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8. ABBREVIATIONS 

ABCG2: ATP-binding cassette sub-family G member 2 

ANOVA: analysis of variance  

AP-1:  activator protein 1 

ATP:  adenosine triphosphate  

Band 3: anion transport protein 

BasoE: basophilic erythroblasts 

Bax: Bcl-2-associated X protein, pro-apoptotic Bcl-2 protein 

BCL-2: B-cell lymphoma 2 

Bcl-xL: anti-apoptotic Bcl-2 protein 

BCRP: breast cancer resistance protein 

BFU-E:  burst-forming unit erythroid  

Bid: BH3 interacting-domain death agonist  

Bik: pro-apoptotic protein, BCL-2 family member 

Bok: pro-apoptotic Bcl-2 protein identified in the ovary 

BSA:   bovine serum albumin  

CA4: combretastatin A4 

CA4P: combretastatin A4 phosphate  

CD163: cluster of differentiation 163 

CD36:  cluster of differentiation 36 

CD47: Cluster of differentiation 47 

 CD91: alpha 2-macroglobulin receptor;  low density lipoprotein-related protein 

CDK4:  cyclin-dependent kinase 4  

CFU-E:  colony-forming unit erythroid  

CFU-GEMM:  colony-corming unit granulocyte erythroid monocyte and megakaryocyte  

Chk1: checkpoint kinase 1 

Chk2: checkpoint kinase 2 
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CK1:  casein kinase 1  

CK1: casein kinase 1 

CKD: chronic kidney disease 

c-kit: stem cell factor receptor 

CMF: 5-chloromethylfluorescein 

CMFDA: 5-chloromethylfluorescein diacetate 

c-myc: oncogenic transcription factor 

Cox: cyclooxygenase 

CXCL16: chemokine (C-X-C motif) ligand 16  

CYP3A; cytochrome P-450 3A4: cytochrome P450, family 3, subfamily A 

[Ca2+]i: intracellular calcium activity  

D4476: 4-(4-(2,3-Dihydrobenzo[1,4]dioxin-6-yl)-5-pyridin-2-yl-1H-imidazol-2-yl)benzamide 

DCF:  2',7'-dichlorodihydrofluorescein  

DCFDA: 2',7'-dichlorodihydrofluorescein diacetate 

DMSO:  dimethylsulfoxide 

EGTA: glycol-bis(2-aminoethylether)-N,N,N',N'-tetraacetic acid  

EMA: european medicine agency 

EPO:  erythropoietin  

FACS:  fluorescence-activated cell sorting 

Fas: Fas cell surface death receptor 

FDA: food and drug amministration  

FITC:  fluorescein isothiocyanate 

FL-1:  fluorescence channel 1  

Fluo-3 AM: Fluo-3 acetoxymethyl ester  

Fpn: ferroportin  

FSC: forward scatter 

GPA:  glycophorin A 
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GPC: glycophorin C 

G6PD:   glucose-6-phosphate dehydrogenase  

Glut1: glucose transporter 1 

GSH: glutathione   

H3: histone 3 

Hb-C: hemoglobin C  

HO-1: heme oxygenase-1  

HUS:   hemolytic uremic syndrome   

ICAM-4: intercellular adhesion molecule 4 

IgG:  immunoglobulin G  

IgM:  immunoglobulin  

JAK1:  Janus kinase 1  

JAK1: Janus kinase 1 

LAMP1: lysosomal-associated membrane protein 1  

LW: antigen of adult and infant erythrocytes 

MAPK:  p38 mitogen-activated protein kinase  

mTOR: mammalian target of rapamycin 

NF-Kb: nuclear factor kappa-light-chain-enhancer of activated B cells 

NO: nitric oxide 

NSC: non selective cation channel 

OrthoE: orthochromatic erythroblasts 

P21WAF1: cyclin-dependent kinase inhibitor 1 

p53:  tumor protein p53  

PAF:  platelet-Activating Factor  

PBS:  phosphate-buffered saline  

PC:  phosphatidylcholine 

PCBP family: cytoplasmic chaperones of the poly(rC) binding protein family 
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PE:  phosphatidylethanolamine 

PGE2:  prostaglandin E2  

P-gp/ABCB1: efflux transporters P-glycoprotein-1; ATP binding cassette subfamily B member 1 

PI: phosphatidylinositol 

PKC: protein kinase C  

PolyE: polychromatophilic erythroblasts 

ProE: proerythroblasts 

PS:  phosphatidylserine 

RBCs: red blood cells 

(R)-DRF053: (2R)-2-[[9-(1-Methylethyl)-6-[[3-(2-pyridinyl)phenyl]amino]-9H-purin-2-yl]amino]-1-
butanol dihydrochloride 

Rh: rhesus factor 

Retic: reticulocyte stage  

ROS: reactive oxigen species 

RPA32: replication factor A protein 2 

RPM:  revolutions per minute  

SB203580: 4-(4-Fluorophenyl)-2-(4-methylsulfinylphenyl)-5-(4-pyridyl)-1H-imidazole 

Scr: scramblase 

SEM:  standard error of mean  

SM:  sphingomyelin  

SR-PSOX: scavenger receptor for phosphatidylserine and oxidized Low Density Lipoprotein  

SSC: side scatter 

STAT3:  signal transducer and activator of transcription 3 

STAT3: signal Transducer and Activator of Transcription 3 

TNF-α: tumor necrosis factor- α 

TRPC6:  transient receptor potential cation channel, subfamily C, member 6  

TSP:  thrombospondin-1  

VDA: vascular disrupting agent 
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VEGF: vascular endothelial growth factor  

VEGF-1: vascular endothelial growth factor 1 

VEGF-2: vascular endothelial growth factor 2 

VEGF-3: vascular endothelial growth factor 3 

VEGFR1:  vascular endothelial growth factor receptor 1  

zVAD-FMK: benzyloxycarbonyl-Val-Ala-Asp(OMe)-fluoromethylketone 
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10. ABSTRACT 

Erythrocytes may enter eryptosis, the suicidal death of erythrocytes characterized by cell shrinkage, 

membrane blebbing and cell membrane scrambling [96, 97]. This study was conducted in order to 

investigate prospective antitumoral products which are used against tumor growth in humans, in 

particular CA4P or Pazopanib, or compounds used in vitro, such as Nocodazole, Terfenadine, 

Piceatannol, Ceranib-2 and Sclareol, in order to unveil the effects on erythrocytes survival and to 

clarify the mechanisms and signalling involved in their action [98-104]. Human erythrocytes drawn 

from healthy individual were incubated in vitro at a hematocrit of 0.4% in Ringer solution. Where 

indicated, RBCs were exposed for 48 hours to the drugs at the indicated concentrations. The main 

hallmarks of eryptosis were investigated by flow cytometry. Phosphatidylserine exposure at the cell 

surface was estimated from annexin-V-binding, cell volume from forward scatter, [Ca2+]i from 

Fluo3-fluorescence, reactive oxygen species (ROS) formation from DCF-dependent fluorescence, 

GSH levels by CMF-dependent fluorescence and ceramide abundance utilizing specific antibodies. 

Hemoglobin concentration in the supernatant was taken as measure of hemolysis. ATP levels 

following CA4P treatment were measured using luciferin-luciferase assay kit. For studying the effect 

of Nocodazole on tubulin in human erythrocytes, TubulinTracker™ Green reagent  was used. A 48 

hours exposure of human erythrocytes to CA4P treatment (≥ 50 µM) increased the percentage of 

annexin-V-binding cells and decreased forward scatter. 100 µM CA4P significantly increased Fluo3-

fluorescence. The effect of CA4P (100 µM) on annexin-V-binding was significantly blunted, but not 

abolished, by removal of extracellular calcium. CA4P (≥ 50 µM) significantly decreased GSH 

abundance and ATP levels. A 48 hours exposure of human erythrocytes to Pazopanib significantly 

increased the percentage of annexin-V-binding (≥ 25 µg/ml) and of shrunken erythrocytes (≥ 50 

µg/ml). Pazopanib further resulted in significant hemolysis (≥ 25 µg/ml). The effect of Pazopanib on 

annexin-V-binding was significantly blunted but not abolished by removal of extracellular Ca2+. 

Pazopanib significantly increased DCF-fluorescence (50 µg/ml) and ceramide abundance (50 µg/ml). 

A 48 hours exposure of human erythrocytes to Nocodazole treatment (≥ 30 µg/ml) significantly 

increased the percentage of annexin-V-binding cells, increased Fluo3-fluorescence, increased DCF-

fluorescence and significantly increased ceramide surface abundance. The effect of Nocodazole on 

annexin-V-binding was significantly blunted, but not abolished by removal of extracellular Ca2+ and 

was not modified in the presence of caspase-3 inhibitor zVAD (1 µM). Nocodazole treatment 

reduced total tubulin abundance. A 48 hours exposure of human erythrocytes to Terfenadine (≥ 5 

µM) significantly increased the percentage of annexin-V-binding cells and increased the percentage 

of hemolytic erythrocytes. The effect of Terfenadine on annexin-V-binding was significantly blunted 

but not abolished by removal of extracellular Ca2+. Exposure of erythrocytes to Ca2+ ionophore 
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ionomycin (1 µM, 15 min) significantly triggered annexin-V-binding, an effect significantly 

augmented by Terfenadine pretreatment (10 µM, 48 hours). Terfenadine (7.5 µM) significantly 

increased Fluo3-fluorescence. A 48 hours exposure of human erythrocytes to Piceatannol (10 - 20 

µM) significantly increased the percentage of annexin-V-binding cells, decreased forward scatter, 

increased DCF-fluorescence, increased ceramide abundance. Removal of extracellular Ca2+ slightly 

blunted but did not abolish the effect of Piceatannol on annexin-V-binding and forward scatter. 

Piceatannol (20 µM) significantly augmented the increase of annexin-V-binding, but significantly 

blunted the decrease of forward scatter following treatment with ionomycin. A 48 hours exposure 

of human erythrocytes to Ceranib-2 treatment significantly increased the percentage of annexin-V-

binding cells (≥ 50 µM) and the percentage of hemolytic cells (≥ 10 µM) but did not modify forward 

scatter. Ceranib-2 significantly increased Fluo3-fluorescence, DCF-fluorescence and ceramide 

abundance. The effect of Ceranib-2 on annexin-V-binding was not significantly blunted by removal 

of extracellular calcium. A 48 hours exposure of human erythrocytes to Sclareol (≥ 50 µM) 

significantly increased the percentage of annexin-V-binding cells. Sclareol (≥ 50 µM) further 

triggered hemolysis. Sclareol (100 µM) significantly increased Fluo3-fluorescence, but the effect of 

Sclareol on annexin-V-binding was not significantly blunted by removal of extracellular Ca2+. 

Instead, the effect of Sclareol on annexin-V-binding was significantly blunted in the presence of p38 

kinase inhibitor skepinone (2 µM) and in the presence of casein kinase 1α inhibitor D4476 (10 µM). 

To conclude, these xenobiotics trigger eryptosis through different mechanisms [98-104]. 

Keywords: eryptosis, antitumoral products, flow cytometry, phosphatidylserine 

 

 

 

 

 

 

  



 
56 

 

11. ERYPTOSIS INTRODUCTION    

11.1  Erythrocytes 

Red blood cells (“RBCs”) are also known as “erythrocytes” (from Greek erythros for "red" and kytos 

for "hollow vessel"). Morphologically, human erythrocytes have the shape of biconcave disk with 

thickness at the thickest point of 2-2.5 μm and a minimum thickness in the centre of 0.8-1 μm and a 

diameter of 6-8 μm. They are the most common type of blood cell and the vertebrate organism's 

principal means of delivering oxygen (O2) to the body tissues through the circulatory system. RBCs 

lack organelles like mitochondria and nucleus, in order to accommodate the maximum space for 

hemoglobin. The cells develop in the bone marrow and circulate for about 100-120 days in the 

body before their components are recycled by macrophages [105]. Erythrocytes are produced by a 

complex regulated process of erythropoiesis and they are continuously produced in the red bone 

marrow of large bones. Their production can be stimulated by the hormone erythropoietin (EPO), 

synthesised by the kidney [106]. Erythropoiesis passes from pluripotent stem cell through the 

multipotent progenitor CFU-GEMM (colony-forming unit granulocyte erythroid monocyte and 

megakaryocyte), and then BFU-E (burst-forming unit erythroid) and CFU-E (colony forming unit 

eryhtroid), to the first recognizable erythrocyte precursor in the bone marrow, the pronormoblast 

(Fig. 23) [106, 107]. This cell gives rise to a series of progressively smaller normoblasts with 

increasing content of hemoglobin. The nucleus is finally extruded from the late normoblast leading 

to mature red blood cell through the reticulocyte stage. Erythropoiesis ends with the mature 

circulating red cell, which is a non-nucleated biconcave disc, performing its function of oxygen 

delivery. In this process, the glycoprotein hormone erythropoietin has been known as the major 

humoral regulator of red cell production [107].  

 

 

Fig. 23: Erythropoiesis in mammals [106]. Definitive erythropoiesis in the adult organism is derived from HSC 
(hematopoietic stem cells). Erythroid progenitors (BFU-E and CFU-E) are defined by their capability to form 
colonies of maturing erythroid cells in vitro. Erythroid precursors are classified morphologically as ProE 
(proerythroblasts), BasoE (basophilic erythroblasts), PolyE (polychromatophilic erythroblasts) and OrthoE 

https://en.wikipedia.org/wiki/Blood_cell
https://en.wikipedia.org/wiki/Vertebrate
https://en.wikipedia.org/wiki/Oxygen
https://en.wikipedia.org/wiki/Tissue_(biology)
https://en.wikipedia.org/wiki/Circulatory_system
https://en.wikipedia.org/wiki/Bone_marrow
https://en.wikipedia.org/wiki/Macrophage
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(orthochromatic erythroblasts). The nucleus is finally extruded from the late normoblast leading to mature 
red blood cell (RBC) through the reticulocyte stage (Retic).  

 

11.2 Erythrocytes membrane composition 

The structural organization of the human red cell membrane provides properties essential for 

physiological cell function, such as deformability and stability while traversing the circulatory 

system and specifically the capillary network [108]. The red blood cell membrane consists of three 

basic components: the glycocalyx on the exterior (rich in carbohydrates), the lipid bilayer (contains 

many transmembrane proteins and its lipidic main constituents) and the membrane skeleton 

located on the inner surface of the lipid bilayer (structural network of proteins) (shown in Fig. 24) 

[108]. 

 

 

Fig. 24: Structural organization of the human red cell membrane [108]. The membrane of red blood cells is 
composed of a lipid bilayer penetrated by integral proteins and surrounding the cytoskeleton. 

https://en.wikipedia.org/wiki/Cell_(biology)
https://en.wikipedia.org/wiki/Erythrocyte_deformability
https://en.wikipedia.org/wiki/Erythrocyte_fragility
https://en.wikipedia.org/wiki/Capillary
https://en.wikipedia.org/wiki/Glycocalyx
https://en.wikipedia.org/wiki/Carbohydrates
https://en.wikipedia.org/wiki/Lipid_bilayer
https://en.wikipedia.org/wiki/Transmembrane_protein
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The dense glycocalyx is composed by the polysaccharide chains of glycolipids and glycoproteins 

carbohydrates capped by sialic acid, which can provide a negative charge to erythrocytes surface 

[109]. The lipid composition is important as it defines many physical properties such as membrane 

permeability and fluidity. The relative amounts of cholesterol and phospholipids are responsible for 

the fluid properties of the erythrocyte membrane. Alterations in the membrane cholesterol-

phospholipid ratio result in morphologically abnormal erythrocytes with decreased life span [110]. 

Unlike cholesterol, which is evenly distributed between the inner and outer monolayer, the 5 major 

phospholipids are asymmetrically distributed. Phosphatidylcholine (PC) and sphingomyelin (SM) are 

present in the outer monolayer, whereas the inner monolayer is characterized by  

phosphatidylethanolamine (PE) and phosphatidylserine (PS) [111]. This asymmetric phospholipid 

distribution is the result of the activity of several phospholipid transport proteins [108]. Proteins 

called “flippases” move phospholipids from the outer to the inner monolayer, whereas “floppases” 

do the opposite operation, against a concentration gradient and in an energy dependent manner. 

