ATP is 

degraded to adenosine diphosphate (ADP) and adenosine monophosphate 
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(AMP) within 15 minutes in whole blood by ectonucleotidases [224].  In 

conclusion, the present data indicate that hypotonic stress induces ATP release 

from RBCs independent of hemolysis. 

5.1.3 PDE inhibition induces ATP release 

Phoshodiesterases have been proposed to play a main role in the regulation of 

ATP release [119]. The present findings indicate that PDE 5 inhibition by 100 µM 

Sil induces ATP release from RBCs.  

It has been reported previously that cGMP as well as cAMP specific PDEs are 

present in RBCs. Briefly, Sprague et al. verified the expression of different PDEs 

in the cytosol of RBCs; PDE4D, 3A and 5A [125]. However, Knebel et al. 

demonstrated that PDE 5 inhibition leads to a potentiation of ATP release in 

prostacyclin receptor activation [215]. Furthermore PDE3 inhibition has been 

proposed to function as ATP-release-restore in diabetes patients under hypoxia 

[212]. Indeed, our study is in line with these results that PDE regulation is involved 

in ATP release from RBCs.  

A possible explanation of this is that the concentration of Sil applied here may 

lead to inactivation of other isoforms of PDE [225]. Lower concentrations of Sil 

(100 nM) did not lead to any differences in ATP levels suggesting that PDE 5 

might not be alone involved in regulation of ATP release. In contrast to our own 

data with Sil, Sprague et al. found out that incubation with the unspecific PDE 

inhibitor 3-isobutyl-1-methylxanthine (IBMX) for 2 minutes does not induce ATP 

release from RBCs [100]. These contrasting results may be based on differences 

in incubation time (2 minutes IBMX vs 15 minutes Sil) and specificity, which might 

be solved by dose-response curves.  

The present study demonstrates that application of CPT-cAMP or CPT-cGMP 

has no effect on ATP release in mouse RBCs. However, other groups showed 

that cAMP-application results in ATP release from RBCs [100]. Briefly, human 

and rabbit RBCs suspensions were incubated with 100 µM of stable cAMP 

derivate sp-cAMP for 30 minutes [100]. Moreover, it was demonstrated that 

activation of Gi by mastoparan results in an increase of cAMP levels via ACII [104, 
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108-111] and induces ATP release from RBCs. A possible explanation for these 

contradictions might be lack of permeability of the synthetic cAMP and cGMP 

derivates. Taken together, the present study shows that PDE inhibition induces 

ATP release from RBCs. However, the mechanisms of PDE inhibition were not 

clarified in this study since cAMP and cGMP both did not induce ATP release. 

Experiments analyzing the role of PDEs in ATP release should be carried out in 

future investigations.  

5.1.4  ATP release is independent of sGC/cGMP signaling 

Another aim of the study was to analyze the role of intracellular sGC/cGMP 

signaling in ATP release from RBCs. The results of this study demonstrate that 

neither activation of sGC by BAY-41 and NO nor cGMP application induces ATP 

release from RBCs suggesting that the sGC/cGMP pathway is not involved in 

ATP release from RBCs.  

However, Adderley et al. demonstrated that sGC activation by YC-1 and NO 

increases cGMP levels in RBCs and further that cGMP application increases 

cAMP levels in RBCs [125]. Sprague et al. further investigated that hypoxia 

induced ATP release from RBCs is abolished in patients with diabetes mellitus 

[90] probably due to reduced levels of Gi [226]. Furthermore, it was shown that 

hypoxia induced ATP release is PDE3 dependent [212, 214]. In this context, C-

peptide and insulin are able to restore this impairment via protein kinase C (PKC) 

and sGC signaling [101, 227]. In detail, it was demonstrated that coincubation of 

