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AE1  Anion exchanger 1 
AEs Adverse effects  
ALK  Anaplastic lymphoma kinase 
ALT  Alanine aminotransferase  
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1. Introduction  

1. 1. Erythrocytes and their physiological importance  

Erythrocytes (red blood cells (RBCs), red cells, red blood corpuscles, haematids, 

erythroids) are one of the most abundant and unique cells of the body considering their 

architecture and functional features. On average, 20-30 trillion (2–3 × 1013) red blood 

cells circulate within the human body; this is considered 25% of the total body cells or 

50% of the total blood volume (Qadri et al., 2017; Föller et al., 2008c). Adult men and 

women possess approximately 5-6 million or 4-5 million erythrocytes per µl of blood, 

respectively (Hillman et al., 2005). However, people who live at high altitudes or 

regularly dive in deep seas have a higher number of red cells than normal because of 

increased oxygen demand (Pierige et al., 2008). Erythrocytes are comparatively smaller 

in size than most other cells with a diameter of 6-8 µm. They are about 2 µm thick, 

which allows them to pass easily through tiny capillaries (Mohandas and Gallagher, 

2008; Mukherjee et al., 2015). In contrast to nucleated cells, erythrocytes do not possess 

important cellular organelles such as nuclei, mitochondria, or ribosomes (Berg et al., 

2001). These characteristics allow them to hold more oxygen-binding protein 

haemoglobin (Hb) (Qadri et al., 2017). Moreover, the biconcave shape of the 

erythrocytes’ surface permits them to have an enlarged surface area (Mohandas and 

Gallagher, 2008; Goodman et al., 2007). Finally, through this large surface, increased 

amounts of oxygen, carbon dioxide, and other gases can permeate (Goodman et al., 

2007) and bind to haemoglobin (Bessis and Delpech, 1981). Furthermore, haemoglobin 

protein has the capability of binding to or releasing nitric oxide (NO), which leads to 

vasodilation of the arterioles (Bessis and Delpech, 1981).  

1. 1. 1. Ionic exchange in erythrocytes 

There are various transport proteins such as Ca++-ATPase, Na+/K+-ATPase, Gardos 

channels, Na+/Cl- co-transporters, K+/Cl- co-transporters, Na+/K+/2Cl- co-transporters, 

Na+/H+ exchangers, Band 3 anion exchanger 1 (AE1) proteins, Glucose transporter 1 

(Glut1) proteins, Kidd antigen proteins, and Aquaporins, which are engaged in transport 

across the red blood cell membrane (Mohandas and Gallagher, 2008; Maher and 

Kuchel, 2003). Figure 1 demonstrates the different transporters found in erythrocytes.  
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The transmembrane protein Ca++-ATPase is responsible for the transport of Ca++ to the 

extracellular space from the intracellular space (Lang et al., 2007a). The inhibition or 

defect of this protein results in a rise of the cytosolic calcium concentration, which 

further triggers the apoptotic pathway of erythrocytes known as eryptosis (Lang et al., 

2007a). The Na+/K+-ATPase membrane protein takes part in the maintenance of the Na+ 

and K+ ionic balance within the erythrocyte by permitting the influx of two K+ ions and 

efflux of three Na+ ions (Lew and Bookchin, 2005). Energy is required for the proper 

function of the Na+/K+-ATPase and energy depletion can impair the function of this 

pump and may initiate eryptosis (Lang and Lang, 2015). The progenitor cells of 

erythrocytes are rich in the active form of the K+/Cl- co-transporters and the Band 3 

anion exchanger 1 (AE1) protein. In reticulocytes, the K+/Cl- co-transporter is 

responsible for the passive movement of K+ (Hall and Ellory, 1986). Assembly of the 

Figure 1: Transporters in erythrocytes [modified from (Maher and Kuchel, 2003)]. 
The figure represents the different channels in the erythrocyte membrane, which transport ions 
(Na+, K+, Cl-, Ca++, HCO3

-) and other molecules such as water and glucose. 1: Ca++-ATPase; 2: 
Na+/K+-ATPase; 3: Na+/2Cl- co-transporter; 4: K+/Cl- co-transporter; 5: Na+/K+/2Cl- co-
transporter; 6: Na+/H+ exchanger; 7: Aquaporin; 8: Glucose Transporter 1 (Glut1); 9: Gardos 
channel; 10: Band 3 anion exchanger 1 (AE1). Ca++: calcium ion; Na+: sodium ion; K+: 
potassium ion; Cl-: chloride ion; ATP: adenosine triphosphate; ADP: adenosine diphosphate; Pi: 
inorganic phosphate. 
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membrane skeleton for the development of the erythroblast is largely dependent on the 

Band 3 anion exchanger 1 (AE1) protein (Peters et al., 1996).  

The calcium-sensitive K+ channels in erythrocytes are known as Gardos channels 

(KCNN4) and approximately 100-200 Gardos channels have been reported in the 

erythrocyte plasma membrane (Lew et al., 1982; Alvarez and Garcia-Sancho, 1987). At 

an intracellular calcium concentration of 20-50 nM, the Gardos channel remains silent. 

However, with increasing cytosolic calcium (150 nM - 2 μM) the channel becomes 

active (Lew and Bookchin, 2005), which plays an important role in the stimulation of 

eryptosis or suicidal erythrocyte death (Lang et al., 2003b; Ghashghaeinia et al., 2012). 

The opening of the channels causes the exit of K+, hyperpolarisation, the exit of Cl-, and 

parallel loss of water resulting in shrinkage of erythrocytes (Föller et al., 2008b).  

1. 2. Eryptosis 

The term eryptosis indicates the suicidal death of red blood cells, which is initiated 

upon injury before their biological demise (Berg et al., 2001; Bratosin et al., 2001; 

Daugas et al., 2001; Lang and Qadri, 2012). It is a strongly regulated and balanced cell 

death programme without destruction of the cell membrane or release of cytoplasmic 

content to the extracellular space (Lang et al., 2012b). Eryptotic erythrocytes are 

characterised by the formation of cell membrane blebbing, cell shrinkage, and 

scrambling of the cell membrane, which leads to the externalisation of 

phosphatidylserine (PS) from the cell interior to the outer surface of erythrocytes 

(Mohandas and Gallagher, 2008; Mukherjee et al., 2015; Goodman et al., 2007). In 

contrast to apoptosis of nucleated cells, the eryptosis is devoid of mitochondrial 

depolarisation, nuclear condensation, or DNA fragmentation (Suzuki-Karasaki et al., 

2014; Tone et al., 2007). Erythrocytes exposing phosphatidylserine on their surface are 

rapidly engulfed by macrophages and cleared from the bloodstream which, thus, 

prevents haemolysis (de Back et al., 2014; Kurosaka et al., 2003; Lang et al., 2012a). 

Haemoglobin which is released during haemolysis would otherwise pass through the 

kidney, subsequently blocking the tubules of nephrons by precipitating in their acidic 

lumen and damaging the kidney functions (Lang and Lang, 2015; Harrison et al., 

1947). Thus, eryptosis is considered to be a soft and unique approach to avoid 

haemolysis (Lang et al., 2012a).  
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1. 2. 1. Signalling pathways involved in eryptosis 

The enhanced intracellular calcium concentration of erythrocytes, resulting from 

activation of calcium-permeable non-selective cation channels (NSCC) (Lang et al., 

2003a; Berg et al., 2001; Bratosin et al., 2001; Daugas et al., 2001) and calcium-

sensitive K+ channels (Gardos channels), plays the main role in executing eryptosis 

(Maher and Kuchel, 2003; Lang et al., 2007a). The enzyme scramblase of the cell 

membrane becomes activated as a result of increased cytosolic calcium which, in turn, 

leads to the breakdown of the plasma membrane phospholipid asymmetry resulting in 

membrane scrambling and, finally, externalisation of PS from the inner membrane to the 

outer membrane of erythrocytes (Connor et al., 1994). Besides inducing the translocation 

of PS, increased calcium further triggers the formation of vesicles within the 

erythrocytes (Allan and Michell, 1977) and activates an enzyme called cysteine 

endopeptidase calpain, which is responsible for the degradation of the cytoskeleton, 

resulting in cell membrane blebbing (Pompeo et al., 2010).  

The Gardos channels that are calcium-sensitive K+ channels further become active 

because of an increased cytosolic calcium concentration with the subsequent efflux of 

K+. The efflux of K+ causes hyperpolarisation of the plasma membrane and allows for 

the exit of chloride. Besides, water from the cytoplasm also passively flows along the 

concentration gradient (Lang et al., 2003b; Lang et al., 2007a; Maher and Kuchel, 

2003). The cellular loss of KCl and water leads to shrinkage of the cell, which is the 

second most important feature of eryptosis (Lang et al., 2003b). Furthermore, 

activation of caspases by oxidative stress, leukotrienes, or by α-lipoic acid plays a 

vital role in stimulating erythrocyte death (Duranton et al., 2002; Lang et al., 2014; 

Pretorius et al., 2016b; Lang and Lang, 2015). Caspase activation as a result of 

increased oxidative stress causes cleavage of the anion exchanger AE1 resulting in an 

inadequate exchange of Cl- and HCO3
- followed by increased eryptosis (Mandal et 

al., 2002). Eryptosis mediated by caspases does not depend on the entry of cytosolic 

calcium (Lang et al., 2004). Moreover, Cl- channels are stimulated by oxidative stress 

resulting in an efflux of Cl- from the erythrocytes (Huber et al., 2002) and shrinkage 

of the cells (Lang et al., 2004). 

The channel proteins of the NSCC have not been identified at the molecular level but 

it is assumed that the transient receptor potential cation channel subfamily C member 
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6 (TRPC6) is involved (Föller et al., 2008c). It is reported that in erythrocytes lacking 

TRPC6, cytosolic calcium is significantly blunted (Föller et al., 2008c). Again, the 

NSCC could be activated by oxidative stress (Duranton et al., 2002; Lang et al., 

2003a), hyperosmotic shock (Lang et al., 2003a; Huber et al., 2001), removal of 

extracellular chloride (Huber et al., 2001; Duranton et al., 2002), or by the formation 

of prostaglandin E2 (PGE2) (Lang et al., 2005a), followed by an increase of cytosolic 

calcium and enhanced erythrocyte death. In addition, energy depletion (Klarl et al., 

2006), impaired antioxidant function (Bilmen et al., 2001; Mavelli et al., 1984; 

Damonte et al., 1992), and different endogenous substances, as well as various 

xenobiotics (Lang and Qadri, 2012) may cause erythrocytes’ suicidal death. 

Ceramide also plays a vital role in initiating eryptosis (Lang et al., 2004; Lang et al., 

2010). Ceramide formation occurs through the breakdown of the membrane 

phospholipid sphingomyelin by the enzyme sphingomyelinase (SM) (Lang et al., 

2010; Lang et al., 2004). Ceramide activates the scramblase of the membrane, 

resulting in the scrambling of the erythrocyte membrane and translocation of PS 

(Lang et al., 2012a). Activation of SM depends on the formation of the platelet-

activating factor (PAF), which is produced by the breakdown of membrane 

phospholipids by the phospholipase A2 (PLA2) enzyme following hyperosmotic 

shock (Lang et al., 2005a). Hence, ceramide or PAF-mediated eryptosis does not 

depend on a rise of cytosolic calcium (Lang et al., 2005a; Lang et al., 2005b) although 

both have a synergistic action on eryptosis.  

Furthermore, many kinases trigger signalling pathways involved in suicidal 

erythrocyte death. The most remarkable kinases involved are protein kinase C (PKC) 

(Klarl et al., 2006), Janus-activated kinase 3 (JAK3) (Bhavsar et al., 2011), p38 

MAPK (Gatidis et al., 2011), casein kinase 1α (CK1α) (Zelenak et al., 2012), and 

cyclin-dependent kinase 4 (CDK4) (Lang et al., 2015c). In contrast, eryptosis may be 

blunted by sunitinib-sensitive tyrosine-kinases (Shaik et al., 2012) and sorafenib-

sensitive tyrosine-kinases (Lupescu et al., 2012), AMP-activated kinase (AMPK) 

(Zelenak et al., 2011), mitogen-and stress-activated kinases MSK1 and MSK2 (Lang 

et al., 2015a), cGMP dependent protein kinase (Föller et al., 2008a), and p21-

activated kinase 2 (PAK2) (Zelenak et al., 2011). Figure 2 illustrates the underlying 

signalling pathways involved in eryptosis.  
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Figure 2: Signalling associated with suicidal erythrocyte death [modified from 
(Lang et al., 2017)]. The figure depicts the modulation of apoptotic pathways in erythrocytes. 
Hyperosmotic shock, oxidative stress, energy depletion, hyperthermia, and other xenobiotics 
stimulate kinases, activate caspases, increase cytosolic calcium concentration resulting in 
activation of scramblase, Gardos channel, and calpain, followed by translocation of 
phosphatidylserine, cell shrinkage, and membrane blebbing. AMPK, MSK1/2, PAK2, p53 
inhibit the scramblase, and cGK1 inhibit the NSCC resulting in inhibition of eryptosis. SM: 
sphingomyelinase; Cer: Ceramide; SCR: Scramblase; PS: Phosphatidylserine; NSCC: Non 
selective cation channel; Ca++: Calcium ion; PKC: Protein kinase C; p38 MAPK: p38 Mitogen-
activated protein kinase; CK1: Casein kinase 1; JAK3: Janus activated kinase 3; CDK4: Cyclin-
dependent kinase 4; Gαi2: G protein Galphai2; PLA: Phospholipase A; PAF: Platelet-activating 
factor; AA: arachidonic acid; COX: Cycloxygenase; PGE2: Prostaglandin E2; ATP: Adenosine 
triphosphate; ROS: Reactive oxygen species; MSK1/2: Mitogen and stress-activated kinase 1/2; 
PAK2: p21-activated kinase 2; AMPK: AMP-activated kinase; cGK1: cGMP-dependent protein 
kinase 1; NO: Nitric oxide. 
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1. 2. 2. Diseases and clinical conditions associated with eryptosis 

Increased eryptosis has been observed in diverse diseases or in clinical conditions 

(Table 1).  

Table 1: Diseases or clinical conditions with enhanced eryptosis  

No Diseases or clinical conditions 

01 Diabetes (Awasthi et al., 2015; Viskupicova et al., 2015). 

02 Sickle cell anaemia (Chakrabarti et al., 2016). 

03 Thalassemia (Chakrabarti et al., 2016). 

04 Glucose 6-phosphate dehydrogenase deficiency (Ghashghaeinia et al., 2016). 

05 Hepatic injury (Lang et al., 2007b). 

06 Cardiac failure (Attanasio et al., 2015). 

07 Chronic kidney disease (Bissinger et al., 2016b; Bonan et al., 2016). 

08 Haemolytic uremic syndrome (Lang and Qadri, 2012). 

09 Dehydration (Abed et al., 2013a). 

10 Phosphate depletion (Lang and Lang, 2015). 

11 Calcitriol excess (Lang et al., 2015b). 

12 Inflammation (Bester and Pretorius, 2016). 

13 Arteritis (Bissinger et al., 2016c). 

14 Fever (Crisp et al., 2016). 

15 Sepsis (Kempe et al., 2007). 

16 Systemic lupus erythematosus (Jiang et al., 2016). 

17 Mycoplasma infection (Lang and Qadri, 2012). 

18 Malaria (Gaudreault et al., 2015; Tagami et al., 2016). 

19 Iron deficiency (Pretorius et al., 2016a). 

20 Hereditary spherocytosis (Crisp et al., 2016). 

21 Paroxysmal nocturnal haemoglobinuria (Lang and Qadri, 2012). 

22 Wilson’s disease (Lang and Qadri, 2012). 

23 Parkinson’s disease (Pretorius et al., 2014).  

24 Malignancy (Bissinger et al., 2016e; Qadri et al., 2012). 

Stimulated eryptosis has also been observed in several gene-targeted mouse models, 

indicating the involvement of the respective gene for erythrocyte survival (Table 2).  
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Table 2: Mouse models with accelerated eryptosis 

No Name of the mouse models 

01 Sickle cell anaemia (HBB deficiency) (Lang and Qadri, 2012). 

02 Thalassemia (HBA/HBB deficiency) (Lang and Qadri, 2012).  

03 Annexin A7 deficiency (Lang et al., 2012b). 

04 MSK1/2 deficiency (Lang et al., 2015a). 

05 cGKI deficiency (Föller et al., 2008a). 

06 AMPK deficiency (Föller et al., 2009b). 

07 Endothelin B receptor deficiency (Föller et al., 2010). 

08 Klotho deficiency (Abed et al., 2013b). 

09 AE1 deficiency (Akel et al., 2007). 

10 APC deficiency (Qadri et al., 2012). 

11 EPO excess (Föller et al., 2007). 

Table 3 represents mouse models associated with reduced eryptosis. 

Table 3: Mouse models with decreased eryptosis 

No Name of the mouse models 

01 PDK1 deficiency (Föller et al., 2008d). 

02 TRPC6 deficiency (Föller et al., 2008c). 

03 PAF receptor deficiency (Lang and Lang, 2015). 

04 Heterotrimeric G-protein subunit Gαi2 deficiency mice (Bissinger et al., 

2016d). 

05 JAK3 deficiency (Bhavsar et al., 2011). 

1. 2. 3. Consequences of eryptosis 

Although eryptosis is a physiological phenomenon, excessive erythrocyte demise as a 

result of diseases, toxicity, stress, or inadequate compensatory mechanisms may result 

in anaemia (Lang and Lang, 2015). As long as the rate of eryptosis and erythropoiesis is 

balanced, the number of circulating erythrocytes remains unchanged. If the 

erythropoiesis rate or the production of new erythrocytes is, however, lower, anaemia 

ensues (Lang and Qadri, 2012; Lang et al., 2012a; Bilmen et al., 2001).  
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Phosphatidylserine-exposing erythrocytes are recognised by specific receptors of 

macrophages (Lang and Qadri, 2012). Thereafter, erythrocytes are engulfed and 

degraded by macrophages averting haemolysis and thus preventing the detrimental 

consequences of increased haemoglobin levels in the blood. Haemoglobin may be 

filtered in the kidney, possibly leading to precipitation in the acidic lumen of nephrons 

and resulting in the occlusion of renal tubules (Lang and Qadri, 2012; Lang et al., 

2012b; Foller et al., 2013).  