Additionally, there are “scramblases” that move phospholipids in both directions at the same time 

down their concentration gradients. Since phosphatidylserine-exposing erythrocytes are 

subsequently recognized and degraded by macrophages [23], the maintenance of an asymmetric 

phospholipid distribution in the bilayer is crucial for the cell integrity and function. Membrane 

proteins with transport function include band 3 (anion transporter), aquaporin 1 (water 

transporter), Glut1 (glucose and L-dehydroascorbic acid transporter), Na+-K+-ATPase, Ca2+ ATPase, 

Na+-K+-2Cl- cotransporter, Na+-Cl- cotransporter, Na+-K+ cotransporter, K+-Cl- cotransporter and 

Gardos Channel. Membrane proteins with adhesive function include ICAM-4, which interacts with 

integrins and Lu, the laminin-binding protein [108]. The erythrocyte cytoskeleton consists of several 

proteins that form a structural network under the lipid bilayer. The network is composed of 

spectrin, ankyrin, actin, protein 4.1, band 4.2, dematin, adducin, tropomyosin and tropomodulin 

[112]. Cytoskeletal proteins interact with integral proteins and lipids of the bilayer to maintain 

membrane integrity [112, 113].  

 

11.3 Iron transporters and eryptosis 

DMT1 is a key player in iron transport and absorption and is also expressed in immature erythroid 

cells [23]. Mutations that reduce its activity are associated with a severe defect in erythroid iron 

utilization and are correlated with hypochromic microcytic anemia both in human patients and 

rodent models (Belgrade rats) [6]. It has been shown that DMT1 knockout animals (Slc11a2–/–) die 

in the first week of life due to iron deficient erythropoiesis [114]. DMT1 deficiency leads to an 

https://en.wikipedia.org/wiki/Phosphatidylcholine
https://en.wikipedia.org/wiki/Sphingomyelin
https://en.wikipedia.org/wiki/Phosphatidylethanolamine
https://en.wikipedia.org/wiki/Phosphatidylserine
https://en.wikipedia.org/wiki/Flippase
https://en.wikipedia.org/wiki/Floppase
https://en.wikipedia.org/wiki/Scramblase
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impaired erythroid differentiation hallmarked by accumulation of immature forms of erythroblast, 

accelerated death of erythroid precursors and a decrease survival in the erythroid progenitors 

[114]. DMT1 deficiency in reticulocytes could correlate to reduced rate of heme synthesis. Iron 

deficiency, thalassemia and sickle cell disease are associated with shortened life span of 

erythrocytes. Iron deficiency may limit the synthesis of heme that in turn limits the synthesis of 

haemoglobin and decreases the production of red blood cells in the bone marrow, resulting in 

anemia. The accelerated clearence of RBCs during anaemia can be attributed to an increase in 

membrane stiffness and a decrease in deformability. The decrease in deformability and increase in 

membrane stiffness of RBCs can be attributed to oxidative stress [115]. Oxidative stress may 

increase haemoglobin autoxidation and subsequent generation of ROS can account for the shorter 

RBC lifespan and other pathological changes associated with iron-deficiency anaemia [115]. 

However, the accelerated clearance of erythrocytes can be attributed to excessive hemolysis or 

induction of programmed cell death of erythrocytes, called eryptosis [114]. In contrast to nucleated 

cells, however, erythrocytes lack nuclei and mitochondria which actively participate in the 

machinery underlying apoptosis [97]. Thus, eryptosis lacks several hallmarks of apoptosis, such as 

mitochondrial depolarization and condensation of nuclei. Eryptosis is fostered by an increase in 

cytosolic calcium; iron deficient erythrocytes when exposed to stress conditions have been 

demonstrated to activate Ca2+-permeable cation channels allowing Ca2+ entry (Fig. 25) [96]. Ca2+ 

entry through these channels lead to activation of a scramblase with subsequent 

phosphatidylserine exposure, and to activation of the Gardos channels leading to KCl loss  and cell 

shrinkage [116].  
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Fig. 25: Iron deficiency and the induction of eryptosis [96]. Iron deficient erythrocytes when exposed to 
stress conditions have been demonstrated to activate Ca2+-permeable cation channels leading to Ca2+ entry. 

 

 

Eryptosis is characterized by cell shrinkage, membrane blebbing and cell membrane scrambling 

apparent from phosphatidylserine translocation to the cell surface [96, 97]. Phosphatidylserine-

esposing erythrocytes are subsequently recognized and degraded by macrophages (Fig. 26) [23, 

96]. Approximately 80% of the iron comes from the breakdown of hemoglobin following 

macrophage phagocytosis of senescent erythrocytes. It has been shown that both NRAMP1 and 

NRAMP2 (DMT1) proteins play an important role in macrophage iron recycling. During the 

maturation process of the phagosome, NRAMP1 is recruited to the phagosomal membrane after 

bacterial engulfment and colocalizes with the lysosomal-associated membrane protein (LAMP1). 

Iron released from erythrocytes degradation is transported out of the phagosome by DMT1 [23]. 

Export of Fe2+ from the macrophage may be a function of the plasma membrane expression of 

ferroportin (Fig. 26) [117]. NRAMP1 may contribute to macrophage antimicrobial function by 

extruding from the phagolysosome (via H+/metal ion cotransport) divalent metal ions (such as Mn2+ 

and Fe2+) that are essential cofactors for bacteria-derived enzymes (in particular superoxide 

dismutase) or are required for bacterial growth [117, 118].  
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Fig. 26: Macrophages iron transporters (NRAMP1 and DMT1) [117]. Iron is taken up by macrophages 
through erythrophagocytosis of damaged or senescent erythrocytes. Macrophages can also collect heme and 
hemoglobin (hemopexin and haptoglobin, respectively) through receptor-mediated endocytosir (CD163 and 
CD91 receptor, respectively). Furthermore, hemoglobin undergoes proteolysis in order to release heme. 
Heme is degraded by Heme Oxygenase-1 (HO-1) to release iron, which is transported to the cytoplasm by 
DMT1 and NRAMP1. Cytoplasmic chaperones of the poly(rC) binding protein (PCBP) family may deliver iron 
for storage in ferritin. In addition, iron from endosomes or phagolysosomes may be delivered by a carrier to 
ferroportin (Fpn) for export.  

 

 

11.4 Mechanism and pathophysiological significance of eryptosis  

Similar to apoptosis of nucleated cells, erythrocytes may enter eryptosis, the suicidal death of 

erythrocytes characterized by phosphatidylserine translocation to the cell surface [96, 97]. 

Eryptosis lacks several hallmarks of apoptosis, such as mitochondrial depolarization and 

condensation of nuclei. Eryptotic cells are removed and thus prevented from undergoing 

hemolysis. Eryptosis is triggered by Ca2+ entry, ceramide formation, oxidative stress induced by 

ROS, energy depletion, activated caspases, and activation of some kinases, such as PKC and p38 

kinase [97]. Eryptosis is induced by an increase in cytosolic calcium; erythrocytes when exposed to 
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stress conditions have been demonstrate to activate NSC channels (non-selective cation channels) 

allowing Ca2+ entry. In eryptosis, an increase of [Ca2+]i may activate Ca2+-sensitive K+ channels (such 

as Gardos Channels) with subsequent activation of scramblases and leading to K+ exit, cell 

membrane hyperpolarization, Cl- exit and cellular loss of KCl with water leading to erythrocytes 

shrinkage  [116, 119]. An increase of [Ca2+]i  further triggers cell membrane scrambling with 

translocation of phosphatidylserine from the inner monolayer of the cell membrane to the cell 

surface [116, 119]. Ca2+ entry may also activates calpain, a protein belonging to the family of 

calcium-dependent cysteine proteases, which in turn may degrade skeletal proteins and may foster 

cell membrane scrambling [97].  The Ca2+ sensitivity of cell membrane scrambling is enhanced by 

ceramide [97, 120]. Erythrocytes express PAF receptors, and PAF (Platelets-Associated Factor) 

stimulates the activation of sphingomyelinase which in turn can lead to ceramide formation [120].  

Eryptosis could be stimulated by genetic or pharmacological knockout of AMPK, cGMP-dependent 

protein kinase, and sorafenib/sunitinib sensitive kinases. Eryptosis is stimulated by a variety of 

xenobiotics [121]. Eryptosis is also triggered by stress conditions, such as hyperosmolarity, 

oxidative stress and energy depletion. Erythrocytes express p38 kinase which is activated during 

hyperosmotic shock [97, 122]. The p38 kinase inhibitors SB203580 and Skepinone blunt the 

eryptosis following osmotic shock [122]. Erythrocytes further express casein kinase 1 (CK1). The 

CK1 inhibitors D4476 and (R)-DRF053 may blunt eryptosis following energy depletion or oxidative 

stress [97, 123]. RBCs contain considerable amounts of caspase-3 and -8, whereas essential 

components of the mitochondrial apoptotic cascade were missing [124, 125]. zVAD is a cell-

permeable pancaspase inhibitor that irreversibly binds to the catalytic site of caspase proteases 

[101, 125]. Eryptosis is inhibited by nitric oxide, catecholamines and a variety of further small 

molecules [105]. Erythropoietin counteracts eryptosis in part by inhibiting the Ca2+-permeable 

cation channels [121]. Eryptosis is fostered in several clinical conditions, such as iron deficiency, 

renal insufficiency, sepsis, haemolytic uremic syndrome (HUS), mycoplasma infection, malaria, 

sickle-cell anemia, and beta-thalassemia (Fig. 27) [105, 121, 126]. 
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Fig. 27: Mechanism of eryptosis [105]. Eryptosis is fostered in several clinical conditions, for example 
intoxication, malignancy and iron deficiency. Erythrocytes when exposed to stress conditions may activate 
non-selective cation channels allowing calcium entry. In eryptosis, an increase of [Ca2+]i may activate Ca2+-
sensitive K+ channels with subsequent activation of scramblases and leading to K+ exit, cell membrane 
hyperpolarization, Cl- exit and cellular loss of KCl with water, leading to erythrocytes shrinkage . An increase 
of intracellular calcium  may further trigger cell membrane scrambling with translocation of 
phosphatidylserine to the outer membrane. 

 

 

11.5 Importance of  eryptosis  

As phosphatidylserine exposing erythrocytes are rapidly cleared from circulating blood, excessive 

eryptosis may result in anemia, which could develop whether the generation of new erythrocytes 

fails to replenish the loss of erythrocytes by eryptosis [105, 121]. Anemia may result from blood 

loss, impaired erythropoiesis caused by inadequate production of erythropoietin, decreased 

availability of iron or from decreased lifespan of erythrocytes [127]. Phosphatidylserine exposure to 

the erythrocytes surface fosters adherence to endothelial cells of the vascular wall and that binding 

of eryptotic cells to endothelial cells is mediated by the transmembrane CXCL16 (CXC chemokine 

ligand 16) [128]. Furthermore, phosphatydilserine may bind to other molecular partners, such as to 

the endothelial or subendothelial thrombospondin-1 (TSP) or to the endothelial CXCL16/SR-PSOX. 

Externalised phosphatidylserine on outer leaflet of eryptotic erythrocytes could also bind to 

platelets expressing CXCL16 and CD36 [129-131]. The adherence of phosphatidylserine-exposing 

erythrocytes to the vascular wall may impede microcirculation. Phosphatidylserine-exposing 

erythrocytes could further stimulate blood clotting. Thus, excessive eryptosis may foster 
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thrombosis [132, 133]. Eryptosis is a physiological mechanism which allow the clearance of 

defective erythrocytes from circulating blood prior to hemolysis  [105]. Hemolysis is important in 

order to prevent lysis with subsequent release of hemoglobin into the blood flow [121]. Hemolysis 

is the rupturing of red blood cells, resulting in the release of their cytoplasm into blood vessels or 

extravascularly. Haemolysis may cause major harmful outcomes that could eventually progress to 

renal dysfunction, vascular disease, or chronic inflammation. Furthermore hemolysis of defective 

erythrocytes leads to release of hemoglobin, which passes the renal glomerular filter, precipitates 

in the acidic lumen of renal tubules, occludes nephrons and may thus trigger renal failure [134]. 

Eryptosis could overcome haemolysis, allowing the elimination of cells prior to the rupture of 

erythrocytes and providing beneficial effects. Hemolytic disorders could be paralleled by excessive 

eryptosis. Eryptosis is fostered following invasion of the malaria pathogen Plasmodium. Following 

entry into the erythrocyte, the pathogen induces the so-called new permeability pathways (NPP) 

[135] and also a subsequent oxidative stress, which in turn activates the Ca2+-permeable cation 

channels and thus triggers eryptosis. The suicidal death is followed by the clearance of infected 

erythrocyte together with the pathogen, in order to counteract parasitemia [135].  Enhanced 

eryptosis is observed in newly formed erythrocytes of healthy individuals returning from high 

altitudes or space flight, a phenomenon called “neocytolysis” [121]. 

 

 

11.6 Xenobiotics tested 

As has already been said, eryptosis is triggered also by many xenobiotics. This study was conducted 

in order to investigate prospective antitumoral products which are used against tumor growth in 

humans, in particular CA4P or Pazopanib, or compounds used in vitro, such as Nocodazole, 

Terfenadine, Piceatannol, Ceranib-2 and Sclareol, in order to unveil the effects on erythrocytes 

survival and to clarify the mechanisms and signalling involved in their action. CA4P and Pazopanib 

are used for the treatment of malignancies in humans and they may lead to apoptosis in vitro. 

Nocodazole, Terfenadine, Piceatannol, Ceranib-2 and Sclareol are drugs used in vitro and they may 

induce apoptosis through different mechanisms in cancer cell lines. So the present study explored 

whether these drugs stimulate eryptosis, the suicidal erythrocyte death characterized by cell 

shrinkage and phospholipid scrambling of the cell membrane with phosphatidylserine translocation 

to the cell surface. 
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11.6.1 CA4P  
 

 

Fig. 28: Structure of CA4P [136]. 

 

Combretastatin A4 phosphate disodium (CA4P) (Fig. 28) is an antiangiogenic drug  effective against 

several malignancies [137-141]. Vascular disrupting agents (VDAs) represent a new important 

therapeutic strategy to target the tumour neovasculature acutely to deprive tumours of blood 

supply [142-145]. CA4P is a drug of VDAs family and is a phosphate prodrug of combretastatin A4 

which is isolated from Combretum caffrum (South African tree) and is a tubulin-binding microtubule 

depolymerizing agent that acts as a VDA [139]. Tubulin-binding agents, like vincristine or 

vinblastine, are potent anticancer drugs and colchicine was the first tubulin-binding agent 

discovered to have antivascular effects [140]. The mechanism of action of CA4P is thought to 

involve the binding of CA4 to tubulin leading to cytoskeletal and morphological changes in 

endothelial cells that lead to an increase of vascular permeability and disrupt tumor blood flow 

[146]. The active drug CA4 can induce also autophagy [147, 148], can counteract tumor cell 

migration [149], and trigger apoptosis [148]. This compound triggers eryptosis [98]. 

 

11.6.2 PAZOPANIB 
 

 

Fig. 29: Structure of Pazopanib [150]. 
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Pazopanib (also known as “Votrient”) (Fig. 29) is an oral multi-target tyrosine kinase inhibitor 

targeting receptors of vascular endothelial growth factor (VEGF-1, -2 and -3), platelet derived 

growth factor (α and β) and stem cell factor (c-kit) [151]. Pazopanib exhibits in vivo and in vitro 

activity against tumor growth and in early clinical trials is well tolerated with few side effects, such 

as hypertension, fatigue and gastrointestinal disorders [152]. This drug is approved by FDA and 

EMA, and is used for the treatment of advanced renal cell carcinoma [153] and advanced soft tissue 

sarcoma [151]. Pazopanib is also used to counteract epithelial ovarian cancer [154], 

gastroenteropancreatic neuroendocrine tumours [155], malignant glioma [156], urothelial cancer 

[157, 158], breast cancer [159], non small cell lung carcinoma [160] and medulloblastoma [161]. 

Pazopanib has been shown to stimulate eryptosis [104], apoptosis [162] but may inhibit necroptosis 

[163]. Metabolism of Pazopanib involves cytochrome P-450 3A4 (CYP3A) [151]. This compound is 

also a substrate with a moderate affinity for the drug efflux transporters P-glycoprotein-1 (P-

gp/ABCB1) and with a high affinity for breast cancer resistance protein (BCRP/ABCG2) [151]. 

 

11.6.3 NOCODAZOLE 
 

 

Fig. 30: Structure of Nocodazole [164]. 