C-peptide and insulin in physiological ratios recovers hypoxia induced ATP 

release from RBCs from patients with diabetes mellitus [101]. Since C-peptide 

downstream activates PKC and sGC [227], C-peptide application leads to 

increase of intracellular cGMP levels [228, 229] and cGMP-mediated inhibition of 

PDE3 This results in inhibition of cAMP degradation [230]. Moreover, insulin 

inhibits hypoxia-induced ATP release in healthy volunteers and this effect is also 

abolished by C-peptide via PKC and sGC activation [227]. Similar to results of 

this study, it was shown that sGC inhibition itself by ODQ has no influence on 

hypoxia-derived ATP release from RBCs from healthy volunteers [101, 227].  
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Taken together, the data presented here and in the literature indicate that 

sGC/cGMP signaling is not involved in ATP release from healthy RBCs, but may 

play a role in situations of dysfunctions of the signaling pathway like decrease of 

RBC Gi levels in patients with diabetes mellitus [90].  

5.1.5 Role of ion channels: Pnx-1 and CFTR 

5.1.5.1 Hypotonic stress induced ATP release is Pnx-1 independent 

The present study shows that hypotonic stress induced ATP release is not 

regulated via Pnx-1 as evident by channel blocking with carbenoxolone and 

probenecid. Furthermore, there is no correlation between Hb and ATP due to 

previous optimization of the assay. There is evidence that the Pnx-1 channel is 

expressed on the RBC membrane [145]. In the publication of Locovei et al, it is 

demonstrated that hypotonic stress induced ATP release is Pnx-1 dependent. 

This was shown by incubation of RBCs with carbenoxolone, which induced 

decrease of levels of extracellular ATP [194].  

The data of the present study shows that no correlating hemolysis was induced 

in presence of hypotonic stress or the pharmacological inhibitors of Pnx-1, but 

also no Pnx-1 dependency of ATP release was present under these conditions 

suggesting that hypotonic stress induces ATP release from RBCs independent 

of Pnx-1.  

The CFTR channel has been proposed to play a role in ATP release from RBC. 

The channel has been identified by Sterling et al. at the RBC surface [231]. It was 

demonstrated in the past that RBCs from CF patients have a reduced number of 

CFTR molecules at the membrane of RBCs [136]. It was further shown that CF-

patients lack ATP release from RBCs in response to mechanical stress [137] 

suggesting an important role for CFTR in the regulation of ATP release from 

RBCs. In this study we observed that hypotonic stress induces high levels of 

hemolysis in RBCs from CFTR KO mice. Although the underlying mechanisms of 

increased hemolysis cannot be identified based on this study, a possible 

explanation might be that the CFTR controls the regulatory volume decrease of 

multiple cell types [232]. This is characterized by osmolyte and water efflux [233, 
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234] in response to autocrine activation of purinergic receptors via ATP [235, 

236]. Therefore, lack of CFTR in RBCs might results in impairment of RBC cell 

volume regulation in response to hypotonic stress conditions and thus to swelling-

mediated hemolysis.  

In conclusion, the present data indicate that hypotonic stress induces ATP 

release from RBCs independent of hemolysis, but the involvement of Pnx-1 or 

CFTR could not be confirmed in this study. 

5.1.5.2 PDE mediated ATP release is CFTR dependent, but Pnx-1 

independent 

The data of the present study show that PDE 5-dependent ATP release is 

independent of Pnx-1 demonstrated by channel blocking with carbenoxolone and 

probenecid, but dependent of CFTR as assessed by usage of RBCs from WT 

and CFTR KO mice. The present study shows that PDE-mediated ATP release 

is blunted in CFTR KO mouse RBCs. Furthermore, this study demonstrated that 

basal ATP levels are decreased in these mice and that basal hemolysis assessed 

as concentration in the supernatant was significantly higher in CFTR KO RBCs 

compared to WT. A possible explanation might be that lack of CFTR results in 

impairment of salt and fluid balance in RBCs as it occurs in epithelial cells [237-

240]. This might lead to RBC cell membrane instability and increased cell lysis.  

The decrease of steady state ATP release from RBCs from CFTR KO mice 

contradicts to published data, which shows an increase in basal ATP levels in 

CFTR KO mice [241]. In both data sets, the same CFTR KO strains (UNC CFTR 

KO, Jackson Laboratory, see §3.2) were used. Therefore, a possible explanation 

might be that in the present results, CFTR KO mice of different ages were used. 