Erythrocytes harbouring the Plasmodium parasite seem to undergo increased oxidative 

stress resulting in activation of different ion channels in the plasma membrane of 

erythrocytes, which is eventually needed for the pathogen to survive within the cells 

(Duranton et al., 2002; Huber et al., 2002). When the NSCC channels are activated, 

intracellular calcium levels increase and promote eryptosis. Eryptotic erythrocytes with 

the pathogen are engulfed by macrophages (Föller et al., 2009a). 

The chemokine CXCL16 is a small soluble cytokine that can express as a receptor on 

endothelial cells (Borst et al., 2012) and platelets (Walker et al., 2014; Ashraf and 

Gupta, 2011) responsible for capturing PS-exposing erythrocytes resulting in 

microcirculation impairment. In addition to CXCL16, endothelial CD36 (McCormick et 

al., 1997) and thrombospondin (Wandersee et al., 2004) and CD36 of platelets (Ashraf 

and Gupta, 2011) may be involved in the adhesion of eryptotic erythrocytes to the 

vascular endothelial cells and promote the development of thrombosis in different 

clinical conditions such as chronic kidney disease (Yang et al., 2017; Gao et al., 2015) 

and hepatic failure (Wu et al., 2016). 

1. 3. Cytostatic compounds and eryptosis 

Cytostatic molecules are substances that inhibit the growth or stimulate the death of 

cells (Rixe and Fojo, 2007). Treatment with cytostatic compounds not only stimulates 

apoptotic cell death but also triggers eryptosis (Lang et al., 2012b). Excessive eryptosis 

has been reported in lung cancer patients receiving cytostatic molecules (Bissinger et 

al., 2016e). Excessive eryptosis stimulates the development of anaemia (Lang et al., 

2012a; Lang et al., 2012b; Lang and Qadri, 2012). Anaemia has been reported as a side 

effect of afatinib (Mukai et al., 2015; Chu et al., 2014), ceritinib (Khozin et al., 2015; 

Shaw et al., 2014), and volasertib (Awada et al., 2015; Stadler et al., 2014). Earlier in 
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vitro studies demonstrate that administering cytostatic molecules like sorafenib 

(Lupescu et al., 2012), sunitinib (Shaik et al., 2012), gefitinib (Al Mamun Bhuyan et al., 

2017b), dasatinib (Chan et al., 2018), lapatinib (Zierle et al., 2015), and pazopanib 

(Signoretto et al., 2016) lead to eryptosis. However, till date, there is no information 

available about the role of cytostatic compounds like afatinib/ceritinib/volasertib in 

modulating eryptosis in vitro or in vivo.  

1. 3. 1. Afatinib  

Afatinib or BIBW 2992 (Giotrif®), chemically known as (N-[4-[(3-chloro-4-

fluorophenyl) amino]-7-[[(3S)-tetra-hydro-3-furanyl]oxy]-6-quinazolinyl]-4-(di-methyl-

amino)-2-butenamide (Figure 3), is a second-generation, inflexible tyrosine kinase 

inhibitor (Li et al., 2008). It is approved as targeted monotherapy and is used as a first-

line treatment for metastatic non-small cell lung cancer (NSCLC) associated with 

epidermal growth factor receptor (EGFR) mutations. Afatinib is recommended for oral 

administration at 40 mg once daily (Liao et al., 2013; Nelson et al., 2013).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3: The chemical structure of afatinib (Wind et al., 2017; Wikipedia, 2019a). 

Afatinib is a derivative of anilinoquinazoline possessing a highly reactive acrylamide 

group that covalently binds to the tyrosine kinase domains of EGFR/ human epidermal 

growth factor receptor 1 (HER1), human epidermal growth factor receptor 2 (HER2), 
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and to human epidermal growth factor receptor 4 (HER4) resulting in inhibiting tyrosine 

kinase autophosphorylation or the transphosphorylation of human epidermal growth 

factor receptor 3 (HER3) (Solca et al., 2012; Li et al., 2008) which, in turn, results in the 

downregulation of ErbB signalling as a result of inhibiting the Ras/ERK, PI3K/Akt, and 

STAT pathways (Modjtahedi et al., 2014). Afatinib not only inhibits the 

autophosphorylation of EGFR but also TGF-α induced phosphorylation (Lee et al., 

2013).  

To evaluate the functional potential of afatinib, cell-free assays were conducted. These 

assays demonstrated that afatinib is a powerful inhibitor of HER1, HER2, and HER4 

with an IC50 of 10, 14, and 1 nM, respectively (Li et al., 2008). The efficacy of afatinib 

was almost similar to or greater than other tyrosine kinase inhibitors (TKIs) such as 

gefitinib, canertinib, erlotinib, and lapatinib (Solca et al., 2012; Li et al., 2008).  

Many in vitro studies have also been conducted with different cell lines to check the 

potential of afatinib to inhibit the growth and proliferation of the cells (Li et al., 2008; 

Solca et al., 2012; Modjtahedi et al., 2014; Lee et al., 2013; Cha et al., 2012). Among 

them, the NSCLC has been studied most frequently followed by breast cancer (BC) and 

head and neck squamous cell cancer (HNSCC) (Modjtahedi et al., 2014). Moreover, 

afatinib showed its strong inhibitory action on the growth and proliferation of gastric 

cancer cells (Cha et al., 2012; Tanaka et al., 2012), biliary tract cells (Nam et al., 

2012b), colorectal cancer cell lines, pancreatic cancer cell lines (Ioannou et al., 2011), 

bladder cancer (Greulich et al., 2012; Quesnelle and Grandis, 2011), endometrial cancer 

(Schwab et al., 2014), basal cell carcinoma (Eberl et al., 2012), and epidermal cell 

carcinoma (Cha et al., 2012).  

Phase-I clinical trials were carried out in patients with advanced solid tumours focused 

on various afatinib schedules and dosages selection (Eskens et al., 2008; Marshall et al., 

2013; Yap et al., 2010) resulting in 50 mg afatinib once daily recommended for the 

phase-II clinical trials (Yap et al., 2010). Afatinib’s therapeutic efficacy in advanced 

NSCLC was determined from the phase-II and phase-III clinical trials (LUX-Lung 

trials) (Metro and Crino, 2011). The initial afatinib dose was reduced from 50 mg to 40 

mg in the phase-II LUX-Lung-2 (Yang et al., 2012), phase-III LUX-Lung-3 (Keating, 

2014), and the phase-III LUX-Lung-6 (Keating, 2014) clinical trials, which provided a 
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higher therapeutic index (Yang et al., 2012). The LUX-lung-3 clinical trials compared 

the efficacy of oral afatinib treatment with intravenous cisplatin plus pemetrexed in 

NSCLC patients with EGFR mutation (Sequist et al., 2013). The progression-free 

survival (PFS) rate significantly increased following afatinib treatment compared to 

cisplatin plus pemetrexed administration (Sequist et al., 2013). Oral afatinib as first-line 

therapy was compared with intravenous cisplatin plus gemcitabine treatment in the 

LUX-lung-6 clinical trials (Keating, 2014) in patients with advanced adenocarcinoma 

and active EGFR mutation. Afatinib alone results in a significantly longer PFS than 

cisplatin plus gemcitabine treatment (Keating, 2014). LUX-lung-7 and LUX-lung-8 

clinical studies also revealed the higher survival rate of NSCLC patients with an EGFR 

mutation subsequent to afatinib treatment in comparison to gefitinib or erlotinib 

treatment (Sharma and Graziano, 2018). 

Afatinib treatment was not only positively associated with the patient’s survival rate but 

also triggered many adverse effects. The most commonly observed side effects related 

to tyrosine kinase inhibitor (TKI) afatinib treatment are diarrhoea (Aw et al., 2017; 

Mukai et al., 2015), skin xerosis (Aw et al., 2017), rash (Aw et al., 2017), stomatitis 

(Aw et al., 2017; Mukai et al., 2015), paronychia (Aw et al., 2017), heart failure (Patras 

de Campaigno et al., 2017), leukopenia (Mukai et al., 2015), neutropenia (Mukai et al., 

2015), and anaemia (Mukai et al., 2015; Chu et al., 2014). Less commonly observed 

adverse effects are dry skin, pruritus, cheilitis, conjunctivitis, and dry eyes (Yang et al., 

2013).  

1. 3. 2. Ceritinib 

Ceritinib, chemically known as 5-chloro-N4-[2-[(1-methylethyl)sulfonyl] phenyl]-N2-

[5-methyl–2-(1-methylethoxy)-4-(4-piperidinyl)phenyl]-2,4-pyrimidinediamine (Figure 

4), is a second-generation, anaplastic lymphoma kinase (ALK) inhibitor, which is 

selected for the regimen of advanced or metastasized ALK-positive NSCLC and is 

permitted for oral administration (Dhillon and Clark, 2014; Nishio et al., 2015; Khozin 

et al., 2015; Cooper et al., 2015; El-Osta and Shackelford, 2015). Clinical studies 

demonstrated approximately 2-7% of NSCLC is anaplastic lymphoma kinase positive 

(ALK+) (Friboulet et al., 2014; Chia et al., 2014). 
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Figure 4: The chemical structure of ceritinib (El-Osta and Shackelford, 2015). 

Ceritinib not only inhibits the phosphorylation of ALK but also the phosphorylation of 

the protein STAT3 (Novartis, 2015), ERK, ribosomal S6, and AKT, resulting in the 

suppression of the following signalling pathways: JAK-STAT3, MEK-ERK, mTOR, 

and PI3K-AKT, which ultimately decrease cell proliferation (Friboulet et al., 2014).  

The potential of ceritinib is almost 20 times higher than that of crizotinib (Friboulet et 

al., 2014). NSCLC ALK+ cell lines were insensitive to alectinib treatment but were 

highly sensitive to ceritinib treatment (Katayama et al., 2014). However, ceritinib does 

not inhibit the growth of the cancer cells generated by mutation of EGFR, HER2, K-

Ras, or PI3K (Friboulet et al., 2014).  

Clinical trials with ceritinib have been conducted in two phases: Phase-I (ASCEND-1) 

(Shaw et al., 2014; Kim et al., 2016) and Phase-II (ASCEND-2) (Crino et al., 2016). 

The ASCEND-1 clinical trial enrolled ALK+ patients where 94% had NSCLC and 

underwent prior treatment with ALK inhibitors like crizotinib or alectinib (Kim et al., 

2016). The maximum tolerated dose (MTD) of ceritinib was determined as 750 mg once 

daily from a phase-I clinical study (Shaw et al., 2014). Treatment of ALK+ NSCLC 

patients with ≥400 mg ceritinib daily yielded 2% complete response (CR), 55% partial 

response (PR), 22% no change, and 11% disease progression (Shaw et al., 2014). The 

overall response rate (ORR) was 56%, the disease progression-free survival (PFS) was 

seven months, and the overall survival was 17 months (Cooper et al., 2015). The 

ASCEND-2 clinical trial was carried out on ALK+ NSCLC patients who had prior 1-3 

targeted-therapies with crizotinib or other standard therapies (Crino et al., 2016). 
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Results showed that the CR, PR, and ORR were 3%, 36%, and 39%, respectively 

(Deeks, 2016). The PFS was 7.2 months and the median overall survival was up to 15 

months (Deeks, 2016). 

The most common side effects of ceritinib are fatigue, anorexia, nausea, vomiting, 

diarrhoea, abdominal pain, constipation, hyperglycaemia, dyspepsia, dysphagia, rash, 

bradycardia, vision abnormalities, increased alanine aminotransferase (ALT), increased 

serum creatinine (sCr), increased aspartate aminotransferase (AST), decreased 

phosphate, increased lipase, gastroesophageal reflux disease (GERD), increased total 

bilirubin (TBILI) (Shaw et al., 2014), and anaemia (Khozin et al., 2015).  

1. 3. 3. Volasertib 

Volasertib or BI 6727 is a second novel dihydropteridinone derivative (Figure 5) that 

inhibits the polo-like kinase 1 (PLK1) followed by inhibiting mitotic spindle assembly, 

mitotic arrest, and apoptosis (Rudolph et al., 2009; Schoffski, 2009).  

 

 

 

 

 

 

 

 

Figure 5: The chemical structure of volasertib (Gjertsen and Schoffski, 2015; 

Wikipedia, 2019b).  

Preclinical studies showed cell lines such as AML, lung, colon, prostate, melanoma, 

hematopoietic malignancies, hepatocellular carcinoma, urothelial and multiple 

paediatric tumours treated with volasertib (IC50 = 11 – 37 nmol/l) significantly induce 

mitotic arrest and programmed cell death (Rudolph et al., 2009; Wissing et al., 2010; 

Cholewa et al., 2014; Sparta et al., 2014).  

Different clinical trials have been performed with volasertib on various advanced solid 

tumours including metastasized urothelial cancer, advanced NSCLC, advanced ovarian 
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cancer, and in AML (Gjertsen and Schoffski, 2015). In clinical trials, volasertib was 

effective for treating acute myeloid leukaemia (AML) (Goroshchuk et al., 2019) but its 

monotherapy did not show a complete response (CR) of the patients. Again, volasertib 

with cytarabine showed a higher fatality rate (Adachi et al., 2017). Therefore, suitable 

combination therapy with volasertib and other agents is required. Volasertib is permitted 

to be applied orally or intravenously (Rudolph et al., 2009).  

The maximum tolerated dose of volasertib was determined as 400 mg from the phase-I 

clinical trial (65 patients) with a single hour infusion every three weeks. The phase-I 

study showed complete response (CR) in 17% of patients, partial response (PRs) in 5% 

of patients with ovarian cancer, urothelial cancer, or melanoma, and the disease was 

stable among 40% of patients (Schoffski et al., 2012). Besides this, patients who 

received chemotherapy previously showed an 89% response to volasertib (Schoffski et 

al., 2012). In the phase-II clinical trials involving urothelial cancer, 14% of patients 

achieved PRs and 26% of patients were stable in the disease condition when receiving 

300 mg of volasertib intravenously every 3 weeks (Gjertsen and Schoffski, 2015). The 

efficacy of volasertib with low dose cytarabine (LDAC) in AML was investigated in a 

phase-III clinical trial. However, the results did not show a significant difference in 

comparison to controls (Ingelheim, 2020). 

Volasertib-related adverse effects (AEs) reported are anaemia (22%), neutropenia 

(15%), febrile neutropenia (8%), fatigue (15%), thrombocytopenia (14%), nausea (9%), 

and alopecia (9%). Grade 3/4 AEs (24%) that were observed were mostly 

haematological disorders (18%) like neutropenia (28%) and thrombocytopenia (20%) 

(Schoffski et al., 2012; Stadler et al., 2014).  
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1. 4. Aims of the study 

The present investigation was carried out with the following objectives: 

1. To explore the influence of afatinib on eryptosis.  

2. To explore the influence of ceritinib on eryptosis.  

3. To explore the effect of volasertib on eryptosis.  
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2. Materials and Methods  

2. 1. Materials 

2. 1. 1. Equipments 

Name of the Equipment  Manufacturer 

Autoclave HICLAVE-50 HMC Labor systemtechnik, 

Germany. 

Laboratory centrifuge machine Eppendorf AG, Hamburg, Germany. 

Eppendorf centrifuge machine Hinz GmbH. Hamburg. Germany. 

Magnetic stirrer IKA-Werke GmbH & Co. KG, Germany. 

pH meter 646 Carl Zeiss, Oberkochen. Germany. 

Votex VX-100 Labned, Langenfeld, Germany. 

FACS-Calibur BD Biosciences, Heidelberg, Germany. 

Incubator Thermo Electron Corporation, Dreieich, Germany. 

Water bath Julabo GmbH, Seelbach, Germany. 

2. 1. 2. Instruments 

Name of the Instrument  Manufacturer 

Pipettes 0.1-2 µl , 0.5-10 µl, 1-20 µl, 

10-100 µl, 10-200 µl, and 10-1000 µl  

Eppendorf AG, Hamburg, Germany. 

Multichannel pipette 0.5-300 µl Eppendorf AG, Hamburg, Germany. 

2. 1. 3. Consumable materials  

Name of the material Manufacturer 

SteriCup-GP (0,22µm) Millipore Merck Millipore, Germany. 

Eppendorf cups, 1.5 ml, 2 ml Eppendorf, Hamburg, Germany. 

Falcon tubes (15, 50 ml) Greiner bio-one, Frickenhausen, Germany. 

Tips 10 µl, 200 µl, 1000 µl  Biozym Scientific, Hess. Oldendorf, Germany. 

Corning® Costar® 12 well plates Sigma, Taufkirchen, Germany. 

Corning® 24 well plates Sigma, Taufkirchen, Germany. 

Corning® 96 well plates Sigma, Taufkirchen, Germany. 
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2. 1. 4. Chemicals 

Name of the Chemical Manufacturer 

Afatinib MedChemExpress, 1 Deer Park Dr, Suite Q, 

Monmouth Junction, NJ 08852, USA. 

Ceritinib Selleckchem, Karl-Schmid-Str. 14, 81829 

Munich, Germany. 

Volasertib MedChemExpress, 1 Deer Park Dr, Suite Q, 

Monmouth Junction, NJ 08852, USA. 

Dimethyl sulfoxide Sigma, Taufkirchen, Germany. 

Phosphate Buffer Saline (PBS) Sigma, Taufkirchen, Germany. 

Bovine Serum Albumin (BSA) Sigma, Taufkirchen, Germany. 

Sodium Chloride (NaCl)  Sigma, Taufkirchen, Germany.  

Potassium Chloride (KCl ) Sigma, Taufkirchen, Germany.  