 

Microtubule active drugs are used in the treatment of malignancies and they may produce mitotic 

arrest followed by apoptosis [165]. Several drugs including vincristine and colchicine are similar to 

Nocodazole (Fig. 30) in that they interfere with microtubule polymerization. Microtubules are a 

component of the cytoskeleton, and the dynamic microtubule network has several important roles 

in the cell, such as vesicular transport, forming the mitotic spindle and in cytokinesis. Nocodazole 

interferes with mitosis due to formation of multipolar spindles [166] and leading to cell cycle arrest 

in G2/M [167, 168]. By interacting with microtubule function, Nocodazole or related substances 

trigger caspase-independent mitotic death [169] or caspase dependent apoptosis [165, 167, 170-

174]. The triggering of apoptosis involves downregulation of mTOR [175], inactivation of the 
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antiapoptotic Bcl-2 [165, 176] and mitochondrial depolarization [173]. Nocodazole is thus effective 

against malignancy [166, 167, 170, 177, 178]. On the other hand, Nocodazole counteracts TNF-α-

induced activation of the mitogen-activated protein kinase p38 [179]. 

 

11.6.4 TERFENADINE 
 

 
 

Fig. 31: Structure of Terfenadine [180]. 

 

Terfenadine (Fig. 31) is a selective H1-histamine receptor antagonist [99, 181, 182]. This compound 

is a prodrug, generally completely metabolized to the active form fexofenadine in the liver by the 

enzyme cytochrome P-450 3A4. Due to its near complete metabolism by the liver immediately after 

leaving the gut, Terfenadine normally is not measurable in the plasma. Has been shown that 

Terfenadine induces a DNA damage response involving the activation of caspase-2 and activation of 

Chk1 and Chk2 kinases, phosphorylation of RPA32 and acetylation of Histone H3; these processes 

are correlated to severe mitochondrial dysfunction and the activation of caspase cascades [183-

185]. Intracellular Ca2+ is commonly involved in cell death signal transduction. An unregulated 

increase in cytosolic Ca2+ levels is often cytotoxic and could induce cell death in most of the cells 

[184, 186]. Terfenadine can induce a cytosolic Ca2+ increase induced in a dose-dependent manner 

[184]. In addition to its anti-histaminic activity, this compound has been shown to block voltage-

dependent ion channels and to reverse drug resistance in a variety of cell types via its interaction 

with P-glycoprotein [184, 187]. Terfenadine is also clinically used for the treatment of allergic 

disorders such as hay fever, allergic rhinitis and other histamine-mediated disorders [188-191]. 

 



 
68 

 

11.6.5 PICEATANNOL 
 

 

Fig. 32: Structure of Piceatannol [192]. 

 

Piceatannol (3, 3', 4, 5'-trans-trihydroxystilbene) (Fig. 32), a naturally occurring hydroxylated 

analogue of resveratrol found in diverse plants including red wine, grapes, white tea and passion 

fruit [193-195]. This compounds is also found in mycorrhizal and non-mycorrhizal roots of Norway 

spruces (Picea abies) [196] and first isolated from the seeds of Euphorbia lagascae [197]. 

Piceatannol is effective against diverse disorders including hypercholesterolemia, arrhythmia, 

atherosclerosis and malignancy [193-195]. Piceatannol may foster vasodilation, counteracts 

angiogenesis as well as oxidative stress [194] and displays anti-inflammatory as well as anti-

microbial activities [193]. Cellular mechanisms triggered by Piceatannol include inhibition of 

cyclooxygenase activity [194], cell-cycle arrest [193], upregulation of Bid, Bax, Bik, Bok, Fas as well 

as P21WAF1 [193], down-regulation of Bcl-xL as well as BCL-2 [193], mitochondrial depolarization 

[193], cytochrome c release [193], and caspase activation [193]. Piceatannol modifies gene 

expression by downregulation of transcription factor NF-kB [193] and Janus kinase JAK1 [193]. 

Depending on the cell type, Piceatannol may either stimulate [193, 198] or inhibit [193] apoptosis. 

This compound has been reported to be a protein-tyrosine kinase inhibitor with 

immunosuppressive activity and it could play an important role in preventing graft rejection [199, 

200]. Furthermore, Piceatannol possesses antiinflammatory properties, suppressing the activation 

of the nuclear transcription factor nuclear factor κB (NF-κB) through the inhibition of the inhibitor 

of NF-κB kinase and p65 phosphorylation [201, 202]. This compound may prevent interferon-α-

induced inhibition of signal transducer and activator of transcription 3 (STAT3) and STAT3 

phosphorylation in B and T lymphocytes [203, 204]. These results indicate that Piceatannol 

abrogates proinflammatory responses by modifying multiple cellular targets [205].  
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11.6.6 CERANIB-2 
 

 

Fig. 33: Structure of Ceranib-2 [206]. 

 

The sphingolipid ceramide has been shown to trigger apoptosis in a wide variety of cells [207-213]. 

Ceramidase catalyzes the hydrolysis of the N-acyl linkage between the fatty acid and sphingosine 

base in ceramide to produce sphingosine and a free fatty acid. It plays a critical role in regulating 

cell fate and its inhibition in both malignant and non-cancerous cells leads to apoptosis [214]. 

Ceranib-2 (Fig. 33) is a non-lipid inhibitor of cellular ceramidase activity [206]. Ceramide induced 

cell death may involve mitochondria [215-218]. Even though lacking mitochondria, erythrocytes 

may similarly undergo suicidal death or eryptosis following exposure to ceramide [116].  In 

addition, it has been demonstrated that tumor cells can escape apoptosis by rapidly removing 

ceramide with ceramidases [219]. Ceramidases could be interesting targets for anticancer drug 

development because inhibiting their activity leads to an accumulation of ceramide and tumor cell 

death [220, 221]. In addition, it is also well known that ceramide may enhance apoptosis in 

response to paclitaxel, etoposide and gemcitabine [206]. Therefore, inhibition of ceramidase 

activity could also increase tumor chemosensitivity [206]. 
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11.6.7 SCLAREOL 
 

 
 

Fig. 34: Structure of Sclareol [222]. 

 

A large number of the phytochemicals, diterpenoids, abundantly occur in nature. The ditertiary 

alcohol, labd-14-ene-8,13-diol (Sclareol) (Fig. 34), which was first isolated from the plant Salvia 

sclarea [223], is abundant in nature, and is used as a fragrance in cosmetics, flavoring additive in 

food and beverage industry and folk medicine. Plant-derived terpenoids [224] such as the diterpene 

alcohol Sclareol [225] are effective against cancer [224, 226-236], inflammation [224, 237, 238], and 

infection [239-241]. Sclareol further influences brain function [242-248]. The effect of Sclareol 

against cancer is partially due to stimulation of tumor cell apoptosis [226-228, 230, 235, 236, 249]. 

Sclareol may lead to apoptosis in human leukemia cell lines, through an interesting mechanism that 

down-regulates c-myc without affecting the expression of the anti-apoptotic protein, Bcl-2 [250], 

and in cells derived from solid tumors by a mechanism that appears to be independent on p53-

expression [251]. Sclareol is incorporated into phospholipid model membranes [252] and has been 

shown to suppress the formation of nitric oxide [238] and prostaglandin E2 (PGE2) [238].  
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12. AIM OF STUDY 

This study investigate the mechanism of eryptosis due to xenobiotics in order to clarify the 

mechanisms involved in their action. In the experiments performed the erythrocytes were taken 

from healthy individual. Specimens from same individual were also used for controls. Experimental 

conditions and every experiment where done with erythrocytes from numerous individuals. In 

order to investigate the effects of xenobiotics on the suicidal death of erythrocytes, in vitro 

experiments were performed following 48 hours treatment of erythrocytes with various 

concentrations of the indicated drugs. The main hallmarks of eryptosis, such as phosphatidylserine 

exposure at the outer membrane of erythrocytes, FSC, increase of intracellular Ca2+, ROS formation, 

GSH levels, ceramide formation, ATP measurements and percentage of hemolytic erythrocytes 

were determined by FACS analysis, confocal microscopy and spectrophotometrically to elucidate 

the effect of the drug on erythrocytes and in order to explore signalling pathways involved in 

eryptosis. Through these experiments it could be shown that these drugs tested impair erythrocyte 

survival by stimulation of eryptosis, the suicidal death of erythrocytes. 
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13. MATERIALS AND METHODS 

13.1 Erythrocytes, solutions and chemicals 

Fresh Li-Heparin-anticoagulated blood samples were kindly provided by the blood bank of the 

University of Tübingen. The study is approved by the ethics committee of the University of 

Tübingen (184/2003 V). The blood was centrifuged at 120 g for 20 min at 21 °C and the platelets 

and leukocytes-containing supernatant was disposed. Erythrocytes were incubated in vitro at a 

hematocrit of 0.4% in Ringer solution containing (in mM) 125 NaCl, 5 KCl, 1 MgSO4, 32 N-2-

hydroxyethylpiperazine-N-2-ethanesulfonic acid (HEPES; pH 7.4), 5 glucose, 1 CaCl2, at 37°C for 48 

hours. Erythrocytes were exposed for 48 hours to Combretastatin A4 phosphate disodium (CA4P), 

Nocodazole, Terfenadine, Ceranib-2 and Sclareol (Sigma Aldrich, Hamburg, Germany). Where 

indicated, erythrocytes were exposed for 48 hours to Pazopanib or Piceatannol (MedChem 90 

Express, Princeton, USA). Water was used to dissolve Combretastatin A4 phosphate disodium and 

Terfenadine powder, whereas DMSO was used to dissolve Nocodazole, Pazopanib, Piceatannol, 

Ceranib-2 and Sclareol. Solvents used to dissolve the powders were added to the controls. In order 

to estimate the impact of Pazopanib on eryptosis due to high [Ca2+]i, erythrocytes were exposed for 

1 hour to a combination of Pazopanib and the Ca2+ ionophore ionomycin (Merck Millipore, 

Darmstadt, Germany). To test for an involvement of p38 kinase or casein kinase 1α, erythrocytes 

were exposed for 48 hours to a combination of Sclareol and p38 kinase inhibitor skepinone [253] or 

casein kinase 1α inhibitor D4476 (Tocris bioscience, Bristol, UK), respectively. To test for an 

involvement of pancaspase, erythrocytes were exposed for 48 hours to a combination of 

Nocodazole and pancaspase inhibitor zVAD-FMK (Enzo Life Sciences, Lörrach, Germany). 

 

13.2 Annexin-V-binding and forward scatter  

After incubation under the respective experimental condition, a 100 µl cell suspension was washed 

in Ringer solution containing 5 mM CaCl2 and then stained with Annexin-V-FITC (1:200 dilution; 

ImmunoTools, Friesoythe, Germany) in this solution at 37°C for 20 min under protection from light  

[98-104]. The annexin-V-abundance at the erythrocyte surface was subsequently determined on a 

FACS Calibur (BD, Heidelberg, Germany). Annexin-V-binding was measured with an excitation 

wavelength of 488 nm and an emission wavelength of 530 nm. A marker (M1) was placed to set an 

arbitrary threshold between annexin-V-binding cells and control cells. The same threshold was used 

for untreated and CA4P treated erythrocytes. A dot plot of forward scatter (FSC) vs. side scatter 

(SSC) was set to linear scale for both parameters. The threshold of forward scatter was set at the 

default value of “52”. 
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13.3 Intracellular Ca2+  

After incubation, erythrocytes were washed in Ringer solution and loaded with Fluo-3/AM 

(Biotium, Hayward, USA) in Ringer solution containing 5 µM Fluo-3/AM [98-104]. The cells were 

incubated at 37°C for 30 min. Fluo3-dependent fluorescence was measured with an excitation 

wavelength of 488 nm and an emission wavelength of 530 nm on a FACS Calibur. 

 

13.4 Hemolysis 

For the determination of hemolysis, the samples were centrifuged (10 min at 2000 rpm, room 

temperature) after incubation under the respective experimental conditions and the supernatants 

were harvested [98-104]. As a measure of hemolysis, the hemoglobin (Hb) concentration of the 

supernatants was determined photometrically at 405 nm. The absorption of the supernatant of 

erythrocytes lysed in distilled water was defined as 100% hemolysis.  

 

13.5 Reduced glutathione  

The content of reduced glutathione was determined using 5-chloromethylfluorescein diacetate 

(CMFDA) staining [98]. After treatment, cells were spun down, incubated in Ringer solution 

containing 1 μM of CMFDA (Santa Cruz Biotechnology, USA) for 45 min, washed once, and 

resuspended in 200 μL of Ringer solution. The fluorescence intensity was measured with flow 

cytometry (FACS-calibur from Becton Dickinson; Heidelberg, Germany) at an excitation wavelength 

of 488 nm and an emission wavelength of 530 nm.  

 

13.6 Reactive oxigen species (ROS)  

Oxidative stress was determined utilizing 2’,7’-dichlorodihydrofluorescein diacetate (DCFDA). After 

incubation, a 100 µl suspension of erythrocytes was washed in Ringer solution and then stained 

with DCFDA (Sigma, Schnelldorf, Germany) in Ringer solution containing DCFDA at a final 

concentration of 10 µM [98-104]. Erythrocytes were incubated at 37°C for 30 min in the dark and 

then washed in PBS. The DCFDA-loaded erythrocytes were resuspended in 200 µl Ringer solution, 

and DCF-dependent fluorescence intensity was measured at an excitation wavelength of 488 nm 

and an emission wavelength of 530 nm on a FACS Calibur (BD). 
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13.7 Ceramide abundance 

For the determination of ceramide, a monoclonal antibody-based assay was used. After incubation, 

cells were stained for 1 hour at 37°C with 1 µg/ml anti ceramide antibody (clone MID 15B4, Alexis, 

Grünberg, Germany) in PBS containing 0.1% bovine serum albumin (BSA) at a dilution of 1:10 [98-

104]. The samples were washed twice with PBS-BSA. Subsequently, the cells were stained for 30 

minutes with polyclonal fluorescein isothiocyanate (FITC) conjugated goat anti-mouse IgG and IgM 

specific antibody (Pharmingen, Hamburg, Germany) diluted 1:50 in PBS-BSA. Unbound secondary 

antibody was removed by repeated washing with PBS-BSA. The samples were then analyzed by flow 

cytometric analysis with an excitation wavelength of 488 nm and an emission wavelength of 530 

nm. 

 

13.8 Intracellular ATP concentration 

For the determination of intracellular ATP, 80 µl of erythrocyte pellets were incubated for 48 h at 

37°C in Ringer solution (final hematocrit 4.7%) with or without 50 and 100 µM Combretastatin A4 

phosphate [98]. All subsequent manipulations were performed at 4°C to avoid ATP degradation. 

Cells were lysed in distilled water, and proteins were precipitated by addition of HClO4 (6%). After 

centrifugation, an aliquot of the supernatant (400 µl) was adjusted to pH 7.7 by addition of 

saturated KHCO3 solution. After dilution of the supernatant, the ATP concentrations of the aliquots 

were determined utilizing the luciferin-luciferase assay kit (Roche Diagnostics) on a luminometer 

(BertholdBiolumat LB9500, Bad Wildbad, Germany) according to the manufacturer’s protocol. 

 

13.9 Tubulin abundance 

For studying the effect of Nocodazole on tubulin in human erythrocytes TubulinTracker™ Green 

reagent (Oregon Green® 488 Taxol; bis-acetate, Thermo Fisher Scientific, MA, USA) was used [101]. 

Briefly, treated samples were stained with TubulinTracker (250 nM) for 30 min in the dark at 37°C. 

The erythrocytes were washed twice and finally resuspended in 200 μl Ringer solution containing 5 

mM CaCl2. For flow cytometry, TubulinTracker-dependent fluorescence of the samples was 

measured with an excitation wavelength of 488 nm and an emission wavelength of 530 nm on a 

FACS Calibur (BD). For confocal microscopy, 60 μl of each sample were spread onto a glass slide and 

dried for 15 minutes on RT. The slides were covered with PROlong Gold antifade reagent 

(Invitrogen, Darmstadt Germany). Images were taken on a Zeiss LSM 5 EXCITER confocal laser-
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scanning microscope or with the phase light (Carl Zeiss MicroImaging, Germany) with a water 

immersion Plan-Neofluar 63/1.3 NA DIC. 

 

13.10 Statistics 

Data are expressed as arithmetic means ± SEM. As indicated in the figure legends, statistical 

analysis was made using ANOVA with Tukey’s test as post-test and t test as appropriate. n denotes 

the number of different erythrocyte specimens studied. Since different erythrocyte specimens used 

in distinct experiments are differently susceptible to triggers of eryptosis, the same erythrocyte 

specimens have been used for control and experimental conditions. 
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14. RESULTS 

14.1 CA4P  

The present study explored whether CA4P stimulates eryptosis, the suicidal erythrocyte death 

characterized by cell shrinkage and phosphatidylserine translocation to the cell surface. Erythrocyte 

cell volume was estimated from forward scatter, which was determined by flow cytometry. Prior to 

measurements, the erythrocytes were incubated for 48 hours in Ringer solution without or with 

CA4P (10 - 100 µM). As illustrated in Fig. 35, a 48 hours exposure to CA4P decreased erythrocyte 

forward scatter, an effect reaching statistical significance at 50 and 100 µM CA4P concentration. 