This was performed because of low survival rates of the mice induced by CF. 

Stumpf et al. showed that basal levels of hemolysis are unchanged in RBCs from 

CF patients compared to healthy volunteers [242]. A possible explanation for the 

contradicting results might be compensatory effects of RBCs for lower levels of 

CFTR in CF [136].  
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In conclusion, the present data indicate that CFTR is involved in the regulation of 

steady state ATP release and cell membrane integrity of RBCs, and that this 

channel contributes to PDE mediated ATP release.  

5.1.6 Limitations and perspectives 

Since ATP was measured as steady state level, no information about release and 

degradation rates was identified in the present study. Kinetics and regulatory 

aspects of ATP release from RBCs should be examined in future investigations. 

A possibility might be usage of HPLCLC/MS-techniques, which are able to detect 

ATP and its degradation products like ADP, AMP or adenosine. This might may 

a more detailed view into the kinetics and metabolism of ATP in RBCs. 

Furthermore, alternative methods used in the literature might be more effective 

to analyze ATP. For instance, usage of fluorescence microscopy in a luciferase 

solution might investigate effects of stimulation on ATP release directly from 

single RBCs. It may further be more precise to visually exclude hemolytic cells 

by microscopy as used by Locovei et al. [145]. In detail, Locovei et al. established 

a protocol, in which RBCs were incubated with non-permeable fluorescent dye 

5,6-carboxyfluorescein. Pnx-1 dependent dye uptake was measured by 

fluorescence microscopy and hemolytic cells were visually excluded [145]. It 

might be more effective not to use 5,6-carboxyfluorescein, but rather the principle 

of the luciferase-luciferin assay as used by Cinar et al [4]. They established a 

protocol in, ATP is measured in a microfluidic chamber filled with RBCs in a 

luciferase assay solution and detected ATP release by using a photon-counting 

photomultiplier tube [4]. The investigation of new alternative methods might open 

new perspectives to clarify intracellular signaling of ATP release from RBCs. 

5.2 Part 2: Regulation of PS exposure  

The aim of the second part of this study was to investigate whether sGC/cGMP 

signaling is involved in regulation of PS exposure in RBCs. Incubation with NEM 

and induced calcium-influx treated with Ca-I evoke PS exposure in healthy 

human RBCs. The protocol applied was first established by Closse et al[220]. 

RBC suspensions were incubated for 1 hour at 37°C in presence and absence of 
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Ca-I and NEM and analyzed via flow cytometry [220]. Compared to the protocol 

of Nicolay et al. [164], in which RBCs were incubated for 4 hours in presence and 

absence of Ca-I alone, the first protocol was shown to be more time-effective. 

The shorter incubation time probably is the result of additional inhibition of the 

flippase by the alkylating agent NEM.  

The present results show that treatment with NEM/Ca-I increases the size of 

RBCs assessed as FSC. In contrast, in RBCs treated with the protocol of Nicolay 

et al. cell size is decreased. This might be due to the higher concentrations of KCl 

in the buffer used in present study as also proposed before by Closse et al. In the 

present study 90 mM KCl instead of 5 mM as in the protocol of Nicolay et al. were 

used. It has been demonstrated in previous investigations that K-efflux is induced 

by increasing concentrations of Ca2+i in RBCs via activation of calcium-

dependent-potassium channels (gardos-channels) followed by RBC shrinkage 

[171]. This efflux might be blunted by high potassium concentrations outside the 

cell due to lacking of concentration gradients.  

The present study shows that treatment with the NO-donor DEA/NO (1 µM-1000 

µM) decreases PS exposure in a concentration dependent manner in presence 

of NEM, Ca-I and CaCl2. This finding is in line with other findings, which show 

that application of NO-donors such as 1 µM SNP and 100 µM PAPA/NONOate 

decrease PS exposure evoked by Ca-I or glucose depletion [164]. In conclusion, 

these results demonstrate that NO plays a protective role in NEM/Ca-I induced 

PS exposure and that NO may protect RBC membrane symmetry. According to 

our results, sGC/cGMP signaling is not involved in regulation of PS exposure, 

since sGC inhibition by ODQ did not affect PS exposure in presence of BAY-41 

and DEA/NO. Furthermore, cGMP did also have no effect on NEM/Ca-I evoked 

PS exposure. 