Magnesium Sulphate (MgSO4)  Sigma, Taufkirchen, Germany. 

Calcium Chloride (CaCl2) Sigma, Taufkirchen, Germany. 

N-2-hydroxyethylpiperazine-N-2-

ethanesulfonic acid ( HEPES)  

Sigma, Taufkirchen, Germany. 

Sodium nitroprusside (SNP) Sigma, Taufkirchen, Germany. 

Sodium Hydroxide (NaOH)  Sigma, Taufkirchen, Germany. 

2',7'-dichlorodihydrofluorescein 

diacetate (DCFDA)  

Sigma Aldrich, Hamburg, Germany. 

A6730 Sigma, Taufkirchen, Germany. 

Glucose  Carl Roth, Karlsruhe, Germany. 

Annexin-V FITC-conjugated ImmunoTools, Friesoythe, Germany. 

Fluo3-AM ester Biotium, Hayward, USA. 

FITC Goat Anti-Mouse IgG/IgM BD Pharmingen, Hamburg, Germany. 

RPMI-1640 medium  Biochrom GmbH, Berlin, Germany. 

Penicillin-Streptomycin Invitrogen, Karlsruhe, Germany. 

SB 203580 Tocris bioscience, Bristol, UK. 

D4476 Tocris bioscience, Bristol, UK. 
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Staurosporine  Enzo Life Sciences, Lörrach, Germany. 

Chelerythrine Enzo Life Sciences, Lörrach, Germany. 

Zvad Enzo Life Sciences, Lörrach, Germany. 

Ceramide monoclonal antibody 

(MID 15B4) 

Enzo Life Sciences, Lörrach, Germany. 

2. 1. 5. Cell line 

Name of the cell line Manufacturer 

K562 Sigma Aldrich, Hamburg, Germany. 

2. 1. 6. Software 

Name of the software Manufacturer 

GraphPad Prism, version 6.0 GraphPad, La Jolla California USA. 

2. 1. 7. Solutions 

2. 1. 7. 1. Ringer’s solution 

As erythrocytes are devoid of cell organelles like mitochondria or nuclei, they cannot 

produce energy from the tricarboxylic acid (TCA) cycle. They rather generate energy 

through glycolysis (van Wijk and van Solinge, 2005). Hence, the erythrocyte 

concentrates can be preserved in the medium holding glucose as a source of energy. The 

Ringer’s solution used in this study was adequate to maintain the ionic balance and 

homeostasis of water within the stored erythrocytes. The Ringer’s solution contained the 

following components (Table 4):  

Table 4: Constituents of Ringer’s solution 

Components Concentration 

 in mM 

Manufacturer 

Sodium Chloride (NaCl)  125  Sigma, Taufkirchen, Germany.  

Potassium Chloride (KCl ) 5  Sigma, Taufkirchen, Germany.  

Magnesium Sulphate (MgSO4)  1  Sigma, Taufkirchen, Germany. 

Calcium Chloride (CaCl2) 1  Sigma, Taufkirchen, Germany. 

N-2-hydroxyethylpiperazine-N-2- 32.2  Sigma, Taufkirchen, Germany. 
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ethanesulfonic acid ( HEPES)  

Glucose  5  Carl Roth, Karlsruhe Germany. 

Sodium Hydroxide (NaOH)  13  Sigma, Taufkirchen, Germany. 

After weighing the chemicals mentioned in Table 4, 982.798 ml of distilled water was 

added and mixed properly with a stirrer for thirty minutes or more until the substances 

were dissolved. The pH of the Ringer’s solution was checked and adjusted to 7.4 with 

the help of NaOH or HEPES to obtain a physiological environment. Finally, the 

Ringer’s solution was filtered to remove the unwanted particles and stored at 4˚C for 

further use. Before using the solution, it was warmed in the water bath at 37˚C to 

achieve body temperature (Jemaa et al., 2017). 

2. 1. 7. 2. Annexin wash buffer (AWB) 

The binding of the PS exposing erythrocytes to annexin-V is solely calcium-dependent. 

Hence, the concentration of calcium chloride used in the AWB (5 mM) was much 

higher than the one used in the Ringer’s solution (1 mM). The components of the AWB 

are listed in Table 5. 

Table 5: Components of the annexin wash buffer 

Substances Concentration 

in mM  

Manufacturer 

Sodium Chloride (NaCl) 125 Sigma, Taufkirchen, Germany. 

HEPES 10  Sigma, Taufkirchen, Germany. 

Calcium Chloride (CaCl2) 5  Sigma, Taufkirchen, Germany. 

Sodium Hydroxide (NaOH) 4  Sigma, Taufkirchen, Germany. 

Deionized water (989.588 ml) was added to the above constituents. All substances were 

mixed properly with a magnetic stirrer for thirty minutes or more until the substances 

were completely dissolved. The pH of the annexin wash buffer was balanced to 7.4 

using HEPES or NaOH. Later, the solution was filtered and preserved in a cool room. 

Before the AWB was used, it was heated to 37°C (body temperature) in a water bath 

(Jemaa et al., 2017).  
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2. 2. Methods  

2. 2. 1. Isolation and treatment of the erythrocytes  

Fresh whole blood samples were received from healthy donors regardless of sex and 

age. The specimens were collected from the blood bank of the University of Tubingen. 

The blood was drawn in vials containing lithium and heparin to prevent coagulation. For 

this study, ethical permission was taken from the university ethics committee and the 

permission number was 184/2003 V. 

To obtain pure erythrocyte concentrates, three ml of Ringer’s solution were taken into a 

five ml sterilized test tube and subsequently, one ml of whole blood was added. 

Afterwards, the tube was centrifuged with 120 × g at 21˚C for twenty minutes. The 

thrombocytes and leukocytes containing supernatant were removed and pure 

erythrocytes were collected from the bottom of the tubes and stored in 1.5 ml sterile 

Eppendorf tubes (Bissinger et al., 2016a). In vitro treatments were performed with fresh 

erythrocytes using 0.4% haematocrit in the Ringer’s solution with different pre-decided 

concentrations of the assigned cytostatic compounds, i.e., afatinib, ceritinib, and/or 

volasertib. Finally, the samples were incubated for 48 hours at 37˚C.  

2. 2. 2. Fluorescence-activated cell sorting (FACS)/ Flow cytometry 

Fluorescence-activated cell sorting or flow cytometry is a modern technique used in 

analysing extracellular or intracellular molecules, which describes and identifies the 

cells from a heterogeneous population and determines the purity of isolated cells or even 

the size, volume, and granularity of the cells. It is also possible to assess the multi 

parameters of a single cell using flow cytometry. The basic principles of FACS are the 

measurement of the fluorescence intensity generated by fluorochrome-labelled 

antibodies to detect protein or ligands or any cell-associated molecules besides forward 

scatter (FS) or side scatter (SS) of the cells (Baumgarth and Roederer, 2000). 

In the current study, FACS-Calibur (BD Biosciences, Heidelberg, Germany) was used 

for FACS analysis, which consists of two LASERs. One was a 488 nm argon LASER 

and the other was a 635 nm diode LASER. This FACS machine consisted of four 

LASER channels (FL-1, FL-2, FL-3, and FL-4). Each of the channels was wavelength-

specific. For example, the FL-1, FL-2, FL-3, and FL-4 channels could detect the emitted 

light with 533/530 nm, 585/540 nm, 670 nm, and 675/625 nm, respectively, when 
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excited by a 488 nm wavelength. In our study, an argon LASER was used for exciting 

the fluorescence dye and the FL-1 channel was employed to identify the signals. For 

each parameter, 50,000 erythrocytes were evaluated. 

2. 2. 3. Measurement of annexin-V-binding erythrocytes 

Following 48 hours of incubation, the cytostatic-compound-treated erythrocytes, as well 

as control cells were vortexed for a few seconds to make a homogenous suspension. 

Afterwards, a 150 μl cell suspension was taken into a microwell plate and centrifugation 

was performed at 287 × g for three minutes at 21˚C. The supernatant was removed to 

obtain the cell pellet. To stain the erythrocytes, a master mix with the annexin-V 

antibody (ImmunoTools, Friesoythe, Germany) and annexin wash buffer (AWB) at a 

dilution of 1:200 was made. It is indicated that the annexin-V antibody was conjugated 

with fluorescein isothiocyanate (FITC) and the excitation wavelength and the emission 

wavelength of the FITC are 488 nm, and 530 nm, respectively. Subsequently, 150 μl 

AWB with annexin-V antibody was loaded to each probe and incubated in the dark for 

twenty minutes. Finally, the probes were transferred to FACS and the annexin-V 

fluorescence was measured in the FL-1 channel. An arbitrary marker (M1) was fixed to 

differentiate the phosphatidylserine externalised erythrocytes from the control cells. The 

measurement was done on a logarithmic scale (Jemaa et al., 2017; Al Mamun Bhuyan et 

al., 2017b). 

2. 2. 4. Measurement of forward scatter (FSC) of erythrocytes 

The volume or size of erythrocytes was measured from the forward scatter (FSC). For 

this purpose, subsequent to respective treatment and incubation, a 150 μl cell suspension 

was transferred into a multiwell plate. This suspension was then shifted from the plates 

to small FACS tubes using a multichannel pipette and measured without any staining. A 

dot plot was made for FSC vs SCC on a linear scale. The geometric mean (GM) of the 

respective probe was analysed to measure the volume of cells. For the control cells, the 

geometric mean was fixed around 500 (arbitrary unit) by changing the amplifier for 

understanding the shifting of the cells. The movement of the pulses to the right side of 

the scales from the control indicated the swelling of cells and the shift of the pulses 

towards the left side of the scale from the control indicated shrunken cells (Jemaa et al., 

2017).  
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2. 2. 5. Assessment of cytosolic calcium of erythrocytes 

Cytosolic calcium is a second messenger within live cells and increased intracellular 

calcium is one of the most important catalysts of eryptosis. Fluo3-AM-dependent 

fluorescence (Biotium, Hayward, USA) was used to quantify the cytosolic calcium. In a 

normal state, Fluo3 is a nonfluorescent substance that cannot enter cells through the 

plasma membrane. However, when Fluo3 is tagged with an acetoxymethyl (AM) group, 

it gains the strength to enter cells. The acetoxymethyl (AM) group binds with Fluo3 via 

an ester bond. Hence, Fluo3-AM is the modified form of the dye Fluo3. As soon as the 

Fluo3-AM reaches inside the cells, the cytosolic esterases break the ester bond between 

Fluo3 and the acetoxymethyl (AM) group. The free Fluo3 then binds to the cytosolic 

calcium ions and forms a chelate. The excitation wavelength of normal Fluo3 is 488 nm 

but when Fluo3 binds to cellular calcium ions, a marked increase of the fluorescence 

with an emission wavelength of 530 nm is observed.  

To measure the cytosolic calcium, 150 μl cell suspension aliquots were transferred to 

microtiter plates and centrifuged at 287 × g for three minutes at 21˚C to obtain a cell 

pellet. Thereafter, the cells were stained with Fluo3-AM (10 μM) using AWB and 

incubated in the dark for thirty minutes at 37˚C. Finally, intracellular calcium was 

measured from the FL-1 channel of the FACS machine (Bissinger et al., 2014).  

2. 2. 6. Assessment of cytosolic reactive oxygen species (ROS) 

To assume the abundance of ROS or to measure the redox form within the erythrocyte, 

2',7'-dichlorofluorescein diacetate (DCFDA) (Sigma Aldrich, Hamburg, Germany) was 

used. In general, DCFDA has inherent fluorescent properties and can easily cross the 

cell membrane. Using DCFDA, it is possible to determine the hydroxyl, superoxide, 

peroxyl or other cytosolic ROS. When DCFDA enters the cells, the intracellular 

esterases deacetylate the fluorogenic DCFDA into a non-fluorogenic compound. 

Subsequently, this compound is oxidized by cytosolic ROS to 2´7´-dichlorofluorescein 

(DCF), which possesses fluorescent properties and is captured by flow cytometry (Amer 

et al., 2003). Finally, 150 μl of erythrocyte suspension was taken from each sample into 

a microwell plate after predefined treatment and 48-hour incubation at 37˚C. The 

supernatant was thrashed out after centrifugation (287 × g, 3 minutes at 21˚C) to isolate 

the erythrocytes. Subsequently, the erythrocytes were stained with DCFDA (10 μM) in 
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Ringer’s solution and incubated for thirty minutes under light protection. After the 

respective incubation, the erythrocyte suspension washed twice with Ringer’s solution 

(150 μl in each probe). The DCFDA-dependent fluorescence intensity was measured 

using the FL-1 channel where the excitation wavelength was 488 nm and the emission 

wavelength was 530 nm (Bissinger et al., 2014).  

2. 2. 7. Determination of ceramide  

Earlier research showed inhibition of the cation channel with amiloride or removal of 

extracellular calcium, still stimulate the PS externalisation (Lang et al., 2003a) 

indicating involvement of other mechanism in inducing eryptosis. Afterwards, it was 

found that ceramide can induce eryptosis beyond involving the cation channel or 

cytosolic calcium upsurge. The sphingomyelinase (SM) enzyme causes the generation 

of ceramide from membrane sphingomyelin and, subsequently, stimulates the 

scramblase, leading to PS externalisation (Lang et al., 2004). 

To measure the ceramide abundance, 100 μl erythrocyte suspension was transferred into 

a multiwell plate and centrifuged at 287 × g for three minutes at 21˚C for pelleting of 

the erythrocytes. Subsequently, the erythrocyte pellets were stained with anti-ceramide 

antibody at 1 μg/ml (Enzo Life Sciences, Lörrach, Germany) at a dilution of 1:10 in 

phosphate-buffered saline (PBS) containing 0.1% bovine serum albumin (BSA) and 

incubated at 37˚C for one hour. After the incubation, the cells were washed twice with 

100 μl PBS-BSA buffer and stained with FITC-tagged goat anti-mouse IgG and IgM 

precise antibody at a dilution 1:50 (BD Pharmingen, Hamburg, Germany) in the same 

buffer. After thirty minutes of incubation, the cell pellet was washed twice again to get 

rid of the unbound secondary antibody. Finally, the cells were reloaded with 200 μl 

PBS-BSA and transferred to flow cytometry. The fluorescence measured at an 

excitation wavelength of 488 nm and an emission wavelength of 530 nm in the FL-1 

channel (Bissinger et al., 2015).  

2. 2. 8. Determination of haemolysis  

For this purpose, erythrocytes were exposed to the respective cytostatic compound, as 

well as with their vehicles and incubated for 48 hours at 37˚C. As a positive control, 

erythrocytes exposed to distilled water. After the respective treatment and incubation, a 

homogenous erythrocyte suspension was made by gentle vortex and centrifugation at 
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287 × g for five minutes at 21˚C. Subsequently, 100 μl of supernatant was shifted to a 

microtiter plate. To obtain the background data, 100 μl distilled water was taken into a 

separate column of the microtiter plate. Finally, the absorption of haemoglobin (Hb) in 

the supernatant was assessed photometrically at a wavelength of 405 nm (Al Mamun 

Bhuyan et al., 2016a).  

2. 2. 9. Culture and treatment of K562 cell 

Human leukemic K562 cells (Sigma Aldrich, Hamburg, Germany) were cultured with 

an RPMI-1640 medium (Biochrom GmbH, Berlin, Germany) enriched with 2.0 g/l 

NaHCO3 with the absence of L-glutamine. The medium was prepared by incorporating 

10% foetal bovine serum (FBS) and 1% antibiotics (Penicillin and Streptomycin). 

Finally, the cells were cultured in 12 well-plates in a moistened incubator by 

maintaining 37°C with 5% CO2. Where indicated, the volasertib (0.8 – 2.4 μM) was 

added directly to the cell culture medium. 

2. 3. Statistical analysis  

Statistical results are shown as means ± SD. An ANOVA test was used to find out the 

statistical difference between the multi-parameter of the samples with a Tukey test as a 

post-test. Otherwise, the unpaired t-test was employed for the analysis. Graph Pad Prism 

was used for all analysis (Version: 6.00, GraphPad, La Jolla California USA). P<0.05 

was accepted as the lowest level of significance. The number of the respective 

erythrocyte samples was denoted by n. Every donor has a physiological difference that 

may affect the susceptibility of the erythrocytes to eryptosis. To avert bias, the same 

erythrocyte concentrates were used for the same experimental and control conditions. 
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3. Results  

3. 1. The effect of afatinib on eryptosis 

The present investigation explored whether afatinib stimulates suicidal erythrocyte 

death or eryptosis. The phospholipid asymmetry in erythrocytes along with 

translocation of phosphatidylserine from the inner cell surface to the outer cell surface is 

one of the most important hallmarks of eryptosis. To test the dose-dependent effect of 

afatinib on cell membrane scrambling, erythrocytes from healthy donors were exposed 

to different concentrations of afatinib (Figure 6) in Ringer’s solution and incubated for 

48 hours at 37˚C. In the control group, erythrocytes were exposed to Ringer’s solution 

only under the same experimental conditions. Afterwards, the phosphatidylserine 

exposing erythrocytes were quantified from the annexin-V antibody docked with FITC. 

The FITC emitted fluorescence was captured by the FL-1 channel in a flow cytometer. 

Figure 7 demonstrates that after the respective incubation period, afatinib augments the 

phosphatidylserine exposing erythrocytes and the effect reaches statistical significance 

at 8.2 µM afatinib. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6: Dose-dependent sensitivity of afatinib on the phosphatidylserine (PS) 
externalisation. The bar chart indicates PS-externalised erythrocytes (data represented as 
arithmetic means ± SD, n = 10) following 48 hours of incubation in Ringer’s solution. The grey bar 
indicates the control group and the white bars indicate the afatinib-treated (0.05 – 16 µM) 
erythrocytes whereas the striped bar represents the effect of the solvent (DMSO). ***(p<0.001) 
points out the statistical distinction arising from the absence of afatinib (ANOVA). 
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An elevated intracellular calcium concentration is a fundamental catalyst of eryptosis. 