CA4P treatment was followed by a significant increase of the percentage of shrunken erythrocytes 

(Fig. 35C), an effect reaching statistical significance at 25 µM CA4P concentration. CA4P treatment 

simultaneously increased the percentage of swollen erythrocytes (Fig. 35D), an effect reaching 

statistical significance at 50 µM CA4P concentration. 

 

 

Fig. 35: Effect of CA4P on erythrocyte forward scatter. A. Original histogram of forward scatter of 
erythrocytes following exposure for 48 hours to Ringer solution without (grey area) and with (black line) 
presence of 100 µM CA4P. B. Arithmetic means ± SEM (n = 13) of the erythrocyte forward scatter (FSC) 
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following incubation for 48 hours to Ringer solution without (white bar) or with (black bars) CA4P (10 – 100 
µM). C. Arithmetic means ± SEM (n = 13) of the percentage erythrocytes with forward scatter (FSC) <200 
following incubation for 48 hours to Ringer solution without (white bar) or with (black bars) CA4P (10 – 100 
µM). D. Arithmetic means ± SEM (n = 13) of the percentage erythrocytes with forward scatter (FSC) >800 
following incubation for 48 hours to Ringer solution without (white bar) or with (black bars) CA4P (10 – 100 
µM). **(p<0.01),***(p<0.001) indicates significant difference from the absence of CA4P (ANOVA).  

 

The translocation of phosphatidylserine to the erythrocyte surface was detected utilizing annexin-

V-binding, as determined by flow cytometry. Prior to measurements, the erythrocytes were again 

incubated for 48 hours in Ringer solution without or with CA4P (10 - 100 µM). As shown in Fig. 36, a 

48 hours exposure to CA4P increased the percentage of phosphatidylserine exposing erythrocytes, 

an effect reaching statistical significance at 50 µM CA4P.  

 

 

Fig. 36: Effect of CA4P on phosphatidylserine exposure. A. Original histogram of annexin-V-binding of 
erythrocytes following exposure for 48 hours to Ringer solution without (grey area) and with (black line) 
presence of 100 µM CA4P. B. Arithmetic means ± SEM (n = 13) of erythrocyte annexin-V-binding following 
incubation for 48 hours to Ringer solution without (white bar) or with (black bars) CA4P (10 - 100 µM). 
**(p<0.01),***(p<0.001) indicates significant difference from the absence of CA4P (ANOVA).  

 

In order to test whether CA4P induces hemolysis, the hemoglobin concentration was measured in 

the supernatant. As a result, the percentage of hemolytic erythrocytes was not significantly 

different between exposure to Ringer solution (1.9 ± 0.2 %, n = 13), and following exposure to 10 

µM (1.8 ± 0.2 %, n = 13), 25 µM (1.9 ± 0.3 %, n = 13), 50 µM (2.5 ± 0.3 %, n = 13), and 100 µM (2.7 ± 

0.3 %, n = 13) CA4P concentration.  
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Fluo3-fluorescence was utilized to estimate the effect of CA4P treatment on cytosolic Ca2+ activity 

([Ca2+]i). Prior to measurements, the erythrocytes were incubated for 48 hours in Ringer solution 

without or with CA4P (10 - 100 µM). As shown in Fig. 37, a 48 hours exposure to 100 µM CA4P 

significantly increased the Fluo3-fluorescence.  

 

 

Fig. 37: Effect of CA4P on Fluo3-fluorescence. A. Original histogram of Fluo3-fluorescence reflecting cytosolic 
Ca2+ activity in erythrocytes following exposure for 48 hours to Ringer solution without (grey area) and with 
(black line) presence of 100 µM CA4P. B. Arithmetic means ± SEM (n = 13) of erythrocyte Fluo3-fluorescence 
following incubation for 48 hours to Ringer solution without (white bar) or with (black bars) CA4P (10 - 100 
µM). ***(p<0.001) indicates significant difference from the absence of CA4P (ANOVA). 

 

Further experiments were performed in order to test whether the CA4P-induced cell membrane 

scrambling required entry of extracellular Ca2+. Erythrocytes were incubated for 48 hours in the 

absence or presence of 50 or 100 µM CA4P in the presence or nominal absence of extracellular 

Ca2+. As shown in Fig. 38, CA4P increased the percentage of annexin-V-binding erythrocytes. The 

effect of 100 µM CA4P was significantly blunted following removal of extracellular Ca2+. However, 

even in the absence of extracellular Ca2+, CA4P significantly increased the percentage of annexin-V-

binding erythrocytes. CA4P-induced cell membrane scrambling was in large part but not exclusively 

due to mechanisms dependent on entry of extracellular Ca2+. 
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Fig. 38: Ca2+ sensitivity of CA4P-induced phosphatidylserine exposure. A,B. Original histogram of annexin-V-
binding of erythrocytes following exposure for 48 hours to Ringer solution without (grey areas) and with 
(black lines) CA4P (100 µM) in the presence (A) and absence (B) of extracellular Ca2+. C. Arithmetic means ± 
SEM (n = 10) of annexin-V-binding of erythrocytes after a 48 hours treatment with Ringer solution without 
(white bars) or with (grey, black bars) 50 and 100 µM CA4P, respectively, in the presence (left bars, +Ca2+) and 
absence (right bars, -Ca2+) of Ca2+. *(p<0.05),***(p<0.001) indicates significant difference from the absence of 
CA4P, ###(p<0.001) indicates significant difference from the presence of Ca2+ (ANOVA). 

 

A further series of experiments were performed to investigate the effect of CA4P treatment on the 

erythrocyte glutathione (GSH) abundance. Erythrocytes were incubated for 48 hours in the absence 

or presence of 50 and 100 µM CA4P. As shown in Fig. 39, CA4P (50, 100 µM CA4P) significantly 

decreased the content of GSH. 

 

 

Fig. 39: Effect of CA4P on erythrocyte glutathione (GSH) abundance. Arithmetic means ± SEM (n = 10) of the 
CMF-fluorescence (arbitrary units) in erythrocytes exposed for 48 hours to Ringer solution without (white 
bar) or with (black bars) 50 and 100 µM CA4P. ***(p<0.001) indicates significant difference from the absence 
of CA4P (ANOVA). 
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Further series of experiments examined the influence of CA4P treatment on oxidative stress. To this 

end, reactive oxygen species (ROS) were determined utilizing 2’,7’-dichlorodihydrofluorescein 

diacetate (DCFDA). As a result, the DCF-fluorescence was significantly (p<0.001) lower following 

exposure to 50 µM (16.3 ± 0.9 a.u., n = 13) or 100 µM (15.6 ± 0.8 a.u., n = 13) CA4P concentration 

than following exposure to Ringer solution (23.1 ± 1.1 a.u., n = 13). Thus, a 48 hours exposure to 

CA4P decreased but did not increase ROS formation. 

Eryptosis could further be stimulated by ceramide. Ceramide abundance at the erythrocyte surface 

was determined by flow cytometry utilizing specific antibodies. The ceramide abundance was 

similar following exposure to 50 µM (9.9 ± 0.1 a.u., n = 10) or 100 µM (10.6 ± 0.2 a.u., n = 10) CA4P 

concentration and following exposure to Ringer solution (10.4 ± 0.1 a.u., n = 10). Accordingly, a 48 

hours exposure to CA4P (50 and 100 µM) did not significantly modify ceramide abundance. 

In order to investigate whether CA4P fosters energy depletion, ATP levels were measured utilizing a 

luciferin–luciferase assay. As shown in Fig. 40, a 48 hours exposure to 100 µM CA4P significantly 

decreased the cytosolic ATP levels. 

 

 

Fig. 40: Effect of CA4P on erythrocyte ATP concentration. Arithmetic means ± SEM (n = 5) of the cytosolic 
ATP concentrations (arb. units) in erythrocytes exposed for 48 hours to Ringer solution without (white bar) or 
with (black bars) 50 and 100 µM CA4P. ***(p<0.001) indicate significant difference from the absence of CA4P 
(ANOVA). 
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14.2 PAZOPANIB 

The present study investigated whether Pazopanib triggers eryptosis, the suicidal erythrocyte death 

characterized by phosphatidylserine translocation to the cell surface and cell shrinkage. 

Phosphatidylserine translocation to the erythrocyte surface was estimated from annexin-V-binding, 

which was determined by flow cytometry. Prior to measurements, the erythrocytes were incubated 

for 48 hours in Ringer solution without or with Pazopanib (10 – 50 µg/ml). As shown in Fig. 41, a 48 

hours exposure to Pazopanib increased the percentage of phosphatidylserine exposing 

erythrocytes, an effect reaching statistical significance at 25 µg/ml Pazopanib.  

 

 

Fig. 41: Effect of Pazopanib on phosphatidylserine exposure.  A. Original histogram of annexin-V-binding of 
erythrocytes following exposure for 48 hours to Ringer solution without (grey area) and with (black line) 
presence of 50 µg/ml Pazopanib. B. Arithmetic means ± SEM (n = 16) of erythrocyte annexin-V-binding 
following incubation for 48 hours to Ringer solution without (white bar) or with (black bars) Pazopanib (10 - 
50 µg/ml). ***(p<0.001) indicates significant difference from the absence of Pazopanib (ANOVA). 

 

Forward scatter was taken as a measure of erythrocyte cell volume and was determined by flow 

cytometry. Following a 48 hours exposure to Pazopanib (10 – 50 µg/ml), the average erythrocyte 

forward scatter was similar without Pazopanib treatment (497 ± 5.6, n = 16) and following 

treatment with 10 µg/ml (511 ± 4.8, n = 16), 25 µg/ml (505 ± 5.0, n = 16), and 50 µg/ml (476 ± 7.0, n 

= 16) Pazopanib. Moreover, the percentage of cells with forward scatter > 800 was similar without 

Pazopanib treatment (96.4 ± 0.6, n = 16) and following treatment with 10 µg/ml (95.5 ± 0.5, n = 16), 

25 µg/ml (95.1 ± 0.6, n = 16), and 50 µg/ml (94.9 ± 0.7, n = 16) Pazopanib. Pazopanib increased the 

percentage of severely shrunken erythrocytes (Fig. 42A,B), an effect reaching statistical significance 
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at 50 µg/ml Pazopanib concentration. Dot blots of annexin-V-binding versus forward scatter shows 

that the shrunken cells coincide with the annexin-V-binding cells (Fig. 42C,D).  

 

 

Fig. 42: Effect of Pazopanib on erythrocyte forward scatter. A. Original histogram of forward scatter of 
erythrocytes following exposure for 48 hours to Ringer solution without (grey area) and with (black line) 
presence of 50 µg/ml Pazopanib. B. Arithmetic means ± SEM (n = 16) of the percentage erythrocytes with 
forward scatter (FSC) < 200 following incubation for 48 hours to Ringer solution without (white bar) or with 
(black bars) Pazopanib (10 - 50 µg/ml). C,D. Original dot plots of forward scatter vs annexin-V-abundance 
without (C) and with (D) prior treatment with 50 µg/ml Pazopanib. ***(p<0.001) indicates significant 
difference from the absence of Pazopanib (ANOVA). 

 

In order to investigate the effect of Pazopanib on hemolysis, the percentage of haemolytic 

erythrocytes was determined from the hemoglobin concentration in the supernatant. As shown in 
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Fig. 43, Pazopanib increased the percentage of haemolytic erythrocytes, an effect reaching 

statistical significance at 25 µg/ml Pazopanib.  

 

 

 Fig. 43: Effect of Pazopanib on hemolysis. Arithmetic means ± SEM (n = 8) of hemolytic erythrocytes 
following incubation for 48 hours to Ringer solution without (white bar) or with (black bars) Pazopanib (10 - 
50 µg/ml). ***(p<0.001) indicates significant difference from the absence of Pazopanib (ANOVA). 

 

Additional experiments explored the effect of CA4P on  [Ca2+]i. Following a 48 hours incubation in 

Ringer solution without or with Pazopanib (10 – 50 µg/ml), the erythrocytes were loaded with Fluo-

3 AM and the Fluo3-fluorescence was determined by flow cytometry. As a result, following a 48 

hours incubation the Fluo3-fluorescence was lower in the presence of 50 µg/ml Pazopanib (17.8 ± 

2.7 a.u., n = 12) than in the absence of Pazopanib (20.1 ± 3.6 a.u., n = 12). Further experiments 

were performed in order to investigate whether Pazopanib affects Fluo3-fluorescence of 

erythrocytes treated with the Ca2+ ionophore ionomycin (1 µM) and thus containing saturating 

[Ca2+]i. As a result, 50 µg/ml Pazopanib treatment decreased the Fluo3-fluorescence from 23.1 ± 3.2 

a.u. (n = 5) to 16.5 ± 1.3 a.u. (n = 5) in the absence of ionomycin and from 46.1 ± 7.8 a.u. (n = 5) to 

33.3 ± 3.8 a.u. (n = 5) in the presence of ionomycin. This results suggests that Pazopanib interferes 

with Fluo3-fluorescence by mechanisms other than decreasing [Ca2+]i, such as quenching of the 

Fluo3-fluorescence or leakage of dye thus reducing Fluo3-fluorescence.    

Further experiments were performed in order to test whether the Pazopanib-induced cell 

membrane scrambling required entry of extracellular Ca2+. Erythrocytes were incubated for 48 

hours in the absence or presence of 50 µg/ml Pazopanib in the presence or nominal absence of 

extracellular Ca2+. As shown in Fig. 44, removal of extracellular Ca2+ significantly blunted the effect 
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of Pazopanib on annexin-V-binding. However, even in the absence of extracellular Ca2+, Pazopanib 

significantly increased the percentage of annexin-V-binding erythrocytes. Pazopanib-induced cell 

membrane scrambling was in part but not fully dependent on entry of extracellular Ca2+. 

 

 

Fig. 44: Ca2+ sensitivity of Pazopanib-induced phosphatidylserine exposure. A,B. Original histogram of 
annexin-V-binding of erythrocytes following exposure for 48 hours to Ringer solution without (grey area) and 
with (black line) Pazopanib (50 µg/ml) in the presence (A) and absence (B) of extracellular Ca2+. C. Arithmetic 
means ± SEM (n = 8) of annexin-V-binding of erythrocytes after a 48 hours treatment with Ringer solution 
without (white bars) or with (black bars) Pazopanib (50 µg/ml) in the presence (left bars, +Ca2+) and absence 
(right bars, -Ca2+) of Ca2+. C. Arithmetic means ± SEM (n = 8) of annexin-V-binding of erythrocytes after a 48 
hours treatment with Ringer solution without (white bars) or with (black bars) Pazopanib (50 µg/ml) in the 
presence (left bars, +Ca2+) and absence (right bars, -Ca2+) of Ca2+. ***(p<0.001) indicates significant difference 
from the absence of Pazopanib, #(p<0.05) indicates significant difference from the presence of Ca2+ (ANOVA). 

 

Other mechanisms known to induce eryptosis include oxidative stress. Reactive oxygen species 

(ROS) were thus quantified using 2’,7’-dichlorodihydrofluorescein diacetate (DCFDA). As shown in 

Fig. 45, Pazopanib increased the DCF-fluorescence in erythrocytes, an effect reaching statistical 

significance at 50 µg/ml Pazopanib.  
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Fig. 45: Effect of Pazopanib on ROS formation. A. Original histogram of DCF-fluorescence in erythrocytes 
following exposure for 48 hours to Ringer solution without (grey area) and with (black line) presence of 
Pazopanib (50 µg/ml). B. Arithmetic means ± SEM (n = 12) of the DCF-fluorescence (arbitrary units) in 
erythrocytes exposed for 48 hours to Ringer solution without (white bar) or with (black bars) Pazopanib (10 - 
50 µg/ml). **(p<0.01) indicates significant difference from the absence of Pazopanib (ANOVA). 

 

Eryptosis could further be stimulated by ceramide. Ceramide abundance at the erythrocyte surface 

was measured utilizing specific antibodies. As shown in Fig. 46, 50 µg/ml Pazopanib significantly 

increased the ceramide abundance at the erythrocyte surface.  