In contrast to our data, Nicolay et al. showed that 1 mM cGMP application 

decreases PS exposure in presence of Ca-I [164]. The used cGMP (db-cGMP) 

lacks potency and selectivity, as it is a poor activator of cGMP- dependent protein 

kinase and additionally releases butyrate a derivate, which could lead to off-target 

effects. The effect of butyrate itself on PS exposure was not investigated in the 
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publication by Nicolay et al. Furthermore, the usage of 1 mM cGMP is not 

physiologic as evidenced by previous publications which show that intracellular 

cGMP concentrations in 108 RBCs were measured to be 14.4 fmol/l [164, 243]. 

Moreover, variations in method specificity could also be the reason for these 

contrasting results. Based on the fact that sGC is not involved in the regulation of 

PS exposure, other possible mechanisms should be considered in the future.  

The effect of NO could be explained by S-nitrosation of scramblase and/or 

flippase. It is known that the main function of NEM is the SH-alkylation. Together 

with the knowledge that scramblase activity is increased via calcium influx or 

modifications via protein-SH groups or oxidation [157-160], modifications of SH-

groups by NO might be involved in the regulation of PS exposure. This is in 

agreement with the finding that also flippase activity is controlled via sulfhydryl 

modifications and leads to a decrease in enzyme activity [159, 161]. Considering 

that there is still a disagreement about the existence of scramblases and flippases 

in RBCs [147] and that the exact molecular mechanisms and distribution have 

not been described in detail yet [162], research remains further investigations. S-

nitrosation status of flippase and scramblase should be determined via biotin-

switch assay. Taken together, the present data show that NO regulates PS 

exposure in human RBCs independent of sGC/cGMP signaling.  

5.3 Part 3: Analysis of RBC functions in CAD and CKD 

The third part of this study aimed to investigate whether NO metabolism and/or 

rheology changes of RBCs are affected in disease conditions like CAD or CKD. 

Therefore, 2 independent patient studies were performed.  

5.3.1 Red cell eNOS expression is decreased in CKD 

In the CKD study, red cell eNOS expression was analyzed in the Department of 

Cardiology, Pulmonology and Angiology, Düsseldorf. All other data were 

investigated by Di Pietro et al. from the Department of medical, oral and 

biotechnological sciences and the aging research center and translational 

medicine CeSI-MeT, Chieti. A clinical cohort study with patients with CKD was 

performed and routine clinical parameters as well as NO content, phosphorylation 
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level of red cell eNOS, red cell eNOS signaling complex activation, NO 

production, cGMP levels, cGMP transporter expression, nitration and/or 

nitrosation levels and activity of RBCs were investigated [204].  

The data presented here show that red cell eNOS expression is decreased in 

patients with CKD. Our cooperation partner further demonstrated that basal NO 

as well as cGMP levels were increased in RBCs from CKD patients [204]. 

Moreover, they could show that the increase of NO and cGMP levels in response 

to insulin and ionomycin treatment was significantly lower in RBCs from patients 

with CKD and that this increase is red cell eNOS dependent [204].  

As previously described, PS-exposure of RBCs is increased in CKD resulting in 

higher adhesion to endothelial cells [244-246]. Furthermore, RBCs show 

decrease in deformability, shape and life span [247]. It has been proposed that 

CKD development is connected to the development of endothelial dysfunction 

[247-251]. In detail, CKD is associated with increased cardiovascular risk factors 

like hypertension, elevated LDL levels and diabetes [249]. Moreover, incident 

dialysis patients have been demonstrated to have higher potential for hospitalized 

stroke [251].   