Hence, the cytosolic calcium was measured from Fluo3-emitted fluorescence employing 

flow cytometry after treating the healthy erythrocytes without and with afatinib (4 – 

16.4 µM) in Ringer’s solution with 48 hours of incubation. Figure 8 shows that afatinib 

increases the Fluo3 fluorescence and statistically significant fluorescence commences 

with a concentration of 8.2 µM afatinib.  

 

 

 

 

 

 

 

 

 

 

Figure 7: The sensitivity of afatinib on the externalisation of phosphatidylserine. 
(A) The histogram represents the erythrocytes with annexin-V following 48 hours of treatment. 
The grey plot indicates the control group and the black line indicates afatinib-treated (16.4 µM) 
erythrocytes. (B) A bar chart showing PS translocated erythrocytes (data represented as 
arithmetic means ± SD, n = 15) following 48 hours of incubation in Ringer’s solution. The grey 
bar indicates the control group and the white bars indicate the afatinib-treated (4 – 16.4 µM) 
erythrocytes whereas the striped bar represents the effect of the solvent (DMSO). ***(p<0.001) 
points out the statistical distinction arising from the absence of afatinib (ANOVA) [from (Al 
Mamun Bhuyan and Lang, 2018)]. 
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Figure 8: The sensitivity of afatinib on cytosolic calcium concentration. (A) A 
histogram showing Fluo3 fluorescence following exposure of erythrocytes to afatinib for 48 
hours. The grey plot indicates the control group and the black line indicates afatinib-treated 
(16.4 µM) erythrocytes. (B) A bar chart showing Fluo3 fluorescence of erythrocytes (data 
represented on arithmetic means ± SD, n = 15) following 48 hours of incubation in Ringer’s 
solution. The grey bar indicates the control group and the white bars indicate the afatinib-
treated (4 – 16.4 µM) erythrocytes whereas the striped bar represents the effect of the solvent 
(DMSO). **(p<0.01), ***(p<0.001) points out the statistical distinction arising from the 
absence of afatinib (ANOVA) [from (Al Mamun Bhuyan and Lang, 2018)]. 

 

 

 

  

 

Another important feature of eryptosis is the shrinkage or decrease in the volume of 

erythrocytes. The shrunken erythrocytes were recognised from the decreased forward 

scatter (FSC). For this purpose, isolated healthy erythrocytes were incubated for 48 

hours in Ringer’s solution without or with afatinib using the concentration of 4 – 16.4 

µM. As depicted in Figure 9, the volume of the cells decreases subsequent to afatinib 

exposure in all concentrations (4 – 16.4 µM) and statistically significant shrunken 

erythrocytes are noticed at 8.2 µM afatinib.  

 

  

 

 

 

 

 

 

 

 

 

To explore the role of extracellular calcium in the afatinib-induced eryptosis, healthy 

erythrocytes were treated with and without 16.4 µM of afatinib in Ringer’s solution for 

48 hours at 37˚C in the presence and absence of extracellular calcium. Then, the 

Figure 9: The sensitivity of afatinib on the erythrocyte size. (A) A histogram 
representing the volume of erythrocytes following 48 hours of treatment with afatinib. The 
grey plot indicates the untreated erythrocytes and the black line indicates afatinib-treated (16.4 
µM) erythrocytes. (B) A bar chart showing the FSC of erythrocytes (data represented on 
arithmetic means ± SD, n = 15) following 48 hours of incubation in Ringer’s solution. The 
grey bar indicates the control group and the white bars indicate the afatinib-treated (4 – 16.4 
µM) erythrocytes whereas the striped bar represents the effect of the solvent (DMSO). 
***(p<0.001) points out the statistical distinction arising from the absence of afatinib 
(ANOVA) [from (Al Mamun Bhuyan and Lang, 2018)]. 
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annexin-V tagged erythrocytes were quantified. The result confirms the percentage of 

afatinib-induced annexin-V-binding cells decrease significantly without extracellular 

calcium (Figure 10). Nevertheless, afatinib increases the erythrocytes’ membrane 

scrambling significantly even without extracellular calcium. Thus, afatinib-mediated 

phosphatidylserine translocation is partially induced by the influx of extracellular 

calcium. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10: Calcium sensitivity on afatinib-induced PS externalisation. (A, B) 
Histograms of PS-exposing erythrocytes following 48 hours of afatinib treatment. The grey 
plots indicate the control group of erythrocytes and the black lines indicate afatinib-treated (16.4 
µM) erythrocytes with (A) and without (B) extracellular calcium. (C) A bar chart showing PS-
externalised erythrocytes (data represented on arithmetic means ± SD, n = 15) following 
exposure to afatinib for 48 hours of incubation in Ringer’s solution. The grey bars represent the 
control group and the white bars indicate the afatinib-treated (16.4 µM) erythrocytes with (left 
bars) and without (right bars) extracellular calcium. *(p<0.05), ***(p<0.001) points out the 
statistical distinction arising from the absence of afatinib (ANOVA). ###(p<0.001) points out 
the statistically significant difference arising from the presence of extracellular calcium 
(ANOVA) [from (Al Mamun Bhuyan and Lang, 2018)]. 
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Again, to explore the effect of extracellular calcium on erythrocyte volume, the 

erythrocyte FSC was assessed following the removal of extracellular calcium. After 

exposure to afatinib, the volume of the erythrocytes decreased both in the presence and 

absence of extracellular calcium (Figure 11). Once more, the volume of shrunken 

erythrocytes was significantly enhanced in the group without extracellular calcium 

compared to the group with extracellular calcium. Therefore, it can be stated that the 

shrinkage of erythrocytes largely depends on the influx of extracellular calcium 

following afatinib treatment.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11: Calcium sensitivity on afatinib-induced cell shrinkage. (A, B) Histograms 

representing the erythrocyte volume after 48 hours of treatment. The grey plots indicate the 

control group and the black lines indicate afatinib-treated (16.4 µM) erythrocytes with (A) and 

without (B) extracellular calcium. (C) A bar chart showing the forward scatter of erythrocytes 

(data represented on arithmetic means ± SD, n = 15) following 48 hours of incubation in Ringer’s 

solution. The grey bars represent the untreated erythrocytes and the white bars indicate the 

afatinib-treated (16.4 µM) erythrocytes with (left bars) and without (right bars) extracellular 

calcium. *(p<0.05), ***(p<0.001) points out the statistical distinction arising from the absence of 

afatinib (ANOVA). ###(p<0.001) indicates a statistical difference arising from the group with 

extracellular calcium (ANOVA) [from (Al Mamun Bhuyan and Lang, 2018)]. 
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AKT/PI3K along with PLCγ/PKC-dependent signalling pathways are upregulated by 

afatinib in nucleated cells (Modjtahedi et al., 2014). Considering this, an additional 

experiment was performed to explore the involvement of the AKT protein on afatinib-

mediated eryptosis. To this end, erythrocytes were treated without and with AKT1/2 

inhibitor A6730 (58 nM) in the presence of afatinib (16.4 µM) for 48 hours. The result 

depicts that the ratio of increased annexin-V-binding erythrocytes are almost same in 

the absence (from 2.46 ± 0.52 to 23.64 ± 2.19%, n = 5) and presence (from 4.07 ± 0.47 

to 25.26 ± 6.41%, n = 5) of Akt1/2 inhibitor A6730 (58 nM). Thus, AKT1/2 protein has 

no significant role in afatinib-induced eryptosis. 

Oxidative stress is an important stimulator of eryptosis (Lang et al., 2014). DCFDA-

dependent fluorescence was assessed to quantify ROS generation in the erythrocytes. 

Figure 12 demonstrates DCFDA fluorescence was significantly enhanced in 

erythrocytes incubated with afatinib (16.4 µM) for 48 hours. Thus, afatinib-induced 

eryptosis partially correlates with oxidative stress. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 12: The significance of afatinib treatment on ROS formation. (A) The 

histogram represents DCFDA fluorescence within erythrocytes following exposure to afatinib 

for 48 hours. The grey plot and black line indicate the unexposed and afatinib-exposed (16.4 

µM) erythrocytes, respectively. (B) A bar chart with DCFDA fluorescence of erythrocytes (data 

represented on arithmetic means ± SD, n = 13) following 48 hours of incubation in Ringer’s 

solution. The grey column represents the control group and the white bar represents the afatinib-

treated (16.4 µM) erythrocytes. ***(p<0.01) indicates a significant difference when there was an 

absence of afatinib (unpaired t-test) [from (Al Mamun Bhuyan and Lang, 2018)]. 
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Further, ceramide is a well-established eryptosis stimulator (Lang et al., 2004; Lang et 

al., 2010). The enzyme sphingomyelinase is the key regulator for generating ceramide 

by splitting sphingomyelin (Lang et al., 2004; Lang et al., 2010). The abundance of 

ceramide on the erythrocyte surface was measured using ceramide-specific antibodies. 

As shown in Figure 13, erythrocytes exposed to afatinib (16.4 µM) showed a higher 

ceramide generation in comparison to the control group. This result points to ceramide 

production playing an important role in afatinib-mediated eryptosis.  

 

 

 

 

 

 

 

 

 

 

 

The next experiments were performed to elucidate the role of kinases and caspases in 

afatinib-induced phosphatidylserine externalisation. For this purpose, healthy 

erythrocytes were exposed to afatinib with and without a PKC inhibitor, i.e., 

chelerythrine (1 µM). The results demonstrate the percentage of PS-translocated 

erythrocytes subsequent to afatinib (16.4 µM) treatment are almost identical in the 

absence (from 1.17 ± 0.33% to 22.63 ± 14.04%, n = 5) and in the presence (from 2.47 ± 

0.83% to 29.65 ± 12.34%, n = 5) of chelerythrine (1 µM). Hence, the result proves the 

negligence of PKC on afatinib-mediated eryptosis. 

Figure 13: The significance of afatinib treatment on ceramide generation. (A) The 
histogram represents ceramide abundance on the surface of erythrocytes following exposure to 
afatinib for 48 hrs. The grey plot represents the untreated erythrocytes and the black line 
represents the afatinib-treated (16.4 µM) erythrocytes. (B) A bar chart representing ceramide-
generated erythrocytes (data represented on arithmetic means ± SD, n = 5) following 48 hours 
of incubation in Ringer’s solution. The grey bar points to the control group and the white bar 
points to the afatinib-treated (16.4 µM) erythrocytes. ***(p<0.01) points out the statistical 
distinction arising from the absence of afatinib (unpaired t-test) [from (Al Mamun Bhuyan and 
Lang, 2018)]. 
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p38 kinase often participates in eryptosis regulation (Gatidis et al., 2011). Therefore, an 

additional experiment with afatinib (16.4 µM) was conducted in the absence and 

presence of p38 kinase inhibitor SB203580 with a concentration of 2 µM for 48 hours. 

Thereafter, annexin-V antibody-tagged erythrocytes were quantified by FACS. The data 

show no statistically significant distinction in the proportion of phosphatidylserine-

exposing erythrocytes without (from 1.19 ± 0.45% to 27.72 ± 20.71%, n = 5) and with 

(from 1.22 ± 0.41% to 40.28 ± 11.71%, n = 5) SB203580 (2 µM) treatment. Thus, 

afatinib-triggered erythrocyte demise is not affected by p38 kinase.  

Previous studies suggested the participation of casein kinase 1α (CK1α) in eryptosis 

stimulation (Zelenak et al., 2012). Therefore, the following experiment was performed 

to test the influence of CK1α on afatinib-induced membrane scrambling. Erythrocytes 

were exposed to afatinib (16.4 µM) in the absence and presence of CK1α inhibitor 

D4476 (10 µM). The results demonstrate that afatinib increased the phosphatidylserine-

exposing erythrocytes to the same extent following incubation without (from 1.17 ± 

0.33% to 22.63 ± 14.04%, n = 5) and with (from 1.07 ± 0.45% to 19.62 ± 10.65%, n = 

5) D4476 (10 µM). Thus, CK1α has no stimulating effect on afatinib-induced eryptosis.  

Another experiment was done without and with Janus kinase 3 (JAK3) inhibitor WHI-

P154 (56 µM) to explore the impact of JAK3 on afatinib-targeted (16.4 µM) erythrocyte 

death. The results indicate the increase of the percentage of PS-translocated erythrocytes 

is similar in the absence (from 1.22 ± 0.21% to 15.74 ± 8.75%, n = 5) and presence 

(from 1.39 ± 0.43% to 16.49 ± 6.83%, n = 5) of JAK3 inhibitor WHI-P154 (11.2 µM). 

These findings explain that JAK3 does not influence afatinib-triggered eryptosis.  

Moreover, caspases are often reported to play a role in the externalisation of the protein 

phosphatidylserine from the inner to the outer surface of the erythrocyte membrane 

(Mandal et al., 2005; Mandal et al., 2002). To determine the response of caspases on 

afatinib-induced (16.4 µM) eryptosis, an experiment was performed in the absence and 

presence of pan-caspase inhibitor zVAD (10 µM). The experimental findings illustrate 

the percentage of eryptotic erythrocytes increased to the same extent in the absence 

(from 1.51 ± 0.28% to 45.96 ± 24.89%, n = 5) and in the presence (from 8.71 ± 3.59% 

to 61.88 ± 24.63%, n = 5) of zVAD (10 µM), which points to caspase-independent 

eryptosis triggered by afatinib.  
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Xenobiotics often cause haemolysis (Signoretto et al., 2016; Shaik et al., 2012; Lupescu 

et al., 2012). Hence, an experiment was conducted to investigate the sensitivity of 

afatinib on haemolysis. For this reason, haemoglobin concentration in the supernatant 

was quantified subsequent to 48 hours of incubation with afatinib. Figure 14 shows that 

afatinib stimulates haemolysis in all concentrations (4 – 16.4 µM) but increased 

haemolysis with statistical significance is observed at a concentration of 16.4 µM. 

 

 

 

 

 

 

 

 

 

 

Taken together, the cytostatic molecule afatinib stimulates suicidal erythrocyte death 

and causes an elevated cytosolic calcium concentration and enhanced production of 

ceramide and ROS, which are crucial in orchestrating afatinib-triggered eryptosis.  

Figure 14: The effect of afatinib on haemolysis. A bar chart representing haemolytic 

erythrocytes (data represented on arithmetic means ± SD, n = 5) following incubation for 48 

hours in Ringer’s solution. The grey bar indicates the control group and the white bars indicate 

the afatinib-treated (4 – 16.4 µM) groups. The striped bar points out the effect of the solvent 

(DMSO).***(p<0.001) points out the statistical distinction arising from the absence of afatinib 

(ANOVA) [from (Al Mamun Bhuyan and Lang, 2018)]. 
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3. 2. The effect of ceritinib on eryptosis  

The present investigation addressed the effect of ceritinib on eryptosis. The main feature 

of eryptosis is the translocation of PS from the inner to the outer surface of the 

erythrocyte plasma membrane. For this experimental purpose, erythrocytes from healthy 

donors were exposed to different concentrations of ceritinib in Ringer’s solution with a 

haematocrit of 0.4% and stored in the incubator for 48 hours maintaining 37˚C to check 

its effect (Figure 15). For the control group, the erythrocytes were exposed to isotonic 

Ringer’s solution without ceritinib.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

As the exposure of phosphatidylserine is the main indicator of eryptosis, after respective 

treatment and incubation time, the erythrocytes were stained with FITC-conjugated 

annexin-V antibody. Subsequently, the erythrocytes were subjected to flow cytometry to 

quantify the number of PS-exposing cells. Figure 16 shows that ceritinib increases the 

apoptotic erythrocytes in all concentrations and a statistically significant number of dead 

erythrocytes are noticed at a concentration of 1.34 µM ceritinib. 

 

 

 

Figure 15: Dose-dependent sensitivity of ceritinib on PS externalisation. A bar chart 

showing PS-translocated erythrocytes (data represented on arithmetic means ± SD, n = 10) 

following 48 hours of incubation in Ringer’s solution. The grey bar indicates the control group 

and the white bars indicate the ceritinib-treated (0.25 – 2.5 µM) erythrocytes whereas the striped 

bar shows the impact of the solvent. ** (p<0.01), ***(p<0.001) points out the statistical 

distinction arising from the absence of ceritinib (ANOVA). 
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The shrinkage of erythrocytes is another important characteristic of eryptosis (Lang and 

Qadri, 2012) and the shrunken erythrocytes were evaluated from the FSC. To perform 

this experiment, erythrocytes were incubated in Ringer’s solution for 48 hours without 

and with different concentrations (0.9 – 1.8 µM) of ceritinib. Afterwards, the volume or 

size of the erythrocytes was quantified by employing flow cytometry. Figure 17 

demonstrates the volume of erythrocytes decreases as a result of ceritinib exposure but 

1.8 µM concentration of ceritinib causes significant shrinkage in the erythrocytes. 

 

 

 

 

 

 

 

 

 

Figure 16: The sensitivity of ceritinib on phosphatidylserine translocation. (A) The 

histogram represents annexin-V-binding erythrocytes following 48 hours of treatment. The grey 

plot indicates the erythrocytes without treatment and the black line indicates ceritinib-treated 

(1.8 µM) erythrocytes. (B) A bar chart showing PS-translocated erythrocytes (data represented 

on arithmetic means ± SD, n = 17) following 48 hours of incubation in Ringer’s solution. The 

grey bar represents the control group and the white bars represent the ceritinib-treated (0.9 – 1.8 

µM) erythrocytes whereas the striped bar designates the impact of the solvent. *(p<0.05), 

***(p<0.001) points out the statistical distinction arising from the absence of ceritinib 

(ANOVA) [from (Al Mamun Bhuyan et al., 2016b)]. 
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Figure 17: The influence of ceritinib on the size of erythrocytes. (A) The histogram 
represents the erythrocyte volume following 48 hours of treatment with ceritinib. The grey plot 
indicates the control group and the black line indicates ceritinib-treated (1.8 µM) erythrocytes. 
(B) A bar chart with FSC of erythrocytes (data represented on arithmetic means ± SD, n = 17) 
following 48 hours of incubation in Ringer’s solution. The grey bar indicates the untreated and 
the white bars indicate the ceritinib-treated (0.9 – 1.8 µM) erythrocytes whereas the striped bar 
points out the significance of the solvent (DMSO). ***(p<0.001) points out the statistical 
distinction arising from the control group (ANOVA) [from (Al Mamun Bhuyan et al., 2016b)]. 