 

 

Fig. 46: Effect of Pazopanib on ceramide abundance at the erythrocyte surface. A. Original histogram of 
ceramide abundance in erythrocytes following exposure for 48 hours to Ringer solution without (grey area) 
and with (black line) presence of 50 µg/ml Pazopanib. B. Arithmetic means ± SEM (n = 8) of the ceramide 
abundance (arbitrary units) in erythrocytes exposed for 48 hours to Ringer solution without (white bar) or 
with (black bar) presence of 50 µg/ml Pazopanib. ***(p<0.001) indicates significant difference from the 
absence of Pazopanib (ANOVA). 
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14.3 NOCODAZOLE 

Flow cytometry was employed to explore whether Nocodazole triggers eryptosis, the suicidal 

erythrocyte death characterized by cell shrinkage and cell membrane scrambling with 

phosphatidylserine translocation to the cell surface. In order to identify phosphatidylserine 

exposing erythrocytes, the erythrocytes were incubated with annexin-V which tightly binds to 

surface phosphatidylserine. Annexin-V-abundance was determined by flow cytometry. The 

measurements were performed following a 48 hours incubation in Ringer solution without or with 

Nocodazole (15 - 60 µg/ml). As shown in Fig. 47, a 48 hours exposure to Nocodazole increased the 

percentage of phosphatidylserine exposing erythrocytes, an effect reaching statistical significance 

at 30 µg/ml Nocodazole.  

 

 

Fig. 47: Effect of Nocodazole on phosphatidylserine exposure. A. Original histogram of annexin-V-binding of 
erythrocytes following exposure for 48 hours to Ringer solution with solvent DMSO (grey area) and with 
presence of 60 µg/ml Nocodazole (black line). B. Arithmetic means ± SEM (n = 8) of erythrocyte annexin-V-
binding (black bars) following incubation for 48 hours to Ringer solution without or with presence of 
Nocodazole (15 - 60 µg/ml). ***(p<0.001) indicates significant difference from the absence of Nocodazole 
(ANOVA). 

 

Cell volume of human erythrocytes was estimated from forward scatter in flow cytometry, 

following a 48 hours incubation in Ringer solution without or with Nocodazole (15 – 60 µg/ml). As 

illustrated in Fig. 48, Nocodazole did not modify the average erythrocyte forward scatter. However, 

exposure of erythrocytes to Nocodazole was followed by an increase of the percentage of both 
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small (Fig. 48C) and large (Fig. 48D) erythrocytes, alterations reaching significance at Nocodazole 

concentrations of 60 µg/ml.  

 

 

Fig. 48: Effect of Nocodazole on erythrocyte forward scatter. A. Original histogram of forward scatter of 
erythrocytes following exposure for 48 hours to Ringer solution with solvent DMSO (grey area) and with 
presence of 60 µg/ml Nocodazole (black line). B. Arithmetic means ± SEM (n = 8) of the erythrocyte forward 
scatter (FSC) following incubation for 48 hours to Ringer solution without (white bar) or with (black bars) 
Nocodazole (15 - 60 µg/ml). C. Arithmetic means ± SEM (n = 8) of the percentage erythrocytes with forward 
scatter (FSC) < 200 following incubation for 48 hours to Ringer solution without (white bar) or with (black 
bars) Nocodazole (15 - 60 µg/ml). D. Arithmetic means ± SEM (n = 8) of the percentage erythrocytes with 
forward scatter (FSC) > 800 following incubation for 48 hours to Ringer solution without (white bar) or with 
(black bars) Nocodazole (15 - 60 µg/ml). *(p<0.05),***(p<0.001) indicate significant difference from the 
absence of Nocodazole (ANOVA). 

 

In order to test whether Nocodazole induces hemolysis, the hemoglobin concentration was 

determined in the supernatant. Following a 48 hours incubation, the percentage of hemolytic 
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erythrocytes was similar in the absence of Nocodazole (3.4 ± 0.2% n = 12) and in the presence of 15 

µg/ml (4.4 ± 0.2% n = 12) or 30 µg/ml (4.7 ± 0.2% n = 12) Nocodazole. Exposure to 60 µg/ml 

Nocodazole was, however, followed by a significant increase of hemolysis (11.1 ± 0.9% n = 12). 

Fluo3-fluorescence was employed in order to test, whether Nocodazole influences the cytosolic 

Ca2+ activity. As shown in Fig. 49, a 48 hours exposure to Nocodazole increased the Fluo3-

fluorescence, an effect reaching statistical significance at 60 µg/ml Nocodazole. 

 

 

Fig. 49: Effect of Nocodazole on erythrocyte Ca2+ activity. A. Original histogram of Fluo3-fluorescence in 
erythrocytes following exposure for 48 hours to Ringer solution with solvent DMSO (grey area) and with 
presence of 60 µg/ml Nocodazole (black line). B. Arithmetic means ± SEM (n = 8) of the Fluo3-fluorescence 
(arbitrary units) in erythrocytes exposed for 48 hours to Ringer solution without (white bar) or with (black 
bars) Nocodazole (15 – 60 µg/ml). **(p<0.01) indicate significant difference from the absence of Nocodazole 
(ANOVA). 

 

Further experiments were performed in order to test whether the Nocodazole-induced cell 

membrane scrambling required entry of extracellular Ca2+. Prior to measurements, erythrocytes 

were incubated for 48 hours in the absence or presence of 60 µg/ml Nocodazole in the presence or 

nominal absence of extracellular Ca2+. As illustrated in Fig. 50, removal of extracellular Ca2+ 

significantly blunted the effect of Nocodazole on annexin-V-binding. Nevertheless, even in the 

absence extracellular Ca2+ Nocodazole significantly increased the percentage of annexin-V-binding 

erythrocytes. Nocodazole-induced cell membrane scrambling was in part but not fully due to entry 

of extracellular Ca2+. Neither in the presence nor in the absence of extracellular Ca2+ did Nocodazole 

significantly modify average forward scatter.   



 
89 

 

 

 

Fig. 50: Ca2+ sensitivity of Nocodazole-induced phosphatidylserine exposure and erythrocyte shrinkage. A,B. 
Original histogram of annexin-V-binding of erythrocytes following exposure for 48 hours to Ringer solution 
with solvent DMSO (grey area) and with presence of 60 µg/ml Nocodazole (black line) in the presence (A) and 
absence (B) of extracellular Ca2+. C. Arithmetic means ± SEM (n = 12) of annexin-V-binding of erythrocytes 
after a 48 hours treatment with Ringer solution without (white bars) or with (black bars) Nocodazole (60 
µg/ml) in the presence (left bars, +Ca2+) and absence (right bars, -Ca2+) of Ca2+. D,E. Original histogram of 
erythrocyte forward scatter following exposure for 48 hours to Ringer solution with solvent DMSO (grey area) 
and with presence of 60 µg/ml Nocodazole (black line) in the presence (D) and absence (E) of extracellular 
Ca2+. F. Arithmetic means ± SEM (n = 12) of erythrocyte forward scatter after a 48 hours treatment with 
Ringer solution without (white bars) or with (black bars) Nocodazole (60 µg/ml) in the presence (left bars, 
+Ca2+) and absence (right bars, -Ca2+) of Ca2+. ***(P<0.001) indicates significant difference from the absence 
of Nocodazole, #(p<0.05) indicates significant difference from the presence of Ca2+ (ANOVA). 

 

To investigate whether a 48 hours incubation with Nocodazole modified the effect of excessive 

[Ca2+]i on cell membrane scrambling or forward scatter, erythrocytes were exposed for 60 min to 

Ca2+ ionophore ionomycin (1 µM). Ionomycin increased the percentage of annexin-V-binding 

erythrocytes to similarly high levels in erythrocytes incubated with Nocodazole (from 4.8 ± 0.3% to 

35.8 ± 1.6% n = 4) and in erythrocytes incubated without Nocodazole (from 1.6 ± 0.2% to 38.7 ± 

1.8% n = 4). Ionomycin decreased the forward scatter to similarly low levels in erythrocytes 
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incubated with Nocodazole (from 432 ± 8.8% to 124 ± 1.9%, n = 4) and in erythrocytes incubated 

without Nocodazole (from 440 ± 8.8% to 123 ± 4.4%, n = 4). 

Further experiments were performed to clarify the effect of Nocodazole on oxidative stress. 

Reactive oxygen species (ROS) were determined utilizing 2’,7’-dichlorodihydrofluorescein diacetate 

(DCFDA). As shown in Fig. 51, a 48 hours exposure to Nocodazole increased the DCF-fluorescence, 

an effect reaching statistical significance at 30 µg/ml Nocodazole.  

 

 

Fig. 51: Effect of Nocodazole on erythrocyte ROS formation. A. Original histogram of DCF-fluorescence in 
erythrocytes following exposure for 48 hours to Ringer solution with solvent DMSO (grey area) and with 
presence of 60 µg/ml Nocodazole (black line). B. Arithmetic means ± SEM (n = 8) of the DCF-fluorescence 
(arbitrary units) in erythrocytes exposed for 48 hours to Ringer solution without (white bar) or with (black 
bars) Nocodazole (15 – 60 µg/ml). ***(p<0.001) indicates significant difference from the absence of 
Nocodazole (ANOVA). 

 

 

Eryptosis could further be stimulated by ceramide. Ceramide abundance at the erythrocyte surface 

was measured utilizing specific antibodies. As shown in Fig. 52, a 48 hours exposure to Nocodazole 

(60 µg/ml) significantly increased the ceramide abundance. 
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Fig. 52: Effect of Nocodazole on ceramide abundance at the erythrocyte surface. A. Original histogram of 
ceramide abundance in erythrocytes following exposure for 48 hours to Ringer solution with solvent DMSO 
(grey area) and with presence of 60 µg/ml Nocodazole (black line). B. Arithmetic means ± SEM (n = 9) of the 
ceramide abundance (arbitrary units) in erythrocytes exposed for 48 hours to Ringer solution without (white 
bar) or with (black bars) Nocodazole (60 µg/ml). ***(p<0.001) indicates significant difference from the 
absence of Nocodazole (Paired t test). 

 

To clarify the effect of Nocodazole on tubulin in erythrocytes, TubulinTracker reagent was utilized 

in both flow cytometry and confocal microscopy. As shown in Fig. 53, 48 hours treatment of 

erythrocytes with Nocodazole (60 µg/ml) significantly reduced the TubulinTracker-dependent 

fluorescence. 
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Fig. 53: Effect of Nocodazole on tubulin abundance. A. Confocal images of tubulin abundance in erythrocytes 
following exposure for 48 hours to Ringer solution with solvent DMSO (left panel) and with presence of 60 
µg/ml Nocodazole (right panel). B. Arithmetic means ± SEM (n = 4) of the TubulinTracker abundance 
(arbitrary units) in erythrocytes exposed for 48 hours to Ringer solution without (white bar) or with (black 
bars) Nocodazole (60 µg/ml). *(p<0.05) indicates significant difference from the absence of Nocodazole 
(Paired t test). 
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To investigate whether the stimulation of cell membrane scrambling by Nocodazole required 

caspase activity, erythrocytes were exposed for 48 hours to 60 μg/mL Nocodazole either in the 

absence or presence of the pancaspase inhibitor zVAD (1 μM). As shown in Fig. 54, zVAD did not 

significantly modify the effect of Nocodazole on annexin-V-binding. 

 

 

 

Fig. 54: Insensitivity of Nocodazole induced phosphatidylserine exposure on caspase inhibitor zVAD. 
Arithmetic means ± SEM (n = 9) of erythrocyte annexin-V-binding following incubation for 48 hours to Ringer 
solution without (white bars) or with (black bars) Nocodazole (60 µg/ml) treatment in the absence (-zVAD) or 
presence (+zVAD) of the pancaspase inhibitor zVAD (1 µM). ***(p<0.001) indicates significant difference from 
the absence of Nocodazole (ANOVA). 

 

 

14.4 TERFENADINE 

The present study explored whether Terfenadine influences eryptosis, the suicidal erythrocyte 

death characterized by cell shrinkage and phosphatidylserine translocation to the cell surface. 

Forward scatter was determined by flow cytometry as a measure of erythrocyte cell volume. The 

measurements were performed after incubation of the erythrocytes 48 hours in Ringer solution 

without or with Terfenadine (1 – 10 µM). As illustrated in Fig. 55, Terfenadine did not significantly 
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modify the average erythrocyte forward scatter and did significantly modify the percentage of 

severely shrunken or swollen erythrocytes (Fig. 55C, D).  

 

 

Fig. 55: Effect of Terfenadine on erythrocyte forward scatter. A. Original histogram of forward scatter of 
erythrocytes following exposure for 48 hours to Ringer solution without (grey area) and with (black line) 
presence of 10 µM Terfenadine. B. Arithmetic means ± SEM (n = 14) of the erythrocyte forward scatter (FSC) 
following incubation for 48 hours to Ringer solution without (white bar) or with (black bars) Terfenadine (1 - 
10 µM). C. Arithmetic means ± SEM (n = 14) of the percentage erythrocytes with forward scatter (FSC) <200 
following incubation for 48 hours to Ringer solution without (white bar) or with (black bars) Terfenadine (1 – 
10 µM). D. Arithmetic means ± SEM (n = 14) of the percentage erythrocytes with forward scatter (FSC) >800 
following incubation for 48 hours to Ringer solution without (white bar) or with (black bars) Terfenadine (1 – 
10 µM). 

 

The translocation of phosphatidylserine to the erythrocyte surface was detected utilizing annexin-

V-binding, as determined by flow cytometry. The erythrocytes were incubated for 48 hours in 

Ringer solution without or with Terfenadine (1 – 10 µM). As illustrated in Fig. 56, a 48 hours 
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exposure to Terfenadine increased the percentage of phosphatidylserine exposing erythrocytes, an 

effect reaching statistical significance at 5 µM Terfenadine.  

 

 

Fig. 56: Effect of Terfenadine on phosphatidylserine exposure. A. Original histogram of annexin-V-binding of 
erythrocytes following exposure for 48 hours to Ringer solution without (grey area) and with (black line) 
presence of 10 µM Terfenadine. B. Arithmetic means ± SEM (n = 14) of erythrocyte annexin-V-binding 
following incubation for 48 hours to Ringer solution without (white bar) or with (black bars) Terfenadine (1 - 
10 µM). *(p<0.05),***(p<0.001) indicates significant difference from the absence of Terfenadine (ANOVA). 

 

In order to test whether Terfenadine induces hemolysis, the hemoglobin concentration was 

determined in the supernatant. As shown in Fig. 57, a 48 hours exposure to Terfenadine increased 

the percentage of hemolytic erythrocytes, an effect reaching statistical significance at 5 µM 

Terfenadine concentration. Thus, Terfenadine increased [Ca2+]i. 
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Fig. 57: Effect of Terfenadine on hemolysis. Arithmetic means ± SEM (n = 14) of erythrocyte annexin-V-
binding following incubation for 48 hours to Ringer solution without (white bar) or with (black bars) 
Terfenadine (1 - 10 µM). ***(p<0.001) indicates significant difference from the absence of Terfenadine 
(ANOVA). 

 

Fluo3-fluorescence was employed in order to test, whether Terfenadine influences the cytosolic 

Ca2+ activity. As shown in Fig. 58, a 48 hours exposure to Terfenadine increased the Fluo3-

fluorescence, an effect reaching statistical significance at 7.5 µM Terfenadine concentration. Thus, 

Terfenadine increased [Ca2+]i. 

 

 

Fig. 58: Effect of Terfenadine on cytosolic Ca2+ activity. A. Original histogram of Fluo3-fluorescence in 
erythrocytes following exposure for 48 hours to Ringer solution without (grey area) and with (black line) 
presence of 10 µM Terfenadine. B. Arithmetic means ± SEM (n = 14) of erythrocyte annexin-V-binding 
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following incubation for 48 hours to Ringer solution without (white bar) or with (black bars) Terfenadine (1 - 
10 µM). ***(p<0.001) indicates significant difference from the absence of Terfenadine (ANOVA). 

 

Further experiments were performed in order to test whether the Terfenadine-induced cell 

membrane scrambling required entry of extracellular Ca2+. To this end, erythrocytes were 

incubated for 48 hours in the absence or presence of 10 µM Terfenadine in the presence or 

nominal absence of extracellular Ca2+. As illustrated in Fig. 59, removal of extracellular Ca2+ 

significantly blunted the effect of Terfenadine on the percentage of annexin-V-binding 

erythrocytes. However, even in the absence of extracellular Ca2+, Terfenadine significantly increased 

the percentage of annexin-V-binding erythrocytes. Terfenadine was effective in part, but not fully 

due to entry of extracellular Ca2+. 