5.3.2 Non-canoncical RBC functions are preserved in CAD and ACS 

The second study aimed to assess whether red cell eNOS/NO signaling from 

RBC might play a role in CVD. Therefore, RBC functions of patients with CAD, 

ACS and healthy age-matched controls were characterized in the Department of 

Cardiology, Pulmonology and Angiology, Düsseldorf. Routine clinical parameters 

as well as non-canonical RBC functions were analyzed. These included the 

analysis of red cell eNOS-expression and NO metabolism, redox-state, PS 

exposure and rheological parameters.  

The data presented here demonstrates that red cell eNOS expression is 

decreased in CAD and ACS. This result is in line with published data, which 

shows that decreased red cell eNOS expression is correlating to endothelial 

function assessed as flow mediated dilation in CAD patients [252]. These results 

were also confirmed by immunofluorescence staining performed by Eligini et al. 
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[11]. It was further investigated that not only expression, but also red cell eNOS 

activity is reduced in CAD [11].  

The present results further demonstrated that basal levels of NO metabolites are 

unchanged in CAD and ACS by assessment of nitrosative chemistry by labeling 

RBCs with DAF-FM-DA in flow cytometry [253] and by measuring intracellular 

NO2- levels by CLD. Both NO levels assessed by loading RBCs with DAF-FM-DA 

and NO2- levels are unchanged in RBCs from patients with CAD and ACS 

compared to healthy controls. It was further shown that levels of NO were 

decreased when incubated with the NOS-inhibitor L-NAME, indicating a red cell 

NOS dependency of basal NO-levels in RBCs from healthy volunteers and 

patients with CAD. DAF-FM in the presence of an oxidant reacts with NO and/or 

nitrosating species. Therefore, FI depends on presence of oxidants (e.g. 

ascorbate, ROS). Furthermore, the reaction with NO leads to generation of 

fluorescent triazole derivate DAF-FM-T [253]. Furthermore, it has been 

demonstrated that the majority of whole blood NO2- is present in RBCs [65]. 

Moreover, it has been proposed that NO2- might function as a main marker for 

NO bioavailability [64]. To sum up, our data indicate that although red cell eNOS 

expression is decreased in CAD, NO metabolism is preserved suggesting that 

RBCs compensate lack of NO bioavailability.  

The present results show no differences in redox-state in CAD and ACS indicated 

as ROS- and glutathione levels measured as DCF and enzymatic assay for total 

glutathione. These results agree with data of Pytel et al., who showed that 

glutathione peroxidase-1 activity is unchanged in CAD [254]. In contrast, 

Blankenberg et al. showed that decreasing levels of glutathione peroxidase-1 

activity are associated with cardiovascular events in patients with CAD [255]. In 

other disease states like sickle cell disease, RBC glutathione levels were 

decreased [84]. Pytel et al. demonstrated that in in CAD, RBC catalase- and 

superoxide dismutase- activity is downregulated [254]. The present study shows 

that thiol- and ROS levels are not changed in CAD, but other important anti-

oxidative enzyme like catalase and superoxide-dismutase are decreased as 

shown in previous publications [254]. Therefore, this should be further 

investigated in the future.  
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In the present study membrane properties of RBCs in patients with CAD and ACS 

were characterized by analysis of PS exposure. The main result of the study was 

that PS exposure is unchanged in CAD and ACS. However, it was investigated 

in other studies that increased levels of PS are linked to other diseases like sickle 

cell disease, anemia or acute cardiac failure [150, 218, 256]. Moreover, these 

changes are believed to be involved in the development of anemia, which has 

been proposed as an independent risk factor in various diseases like myocardial 

infarction [257]. In conclusion, regulation of PS exposure is unchanged in CAD 

suggesting that RBC membrane symmetry is preserved.   

Changes in deformability as well as increase of aggregability have been linked to 

pathophysiological conditions such as myocardial infarction, inflammation, sickle 

cell anemia or diabetes [258]. In other studies, increased RBCs aggregation has 

been proposed to function as an indicator of bad clinical outcome in angina 

pectoris [185]. However, this study shows that aggregability is increased in ACS. 