Figure 18: The effect of ceritinib on cytosolic calcium concentration. (A) A histogram 

on emitted Fluo3 fluorescence following ceritinib treatment on erythrocytes for 48 hours. The 

grey plot indicates the control group and the black line indicates 1.8 µM ceritinib-exposed 

erythrocytes. (B) A bar chart with Fluo3 fluorescence of erythrocytes (data represented on 

arithmetic means ± SD, n = 17) following 48 hours of incubation in Ringer’s solution. The grey 

bar represents the control erythrocytes and the white bars represent the ceritinib-treated (0.9 – 1.8 

µM) erythrocytes whereas the striped bar represents the effect of the solvent. ***(p<0.001) 

points out the statistical distinction arising from the absence of ceritinib (ANOVA) [from (Al 

Mamun Bhuyan et al., 2016b)]. 

 

 

 

 

 

 

The increased level of intracellular calcium is the chief regulator of eryptosis (Pretorius 

et al., 2016b) and was quantified from the Fluo3 fluorescence. For this experimental 

purpose, healthy, fresh erythrocytes were incubated with and without ceritinib (0.9 – 1.8 

µM) and incubated for 48 hours. After the respective incubation time, the erythrocytes 

were stained with Fluo3-AM (10 µM) and incubated in the dark for 30 minutes. 

Subsequently, the Fluo3-emitted fluorescence was captured by the FL-1 channel of the 

flow cytometer. Figure 18 exhibits Fluo3 fluorescence increases as a result of ceritinib 

treatment and a statistically significant effect is observed at 1.8 µM concentration of 

ceritinib. 
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The next series of experiments was done to verify the requirement of extracellular 

calcium for ceritinib-triggered eryptosis. To conduct this experiment, erythrocytes were 

treated with and without ceritinib (1.8 µM) in the presence and absence of extracellular 

calcium. Figure 19 displays that the translocation of PS was significantly blunted 

following the withdrawal of extracellular calcium. Nevertheless, in the absence of 

extracellular calcium, ceritinib significantly translocated the phosphatidylserine to the 

outer surface of the cell membrane. These results highlight that ceritinib-induced 

erythrocyte membrane scrambling is partly dependent on the entry of interstitial 

calcium. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 19: The influence of extracellular calcium on ceritinib-induced PS 
externalisation. (A, B) Histograms representing eryptotic erythrocytes following 48 hours of 
ceritinib treatment. The grey plots indicate the control group and the black lines indicate 
ceritinib-treated (1.8 µM) erythrocytes with (A) and without (B) extracellular calcium. (C) A 
bar chart of PS-externalized erythrocytes (data represented on arithmetic means ± SD, n = 17) 
following 48 hours of incubation in Ringer’s solution. The grey bars indicate the control group 
and the white bars indicate the ceritinib-treated (1.8 µM) erythrocytes with (bars on the left 
side) and without (bars on the right side) extracellular calcium. ***(p<0.001) designates the 
statistical distinction arising from the absence of ceritinib (ANOVA). ###(p<0.001) indicates 
the statistical significant difference arising from the presence of extracellular calcium 
(ANOVA) [from (Al Mamun Bhuyan et al., 2016b)]. 

+ Calcium - Calcium 
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The non-selective cation channel (NSCC) is the main ion channel in erythrocytes to 

raise the cytosolic calcium concentration and, thus, promote eryptosis (Lang et al., 

2003a). To check the functionality of NSCC subsequent to ceritinib (1.8 µM) exposure, 

the erythrocytes were incubated for 48 hours with and without the NSCC blocker 

amiloride (1 mM). Figure 20 shows that the number of annexin-V-binding erythrocytes 

significantly decreases in the amiloride-treated group, pointing at the stimulating role of 

NSCC for increasing the cytosolic calcium subsequent to ceritinib treatment and thus 

eryptosis. Nevertheless, even in the presence of amiloride, the ceritinib-mediated cell 

death increases significantly indicating the partial participation of NSCC in triggering 

apoptosis.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 20: Amiloride sensitivity on ceritinib-mediated PS exposure. (A, B) 
Histograms representing PS-exposed erythrocytes after 48 hours of treatment. The grey plots 
indicate the untreated erythrocytes and the black lines indicate 1.8 µM ceritinib-treated 
erythrocytes without (A) and with (B) amiloride (1 mM). (C) A bar chart showing eryptotic 
erythrocytes (data represented on arithmetic means ± SD, n = 13) following 48 hours of 
incubation in Ringer’s solution. The grey bars indicate the control group and white bars indicate 
the ceritinib-treated (1.8 µM) erythrocytes without (left bars) and with (right bars) amiloride. 
***(p<0.001) points out the statistical distinction arising from the absence of ceritinib 
(ANOVA). #(p<0.05) indicates the statistical significant difference arising from the absence of 
amiloride (ANOVA) [from (Al Mamun Bhuyan et al., 2016b)]. 
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Figure 21: The effect of ceritinib treatment on ROS generation. (A) The histogram 

represents DCFDA fluorescence within erythrocytes following exposure to ceritinib for 48 

hours. The grey plot represents the unexposed erythrocytes and the black line points at the 

ceritinib-exposed (1.8 µM) erythrocytes, respectively. (B) A bar chart with DCFDA 

fluorescence of erythrocytes (data represented on arithmetic means ± SD, n = 9) following 48 

hours of incubation in Ringer’s solution. The grey column indicates the control group and the 

white column indicates the ceritinib-treated (1.8 µM) group [from (Al Mamun Bhuyan et al., 

2016b)].  

Without an increased level of intracellular calcium, there are diverse triggers of 

eryptosis. Among them, ROS is a critical stimulator of eryptosis and indicates the redox 

state in a cell (Dong et al., 2016). To carry out this investigation, erythrocytes were 

incubated for 48 hours, with and without ceritinib (1.8 µM) and subsequently stained 

with DCFDA (10 µM) to quantify ROS within the cells. Figure 21 depicts there is no 

statistical difference between the DCFDA fluorescence within the control (20.56 ± 2.29 

a.u., n = 10) and the ceritinib-treated group (19.34 ± 1.94 a.u., n = 10), indicating that 

ceritinib-mediated eryptosis is not associated with oxidative stress. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Ceramide is a further mediator of eryptosis (Lang et al., 2004; Lang et al., 2010). 

Ceramide can stimulate the scrambling effect of calcium or can activate the scramblase 

enzyme by itself and translocate the PS to the erythrocyte’s surface (Lang et al., 2004; 

Lang et al., 2010). Ceramide generation in the cells was evaluated using ceramide-

specific antibodies. Hence, erythrocyte concentrates were exposed to Ringer’s solution 

with and without ceritinib (1.8 µM) and stored in the incubator for 48 hours. 
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Subsequently, ceramide-associated fluorescence was assessed employing flow 

cytometry. According to Figure 22, the abundance of ceramide on the erythrocyte 

membrane is alike in the control (19.34 ± 1.95 a.u., n = 10) and ceritinib-treated (20.56 

± 2.29 a.u., n = 10) group. Thus, ceritinib-stimulated eryptosis is not dependent on 

ceramide formation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Another series of experiments was performed to determine the role of different kinases 

in ceritinib-induced eryptosis. For this objective, healthy erythrocytes were treated with 

ceritinib (1.8 µM) in the absence and presence of different kinases. To check the 

involvement of the AKT/PKB protein, erythrocytes were exposed to ceritinib (1.8 µM) 

in the absence and presence of AKT1/2 inhibitor A6730 (58 nM). Figure 23 depicts that 

A6730 significantly downregulates the percentage of annexin-V-binding erythrocytes. 

However, in the presence of the AKT/PKB inhibitor, ceritinib still significantly 

stimulated erythrocyte death. Thus, ceritinib-associated eryptosis is partially mediated 

through the AKT1/2 signalling pathway. 

Figure 22: The effect of ceritinib treatment on ceramide generation. (A) The 

histogram represents the ceramide generation in erythrocytes following exposure to ceritinib for 

48 hours. The grey plot represents the unexposed erythrocytes and the black line represents 

ceritinib-exposed erythrocytes. (B) A bar chart representing ceramide-generated erythrocytes 

(data represented on arithmetic means ± SD, n = 5) following 48 hours of incubation in 

Ringer’s solution. The grey bar represents the control group and the white bar represents the 

ceritinib-treated (1.8 µM) group of erythrocytes [from (Al Mamun Bhuyan et al., 2016b)]. 
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To explore the influence of PKC on ceritinib-triggered eryptosis, erythrocytes were 

exposed to ceritinib (1.8 µM) in the absence and presence of PKC inhibitor 

staurosporine (1 µM). Figure 24 shows the addition of staurosporine significantly 

inhibits the effect of ceritinib on PS exposure. Nevertheless, even in the presence of 

staurosporine, ceritinib significantly upregulates the percentage of apoptotic 

erythrocytes. Thus, the staurosporine-sensitive PKC pathway is involved in the 

ceritinib-triggered erythrocyte death. 

 

Figure 23: A6730 sensitivity on ceritinib-induced PS exposure. (A, B) The histograms 
represent the phosphatidylserine-externalised erythrocytes after 48 hours of treatment. The grey 
plots indicate the untreated erythrocytes and the black lines indicate 1.8 µM ceritinib-treated 
erythrocytes without (A) and with (B) A6730 (58 nM). (C) A bar chart showing annexin-V-
binding erythrocytes (data represented on arithmetic means ± SD, n = 23) following 48 hours of 
incubation in Ringer’s solution. The grey bars show the control group and white bars show the 
ceritinib-treated (1.8 µM) group without (left-sided bars) and with (right-sided bars) A6730 (58 
nM). **(p<0.05), ***(p<0.001) points out the statistical distinction arising from the absence of 
ceritinib (ANOVA). ##(p<0.05) points to the significant difference arising from the absence of 
A6730 (ANOVA) [from (Al Mamun Bhuyan et al., 2016b)]. 
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Moreover, erythrocytes were exposed to ceritinib (1.8 µM) without and with p38 kinase 

inhibitor SB203580 (2 µM) to assess the association between p38 kinase and ceritinib-

stimulated erythrocyte death. Figure 25 demonstrates that SB203580 significantly blunts 

the action of ceritinib on phosphatidylserine exposure. Again, even in the presence of 

the p38 kinase inhibitor, ceritinib significantly upregulates the percentage of annexin-V-

binding cells, which indicates ceritinib-induced eryptosis is partially dependent on p38 

kinase. 

Figure 24: Staurosporine sensitivity on ceritinib-induced PS translocation. (A, B) 
The histograms represent the phosphatidylserine-externalised erythrocytes after 48 hours of 
treatment. The grey plots indicate the control group and the black lines indicate 1.8 µM ceritinib-
treated erythrocytes without (A) and with (B) staurosporine (1 µM). (C) A bar chart showing 
annexin-V-binding erythrocytes (data represented on arithmetic means ± SD, n = 20) following 
48 hours of incubation in Ringer’s solution. The grey bars mark the control and the white bars 
mark the ceritinib-treated (1 µM) erythrocytes without (left-sided bars) and with (right-sided 
bars) staurosporine (1 µM). ***(p<0.001) indicates the statistical distinction arising from the 
absence of ceritinib (ANOVA). #(p<0.05) indicates a significant difference arising from the 
absence of staurosporine (ANOVA) [from (Al Mamun Bhuyan et al., 2016b)]. 
 

+ Staurosporine - Staurosporine 
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Further, to explore the involvement of CK1α in afatinib-triggered eryptosis, fresh 

erythrocytes were treated with afatinib with and without CK1α specific inhibitor D4476 

(10 µM) for 48 hours. Subsequently, the percentage of annexin-V-binding erythrocytes 

was measured. The result shows that D4476 significantly declines the strength of 

ceritinib on cell membrane scrambling (Figure 26). However, ceritinib significantly 

Figure 25: SB203580 sensitivity on ceritinib-stimulated PS externalisation. (A, B) 
The histograms represent the PS-externalised erythrocytes after 48 hours of treatment. The grey 
plots indicate the untreated erythrocytes and the black lines indicate 1.8 µM ceritinib-treated 
erythrocytes without (A) and with (B) SB203580 (2 µM). (C) A bar chart showing eryptotic 
erythrocytes (data represented on arithmetic means ± SD, n = 23) following 48 hours of 
incubation in Ringer’s solution. The grey bars show the control group and white bars show the 
ceritinib-treated (1.8 µM) group without (left-sided bars) and with (right-sided bars) SB203580 
(2 µM). ***(p<0.001) points out the statistical distinction caused by the control group 
(ANOVA). ##(p<0.01) points to the significant difference arising from the absence of 
SB203580 (ANOVA) [from (Al Mamun Bhuyan et al., 2016b)]. 
 

+ SB203580 - SB203580 
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upregulates the number of PS-translocated erythrocytes, even in the presence of D4476, 

indicating that ceritinib-induced eryptosis is partly dependent on CK1α. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Moreover, further investigations were performed to test the influence of caspases on 

ceritinib-induced (1.8 µM) eryptosis. Therefore, an experiment was conducted with and 

without pan-caspase inhibitor zVAD (10 µM). Figure 27 exhibits that zVAD 

significantly downregulates the ceritinib-triggered PS externalisation. Nevertheless, 

ceritinib significantly enhances the percentage of apoptotic erythrocytes even in the 

Figure 26: D4476 sensitivity on ceritinib-triggered PS externalisation. (A, B) The 
histograms represent the PS-translocated erythrocyte after 48 hours of treatment. The grey plots 
indicate the untreated erythrocytes and the black lines indicate 1.8 µM ceritinib-treated 
erythrocytes without (A) and with (B) D4476 (10 µM). (C) A bar chart representing PS-
externalised erythrocytes (data represented on arithmetic means ± SD, n = 15) following 48 
hours of incubation in Ringer’s solution. The grey bars indicate the control group and the white 
bars indicate the ceritinib-treated (1.8 µM) group, without (left-sided bars) and with (right-sided 
bars) D4476 (10 µM). ***(p<0.001) designates the statistical distinction arising from the 
absence of ceritinib (ANOVA). #(p<0.05) designates the significant difference arising from the 
lack of D4476 (ANOVA) [from (Al Mamun Bhuyan et al., 2016b)]. 
 

- D4476 + D4476 
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presence of zVAD. In that aspect, ceritinib-induced eryptosis is not fully but partially 

dependent on the activation of caspases. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Nitric oxide (NO) is the fundamental element for s-nitrosylation and the downregulation 

of S-nitrosylation leads to eryptosis (Ghashghaeinia et al., 2017; Nicolay et al., 2008). 

To test the influence of s-nitrosylation on ceritinib-induced eryptosis, healthy 

erythrocytes were treated with and without NO donor sodium nitroprusside (1 µM). 

Figure 28 demonstrates that the SNP significantly downregulates the percentage of 

Figure 27: zVAD sensitivity on ceritinib-induced membrane scrambling. (A, B) The 
histograms represent the apoptotic erythrocytes after 48 hours of treatment. The grey areas 
indicate the control group and the black lines indicate 1 µM ceritinib-treated erythrocytes 
without (A) and with (B) zVAD (10 µM). (C) A bar chart representing apoptotic erythrocytes 
(data represented on arithmetic means ± SD, n = 9) following 48 hours of incubation in Ringer’s 
solution. The grey bars indicate the control group and white bars indicate the ceritinib-treated (1 
µM) erythrocytes without (left-sided bars) and with (right-sided bars) zVAD (10 µM). 
*(p<0.05), ***(p<0.001) indicates the statistical distinction arising from the control group 
(ANOVA). ##(p<0.01) indicates the significant difference arising from the absence of zVAD 
(ANOVA) [from (Al Mamun Bhuyan et al., 2016b)]. 

+ zVAD - zVAD 
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eryptotic cells. However, still in the presence of SNP, ceritinib significantly increases 

the number of eryptotic erythrocytes. Thus, an alteration in S-nitrosylation is also 

associated with ceritinib-triggered eryptosis.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Excessive haemolysis is associated with the occurrence of anaemia (Haley, 2017) and 

cytostatic substances are often reported to induce haemolysis (Shaik et al., 2012; 

Signoretto et al., 2016). To assess the ceritinib-mediated (0.9 – 1.8 µM) haemolysis, Hb 

absorption was quantified from the supernatant of the samples using a 

spectrophotometer. As a positive control (100% haemolysis), erythrocytes were exposed 

Figure 28: SNP sensitivity on ceritinib-stimulated PS translocation. (A, B) 
Histograms representing erythrocytes with phosphatidylserine exposure after 48 hours of 
treatment. The grey areas show the control group and the black lines indicate ceritinib-treated 
(1.8 µM) erythrocytes without (A) and with (B) SNP (1 µM). (C) A bar chart representing PS-
externalised erythrocytes (data represented on arithmetic means ± SD, n = 13) following 48 
hours of incubation in Ringer’s solution. The grey bars show the control group and the white 
bars show the ceritinib-treated (1.8 µM) erythrocytes without (left bars) and with (right bars) 
SNP. ***(p<0.001) indicates the statistical distinction arising from the absence of ceritinib 
(ANOVA). #(p<0.05) indicates the statistical significant difference arising from the absence of 
SNP (ANOVA) [from (Al Mamun Bhuyan et al., 2016b)]. 

+ SNP - SNP 
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to water. According to Figure 29, ceritinib elevates the ratio of haemolytic cells and the 

effect reaches a statistically significant level at 1.8 µM ceritinib.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The second investigation discloses that ceritinib stimulates eryptosis, as well as 

haemolysis. Enhanced intracellular calcium concentration, AKT protein, p38 kinase, 

PKC, CK1α, caspase activation and downregulation of S-nitrosylation are possible 

underlying signalling mechanisms responsible for ceritinib-triggered eryptosis.  