 

Fig. 59: Ca2+ sensitivity of Terfenadine-induced phosphatidylserine exposure. A,B. Original histograms of 
annexin-V-binding of erythrocytes following exposure for 48 hours to Ringer solution without (grey area) and 
with (black line) Terfenadine (10 µM) in the presence (A) and absence (B) of extracellular Ca2+. C. Arithmetic 
means ± SEM (n = 16) of annexin-V-binding of erythrocytes after a 48 hours treatment with Ringer solution 
without (white bars) or with (black bars) Terfenadine (10 µM) in the presence (left bars, +Ca2+) and absence 
(right bars, -Ca2+) of Ca2+. ***(p<0.001) indicates significant difference from the absence of Terfenadine, 
#(p<0.05) indicates significant difference from the presence of Ca2+  (ANOVA). 

 

In order to investigate whether Terfenadine enhanced the Ca2+ sensitivity of cell membrane 

scrambling, erythrocytes were incubated for 48 hours in the absence or presence of 10 µM 

Terfenadine and subsequently loaded with Ca2+ by a 15 minute treatment with the Ca2+ ionophore 

ionomycin (1 µM). As illustrated in Fig. 60, the pretreatment with 10 µM Terfenadine significantly 

increased the percentage of annexin-V-binding erythrocytes and significantly augmented the 

stimulating effect of ionomycin on the percentage of annexin-V-binding erythrocytes. Terfenadine 

sensitized the erythrocytes for the scrambling effect of Ca2+ entry. 
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Fig. 60: Terfenadine-sensitivity of ionomycin-induced phosphatidylserine exposure. A,B. Original histograms 
of annexin-V-binding of erythrocytes without (grey area) and with (black line) a 48 hours Terfenadine (10 µM) 
pretreatment and without (A) and with (B) a 15 min exposure to ionomycin (1 µM). C. Arithmetic means ± 
SEM (n = 5) of annexin-V-binding of erythrocytes without (left bars, - 1 µM iono) and with (right bars, + 1 µM 
iono) a 15 min exposure to ionomycin (1 µM) without (white bars) and with (black bars) a 48 hours 
Terfenadine (10 µM) pretreatment. *(p<0.05),**(p<0.01) indicates significant difference from the absence of 
ionomycin, ###(p<0.001) indicates significant difference from the absence of Terfenadine (ANOVA). 

 

Other mechanisms known to induce eryptosis include oxidative stress. To this end, the abundance 

of reactive oxygen species (ROS) was quantified utilizing 2’,7’-dichlorodihydrofluorescein diacetate 

(DCFDA). The DCF-fluorescence was similar following a 48 hours incubation in Ringer with 10 µM 

Terfenadine (22.2 ± 4.2 a.u., n = 10) and without Terfenadine (24.7 ± 3.2 a.u., n = 10). Thus, 

Terfenadine did not appreciably induce oxidative stress. 

In order to quantify ceramide abundance at the erythrocyte surface specific antibodies were used. 

As a result, the ceramide abundance was similar following a 48 hours incubation in Ringer with 10 

µM Terfenadine (9.9 ± 0.27 a.u., n = 5) and in the absence of Terfenadine (11.26 ± 0.44 a.u., n = 5). 

Terfenadine did not appreciably induce ceramide abundance. 

 

14.5 PICEATANNOL 

The present study explored whether Piceatannol influences eryptosis, the suicidal erythrocyte 

death characterized by cell shrinkage and phosphatidylserine translocation to the cell surface. 

Erythrocyte cell volume was estimated from forward scatter, which was determined by flow 

cytometry after a 48 hours incubation of human erythrocytes in Ringer solution without or with 

Piceatannol (5 – 20 µM). As shown in Fig. 61A, B, Piceatannol slightly decreased the average 



 
99 

 

erythrocyte forward scatter, an effect reaching statistical significance at 20 µM Piceatannol. As 

illustrated in Fig. 61C, D, Piceatannol significantly increased the percentage of both severely 

swollen and severely shrunken erythrocytes.  

 

 

Fig. 61: Effect of Piceatannol on erythrocyte forward scatter. A. Original histogram of forward scatter of 
erythrocytes following exposure for 48 hours to Ringer solution without (grey area) and with (black line) 
presence of 20 µM Piceatannol. B. Arithmetic means ± SEM (n = 10) of the erythrocyte forward scatter (FSC) 
following incubation for 48 hours to Ringer solution without (white bar) or with (black bars) Piceatannol (5 - 
20 µM). C. Arithmetic means ± SEM (n = 10) of the percentage erythrocytes with forward scatter (FSC) <200 
following incubation for 48 hours to Ringer solution without (white bar) or with (black bars) Piceatannol (5 - 
20 µM). D. Arithmetic means ± SEM (n = 10) of the percentage erythrocytes with forward scatter (FSC) >800 
following incubation for 48 hours to Ringer solution without (white bar) or with (black bars) Piceatannol (5 - 
20 µM). **(p<0.01), ***(p<0.001) indicates significant difference from the absence of Piceatannol (ANOVA). 

 

Phosphatidylserine exposing erythrocytes were detected utilizing annexin-V-binding, as determined 

by flow cytometry. The erythrocytes were again incubated for 48 hours in Ringer solution without 
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or with Piceatannol (5 – 20 µM). As shown in Fig. 62, a 48 hours exposure to Piceatannol increased 

the percentage of phosphatidylserine exposing erythrocytes, an effect reaching statistical 

significance at 10 µM Piceatannol. For comparison, the percentage of hemolysis after 48 hours 

exposure in Ringer solution without or with Piceatannol (5 – 20 µM) is shown in the same bar chart 

(Fig. 50B; grey bars). 

 

 

Fig. 62: Effect of Piceatannol on phosphatidylserine exposure and hemolysis. A. Original histogram of 
annexin-V-binding of erythrocytes following exposure for 48 hours to Ringer solution without (grey area) and 
with (black line) presence of 20 µM Piceatannol. B. Arithmetic means ± SEM (n = 10) of erythrocyte annexin-
V-binding following incubation for 48 hours to Ringer solution without (white bar) or with (black bars) 
Piceatannol (5 - 20 µM). For comparison, arithmetic means ± SEM (n = 10) of the percentage of hemolysis is 
shown as grey bars. ***(p<0.001) indicates significant difference from the absence of Piceatannol (ANOVA). 

 

Fluo-3 fluorescence was employed in order to test, whether Piceatannol influences the cytosolic 

Ca2+ activity. As a result, the average Fluo3-fluorescence was similar following a 48 hours incubation 

without Piceatannol as in the presence of Piceatannol (5 - 20 µM) (Table 1). 

Table 1: Fluo3-fluorescence following incubation for 48 hours without or with Piceatannol 

treatment. 

 DMSO 5 µM 10 µM 20 µM 
Fluo3-fluorescence 22.5 ± 0.9 a.u., 

n=10 
20.3 ± 0.6 a.u., 

n=10 
21.0 ± 0.5 a.u., 

n=10 
20.1 ± 0.5 a.u., 

n=10 
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Further experiments were performed in order to investigate whether the Piceatannol-induced 

translocation of phosphatidylserine or erythrocyte shrinkage required entry of extracellular Ca2+. 

Erythrocytes were again incubated for 48 hours in the absence or presence of 20 µM Piceatannol in 

the presence or nominal absence of extracellular Ca2+. As shown in Fig. 63, removal of extracellular 

Ca2+ slightly, but significantly blunted the effect of Piceatannol on forward scatter. However, even 

in the absence of extracellular Ca2+, Piceatannol significantly decreased the erythrocyte forward 

scatter. Furthermore, removal of extracellular Ca2+ slightly, but significantly blunted the effect of 

Piceatannol on annexin-V-binding. However, even in the absence of extracellular Ca2+, Piceatannol 

significantly increased the percentage of annexin-V-binding erythrocytes (Fig. 63). Thus, 

Piceatannol-induced cell membrane scrambling was in large part triggered by mechanisms 

insensitive to entry of extracellular Ca2+. 

 

 

Fig. 63: Ca2+ sensitivity of Piceatannol-induced erythrocyte shrinkage and phosphatidylserine exposure. A,B. 
Original histogram of forward scatter of erythrocytes following exposure for 48 hours to Ringer solution 
without (grey area) and with (black line) Piceatannol (20 µM) in the presence (A) and absence (B) of 
extracellular Ca2+. C. Arithmetic means ± SEM (n = 10) of forward scatter of erythrocytes after a 48 hours 
treatment with Ringer solution without (white bars) or with (black bars) Piceatannol (20 µM) in the presence 
(left bars, +Ca2+) and absence (right bars, -Ca2+) of Ca2+. D,E. Original histogram of annexin-V-binding of 
erythrocytes following exposure for 48 hours to Ringer solution without (grey area) and with (black line) 
Piceatannol (20 µM) in the presence (D) and absence (F) of extracellular Ca2+. F. Arithmetic means ± SEM (n = 
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10) of annexin-V-binding of erythrocytes after a 48 hours treatment with Ringer solution without (white bars) 
or with (black bars) Piceatannol (20 µM) in the presence (left bars, +Ca2+) and absence (right bars, -Ca2+) of 
Ca2+. *(p<0.05),***(p<0.001) indicates significant difference from the absence of Piceatannol, #(p<0.05), 
##(p<0.01) indicates significant difference from the nominal absence of Ca2+ (ANOVA). 

 

Further experiments were performed in order to investigate whether Piceatannol modified cell 

shrinkage and translocation of phosphatidylserine following increase of cytosolic Ca2+ activity by 

treatment of the erythrocytes with Ca2+ ionophore ionomycin (1 µM). Erythrocytes were incubated 

for 48 hours in the absence or presence of 20 µM Piceatannol and subsequently treated for 30 

minutes with ionomycin (1 µM). As shown in Fig. 64A following Piceatannol pretreatment, 

ionomycin increased cytosolic Ca2+ activity to similar values in erythrocytes with or without 

Piceatannol treatment. The effect of ionomycin on forward scatter was significantly blunted (Fig. 

64C) and the effect of ionomycin on annexin-V-binding significantly stronger following Piceatannol 

pretreatment (Fig. 64B).  

 

 

Fig. 64: Effect of Ca2+ ionophore ionomycin on phosphatidylserine exposure in the presence and absence of 
Piceatannol. A-C. Arithmetic means ± SEM (n = 10) of (A.) the Fluo3-fluorescence, (B.) the percentage of 
annexin-V-binding erythrocytes, and (C.) the forward scatter following incubation for 30 min in the absence 
(left bars, -ionomycin) or presence (right bars, +ionomycin) of Ca2+ ionophore ionomycin (1 µM) after a 48 
hours preincubation in the absence (white bars) or presence (black bars) of 20 µM Piceatannol. *(p<0.05), 
***(p<0.001) indicates significant difference from the absence of Piceatannol. ###(p<0.001) indicates 
significant difference from the absence of ionomycin (ANOVA). 

 

Further experiments were performed to clarify the effect of Piceatannol on oxidative stress. 

Reactive oxygen species (ROS) were determined utilizing 2’,7’-dichlorodihydrofluorescein diacetate 

(DCFDA). As illustrated in Fig. 65, the DCF-fluorescence was higher following exposure to 
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Piceatannol than in the absence of Piceatannol, a difference reaching statistical significance at 10 

µM Piceatannol concentration. 

 

Fig. 65: Effect of Piceatannol on erythrocyte ROS formation. A. Original histogram of DCF-fluorescence in 
erythrocytes following exposure for 48 hours to Ringer solution without (grey area) and with (black line) 
presence of Piceatannol (20 µM). B. Arithmetic means ± SEM (n = 10) of the DCF-fluorescence (arbitrary 
units) in erythrocytes exposed for 48 hours to Ringer solution without (white bar) or with (black bars) 
Piceatannol (5– 20 µM). *(p<0.05), ***(p<0.001) indicate significant difference from the absence of 
Piceatannol (ANOVA). 

 

A further stimulator of eryptosis is ceramide. Ceramide abundance at the erythrocyte surface was 

thus determined utilizing specific antibodies. As illustrated in Fig. 66, the ceramide abundance was 

significantly higher following exposure to 20 µM Piceatannol than in the absence of Piceatannol. 

 

 

Fig. 66: Effect of Piceatannol on ceramide abundance at the erythrocyte surface. A. Original histogram of 
ceramide abundance in erythrocytes following exposure for 48 hours to Ringer solution without (grey area) 
and with (black line) presence of 20 µM Piceatannol. B. Arithmetic means ± SEM (n = 10) of the ceramide 
abundance (arbitrary units) in erythrocytes exposed for 48 hours to Ringer solution without (white bar) or 
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with (black bar) presence of 20 µM Piceatannol. ***(p<0.001) indicates significant difference from the 
absence of Piceatannol (ANOVA). 

 

 

14.6 CERANIB-2 

The present study explored whether Ceranib-2 influences eryptosis. The translocation of 

phosphatidylserine to the erythrocyte surface was detected utilizing annexin-V-binding, as 

determined by flow cytometry. Prior to measurements, the erythrocytes were incubated for 48 

hours in Ringer solution without or with Ceranib-2 (10 – 100 µM). As shown in Fig. 67, 48 hours 

exposure to Ceranib-2 increased the percentage of phosphatidylserine exposing erythrocytes, an 

effect reaching statistical significance at 50 µM Ceranib-2.  

 

Fig. 67: Effect of Ceranib-2 on phosphatidylserine exposure. A. Original histogram of annexin-V-binding to 
erythrocytes following exposure for 48 hours to Ringer solution without (grey area) and with (black line) 
presence of 100 µM Ceranib-2. B. Arithmetic means ± SEM (n = 10) of erythrocyte annexin-V-binding 
following incubation for 48 hours to Ringer solution without (white bar) or with (black bars) Ceranib-2 (10 - 
100 µM). **(p<0.01),***(p<0.001) indicates significant difference from the absence of Ceranib-2 (ANOVA). 

 

Erythrocyte cell volume was estimated from forward scatter, which was determined by flow 

cytometry. The erythrocytes were again incubated for 48 hours in Ringer solution without or with 

Ceranib-2 (10 – 100 µM). As shown in Fig. 68, Ceranib-2 did not significantly modify average 

erythrocyte forward scatter. The percentage of shrunken erythrocytes (< 200) was not significantly 

different following incubation in Ringer (3.7 ± 0.6%, n = 10), and following incubation with 10 µM 

(4.1 ± 0.3%, n = 10), 25 µM (3.1 ± 0.4%, n = 10), 50 µM (2.4 ± 0.3%, n = 10), or 100 µM (2.7 ± 0.3%, n 

= 10) Ceranib-2. Furthermore, the percentage of markedly swollen erythrocytes (> 800) was not 
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significantly different following incubation in Ringer (6.2 ± 0.9%, n = 10), and following incubation 

with 10 µM (8.7 ± 1.2%, n = 10), 25 µM (7.2 ± 0.7%, n = 10), 50 µM (6.3 ± 0.9%, n = 10), or 100 µM 

(6.3 ± 0.8%, n = 10) Ceranib-2.   

 

 

Fig. 68: Effect of Ceranib-2 on erythrocyte forward scatter. A. Original histogram of forward scatter of 
erythrocytes following exposure for 48 hours to Ringer solution without (grey area) and with (black line) 
presence of 100 µM Ceranib-2. B. Arithmetic means ± SEM (n = 10) of the erythrocyte forward scatter (FSC) 
following incubation for 48 hours to Ringer solution without (white bar) or with (black bars) Ceranib-2 (10 - 
100 µM). C,D. Original dot plots of forward scatter vs annexin-V-abundance without (C) and with (D) prior 
treatment with 100 µM Ceranib-2. 

 

In order to investigate the effect of Ceranib-2 on hemolysis, the percentage of haemolytic 

erythrocytes was determined from the hemoglobin concentration in the supernatant. As shown in 

Fig. 69, 48 hours incubation with Ceranib-2 (10 – 100 µM) significantly increased the percentage of 

hemolysed erythrocytes.  
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Fig. 69: Effect of Ceranib-2 on hemolysis. Arithmetic means ± SEM (n = 10) of the percentage hemolytic 
erythrocytes following incubation for 48 hours to Ringer solution without (white bar) or with (black bars) 
Ceranib-2 (10 - 100 µM). **(p<0.01),***(p<0.001) indicates significant difference from the absence of 
Ceranib-2 (ANOVA). 

 

Fluo3-fluorescence was employed in order to test, whether Ceranib-2 influences the cytosolic Ca2+ 

activity ([Ca2+]i). As shown in Fig. 70, 48 hours incubation with Ceranib-2 was followed by an 

increase of the Fluo3-fluorescence, an effect reaching statistical significance at 25 µM Ceranib-2.  