Arbel et al. showed that RBCs aggregability of ACS patients is increased due to 

changes of plasma factors. In detail, it was shown that high level of fibrinogen in 

ACS correlate to RBC aggregability strength under low stress conditions [259]. 

Therefore, the increase of aggregability measured in the present study might also 

be related to increased concentrations of plasma proteins. Thus, besides the 

characteristics of the RBCs like e.g. membrane composition or viscosity also 

other environmental parameters like plasma factors or platelet aggregability 

should be analyzed.  

The present study shows that deformability is unchanged in CAD and ACS and 

therefore might not be associated to the clinical outcome. It was further 

demonstrated by Pytel et al. that RBCs have decreased membrane fluidity in CAD 

[254]. Taken together, although parameters like RBC membrane fluidity are 

impaired, RBC deformability is unchanged in CAD.  

In conclusion, the present study shows that RBCs are able to compensate 

pathological conditions like CAD resulting in preservation of non-canoncical 

functions like cellular NO metabolism, redox-state, membrane symmetry and 

deformability.  
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6 Summary and Conclusion  

 

Figure 39: Main findings of the present study 

There is evidence that RBCs, beside their role as O2 and CO2  transporters and 

as regulators of the physiological acid/ base equilibrium, might have additional 

non-canonical functions, which include the release of vasoactive metabolites like 

ATP [4-7] and NO [8-11], regulation of membrane functions like deformability, 

aggregation [13-15] and PS exposure [16, 17] as well as redox regulation [18, 

19]. These non-canonical functions have been proposed to play an important role 

in human physiology, for instance in the regulation of vascular homeostasis and 

integrity [3, 10], but are not well understood.  

However, there are many contradicting results concerning the underlying 

mechanisms of RBC non-canonical functions in the literature. One of the biggest 

challenges to characterize RBCs is their high fragility compared to other cell types 

[10]. Membrane rupture leads to uncontrolled release of free Hb and ATP from 

the cells. This represents a strong methodological issue in the analysis of 

regulation of ATP release from RBCs, which may lead to controversial results. 

There is one study showing that ATP levels measured after stimulation of RBCs 

with pharmacological and mechanical stimuli correlate to concentration of free Hb 

found the supernatant [222], the authors of this study proposed that cell lysis is 

the only mechanism leading to ATP release from RBCs. 
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The results of the present study demonstrate that cell instability is a strong 

confounding parameter in RBC measurement, but may be kept under control by 

carefully optimizing assay conditions as well as by defining a threshold for Hb 

concentration in the supernatant. Under these optimized conditions, the results 

presented here show that sGC/cGMP as well as cAMP signaling are not involved 

in ATP release from RBCs. In addition, the present study shows that hypotonic 

stress induces ATP release from RBCs independently of Pnx-1. Moreover, the 

present study demonstrates that PDE inhibition induces ATP release in a Pnx-1-

independent, but CFTR-dependent manner. However, the underlying 

mechanisms remain to be clarified since cAMP and cGMP treatment did not have 

an effect on ATP release. 

The second part of the present study is in line with results of Nicolay et.al., who 

show that NO treatments inhibits PS exposure from RBCs in presence of 

Ca2+/Ca-I/NEM, but as we show here, sGC/cGMP signaling is not involved in this 

regulation. Moreover, the present results indicate that in contrast to published 

data [164], cGMP has no effect on PS exposure evoked by Ca2+/Ca-I/NEM 

treatment.  

There is accumulating evidence that RBCs may contribute to the regulation of 

vascular homeostasis and integrity [3, 10]. Several studies indicate that anemia 

is associated to cardiovascular complications [194-196, 260-262] and to increase 

of mortality in CKD  [263, 264]. The data presented here show for the first time 

that RBC non-canonical functions like cellular NO metabolism, redox-state, 

membrane symmetry and deformability are unchanged in CVD suggesting that 

RBCs are compensating in pathological conditions.  

Further investigations will reveal the role of RBC signaling in control of their non-

canonical functions and will allow to characterize their changes under 

pathological conditions.  
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