Figure 29: The effect of ceritinib on haemolysis. A bar chart representing haemolytic 

erythrocytes (data represented on arithmetic means ± SD, n = 5) following 48 hours of 

incubation. The grey bar shows the control group and white bars represent the ceritinib-treated 

(0.9 - 1.8 µM) erythrocytes. The striped bar designates the consequence of the solvent 

(DMSO) ***(p<0.001) points out the statistical distinction arising from the absence of 

ceritinib [from (Al Mamun Bhuyan et al., 2016b)]. 
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3. 3. The inhibition of suicidal erythrocyte death by volasertib  

To explore the effects of volasertib on suicidal erythrocyte death, healthy erythrocytes 

were exposed to different concentrations of volasertib in glucose-depleted Ringer’s 

solution, a well-known eryptosis stimulator (Figure 30). Erythrocytes were incubated 

for 48 hours at 37˚C. Subsequently the percentages of PS-exposing erythrocytes and cell 

shrinkage were quantified by flow cytometry. The 0.8, 1.6, and 2.4 µM of volasertib 

were selected as working concentrations for further study.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

As mentioned in Figure 31, there is a sharp increase in the percentage of eryptotic-

erythrocytes in the glucose-depleted group. The percentage of eryptotic-erythrocytes 

decreases in the presence of volasertib (0.8 - 2.4 µM), the effect reaches a statistically 

significant level at 1.6 - 2.4 µM volasertib. However, even in the presence of volasertib, 

glucose deprivation significantly enhances the percentage of PS-exposing erythrocytes. 

Thus, volasertib shows a partially protective effect on eryptosis following glucose 

depletion. 

 

Figure 30: Dose-dependent sensitivity of volasertib in the inhibition of PS 

externalisation. A bar chart indicating the eryptotic erythrocytes (data represented on 

arithmetic means ± SD, n = 10) following 48 hours of treatment with Ringer’s solution 

containing glucose (grey bar) or Ringer’s solution without glucose (black bar) and in glucose-

depleted Ringer’s solution with (white bars) volasertib (0.1- 3.2 µM). The striped bar indicates 

the effect of the solvent (DMSO) with glucose-deprived Ringer’s solution. ***(p<0.001) 

indicates the significant distinction arising from the absence of glucose, #(p<0.05), ##(p<0.01), 

###(p<0.001) indicates the significant difference arising from the absence of volasertib 

(ANOVA). 
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The FSC of erythrocytes was also measured with and without energy depletion. The 

FSC of erythrocytes following 48 hours of incubation in the glucose containing Ringer’s 

solution is similar in the absence (517 ± 6%, n = 14) and presence (522 ± 5.4%, n = 14) 

of volasertib (2.4 µM), indicating that volasertib does not influence cell shrinkage 

following energy repletion. Figure 32 demonstrates that incubation of erythrocytes in 

the Ringer’s solution without glucose causes a significant decrease in the volume of the 

erythrocytes. Adding volasertib (0.8 - 2.4 µM) to the glucose-depleted Ringer’s solution 

does not cause any changes in the erythrocyte forward scatter. Thus, volasertib does not 

influence erythrocyte volume following energy deprivation. 

 

 

 

Figure 31: Volasertib sensitivity on PS translocation subsequent to energy 
depletion. (A) The histogram represents PS-translocated erythrocytes following 48 hours of 
exposure to glucose-containing Ringer’s solution (grey area), glucose-deprived Ringer’s solution 
(black line), and glucose-deprived Ringer’s solution with volasertib (2.4 µM) (dashed line). (B) 
A bar chart representing eryptotic erythrocytes (data represented on arithmetic means ± SD, n = 
14) following 48 hours of treatment with Ringer’s solution containing glucose (grey bar), 
Ringer’s solution without glucose (black bar), and in glucose-depleted Ringer’s solution with 
(white bars) volasertib (0.8, 1.6 & 2.4 µM). The striped bar indicates the consequence of the 
solvent (DMSO) with glucose-deprived Ringer’s solution. ***(p<0.001) indicates the significant 
distinction arising from the absence of glucose, ##(p<0.01), ###(p<0.001) indicates the 
significant difference arising from the absence of volasertib (ANOVA) [from (Al Mamun 
Bhuyan et al., 2017a)]. 
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An important mechanistic tool for the induction of eryptosis is the increased level of 

intracellular calcium concentration (Lang et al., 2003a). Considering the inhibitory 

effect of volasertib on membrane scrambling following energy deprivation, this 

experiment was conducted to explore the impact of volasertib on intracellular calcium 

concentration following energy depletion. The cytosolic calcium was quantified from 

Fluo3-associated fluorescence using flow cytometry. Figure 33 depicts that removal of 

glucose significantly increases the cytosolic calcium level following 48 hours of 

incubation. However, Fluo3 fluorescence does not significantly modify after incubation 

with volasertib (0.8 - 2.4 µM) in the glucose-depleted Ringer’s solution. Rather, the 

cytosolic calcium concentration is increased to the same extent with and without 

volasertib following energy depletion. Thus, the anti-eryptotic effect of volasertib may 

not be associated with changes in the intracellular calcium level.  

 

Figure 32: Volasertib sensitivity on cell volume following energy depletion.  
(A) The histogram represents the size of the erythrocytes following 48 hours of exposure to 
glucose-containing Ringer’s solution (grey area), glucose-deprived Ringer’s solution (black 
line), and with glucose-deprived Ringer’s solution in the presence of volasertib (2.4 µM) 
(dashed line). (B) A bar chart showing the FSC of erythrocytes following 48 hours of treatment 
with Ringer’s solution containing glucose (grey bar), and Ringer’s solution deprived from 
glucose with the absence (black bar) and presence (white bars) of volasertib (0.8, 1.6 & 2.4 
µM). The striped bar indicates the participatory effect of the solvent (DMSO) with glucose-
deprived Ringer’s solution. The data represented on arithmetic means ± SD,  
n = 14. ***(p<0.001) indicates the statistical significance arising from the absence of glucose 
(ANOVA) [from (Al Mamun Bhuyan et al., 2017a)]. 
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ROS resulting from excessive oxidative stress may cause eryptosis (Bissinger et al., 

2018). To test whether volasertib blunted eryptosis by a decline in ROS generation 

following glucose removal, erythrocyte concentrates were exposed to Ringer’s solution 

and glucose-depleted Ringer’s solution in the absence and presence of 2.4 µM of 

volasertib for 48 hours. DCFDA fluorescence was quantified to check the ROS 

generation. The result reveals that ROS formation was similar when cells were 

incubated with glucose containing Ringer’s solution without (19.07 ± 0.64, n = 5) and 

with 2.4 µM volasertib (18.63 ± 0.46, n = 5). Figure 34 displays that in the glucose-

depleted Ringer’s solution, there was a significant upregulation of DCFDA fluorescence 

either in the absence or presence (2.4 µM) of volasertib. The presence of volasertib did 

not alter ROS generation in the erythrocytes following glucose removal. Thus, 

volasertib has no influence on ROS modification for protecting mature erythrocytes 

subsequent to energy depletion. 

 

Figure 33: The effect of volasertib on cytosolic calcium concentration subsequent to 
energy depletion. (A) The histogram represents the cytosolic calcium concentration 
following 48 hours of exposure to glucose-containing Ringer’s solution (grey area), glucose-
deprived Ringer’s solution (black line), and with glucose-deprived Ringer’s solution in the 
presence of volasertib (2.4 µM) (dashed line). (B) The bar chart represents the intracellular 
calcium level of erythrocytes (data represented on arithmetic means ± SD, n = 14) following 48 
hours of treatment with Ringer’s solution containing glucose (grey bar) and Ringer’s solution 
deprived from glucose without (black bar) and with (white bars) volasertib (0.8, 1.6 & 2.4 µM). 
The striped bar indicates the participatory effect of the solvent (DMSO) with glucose-deprived 
Ringer’s solution. ***(p<0.001) indicates the statistical significance arising from the absence of 
glucose (ANOVA) [from (Al Mamun Bhuyan et al., 2017a)]. 
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Ceramide abundance on the erythrocyte surface was quantified to check whether 

volasertib inhibits eryptosis following energy depletion by decreasing ceramide 

generation. Ceramide was measured using ceramide-specific antibodies. The formation 

of ceramide in Ringer’s solution is almost similar to the absence (9.84 ± 0.17,  

n = 5) and presence (10.11 ± 0.24, n = 5) of volasertib. Again, ceramide generation in 

glucose-depleted Ringer’s solution increased in the same extent without (10.1 ± 0.2, n = 

5) and with (9.8 ± 0.2, n = 5) 2.4 µM volasertib. Thus, the data reveal that volasertib has 

no inhibitory effect on ceramide formation following incubation in energy-repleted or 

energy-depleted Ringer’s solution (Figure 35). 

 

 

 

Figure 34: The effect of volasertib on ROS generation subsequent to energy 
depletion. (A) The histogram represents the DCFDA fluorescence in erythrocytes after 48 
hours of exposure to Ringer’s solution (grey area), glucose-depleted Ringer’s solution (black 
line), and glucose-depleted Ringer’s solution with volasertib (2.4 µM) (dashed line). (B) A bar 
chart showing the DCFDA-dependent fluorescence of erythrocytes (data represented on 
arithmetic means ± SD, n = 5) following 48 hours of treatment with Ringer’s solution containing 
glucose (grey bar) and Ringer’s solution deprived from glucose without (black bar) and with 
(white bar) volasertib (2.4 µM). **(p<0.01) indicates the statistical significance arising from the 
absence of glucose (ANOVA) [from (Al Mamun Bhuyan et al., 2017a)]. 
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Data from previous research confirmed that volasertib has a stimulatory effect on the 

apoptosis of nucleated cells (Schoffski, 2009; Rudolph et al., 2009; Hugle et al., 2015). 

However, in anucleated erythrocytes, volasertib rather shows protective effects. Further 

experiments were performed in erythrocyte progenitor cells (K562) to explore whether 

volasertib induces programmed cell death. As demonstrated in Figure 36, exposure of 

K562 cells to volasertib (0.8 - 2.4 µM) for 48 hours significantly upregulates the rate of 

phosphatidylserine translocation. Again, as shown in Figure 37, volasertib (0.8 - 2.4 

µM) leads to a significant decrease in the volume of K562 cells after 48 hours of 

incubation.  

 

 

 

 

Figure 35: The effect of volasertib on ceramide generation subsequent to energy 
depletion. (A) The histogram represents the ceramide-dependent fluorescence in erythrocytes 
following 48 hours of exposure to Ringer’s solution (grey area), glucose-deprived Ringer’s 
solution (black line), and glucose-depleted Ringer’s solution with volasertib (2.4 µM) (dashed 
line). (B) The bar chart indicates the ceramide-dependent fluorescence of erythrocytes (data 
represented on arithmetic means ± SD, n = 5) following 48 hours of treatment with Ringer’s 
solution (grey bar) or glucose-deprived Ringer’s solution in the absence (black bar) and 
presence (white bar) of volasertib (2.4 µM) [from (Al Mamun Bhuyan et al., 2017a)]. 
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Figure 37: Volasertib sensitivity on the FSC of K562 cells. (A) The histogram 

represents the volume of K562 cells subsequent to volasertib treatment in an RPMI 1640 cell 

culture medium for 48 hours. The grey plot designates the K562 cells without treatment and the 

black line designates volasertib-treated (2.4 µM) K562 cells. (B) The bar chart represents 

shrunken K562 cells (data represented on arithmetic means ± SD, n = 10) following 48 hours of 

incubation in an RPMI 1640 cell culture medium. The grey bar represents the control cells and 

the white bars represent the volasertib-treated (0.8 – 2.4 µM) K562 cells. The striped bar 

designates the influence of the solvent. *(p<0.05) points out the statistical distinction arising 

from the absence of volasertib (ANOVA) [from (Al Mamun Bhuyan et al., 2017a)]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

Figure 36: Volasertib sensitivity on PS translocation in K562 cells. (A) The histogram 
depicts the annexin-V bound K562 cells subsequent to volasertib treatment in RPMI 1640 cell 
culture medium for 48 hrs. The grey region designates the K562 cells without treatment and the 
black line indicates volasertib-treated (2.4 µM) K562 cells. (B) The bar chart represents apoptotic 
K562 cells (data represented on arithmetic means ± SD, n = 10) following 48 hours of incubation 
in an RPMI 1640 cell culture medium. The grey bar indicates the control group and white bars 
indicate the volasertib-treated (0.8 – 2.4 µM) K562 cells whereas the striped bar designates the 
influence of the solvent. ***(p<0.001) points out the statistical distinction arising from the 
absence of volasertib (ANOVA) [from (Al Mamun Bhuyan et al., 2017a)]. 
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Further experiments were conducted to check the inhibitory function of volasertib on 

eryptosis following hyperosmotic shock (HS). Sucrose (550 mM) was added in the 

Ringer’s solution to make the hypertonic solution and erythrocytes were incubated for 

six hours to cause HS in the erythrocytes. As demonstrated in Figure 38, there is a sharp 

increase in the annexin-V-binding cells following HS whereas the percentage of 

eryptotic erythrocytes decreases in the presence of volasertib (0.8 - 2.4 µM)—an effect 

reaching statistical significance at 1.6 - 2.4 µM volasertib. However, also in the 

presence of volasertib, the percentage of PS-exposing erythrocytes increases 

significantly. Thus, volasertib shows a partial protective effect on PS externalisation 

after hyperosmotic shock.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 38: Volasertib sensitivity on PS translocation subsequent to HS. (A) The 
histogram represents the apoptotic erythrocytes following six hours of exposure to Ringer’s 
solution (grey area), hypertonic Ringer’s solution (black line) and hypertonic Ringer’s solution 
with 2.4 µM of volasertib (dashed line). (B) A bar chart representing apoptotic erythrocytes (data 
represented on arithmetic means ± SD, n = 10) following six hours of treatment with Ringer’s 
solution containing glucose (grey bar), hypertonic Ringer’s solution (black bar), and hypertonic 
Ringer’s solution in the presence (white bars) of volasertib (0.8, 1.6 & 2.4 µM). The striped bar 
indicates the consequence of the solvent (DMSO) with hypertonic Ringer’s solution. 
***(p<0.001) points out the statistical significance arising from the control group, ##(p<0.01) 
points out the significant difference arising from the absence of volasertib (ANOVA) [from (Al 
Mamun Bhuyan et al., 2017a)]. 
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HS stimulates eryptosis and causes cell shrinkage (Lang et al., 2012a). This experiment 

was performed to check the effect of volasertib on the erythrocyte volume subsequent to 

HS. As illustrated in Figure 39, the FSC of the erythrocytes following six hours of 

incubation time significantly decrease either in the absence or presence of volasertib 

(0.8 - 2.4 µM). Hence, volasertib has no inhibitory properties on erythrocyte volume 

following hyperosmotic shock. 

 

 

 

 

 

 

 

 

 

 

 

 
 

Moreover, HS causes a marked increase in the cytosolic calcium level of erythrocytes. 

Figure 40 demonstrates that volasertib (0.8 - 2.4 µM) blunts Fluo3 fluorescence in the 

erythrocytes following HS but the effect does not reach a statistically significant level. 

Hence, volasertib does not change the intracellular calcium level subsequent to 

hyperosmotic shock. 

 

 

Figure 39: Volasertib sensitivity on erythrocyte volume subsequent to HS. (A) A 
histogram representing the volume of the erythrocytes following six hours of exposure to 
Ringer’s solution (grey area), hypertonic Ringer’s solution (black line), and hypertonic Ringer’s 
solution with 2.4 µM of volasertib (dashed line). (B) A bar chart showing the FSC of 
erythrocytes (data represented on arithmetic means ± SD, n = 10) following six hours of 
treatment with Ringer’s solution (grey bar), hypertonic Ringer’s solution (black bar), and 
hypertonic Ringer’s solution in the presence (white bars) of volasertib (0.8, 1.6 & 2.4 µM). the 
striped bar indicates the effect of the solvent (DMSO) with hypertonic Ringer’s solution. 
***(p<0.001) indicates a statistical difference arising from the control group (ANOVA) [from 
(Al Mamun Bhuyan et al., 2017a)]. 
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Another series of investigations were performed to explore the inhibitory effects of 

volasertib (0.8 - 2.4 µM) on eryptosis following oxidative stress (OS). The OS-induced 

environment was created by adding tert-butylhydroperoxide (t-booh) (0.3 mM) in 

Ringer’s solution. Then, healthy erythrocytes were subjected to Ringer’s solution and 

the Ringer’s solution with t-booh for 50 minutes in the absence and presence of 

volasertib (0.8 - 2.4 µM). According to Figure 41, the percentage of PS-translocated 

erythrocytes significantly increases following OS. The presence of volasertib (0.8 - 2.4 

µM) in the OS solution does not interfere in the manoeuvre of PS translocation in 

erythrocytes. Thus, volasertib has no inhibitory effect on PS-externalisation following 

oxidative stress. 