 

 

Fig. 70: Effect of Ceranib-2 on Fluo3-fluorescence. A. Original histogram of Fluo3-fluorescence reflecting 
cytosolic Ca2+ activity in erythrocytes following exposure for 48 hours to Ringer solution without (grey area) 
and with (black line) presence of 100 µM Ceranib-2. B. Arithmetic means ± SEM (n = 10) of erythrocyte Fluo3-
fluorescence following incubation for 48 hours to Ringer solution without (white bar) or with (black bars) 
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Ceranib-2 (10 - 100 µM). ***(p<0.001) indicates significant difference from the absence of Ceranib-2 
(ANOVA). 

 

Further experiments were performed in order to investigate whether the Ceranib-2-induced 

translocation of phosphatidylserine was dependent on the presence of extracellular Ca2+. Prior to 

measurements, erythrocytes were incubated for 48 hours in the absence or presence of 100 µM 

Ceranib-2 in the presence or nominal absence of extracellular Ca2+. As shown in Fig. 71, removal of 

extracellular Ca2+ did not significantly blunt the effect of Ceranib-2 on annexin-V-binding and in the 

absence of extracellular Ca2+, Ceranib-2 significantly increased the percentage of annexin-V-binding 

erythrocytes. Ceranib-2-induced cell membrane scrambling was in large part triggered by 

mechanisms not requiring presence of extracellular Ca2+. 

 

 

Fig. 71: Ca2+ insensitivity of Ceranib-2-induced phosphatidylserine exposure. A,B. Original histogram of 
annexin-V-binding to erythrocytes following exposure for 48 hours to Ringer solution without (grey area) and 
with (black line) Ceranib-2 (100 µM) in the presence (A) and absence (B) of extracellular Ca2+. C. Arithmetic 
means ± SEM (n = 10) of annexin-V-binding of erythrocytes after a 48 hours treatment with Ringer solution 
without (white bars) or with (black bars) Ceranib-2 (100 µM) in the presence (left bars, +Ca2+) and absence 
(right bars, -Ca2+) of Ca2+. ***(p<0.001) indicates significant difference from the absence of Ceranib-2 
(ANOVA). 

 

Further experiments were performed to clarify the effect of Ceranib-2 on oxidative stress. Reactive 

oxygen species (ROS) were determined utilizing 2’,7’-dichlorodihydrofluorescein diacetate (DCFDA). 

As shown in Fig. 72, 48 hours incubation with Ceranib-2 was followed by an increase of the DCF-

fluorescence, an effect reaching statistical significance at 50 µM Ceranib-2.  
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Fig. 72: Effect of Ceranib-2 on ROS formation. A. Original histogram of DCF-fluorescence in erythrocytes 
following exposure for 48 hours to Ringer solution without (grey area) and with (black line) presence of 
Ceranib-2 (100 µM). B. Arithmetic means ± SEM (n = 10) of the DCF-fluorescence (arbitrary units) in 
erythrocytes exposed for 48 hours to Ringer solution without (white bar) or with (black bars) Ceranib-2 (10 - 
100 µM). **(p<0.01),***(p<0.001) indicates significant difference from the absence of Ceranib-2 (ANOVA). 

 

Ceramide abundance at the erythrocyte surface was quantified utilizing specific antibodies. As 

shown in Fig. 73, 48 hours incubation with 100 µM Ceranib-2 was followed by a significant increase 

of the ceramide abundance at the erythrocyte surface.  

 

Fig. 73: Effect of Ceranib-2 on ceramide abundance at the erythrocyte surface. A. Original histogram of ceramide 
abundance in erythrocytes following exposure for 48 hours to Ringer solution without (grey area) and with (black 
line) presence of 100 µM Ceranib-2. B. Arithmetic means ± SEM (n = 10) of the ceramide abundance (arbitrary 
units) in erythrocytes exposed for 48 hours to Ringer solution without (white bar) or with (black bars) Ceranib-2 
(100 µM). ***(p<0.001) indicates significant difference from the absence of Ceranib-2  (ANOVA). 
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14.7 SCLAREOL 

The present study addressed the putative effect of Sclareol on eryptosis, the suicidal erythrocyte 

death. In order to quantify cell membrane scrambling, phosphatidylserine exposing erythrocytes 

were identified utilizing annexin-V-binding, as determined by flow cytometry. Prior to 

measurements, the erythrocytes were incubated for 48 hours in Ringer solution without or with 

Sclareol (10 - 100 µM). As shown in Fig. 74, a 48 hours exposure to Sclareol increased the 

percentage of phosphatidylserine exposing erythrocytes, an effect reaching statistical significance 

at 100 µM Sclareol.  

 

 

Fig. 74: Effect of Sclareol on phosphatidylserine exposure. A. Original histogram of annexin-V-binding of 
erythrocytes following exposure for 48 hours to Ringer solution without (grey area) and with (black line) 
presence of 100 µM Sclareol. B. Arithmetic means ± SEM (n = 10) of erythrocyte annexin-V-binding following 
incubation for 48 hours to Ringer solution without (white bar) or with (black bars) Sclareol (10 – 100 µM). 
***(p<0.001) indicates significant difference from the absence of Sclareol (ANOVA). 

 

Erythrocyte cell volume was quantified utilizing forward scatter determined with flow cytometry. 

The erythrocytes were again incubated for 48 hours in Ringer solution without or with Sclareol (10 

– 100 µM). As illustrated in Fig. 75, Sclareol did not significantly modify the average erythrocyte 

forward scatter, but at a concentration of 100 µM significantly decreased the percentage of large 

erythrocytes (>800).  
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Fig. 75: Effect of Sclareol on erythrocyte forward scatter. A. Original histogram of forward scatter of 
erythrocytes following exposure for 48 hours to Ringer solution without (grey area) and with (black line) 
presence of 100 µM Sclareol. B. Arithmetic means ± SEM (n = 10) of the erythrocyte forward scatter (FSC) 
following incubation for 48 hours to Ringer solution without (white bar) or with (black bars) Sclareol (10 - 100 
µM). C. Arithmetic means ± SEM (n = 10) of the percentage erythrocytes with forward scatter (FSC) <200 
following incubation for 48 hours to Ringer solution without (white bar) or with (black bars) Sclareol (10 – 100 
µM). D. Arithmetic means ± SEM (n = 10) of the percentage erythrocytes with forward scatter (FSC) >800 
following incubation for 48 hours to Ringer solution without (white bar) or with (black bars) Sclareol (10 – 100 
µM). *(p<0.05) indicates significant difference from the absence of Sclareol (ANOVA). 

 

The hemoglobin concentration in the supernatant was determined in order to estimate the 

percentage of hemolysed erythrocytes. As illustrated in Fig. 76, Sclareol exposure was further 

followed by hemolysis, an effect reaching statistical significance at 50 µM Sclareol.  

 



 
111 

 

 

Fig. 76: Effect of Sclareol on hemolysis. Arithmetic means ± SEM (n = 10) of the percentage hemolytic 
erythrocytes following incubation for 48 hours to Ringer solution without (white bar) or with (black bars) 
Sclareol (10 - 100 µM). **(p<0.01), ***(p<0.001) indicates significant difference from the absence of Sclareol 
(ANOVA). 

 

Fluo3-fluorescence was quantified as a measure of cytosolic Ca2+ activity ([Ca2+]i). As shown in Fig. 

77, a 48 hours exposure to 100 µM Sclareol significantly increased the Fluo3-fluorescence, an 

observation pointing to increase of [Ca2+]i. 

 

 

Fig. 77: Effect of Sclareol on cytosolic Ca2+ activity. A. Original histogram of Fluo3-fluorescence of 
erythrocytes following exposure for 48 hours to Ringer solution without (grey area) and with (black line) 
presence of 100 µM Sclareol. B. Arithmetic means ± SEM (n = 10) of erythrocyte annexin-V-binding following 
incubation for 48 hours to Ringer solution without (white bar) or with (black bars) Sclareol (10 - 100 µM). 
***(p<0.001) indicates significant difference from the absence of Sclareol (ANOVA). 
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Further experiments were performed in order to test whether the Sclareol-induced translocation of 

phosphatidylserine was sensitive to extracellular Ca2+. To this end, erythrocytes were incubated for 

48 hours in the absence or presence of 50 or 100 µM Sclareol in the presence or nominal absence 

of extracellular Ca2+. As illustrated in Fig. 78, removal of extracellular Ca2+ did not significantly blunt 

the effect of Sclareol on the percentage of annexin-V-binding erythrocytes. Sclareol significantly 

increased the percentage of annexin-V-binding erythrocytes, even in the absence of extracellular 

Ca2+. Sclareol-induced cell membrane scrambling was not dependent on entry of extracellular Ca2+. 

 

 

Fig. 78: Ca2+ sensitivity of Sclareol-induced phosphatidylserine exposure. A,B. Original histogram of annexin-
V-binding of erythrocytes following exposure for 48 hours to Ringer solution without (grey area) and with 
(black line) Sclareol (100 µM) in the presence (A) and absence (B) of extracellular Ca2+. C. Arithmetic means ± 
SEM (n = 10) of annexin-V-binding of erythrocytes after a 48 hours treatment with Ringer solution without 
(white bars) or with 50 µM (black bars) or 100 µM (grey bars) Sclareol in the presence (left bars, +Ca2+) and 
absence (right bars, -Ca2+) of Ca2+. ***(p<0.001) indicates significant difference from the absence of Sclareol 
(ANOVA). 

 

Eryptosis is further stimulated by oxidative stress. Reactive oxygen species (ROS) were thus 

quantified utilizing 2’,7’-dichlorodihydrofluorescein (DCF) diacetate. The DCF-fluorescence was 

similar following exposure to 10 µM Sclareol (15.1 ± 0.4 a.u., n = 5), 25 µM Sclareol (13.6 ± 0.6 a.u., 

n = 5) 50 µM Sclareol (12.8 ± 0.4 a.u., n = 5) and 100 µM Sclareol (17.4 ± 2.5 a.u., n = 5) as in the 

absence of Sclareol (17.3 ± 2.6 a.u., n = 5). Thus, Sclareol did not appreciably induce oxidative 

stress. 

Eryptosis is further stimulated by ceramide. Ceramide abundance at the erythrocyte surface was 

determined utilizing specific antibodies. The ceramide abundance was similar following exposure to 

50 µM Sclareol (10.9 ± 0.2 a.u., n = 5) and 100 µM Sclareol (11.4 ± 0.2 a.u., n = 5) as in the absence 

of Sclareol (11.2 ± 0.3 a.u., n = 5). Thus, Sclareol did not appreciably induce ceramide abundance. 
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To investigate, whether the effects of Sclareol involved p38 kinase activity, the influence of Sclareol 

on annexin-V-binding was measured in the absence or presence of p38 kinase inhibitor skepinone 

(2 µM). As shown in Fig. 79A, the effect of 100 µM Sclareol was significantly blunted in the presence 

of skepinone. However, even in the presence of skepinone, Sclareol significantly increased the 

percentage of annexin-V-binding erythrocytes. Sclareol-induced cell membrane scrambling was 

apparently in part but not fully due to activation of p38 kinase. To clarify, whether the effects of 

Sclareol required casein kinase 1α activity, the effect of Sclareol on annexin-V-binding was 

measured in the absence or presence of casein kinase 1α inhibitor D4476 (10 µM). As shown in Fig. 

79B, the effect of 100 µM Sclareol was significantly blunted in the presence of D4476. However, 

even in the presence of D4476, Sclareol significantly increased the percentage of annexin-V-binding 

erythrocytes. Sclareol-induced cell membrane scrambling was again in part due to activation of 

casein kinase 1α.  

 

 

Fig. 79: Effect of p38 kinase inhibitor skepinone and of casein kinase 1α inhibitor D4476 on Sclareol-induced 
phosphatidylserine exposure. A. Arithmetic means ± SEM (n = 10) of annexin-V-binding of erythrocytes after a 48 
hours treatment with Ringer solution without (white bars) or with 50 µM (black bars) or 100 µM (grey bars) 
Sclareol in the absence (left bars, DMSO) and presence (right bars, skepinone) of p38 kinase inhibitor skepinone 
(2 µM). B. Arithmetic means ± SEM (n = 15) of annexin-V-binding of erythrocytes after a 48 hours treatment with 
Ringer solution without (white bars) or with 50 µM (black bars) or 100 µM (grey bars) Sclareol in the absence (left 
bars, DMSO) and presence (right bars, D4476) of  casein kinase 1α inhibitor D4476 (10 µM). *(p<0.05), 
***(p<0.001) indicates significant difference from the absence of Sclareol, ###(p<0.001) indicates significant 
difference from the absence of kinase inhibitors (ANOVA). 
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15. DISCUSSION 

15.1  CA4P 

The present study demonstrates that exposure of human erythrocytes to CA4P triggers eryptosis, 

the suicidal erythrocyte death [98]. CA4P treatment is followed by cell shrinkage and by cell 

membrane scrambling with phosphatidylserine translocation to the erythrocyte surface. The CA4P 

concentrations required for those effects are in the range of concentrations encountered in the 

plasma of patients [140]. However, the higher concentrations utilized in the present study (50 and 

100 µM) would be approached only following intake of toxic drug doses. The removal of 

extracellular Ca2+ significantly blunted CA4P induced phosphatidylserine translocation. 

Furthermore, the effect of CA4P on cell shrinkage was presumably in part due to Ca2+ entry. An 

intracellular increase of Ca2+ may activate Ca2+-sensitive K+ channels, leading to K+ exit, cell 

membrane hyperpolarization, Cl- exit and thus cellular loss of KCl with water  [105]. Eryptosis is a 

physiological mechanism which allow the clearance of defective erythrocytes from circulating blood 

prior to hemolysis  [105]. Hemolysis is important in order to prevent lysis with subsequent release 

of hemoglobin into the blood flow [121]. Hemolysis of defective erythrocytes leads to release of 

hemoglobin, which may pass the renal glomerular filter, precipitates in the acidic lumen of renal 

tubules, occludes nephrons and could trigger renal failure [134]. As phosphatidylserine exposing 

erythrocytes are rapidly cleared from circulating blood, excessive eryptosis may result in anemia, 

which could develop whether the generation of new erythrocytes fails to replenish the loss of 

erythrocytes by eryptosis [105]. Anemia may result from blood loss, impaired erythropoiesis caused 

by inadequate production of erythropoietin, decreased availability of iron or from decreased 

lifespan of erythrocytes [121]. Phosphatidylserine-exposing erythrocytes may adhere to the 

vascular wall [254], stimulate blood clotting and trigger thrombosis [133, 255, 256], thus impairing 

microcirculation [133, 257-261].  The sensitivity of erythrocytes to CA4P treatment could be 

enhanced in several clinical conditions, such as dehydration [262], hyperphosphatemia [263], 

chronic kidney disease (CKD) [264-267], hemolytic-uremic syndrome [268], diabetes [269], hepatic 

failure [270], malignancy [105], sepsis [271], sickle-cell disease  [105] as well as beta-thalassemia  

[105]. The possibility of enhanced CA4P toxicity in those clinical conditions should be taken into 

consideration. From these results it can be concluded that CA4P stimulates calcium entry into 

human erythrocytes with subsequent erythrocyte shrinkage and erythrocyte cell membrane 

scrambling. Thus, CA4P elicits eryptosis, the suicidal erythrocyte death. 
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15.2  PAZOPANIB 

The present study reveals a novel xenobiotic triggering suicidal erythrocyte death or eryptosis, such 

as Pazopanib [104]. Exposure of human erythrocytes to Pazopanib is followed by increase of the 

percentage shrunken and phosphatidylserine exposing erythrocytes. The Pazopanib concentrations 

required for those effects are in the range of the plasma concentrations encountered in the plasma 

of the patients under Pazopanib treatment [151, 272]. Removal of extracellular Ca2+ significantly 

blunted the effect of Pazopanib on cell membrane scrambling. Fluo3-fluorescence decreased 

following Pazopanib treatment, indicating the substance may interact with Fluo3-fluorescence. 