 

 

Figure 40: Volasertib sensitivity on cytosolic calcium concentration following HS. 
(A) The histogram represents the cytosolic calcium concentration in erythrocytes following six 
hours of exposure to Ringer’s solution (grey area), hypertonic Ringer’s solution (black line), and 
to hypertonic Ringer’s solution in the presence of 2.4 µM of volasertib (dashed line). (B) The 
bar chart indicates the intracellular calcium level in erythrocytes (data represented on arithmetic 
means ± SD, n = 10) following six hours of treatment with Ringer’s solution (grey bar), 
hypertonic Ringer’s solution (black bar), and hypertonic Ringer’s solution (white bars) in the 
presence of volasertib (0.8, 1.6 & 2.4 µM). The striped bar shows the consequence of the 
solvent (DMSO) with hypertonic Ringer’s solution. *(p<0.05), **(p<0.01) indicates the 
statistical difference arising from the control group [from (Al Mamun Bhuyan et al., 2017a)]. 
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Figure 41: The influence of volasertib on PS externalisation after oxidative stress. 
(A) The histogram represents the PS-translocated erythrocytes following 50 minutes of 
exposure to Ringer’s solution (grey area), Ringer’s solution with tert-butylhydroperoxide (t-
booh) (0.3 mM) (black line), and Ringer’s solution with t-booh in the presence of 2.4 µM of 
volasertib (dashed line). (B) A bar chart representing the apoptotic erythrocytes (data 
represented on arithmetic means ± SD, n = 15) following 50 minutes of treatment with Ringer’s 
solution (grey bar), Ringer’s solution with t-booh (black bar), and Ringer’s solution with t-booh 
(white bars) in the presence of volasertib (0.8, 1.6 & 2.4 µM). The striped bar indicates the 
consequence of the solvent (DMSO) with t-booh. ***(p<0.001) indicates the statistical 
significance arising from the control group (ANOVA) [from (Al Mamun Bhuyan et al., 2017a)]. 
 

  

 

 

 

 

  

 

  

   

 

 

Again, the influence of volasertib on the FSC of erythrocytes following OS was also 

explored. According to Figure 42, the erythrocyte volume, subsequent to OS, decreased 

significantly. However, the volume of the erythrocytes subsequent to OS was identical 

with and without the presence of volasertib (0.8 - 2.4 µM). Therefore, PLK1 inhibitor 

volasertib has no statistically significant interference with the size of the erythrocytes 

following oxidative stress.  
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Figure 43: The sensitivity of volasertib on PS translocation following calcium 
overload. (A) The histogram represents the apoptotic erythrocytes following 60 minutes of 
exposure to Ringer’s solution (grey area), Ringer’s solution with ionophore ionomycin (1 µM) 
(black line), and Ringer’s solution with ionomycin in the presence of 2.4 µM of volasertib 
(dashed line). (B) The bar chart indicates the erythrocytes with PS-translocation (data represented 
on arithmetic means ± SD, n = 10) following 60 minutes of exposure to Ringer’s solution (grey 
bar), Ringer’s solution with ionomycin (black bar), and Ringer’s solution with ionomycin in the 
presence (white bars) of volasertib (0.8, 1.6 & 2.4 µM). The striped bar indicates the effect of the 
solvent (DMSO) with ionomycin. ***(p<0.001) indicates the statistical significance arising from 
the absence of ionomycin (ANOVA) [from (Al Mamun Bhuyan et al., 2017a)]. 
 

 

 

 

 

Further studies were performed to explore the sensitivity of volasertib following 

calcium overload in the extracellular space. To achieve a calcium-saturated 

environment, 1 µM ionophore ionomycin was used in the Ringer’s solution and then the 

healthy erythrocytes were incubated in this solution for 60 minutes. Figure 43 

demonstrates a sharp increase in erythrocyte death following ionomycin treatment and 

the effect of ionomycin is slightly, but not significantly blunted in the presence of 

volasertib. 

 

 

 

 

 

 

 

 

  

 

 

 

Figure 42: The influence of volasertib on cell volume subsequent to oxidative stress. 
(A) The histogram represents the volume of the erythrocytes following 50 minutes of exposure 
to Ringer’s solution (grey area), Ringer’s solution with tert-butylhydroperoxide (t-booh) (0.3 
mM) (black line), and Ringer’s solution with t-booh in the presence of 2.4 µM of volasertib 
(dashed line). (B) The bar chart indicates the volume of erythrocytes (data represented on 
arithmetic means ± SD, n = 15) following 50 minutes of treatment in Ringer’s solution (grey 
bar), Ringer’s solution with t-booh (black bar), and Ringer’s solution with t-booh (white bars) in 
the presence of volasertib (0.8, 1.6 & 2.4 µM). The striped bar shows the consequence of the 
solvent (DMSO) with t-booh [from (Al Mamun Bhuyan et al., 2017a)] 
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The erythrocyte volume significantly decreased when the cytosolic calcium entry was 

fostered by ionophore ionomycin for 60 minutes. However, Figure 44 reveals that the 

presence of volasertib (0.8 - 2.4 µM) has no stimulatory or inhibitory action on the 

volume of erythrocytes following ionomycin treatment.  

 

 

 

 

 

 

 

 

 

 

 

 

The third investigation revealed that volasertib has an inhibitory action on eryptosis 

subsequent to energy depletion or hyperosmotic shock but not after oxidative stress or 

calcium overload. Thus, volasertib shows an anti-eryptotic effect. 

Figure 44: Sensitivity of volasertib on erythrocyte volume following calcium 
overload. (A) The histogram represents the erythrocyte size following 60 minutes of exposure 
to Ringer’s solution (grey area), Ringer’s solution with ionophore ionomycin (1 µM) (black 
line), and Ringer’s solution with ionomycin in the presence of 2.4 µM of volasertib (dashed 
line). (B) The bar chart depicts the erythrocyte volume (data represented on arithmetic means ± 
SD, n = 10) following 60 minutes of exposure to Ringer’s solution (grey bar), Ringer’s solution 
with ionomycin (black bar), and Ringer’s solution with ionomycin (white bars) in the presence 
of volasertib (0.8, 1.6 & 2.4 µM). The striped bar indicates the impact of the solvent (DMSO) 
with ionomycin. ***(p<0.001) depicts the statistical difference arising from the absence of 
ionomycin (ANOVA) [from (Al Mamun Bhuyan et al., 2017a)]. 
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4. Discussion 

4. 1. The effect of afatinib on eryptosis  

The experiments revealed a completely new effect of afatinib. Treatment of fresh, healthy 

human erythrocytes with afatinib is followed by membrane scrambling with translocation 

of phosphatidylserine (PS) to the outer erythrocyte surface and shrinkage of the cells. 

Erythrocyte membrane scrambling and shrinkage is the main feature of eryptosis. The 

effect of afatinib on PS externalisation reaches statistical significance at 8.2 µM, a 

concentration several magnitudes higher than the IC50 of 14 nM for inhibiting the EGFR 

tyrosine kinase (Li et al., 2008) and several magnitudes higher than the reported plasma 

level of afatinib of 78-308 nM in patients (Chu et al., 2014; Gordon et al., 2013; Molife et 

al., 2013; Wind et al., 2017). The observed effect on eryptosis is thus not likely because of 

tyrosine kinase inhibition and presumably contributes to developing anaemia only 

following afatinib intoxication.  

The afatinib-triggered PS translocation is paralleled by an increased cytosolic calcium 

concentration. The raised cytosolic calcium concentration following afatinib treatment 

could be the result of stimulating calcium entry into erythrocytes from the extracellular 

space through calcium-permeable non-selective cation channels (NSCC) (Lang et al., 

2003a) involving the TRPC6 protein (Föller et al., 2008c). Withdrawal of extracellular 

calcium significantly blunted the afatinib-induced erythrocyte membrane scrambling, 

indicating that afatinib influences the calcium entry and subsequent triggering of 

phosphatidylserine translocation. However, afatinib stimulated erythrocyte death even in 

the absence of extracellular calcium. Thus, the effect of afatinib on cytosolic calcium entry 

contributes to but is not fully responsible for eryptosis stimulation, indicating the 

involvement of additional mechanisms in the afatinib-mediated PS externalisation.  

In nucleated cells, afatinib promotes apoptosis through ROS generation (Hu et al., 2017). 

Again, previous studies proved that oxidative stress activates calcium-permeable non-

selective cation channels (NSCC) and stimulates the cell membrane scrambling of 

eryptosis (Lang et al., 2014; Lang and Qadri, 2012). In the present investigation, afatinib 

exposure significantly upregulated the ROS in the erythrocytes (Figure 12) and, thus, 

stimulated eryptosis by an opening of the cation channels. Furthermore, a well-known 

trigger of eryptosis is ceramide. Ceramide itself can stimulate the membrane scrambling of 
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erythrocytes or can sensitize the cells for the scrambling effect of calcium (Lang et al., 

2004; Lang et al., 2010). Previous studies confirm the ceramide-induced apoptosis in 

various nucleated cell types (Arana et al., 2010; Nikolova-Karakashian and Rozenova, 

2010) including T-lymphocytes (Gulbins et al., 1997), epithelial cells (Teichgraber et al., 

2008), hepatocytes (Lang et al., 2007b), and neurons (Jana et al., 2009; Arboleda et al., 

2010). In accordance with earlier studies, afatinib significantly increased the ceramide 

abundance on the surface of erythrocytes in this study (Figure 13).  

The afatinib-mediated increased intracellular calcium concentration contributed to the 

shrinkage of erythrocytes. Erythrocytes express calcium-sensitive potassium channels and 

activation of these channels causes an efflux of K+ against its concentration gradient 

followed by hyperpolarisation of the plasma membrane and exit of Cl- from the cells. 

Along with the loss of KCl, water also exits from the erythrocytes as a result of loss of 

cellular osmolarity resulting in the shrinkage of cells (Lang et al., 2003b; Maher and 

Kuchel, 2003). Again, removal of extracellular calcium compromises the increase of 

cytosolic calcium followed by inactivation of the Gardos channels, cell membrane 

depolarisation resulting in Cl- entry into the cells, and cell swelling. 

Circulating PS-exposing erythrocytes are easily recognised and engulfed by 

macrophages resulting in rapid clearance from the blood circulation (de Back et al., 

2014; Kurosaka et al., 2003; Lang and Qadri, 2012). Thus, even after induction of 

eryptosis, the number of eryptotic erythrocytes remains low in the circulation. However, 

the enhanced eryptosis may cause anaemia if the percentage of eryptotic cells that are 

removed from the bloodstream is higher than the formation of reticulocytes by 

erythropoiesis (Lang and Lang, 2015). Again, phosphatidylserine-exposing erythrocytes 

may adhere to the vascular endothelial cells via CXCL16/SR-PSO (Borst et al., 2012; 

Pandolfi et al., 2007) and thus promote the development of thrombosis (Andrews and 

Low, 1999; Chung et al., 2007; Wood et al., 1996). The thrombus can compromise the 

microcirculation (Abed et al., 2012; Andrews and Low, 1999; Closse et al., 1999; 

Gallagher et al., 2003; Pandolfi et al., 2007; Wood et al., 1996) and lead to organ 

failure. 

The present study further discloses that afatinib at 16.4 µM concentration significantly 

induces haemolysis. The beneficial function of eryptosis is to remove defective 
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erythrocytes from the blood circulation before haemolysis (Lang and Lang, 2015). Thus, 

timely removal of defective erythrocytes prevents the release of haemoglobin into the 

circulation, which may further pass through the renal glomerulus. The acidic lumen of 

the glomerulus may stimulate the precipitation of the eryptotic erythrocytes followed by 

occlusion of the nephrons and impaired renal function (Lang et al., 2012a; Harrison et 

al., 1947).  

In conclusion, afatinib stimulates eryptosis, paralleled by calcium entry, oxidative 

stress, and ceramide formation (Figure 45). 

 

 

 

 

 

 

 

 

 

 

 

Figure 45: The sensitivity of afatinib on eryptosis. Afatinib-stimulated suicidal 
erythrocyte death following 48 hours of incubation. The eryptosis is modulated by increased 
cytosolic calcium concentration, generation of ceramide, and ROS. 
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4. 2. The effect of ceritinib on eryptosis 

The present investigation unveiled a novel effect of ceritinib in relation to eryptosis. 

Exposure of freshly drawn human erythrocytes to ceritinib resulted in cell shrinkage and 

membrane scrambling with the externalisation of phosphatidylserine from the inner 

layer to the erythrocyte surface. Ceritinib-induced PS scrambling reaches statistical 

significance at 1.25 µM, a concentration by far higher than the IC50 of 0.2 nM for 

inhibition of ALK tyrosine kinase (Marsilje et al., 2013). The recommended dose of 

ceritinib in patients is 500 mg/day, which leads to a 1.2 µM blood plasma level (Shaw et 

al., 2014). Values up to 2.5 µM have been observed in the patient plasma (Nishio et al., 

2015). However, as 97% of ceritinib bind to blood plasma proteins (Santarpia et al., 2017), 

the concentration of free ceritinib in blood may be far below the concentration of 1.25 µM 

required for significant ceritinib-induced erythrocyte death. 

Exposure to ceritinib increased the cytosolic calcium concentration, which is a prime 

regulator of eryptosis (Lang et al., 2012a). The increased cytosolic calcium may result 

from NSCC stimulation (Lang et al., 2003a) and, thus, the entry of extracellular calcium 

into the cell, which promotes apoptosis in erythrocytes. It is reported that the TRPC6 

cation channel is involved in stimulating calcium entry and amiloride has the potential to 

block TRPC6 and, thus, inhibit eryptosis (Föller et al., 2008c). In this research, amiloride 

decreased the ceritinib-triggered annexin-V-binding cells which confirm the involvement 

of TRPC6 in cytosolic calcium entry and, finally, the translocation of PS. Again, the 

withdrawal of extracellular calcium significantly decreased, but did not abolish, the PS-

externalisation (Figure 19), indicating that additional mechanisms contribute to the 

membrane scrambling of erythrocytes. The calcium-permeable cation channels could be 

stimulated by enhanced oxidative stress, leading to eryptosis (Duranton et al., 2002; Lang 

et al., 2014; Lang et al., 2012b). However, it was observed that ceritinib did not 

significantly increase the ROS formation (Figure 21). This result supports earlier studies, 

where ceritinib was not associated with generating oxidative stress in nucleated cells 

(Novartis, 2015; Marsilje et al., 2013). In addition to oxidative stress, cells could be 

sensitized for the eryptotic effect of calcium by ceramide or even ceramide itself could 

trigger cell membrane scrambling (Lang et al., 2004; Lang et al., 2012b; Lang et al., 2010). 

However, the results showed ceritinib induced erythrocyte death without significant 

modification of ceramide abundance. 
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In nucleated cells, ceritinib has been shown to stimulate apoptosis by modifying 

AKT/PKB (Friboulet et al., 2014). AKT1/2 inhibitor A6330 significantly blunted 

erythrocyte death following ceritinib exposure. 

Protein kinase C (Klarl et al., 2006), p38 kinase (Gatidis et al., 2011), and casein kinase 1α 

(Zelenak et al., 2012) are well-known inducers of eryptosis. The effect of ceritinib is also 

sensitive to staurosporine (Figure 24), SB203580 (Figure 25), and D4476 (Figure 26), 

which are inhibitors of protein kinase C, p38 kinase, and casein kinase 1α, respectively. 

Further, ceritinib-triggered erythrocyte death was significantly blunted following exposure 

to pan-caspase inhibitor zVAD (Figure 27). Previous studies also showed the involvement 

of caspases in triggering suicidal erythrocyte death (Mandal et al., 2005; Mandal et al., 

2002). Again, caspases in erythrocytes are stimulated subsequent to oxidative stress 

(Maellaro et al., 2013; Mandal et al., 2002). Ceritinib, however, did not enhance the 

oxidative stress in this study. Erythrocytes lack important organelles such as mitochondria 

and are, thus, unable to stimulate caspases through the mitochondrial pathway. Hence, in 

this study, it is not clear how caspases are activated in erythrocytes following ceritinib 

treatment.  

In addition to PS translocation, elevated cytosolic calcium may also be responsible for 

ceritinib-induced cell shrinkage. Erythrocytes express different ion channels and among 

them, the Gardos channel is the vital regulator of cell shrinkage. Gardos channels are 

calcium sensitive and are activated by increased intracellular calcium concentration, 

resulting in the efflux of K+, hyperpolarisation of the erythrocyte plasma membrane, and 

subsequent Cl- release from the cell, finally leading to loss of KCl. Subsequently, water 

effluxes from the cells as a result of intracellular and extracellular osmotic pressure 

differences resulting in cell shrinkage (Lang et al., 2003b; Maher and Kuchel, 2003).  

Ceritinib significantly increased haemolysis in this study. Eryptotic erythrocytes are 

engulfed by macrophages (de Back et al., 2014; Kurosaka et al., 2003) and are rapidly 

cleared from circulation avoiding the release of Hb from the erythrocytes into the 

bloodstream (Lang et al., 2012b). If released, the Hb can cross the kidney filters and the 

acidic lumen of the renal tubules may enhance the precipitation followed by occlusion 

of the renal tubules and, subsequently, kidney failure (Lang and Lang, 2015; Harrison et 

al., 1947). Crizotinib, another ALK inhibitor, has been found to cause renal 



73 

 

insufficiency (Izzedine et al., 2016) but impaired renal function following ceritinib 

treatment is largely unexplored.  

The free nitric oxide (NO) concentration in the blood plasma is 3 nM -7 μM (Stamler et 

al., 1992). Erythrocytes possess an NO synthase and thus produce and maintain the 

circulating NO pool beyond their own store (Kleinbongard et al., 2006). NO is a well-

known inhibitor of eryptosis (Nicolay et al., 2008) and low NO levels in the circulation 

may lead to erythrocyte death (Ghashghaeinia et al., 2017). According to this 

experiment, the NO donor (nitroprusside) blunted the ceritinib-induced annexin-V-

binding (Figure 28) pointing at the inhibitory effect of ceritinib on the NO synthase, 

leading to a decreased NO production, which is followed by downregulation of S-

nitrosylation (Ghashghaeinia et al., 2017). 

As there is a rapid clearance of phosphatidylserine translocating erythrocytes from the 

circulation, increased eryptosis may lead to the development of anaemia if the 

erythropoiesis is slower than the removal of erythrocytes by eryptosis (Lang et al., 

2012b). Anaemia could further result from enhanced haemolysis and/or stimulated 

apoptosis of progenitor cells. As mentioned previously, phosphatidylserine-exposing 

erythrocytes tend to adhere to vascular endothelial cells (Closse et al., 1999; Borst et al., 

2012; Abed et al., 2012), leading to thrombosis (Andrews and Low, 1999; Chung et al., 

2007) and subsequent occlusion of microvessels (Abed et al., 2012; Andrews and Low, 

1999; Wood et al., 1996). 

In conclusion, ceritinib stimulates eryptosis. Ceritinib-triggered eryptosis is a result of 

calcium entry, activation of caspases, protein kinase C, p38 kinase, casein kinase 1α, and 

altered s-nitrosylation (Figure 46). 
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Figure 46: The effect of ceritinib on eryptosis. Ceritinib-triggered suicidal erythrocyte 
death subsequent to 48 hours of incubation. The erythrocyte death is mediated by increased 
intracellular calcium, up-regulation of AKT, p38 kinase, protein kinase C (PKC), casein kinase 
1α, and down-regulation of NO.  
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4. 3. The inhibition of suicidal erythrocyte death by volasertib 

The present research discloses a novel, unpredicted effect of volasertib on the membrane 

scrambling of erythrocytes. Erythrocytes obtained from healthy volunteers exposed to 

volasertib alone in isotonic Ringer’s solution did not show any significant changes in the 

translocation of phosphatidylserine or the shrinkage of the cells. However, volasertib 

significantly inhibited the PS translocation following exposure to energy-depletion or 

hyperosmotic shock. The volasertib concentration required to inhibit the eryptosis was 1.6 

µM, a concentration several orders of magnitude higher than the IC50 of 0.87 nM for 

inhibition of polo-like kinase 1 (Rudolph et al., 2009). The concentration reported in 

human blood plasma is 1.2 µM (Schoffski et al., 2012) under the daily volasertib dose of 

300 mg/day used in the current clinical trials (Gjertsen and Schoffski, 2015). Volasertib 

did not cause any significant alteration in the phosphatidylserine externalisation following 

oxidative stress or calcium overload in the extracellular solution. Again, volasertib did not 

cause any significant change in the erythrocyte volume following glucose removal, 

increased osmotic pressure, oxidative stress, or ionomycin exposure.  

As volasertib did not significantly increase cytosolic calcium concentration, this could be 

a possible reason for the inability of volasertib to induce significant cell shrinkage. A 

previous study revealed that an increased level of intracellular calcium concentration 

sensitizes the Gardos channel in erythrocytes followed by translocation of K+ from the 

intracellular space to the extracellular space resulting in hyperpolarisation of the 

erythrocyte membrane followed by an efflux of Cl- and loss of cellular KCl along with the 

osmotically driven exit of water from the cells (Lang et al., 2003b; Maher and Kuchel, 

2003).  

Volasertib significantly inhibited the effects on PS translocation following glucose removal 

and hyperosmotic shock and simultaneously stimulated the apoptosis/PS translocation in 

nucleated K562 cells, pointing towards its contradictory effect. Although cell membrane 

scrambling is the common feature observed in both eryptosis and apoptosis, the underlying 

signalling pathway may be different (Kiraz et al., 2016; Lang and Qadri, 2012). In this 

sense, apoptosis in nucleated cells via inhibition of polo-like kinase1 (PLK1) may be 

associated with the mitochondrial pathway (Hugle et al., 2015), whereas mature 

erythrocytes lack this organelle. Considering the apoptotic effect on tumour cells and the 
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simultaneous protection of mature erythrocytes following energy depletion or 

hyperosmotic shock, volasertib may be the best choice for reducing cancer-related anaemia 

(Lang et al., 2017).  

The underlying signalling pathways for the inhibitory property of volasertib on cell 

membrane scrambling following energy depletion or hyperosmotic shock was not 

disclosed in this study. Enhanced intracellular calcium concentration, ROS formation, 

or ceramide are well-known triggers of eryptosis that are not significantly altered by 

volasertib following glucose removal. Hence, further investigation is necessary to 

explore the mechanisms responsible for volasertib’s anti-eryptotic effect following 

glucose removal and hyperosmotic shock.  

Volasertib inhibits eryptosis, irrespective of the underlying mechanisms. Thus, the 

incidence of anaemia reported in humans following a combination therapy of volasertib 

may be the outcome of the adverse effects of the combined drugs rather than the use of 

volasertib alone. However, volasertib stimulates apoptosis in the erythrocyte progenitor 

cells and may, thus, decrease the generation of new erythrocytes, and lead to anaemia.  

Eryptotic erythrocytes are bound to surface receptors of macrophages followed by 

phagocytosis. Thus, defective erythrocytes are removed from the circulation. Anaemia 

may, subsequently, develop if the eryptosis rate is higher than the rate of erythropoiesis 

(Lang et al., 2012b). 

The FSC results revealed that volasertib did not interfere with erythrocyte volume, which 

may be the reason why volasertib does not stimulate haemolysis. During haemolysis, there 

is a subsequent release of Hb into the blood circulation, which may pass through the renal 

glomerular filter system and may occlude the kidney nephrons resulting from 

precipitation in the acidic lumen, finally leading to renal failure (Harrison et al., 1947). 

As eryptotic erythrocytes tend to adhere to vascular endothelial cells (Borst et al., 2012; 

Closse et al., 1999), this interaction may stimulate the formation of blood 

clots/thrombosis (Chung et al., 2007; Andrews and Low, 1999), which may, ultimately, 

lead to a blockage of the microcirculation (Andrews and Low, 1999; Abed et al., 2012; 

Wood et al., 1996; Lang et al., 2012b; Gallagher et al., 2003). Hence, eryptosis 

inhibition may reduce the risk of cardiovascular dysfunction in cancer patients.  
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In conclusion, volasertib counteracts suicidal erythrocyte death subsequent to energy 

depletion and hyperosmotic shock but stimulates apoptosis in erythrocyte progenitor cells 

(Figure 47). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 47: The sensitivity of volasertib on eryptosis. Protective effect of volasertib on 
eryptosis following energy depletion and hyperosmotic shock (left panel). The right panel indicates 
the stimulatory properties of volasertib on the apoptosis of erythrocyte progenitor cells.  
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5. Summary  

The thesis explored the effect of the cytostatic molecules afatinib, ceritinib, and 

volasertib on eryptosis, i.e., the suicidal death of erythrocytes characterised by the 

breakdown of phosphatidylserine (PS) asymmetry, the shrinkage of the cells, and 

membrane blebbing. Stimuli of eryptosis include ATP depletion, oxidative stress, 

hyperosmotic shock, as well as different xenobiotics/diseases. Underlying signalling 

mechanisms include an excess of intracellular calcium, ceramide, and reactive oxygen 

species (ROS) generation, as well as the involvement of different kinases and caspases.  

Healthy human erythrocytes (0.4% hematocrit) were treated with different 

concentrations of afatinib, ceritinib, and volasertib at 37˚C for 48 hours. Flow cytometry 

was employed to quantify the PS translocation on the erythrocyte surface from annexin-

V-binding, cell shrinkage from forward scatter (FSC), cytosolic calcium from Fluo3-

fluorescence, ROS from DCFDA fluorescence, and ceramide using ceramide-specific 

antibodies.  

The first part of the investigation shows that after the respective incubation period, 

afatinib (≥8.2 µM) significantly enhanced the percentage of eryptotic erythrocytes and 

significantly decreased the FSC. Afatinib also significantly elevated the intracellular 

calcium level, ceramide abundance, and ROS production. The effect of afatinib on PS 

translocation significantly decreased after the removal of extracellular calcium. No 

significant distinction was observed in PS translocation after application of the 

inhibitors of caspases or protein kinase C (PKC), p38 kinase, casein kinase 1α (CK1α), 

and Janus kinase 3 (JAK3). Afatinib (≥16.4 µM) significantly enhanced haemolysis. 

The afatinib concentration required for induction of eryptosis is by far higher than the 

plasma concentration of free afatinib in treated patients and, thus, afatinib-triggered 

eryptosis cannot explain the drug-induced anaemia. Signalling mechanisms of afatinib-

triggered eryptosis include the increase of cytosolic calcium, enhanced production of 

ceramide, and ROS. 

The results of the second part of the study indicate that ceritinib (1.8 µM) significantly 

increased the suicidal erythrocyte death and significantly decreased cell volume. 

Ceritinib elevated the cytosolic calcium concentration, but not the ROS or ceramide 

level. The effect of ceritinib on annexin-V-binding was significantly inhibited in the 
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absence of extracellular calcium, in the presence of the non-selective cation channel 

inhibitor amiloride (1mM), AKT1/2 inhibitor A6730 (58 nM), PKC blocker 

staurosporine (1 µM), p38 kinase inhibitor SB203580 (2 µM), CK1α blocker D4476 (10 

µM), and caspase inhibitor zVAD (10 µM). Ceritinib also significantly triggered 

haemolysis. In conclusion, ceritinib stimulates suicidal erythrocyte death. The ceritinib 

concentration required for inducing eryptosis is by far higher than the plasma 

concentration of free ceritinib in treated patients and ceritinib-triggered eryptosis cannot 

explain the drug-induced anaemia. Signalling of ceritinib-induced eryptosis includes 

calcium entry, activation of AKT1/2 signalling, and the activation of caspases and 

kinases such as PKC, p38, and CK1α. 

Finally, the third part of the study reveals that volasertib did not stimulate suicidal 

erythrocyte death, but rather showed an anti-eryptotic property following exposure of 

erythrocyte concentrates to various eryptotic stimuli. Human erythrocytes were exposed 

to energy-depleted Ringer’s solution for 48 hours, hyperosmotic Ringer’s solution (550 

mM sucrose was added) for six hours, oxidative stress (0.3 mM tert-butylhydroperoxide 

[t-booh] was added) for 50 minutes, or to calcium ionophore ionomycin (1 µM) for 60 

minutes in the absence and presence of volasertib (0.8 - 2.4 µM). For a comparative 

study of volasertib on nucleated and anucleated cells, the erythrocyte progenitor cell line 

(K562 cells) with RPMI-1640 medium was exposed to volasertib (0.8 – 2.4 µM) for 48 

hours and then PS externalisation and FSC were quantified. Glucose depletion, 

oxidative stress, hyperosmotic shock, and calcium overload increased the percentage of 

PS-exposing erythrocytes and decreased FSC. Volasertib significantly blunted the 

suicidal erythrocyte death following energy depletion or osmotic shock, but not after 

oxidative stress or ionomycin treatment. Volasertib did not show any influence on FSC 

or calcium entry following any manoeuvre. The ROS generation or ceramide production 

following energy depletion was not changed in the presence of volasertib. Volasertib 

significantly stimulated apoptosis in nucleated K562 cells, as well as considerably 

decreased the cell volume. Thus, volasertib possesses an anti-eryptotic power following 

energy depletion or hyperosmotic shock, observations contrasting stimulation of 

apoptosis in K562 cells.  
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Finally, collective data from the above investigations show that afatinib and ceritinib 

stimulate eryptosis whereas volasertib shows a protective effect against mature 

erythrocyte death but triggered apoptosis in the erythrocyte progenitor K562 cell line.  
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6. Zusammenfassung 

Afatinib, Ceritinib und Volasertib werden zur Behandlung von Malignomen eingesetzt. 

Eine Nebenwirkung ist Anämie, die das Resultat einer übermäßigen Eryptose sein 

könnte. Die Eryptose, der suizidale Erythrozytentod, ist durch Zusammenbrechen der 

Phosphatidylserin (PS) - Asymmetrie in der Zellmembran, Zellschrumpfung und 

Bildung von Membranbläschen gekennzeichnet. Stimuli wie z.B. Energieentzug, 

hyperosmotischer Schock, oxidativer Stress sowie verschiedene 

Xenobiotika/Erkrankungen sind bekannte Stimulatoren der Eryptose. Die 

Signalmechanismen, die der Eryptose zu Grunde liegen, umfassen einen Überschuss an 

intrazellulärem Kalzium, Ceramid und reaktiven Sauerstoffspezies (ROS) sowie die 

Beteiligung verschiedener Kinasen und Caspasen. Um eine Wirkung der Substanzen auf 

Eryptose aufzudecken, wurden gesunde humane Erythrozyten (0,4% Hämatokrit) 

verschiedenen Konzentrationen der Substanzen ausgesetzt und für 48 Stunden bei 37°C 

inkubiert. Die Durchflusszytometrie wurde zur Bestimmung der PS-Translokation auf 

der Erythrozytenoberfläche anhand der Annexin-V-Bindung, der Zellschrumpfung 

durch das Vorwärtsstreulicht (FSC), des zytosolischen Kalziumgehalts anhand der 

Fluo3-Fluoreszenz, der Bildung von ROS anhand der DCFDA-Fluoreszenz sowie der 

Ceramid-Abundanz anhand von spezifischen Antikörpern eingesetzt. 

Die Ergebnisse des ersten Teils der Studie zeigen, dass Afatinib (≥8,2 µM) den 

Prozentsatz an eryptotischen Erythrozyten nach der jeweiligen Inkubationszeit 

signifikant erhöht und das FSC signifikant senkt. Afatinib erhöhte zudem den 

intrazellulären Kalziumspiegel, die Ceramid-Abundanz und die ROS-Produktion 

signifikant. Die Wirkung von Afatinib auf die PS-Translokation war nach Entfernen von 

extrazellulärem Kalzium signifikant verringert. Es konnte kein signifikanter Unterschied 

in der PS-Translokation nach Applikation der Inhibitoren von Caspasen oder 

Proteinkinase C (PKC), p38-Kinase, casein kinase 1α (CK1α) und Janus-Kinase 3 

(JAK3) beobachtet werden. Afatinib löste ab einer Konzentration von 16,4 µM eine 

signifikant erhöhte Hämolyse aus. Für diese Wirkung sind jedoch Afatinib-

Konzentrationen erforderlich, die weit über der Plasmakonzentration an freiem 

Afanitinib in behandelten Patienten liegen. Das Auftreten Afatinib-assoziierter Anämie 

ist daher wahrscheinlich nicht Folge einer übermäßigen Eryptose und Hämolyse. Der 

zugrunde liegende Signalmechanismus der durch Afatinib ausgelösten Eryptose umfasst 
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die Erhöhung des intrazellulären Kalziums sowie eine erhöhte Produktion von Ceramid 

und ROS. 

Die Ergebnisse des zweiten Teils des Forschungsprojektes zeigen, dass Ceritinib (1,8 

µM) den suizidalen Erythrozytentod signifikant erhöht und das Zellvolumen signifikant 

senkt. Ceritinib steigerte die zytosolische Kalziumkonzentration, nicht jedoch den ROS- 

oder Ceramid-Spiegel. Die Wirkung von Ceritinib auf die Annexin-V-Bindung wurde in 

Abwesenheit von extrazellulärem Kalzium sowie in Gegenwart des nicht-selektiven 

Kationenkanalblockers Amilorid (1mM), AKT1/2-Inhibitor A6730 (58 nM), PKC-

Blocker Staurosporin (1 μM), p38-Kinase-Inhibitor SB203580 (2 μM), CK1α-Blocker 

D4476 (10 μM) und durch den Caspase-Inhibitor zVAD (10 μM) signifikant verringert. 

Ceritinib erhöhte ebenfalls signifikant die Hämolyse. Zusammenfassend lässt sich 

festhalten, dass Ceritinib den suizidalen Erythrozytentod stimuliert. Für diese Wirkung 

sind jedoch Ceritinib-Konzentrationen erforderlich, die weit über der 

Plasmakonzentration an freiem Ceritinib in behandelten Patienten liegen. Das Auftreten 

Ceritinib-assoziierter Anämie ist daher wahrscheinlich nicht Folge einer übermäßigen 

Eryptose. Die Ceritinib-induzierte Eryptose wird durch einen Kalziumanstieg, durch 

Aktivierung des AKT1/2-Signalwegs sowie Aktivierung von Caspasen und Kinasen wie 

PKC, p38 oder CK1α begleitet. 

Schließlich deckt der dritte Teil der Studie auf, dass Volasertib keinen suizidalen 

Erythrozytentod stimuliert. Nachdem Erythrozyten verschiedenen eryptotischen Stimuli 

ausgesetzt wurden, zeigte Volasertib vielmehr eine anti-eryptotische Wirkung. Humane 

Erythrozyten wurden einem Energiemangel 48 Stunden lang, einer hyperosmotischen 

Ringer-Lösung (550 mM Saccharose wurde zugegeben) für 6 Stunden, einem Oxidans 

(0,3 mM tert.-Butylhydroperoxid [Tbooh] für 50 Minuten, sowie dem Calcium-

Ionophor Ionomycin (1 uM) für 60 min in Abwesenheit und Anwesenheit von 

Volasertib (0,8 - 2,4 µM) ausgesetzt. Um einen Vergleich der Wirkung von Volasertib 

auf kernhaltige und kernlose Zellen zu erhalten, wurde die Erythrozyten-

Vorläuferzelllinie (K562-Zellen) mit RPMI-1640-Medium 48 Stunden lang mit 

Volasertib (0,8 - 2,4 µM) inkubiert. Anschließend wurden die PS-Externalisierung und 

das FSC quantifiziert. Glukosemangel, oxidativer Stress, hyperosmotischer Schock 

sowie ein Kalziumüberschuss erhöhten den Prozentsatz an PS-exponierenden 

Erythrozyten und verringerten das FSC. Volasertib verminderte den suizidalen 
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Erythrozytentod nach Energieentzug oder osmotischem Schock signifikant, nicht jedoch 

nach oxidativem Stress oder einer Ionomycin-Behandlung. Volasertib zeigte keinen 

Einfluss auf das FSC oder den Kalziumeinstrom eines jeglichen Manövers. Die ROS- 

und Ceramidproduktion wurde nach Energieentzug in Gegenwart von Volasertib nicht 

verändert. Volasertib stimulierte die Apoptose in kernhaltigen K562-Zellen signifikant 

und verringerte das Zellvolumen erheblich. So besitzt Volasertib nach Energieentzug 

oder hyperosmotischem Schock eine anti-eryptotische Wirkung im Gegensatz zur 

Stimulation der Apoptose in K562-Zellen nach Volasertib-Behandlung. 
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