Pazopanib treatment increases ROS and ceramide abundance, both well-known trigger of eryptosis 

[121]. Pazopanib treatment increased the percentage of the shrunken erythrocytes. The shrinkage 

could have been due to activation of  K+ channels, K+ exit, cell membrane hyperpolarization, Cl- exit 

and thus cellular loss of KCl with water [121]. Pazopanib treatment increases also the percentage of 

hemolysis. Eryptosis could be important in order to clear defective erythrocytes from circulating 

blood prior to hemolysis [121]. Hemolysis is followed by release of hemoglobin into blood vessels 

or extravascularly, which may pass the renal glomerular filter, precipitate in the acidic lumen of 

renal tubules, occlude nephrons and thus trigger renal failure [134]. As phosphatidylserine exposing 

erythrocytes are rapidly cleared from circulating blood, excessive eryptosis may result in anemia, if 

the rate of eryptosis with subsequent clearance from circulating blood exceeds the formation of 

new erythrocytes [121]. Enhanced eryptosis may lead to anemia, as phosphatidylserine exposing 

erythrocytes are rapidly cleared from circulating blood [121]. Moreover, phosphatidylserine 

exposing erythrocytes may adhere to the vascular wall [254], trigger blood clotting and thus induce 

thrombosis [133, 255, 256]. Eryptotic erythrocytes could impair microcirculation [133, 257-261]. 

The effect of Pazopanib on eryptosis could be particularly relevant in clinical conditions 

characterized by enhanced eryptosis, such as dehydration [262], hyperphosphatemia [263], chronic 

kidney disease (CKD) [264-267], hemolytic-uremic syndrome [268], diabetes [269], hepatic failure 

[270], malignancy  [121], sepsis [271], sickle-cell disease [121], beta-thalassemia [121], Hb-C and 

G6PD-deficiency [121] and Wilson’s disease [273]. From these results it can be concluded that 

Pazopanib stimulates eryptosis, the suicidal erythrocyte death. 

 

15.3 NOCODAZOLE 

The present study demonstrates that exposure of human erythrocytes to Nocodazole treatment 

triggers eryptosis [101]. The concentrations required for the toxic effect are higher than those 

required for disassembly of microtubules [171] but are similar to those previously employed to 
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trigger cell cycle arrest [274]. Nocodazole treatment is followed by cell membrane scrambling and 

was in part due to increase of cytosolic Ca2+ activity ([Ca2+]i) and was significantly blunted by 

removal of extracellular Ca2+. Nocodazole increased oxidative stress and ceramide abundance.  

Furthermore, Nocodazole treatment increased the percentage of shrunken and swollen 

erythrocytes. The cell shrinkage could be explained at least partially by increase of [Ca2+]i with 

subsequent activation of Ca2+ sensitive K+ channels, K+ exit, cell membrane hyperpolarization, Cl- 

exit and thus cellular loss of KCl with water [275]. A candidate mechanism to explain Nocodazole 

induced erythrocyte swelling could be impairment of Na+/K+ ATPase with subsequent cellular 

accumulation of Na+ with Cl-. However, Nocodazole treatment leads to swelling of only a small 

subset of erythrocytes. Further experiments demonstrate a moderate decrease of tubulin 

abundance following Nocodazole treatment. The Nocodazole induced eryptosis was insensitive to 

zVAD and the stimulation of cell membrane scrambling by Nocodazole does apparently not involve 

caspases.  Suicidal death of nucleated cells may similarly be independent from caspase activation 

[276-278] and may involve activation of other enzymes. Eryptosis may involve activation of calpain 

[279]. Stimulation of eryptosis may lead to anemia due to rapid clearance of eryptosic erythrocytes 

from circulating blood [279]. Eryptosis further leads to adherence of phosphatidylserine exposing 

erythrocytes to the vascular wall [254], to stimulation of blood clotting and to triggering of 

thrombosis [133, 255, 256]. Enhanced eryptosis may lead to impairment of microcirculation [133, 

257-261]. To conclude, Nocodazole triggers eryptosis with cell membrane scrambling, an effect in 

part due to increase of cytosolic Ca2+ activity, oxidative stress and ceramide.   

   

15.4 TERFENADINE 

The present study demonstrates that exposure of human erythrocytes to Terfenadine triggers 

eryptosis, the suicidal erythrocyte death [99]. The Terfenadine concentrations required for the 

stimulation of eryptosis are in the range of concentrations required to trigger apoptosis of human 

melanoma cells [184]. Terfenadine effect could be particularly effective in clinical conditions 

characterized by accelerated eryptosis, such as dehydration [262], hyperphosphatemia [263], 

chronic kidney disease (CKD) [264-267], hemolytic-uremic syndrome [268], diabetes [269], hepatic 

failure [270], malignancy  [105], sepsis [271], sickle-cell disease [105], beta-thalassemia [105], Hb-C 

and G6PD-deficiency [105] and Wilson’s disease [273]. Furthermore, Terfenadine could increase the 

eryptotic effect of other compounds [105, 280-308], possibly leading to of serious drug-drug 

interactions [309, 310]. The effect of Terfenadine on cell membrane scrambling was paralleled by 

an increase of cytosolic Ca2+ concentration ([Ca2+]i) and blunted by removal of Ca2+ from 
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extracellular space, indicating that entry of extracellular Ca2+ contributed to the stimulating effect 

of Terfenadine on phosphatidylserine translocation. Terfenadine triggered cell membrane 

scrambling even in the absence of extracellular Ca2+. Furthermore, Terfenadine augmented the cell 

membrane scrambling triggered by ionomycin. Thus, Terfenadine sensitizes apparently the cell 

membrane scrambling to the stimulating effects of Ca2+. Additional mechanisms able to trigger 

eryptosis include oxidative stress and ceramide [105]. Nevertheless, Terfenadine triggered 

eryptosis without enhancing the abundance of ROS or ceramide. Terfenadine treatment increases 

also the percentage of hemolytic erythrocytes. Eryptosis could be important for the clearance of 

defective erythrocytes from circulating blood prior to hemolysis [69]. Haemolysis may cause major 

harmful outcomes that could eventually progress to renal dysfunction, vascular disease, or chronic 

inflammation [134]. Eryptosis may counteract development of parasitemia in malaria, as infected 

erythrocytes enter eryptosis and are thus cleared from circulating blood [105]. Stimulation of 

eryptosis may lead to anemia due to rapid clearance of eryptotic erythrocytes from circulating 

blood [105]. Phosphatidylserine exposing erythrocytes may adhere to the vascular wall [254], 

stimulate blood clotting and thus foster thrombosis [133, 255, 256]. Stimulation of eryptosis may 

thus impair microcirculation [133, 257-261]. To conclude, Terfenadine treatment triggers cell 

membrane scrambling with phosphatidylserine translocation to the erythrocyte surface, an effect 

in part due to Ca2+ entry.   

 

15.5 PICEATANNOL 

The present observations unveil that exposure of human erythrocytes to Piceatannol is followed by 

cell shrinkage and cell membrane scrambling with phosphatidylserine translocation to the 

erythrocyte surface [100]. Piceatannol did not increase cytosolic Ca2+ activity ([Ca2+]i). Instead, it 

slightly tended to decrease Fluo3-fluorescence, but we cannot rule out an artifact, such as cellular 

loss of fluorescent dye. Nevertheless, the effect of Piceatannol treatment on cell membrane 

scrambling was significantly blunted following removal of extracellular Ca2+. Furthermore, 

Piceatannol augmented cell membrane scrambling in erythrocytes loaded with Ca2+ by ionomycin 

treatment. The sensitivity of cell membrane scrambling to Ca2+ could be enhanced by ceramide [5]. 

Piceatannol increased ceramide abundance, which may contribute to or even account for the 

sensitization of cell membrane scrambling to [Ca2+]i. The stimulation of cell membrane scrambling 

by Piceatannol was paralleled by oxidative stress [105]. The effect of Piceatannol on cell shrinkage 

was significantly blunted by removal of extracellular Ca2+. Moreover, Piceatannol significantly 

blunted the effect of the Ca2+ ionophore ionomycin on cell shrinkage. At low concentrations 
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Piceatannol decreases and at high concentrations Piceatannol increases hemolysis and thus release 

of hemoglobin. Hemoglobin released into blood vessels could pass the renal glomerular filter, 

precipitate in the acidic lumen of renal tubules, occlude nephrons and thus lead to renal failure 

[134]. Another important function of eryptosis could be the clearence of defective erythrocytes 

prior to hemolysis. Eryptosis may foster elimination of erythrocytes infected with the pathogen 

Plasmodium [105]. Excessive eryptosis could result in anemia if the loss of eryptotic erythrocytes 

outcasts the formation of new erythrocytes by erythropoiesis [105]. Phosphatidylserine exposing 

erythrocytes further adhere to the vascular wall [254], stimulate blood clotting and trigger 

thrombosis [133, 255, 256], thus impairing microcirculation [133, 257-261]. The effect of 

Piceatannol contrasts that of the analogue substance resveratrol [311-313], which has been shown 

to inhibit eryptosis [314]. To conclude, Piceatannol triggers eryptosis with cell shrinkage and cell 

membrane scrambling, an effect involving oxidative stress and ceramide.   

 

15.6 CERANIB-2 

The present study shows that Ceranib-2 triggers cell membrane scrambling in human RBCs [103]. 

The concentration required for the stimulation of eryptosis was similar to that triggering apoptosis 

of prostate tumor cells [315]. Removal of extracellular Ca2+ did not significantly modify Ceranib-2 

induced eryptosis. Ceranib-2 treatment did not appreciably decrease forward scatter. Further 

experiments shown that Ceranib-2 treatment increased ceramide abundance. Ceramide could 

sensitize erythrocytes for the scrambling effect of Ca2+ [105]. A further mechanism presumably 

contributing to the stimulation of cell membrane scrambling by Ceranib-2 is oxidative stress, 

another stimulator of eryptosis [105]. Ceranib-2 increased also the percentage of hemolysis. 

Eryptosis is a physiological mechanism which allow the clearance of defective erythrocytes from 

circulating blood prior to hemolysis  [105]. Failure of eryptosis to inhibit hemolysis leads to release 

of hemoglobin, which may pass the renal glomerular filter, precipitates in the acidic lumen of renal 

tubules, occludes nephrons and thus triggers renal failure [134]. Another case in which eryptosis is 

presumed to provide advantageous effects is malaria. The rapid clearance of phosphatidylserine 

exposing RBCs is followed by anaemia if the loss of erythrocytes surpasses the formation of new 

erythrocytes by erythropoiesis [105]. Phosphatidylserine exposing erythrocytes further adhere to 

the vascular wall [254, 257], stimulate blood clotting and trigger thrombosis [133, 255, 256]. 

Stimulation of eryptosis may thus be followed by impairment of microcirculation [133, 257-261]. To 

conclude, exposure of erythrocytes to Ceranib-2 triggers cell membrane scrambling, an effect 

apparently independent from Ca2+ entry, but involving oxidative stress and ceramide.   
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15.7 SCLAREOL 

The present observations reveal that exposure of human erythrocytes drawn from healthy 

individuals to Sclareol is followed by cell membrane scrambling with phosphatidylserine 

translocation to the erythrocyte surface. Thus, Sclareol stimulates the suicidal erythrocyte death or 

eryptosis [102]. The Sclareol concentrations (10-100 µM) required for this effect were in the range 

of those required for induction of apoptosis and cell cycle arrest in human breast cancer cells [228]. 

The effect of 100 µM Sclareol on cell membrane scrambling was paralleled by an increase of [Ca2+]i. 

Sclareol treatment did not increase oxidative stress and ceramide abundance at the erythrocyte 

surface. Instead, the effect of Sclareol treatment on cell membrane scrambling was significantly 

blunted by pharmacological inhibition of p38 kinase and of casein kinase 1α. It is well-known that 

these kinases could be involved in the machinery stimulating eryptosis [105]. Sclareol did not 

modify the average forward scatter. An increase of [Ca2+]i could activate non-selective cation 

channels leading to K+ exit, cell membrane hyperpolarization, Cl- exit and thus cellular loss of KCl 

with water [275]. Probably, the effect of K+ channel activation on cell volume was abrogated by 

impairment of Na+/K+ ATPase with respective dissipation of chemical K+, Na+ and Cl- gradients. 

Sclareol may further trigger hemolysis with the subsequent release of hemoglobin. To conclude, 

exposure of erythrocytes to Sclareol triggers cell membrane scrambling, an effect apparently 

independent from oxidative stress and ceramide.   
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17. FINAL CONCLUSION 

The present study investigates several aspects of cellular iron homeostasis, including the 

importance of NRAMP transporters and eryptosis. Iron is an essential element in all living cells. 

Approximately, the adult human body contains 4 g of iron [115]. It has been shown that 75% of 

total body iron is associated with haemoglobin, which is involved in oxygen transport. Iron 

deficiency limits the synthesis of heme, a prosthetic group of haemoglobin that in turn limits the 

synthesis of haemoglobin and decreases the production of RBCs in the bone marrow, resulting in 

anaemia [115]. Since cellular energy metabolism is dependent on oxygen, anaemia has a broad 

range of clinical consequences. DMT1 is a key player in iron transport and absorption and is 

expressed in immature erythroid cells [23]. DMT1-deficiency negatively affects erythrocytes 

metabolism and reduces their capacity to cope with stress [114]. Mutations that impair its activity 

are associated with a severe defect in erythroid iron utilization and are correlated with 

hypochromic microcytic anemia both in human patients and rodent models (Belgrade rats) [6]. It 

has been shown that DMT1-mutant erythrocytes have shortened life span, accelerated glycolysis 

and increased oxidative stress [114]. The accelerated clearance of erythrocytes could be attributed 

to excessive hemolysis and/or induction of programmed cell death of erythrocytes, called eryptosis. 

This suicidal erythrocytes death is characterized by cell shrinkage, cell membrane blebbing and cell 

membrane phospholipid scrambling. Eryptosis can be triggered by oxidative stress, hyperosmotic 

shock and glucose depletion likely via activation of Ca2+ cation channels leading to an increase in 

the concentration of cytosolic Ca2+ [114]. Iron deficient erythrocytes, when exposed to stress 

conditions, have been demonstrated to activate Ca2+-permeable cation channels allowing Ca2+ entry 

[96]. Ca2+ entry through these channels leads to activation of a scramblase with subsequent 

phosphatidylserine exposure and to activation of the Gardos channels leading to KCl loss  and cell 

shrinkage [116]. DMT1 knockout animals (Slc11a2–/–) die in the first week of life due to iron 

deficient erythropoiesis [114]. DMT1 deficiency leads to an impaired erythroid differentiation 

characterized by accumulation of immature forms of erythroblast, accelerated death of erythroid 

precursors and a decrease survival in the erythroid progenitors [114]. The accelerated clearence of 

RBCs during anemia could be attributed to an increase in membrane stiffness and a decrease in 

deformability. The decrease in deformability and increase in membrane stiffness of RBCs can be 

attributed to oxidative stress [115]. Iron deficiency may limit the synthesis of heme that in turn 

limits the synthesis of haemoglobin and decreases the production of RBCs in the bone marrow, 

resulting in anemia. Oxidative stress may increase haemoglobin autoxidation and subsequent 

generation of ROS could account for the shorter erythrocytes lifespan and other pathological 

changes associated with iron-deficiency anaemia [115]. Macrophages play an important role in 
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body iron homeostasis, as the main iron supply for erythropoiesis derives from the iron recycled by 

these cells after phagocytosis of senescent erythrocytes [38, 66]. This process is realized by 

macrophages of the spleen, bone marrow and in the Kupffer cells. Thus, senescent erythrocytes are 

cleared by macrophages, which can metabolize haemoglobin and haem, and can release iron into 

the blood flow [61]. Moreover, DMT1 (NRAMP2) is associated with erythrocyte-containing 

phagosomes [38]. Iron released from erythrocytes degradation is transported out of the 

phagosome by NRAMP2 [23]. Moreover, NRAMP1 is involved in metal export from phagosomes to 

the cytosol. Iron transported to the cytosol can be used for metabolic purposes, stored in ferritin or 

transported out of the cell by ferroportin [23]. It has been shown that NRAMP1 is involved in iron 

recycling during conditions of increased erythrophagocytosis [23, 38]. D. discoideum represents a 

model for the study of cellular iron homeostasis, showing subcellular localization of iron 

transporters resembling that of macrophages. Moreover, Dictyostelium cells resemble 

macrophages for their ability to engulf bacteria and death cell, to discriminate between self and 

non-self and to fight potential pathogens. The Dictyostelium genome shares with mammals many 

genes regulating iron homeostasis; in particular, D. discoideum expresses the ortholog of SLC11A1 

transporter in phago-lysosomes and that of SLC11A2 in the contractile vacuole. To conclude, this 

thesis investigates aspects of both basic (first chapter: “Iron transporters NRAMP1 and NRAMP2 

from Dictyostelium discoideum as a model of cellular iron homeostasis”) and applied physiology 

(second chapter: “Effects of xenobiotics on the suicidal death of erythrocytes”) in order to highlight 

the importance of cellular iron homeostasis. 
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