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Abstract
Erythrocytes (RBCs) are extremely sensitive cells, and although they do not have nuclei 
and mitochondria, are important health indicators. This is particularly true because, 
during inflammation, whether it is systemic or chronic, the haematological system is 
constantly exposed to circulating inflammatory mediators. RBCs have a highly specialized 
and organized membrane structure, which interacts and reacts to inflammatory molecule 
insults, and undergo programmed cell death, similar to apoptosis, known as eryptosis. 
Over the past years, eryptosis studies have focussed on determining if membrane changes 
have occurred, particularly whether a phosphatidylserine (PS) flip, Ca2+ leakage into the cell, 
changes to ceramide and cell shrinkage have occurred. Mostly, flow cytometry is used, but 
confocal microscopy and ultrastructural studies also confirm eryptosis. Here, we provide 
a comprehensive overview of eryptosis, where we revisit the biochemical process of the 
process, review all literature in PUBMED, that is shown under the search word, “eryptosis”, 
and also discuss current methodologies to determine the presence of eryptosis; included 
in the discussion of the methodologies, we discuss a pitfalls section for each method. 
This paper is therefore a comprehensive synopsis of current knowledge of eryptosis and 
discusses how RBCs may provide an essential in vivo cell model system to study not only 
inflammation in disease, but also track disease progression and treatment regimes.

Introduction

Erythrocytes (RBCs) are extremely sensitive cells, and although they do not have nuclei 
and mitochondria, form an important component of the human body as health indicator. 
This is particularly true because, during inflammation, whether it is systemic or chronic the 
haematological system is constantly exposed to circulating inflammatory mediators. RBCs 
have a highly specialized and organized membrane structure, which interacts and reacts 
to inflammatory molecule insults. Although it does not have a nucleus or mitochondria, it 
undergoes programmed cell death, similar to apoptosis, and this is called eryptosis. The basis 
for eryptosis is discussed in various publications by the Lang group e.g. [1-9], and it is known 
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to contribute to conditions like anaemia. metabolic syndrome, diabetes, malignancy, hepatic 
failure, heart failure, uraemia, hemolytic uremic syndrome, sepsis, fever, dehydration, 

.
In this paper, we provide a comprehensive overview of eryptosis, revisit the biochemical 

process of eryptosis, review all literature in PUBMED that is shown under the search word, 
“eryptosis” and also discuss current methodologies to determine the presence of eryptosis. 
We conclude by providing a comprehensive synopsis of current knowledge of eryptosis and 
discuss how RBCs may provide an essential in vivo cell model system to study not only 
inflammation in disease, but also track disease progression and treatment regimes. The next 
paragraphs will review the structure of the RBC membrane, and how it is changed during 
eryptosis.

The RBC membrane

The mature RBC consists of a complex plasma membrane, containing a specialized 
lipid bilayer that interacts through protein interactions with integral membrane proteins. 
The membrane lipids that form the double-layered surface of all cells are categorized 
as phospholipids, glycolipids, and cholesterol. Cholesterol is commonly spread equally 

preservation of this asymmetric arrangement of phospholipids, especially the localization 

[11]. For a detailed review see [12]. The cytosol contains highly enriched haemoglobin, and 
molecules like cytosolic Ca2+. The phospholipid bilayer facilitates enzymatic reactions, is 
involved in membrane transport and signal transduction pathways and these are all involved 
in maintaining of lipid homeostasis. There are hundreds of different phospholipid molecular 
species that differ with regards to their polar, hydrophilic heads and non-polar hydrophobic 
hydrocarbon tails. Glycerophospholipids have a glycerol backbone, while sphingomyelin 
has a sphingosine backbone.

Lipid species and proteins aggregate in domains in the membrane, called rafts that 
form specialized areas that act together and are involved in individual physiologic processes 
such as signal transduction. Membrane cholesterol is unesterified and lies between the two 
layers of the lipid bilayer [13, 14]. Lipid rafts enriched in cholesterol and sphingolipids 
are also in association with specific membrane proteins that include flotillins, stomatin, 

[15].
Phospholipids are asymmetrically distributed across the lipid bilayer with the amino 

phospholipids, phosphatidylserine and phosphatidylethanolamine (PS and PE) on the inside 
and choline containing phospholipids, phosphatidylcholine and sphingomyelin (PC and SM) 
on the outer leaflet. SM is the most abundant sphingolipid, constituting a class of structural 
lipids with ceramide as the hydrophobic backbone . See Fig. 1 for an overview of 
the RBC membrane (adapted from [14, 23]).

Three integral types of proteins facilitate the transmembrane passage, as well as the 
structural arrangement of lipids in the RBC membrane, and they are flippases, floppases and 
scramblases. Floppase controls the reverse transfer of choline-containing phospholipids, PS 
and SL and cholesterol (against concentration gradients) from the inner leaflet to the outer 
leaflet. Flippase (aminophospholipidtranslocase) pumps the amino-containing phospholipids 
from the outer to the inner leaflet [24]. Scramblase initiates non-specific bidirectional 
transport of phospholipids down their concentration gradients in an energy independent 
manner across the RBC membrane. The activation of the phospholipid scramblase is known 
to be involved in loss and disruption of the asymmetry of the membrane phosholipids that is 
essential for maintaining lipid homeostasis in RBCs [14, 25].
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The magnesium ATP dependent flippase, which transfers PS and PE from outer to inner 
monolayer at the expense of ATP, maintains the correct distribution of the phospholipid layer. 
Loss of phospholipid asymmetry and the exposure of PS are triggered by a phospholipid 
scrambling activity. externalization 

follow from elevation of intracellular Ca2+ . Energy-independent flippases therefore 
allow common phospholipids to equilibrate rapidly between the two monolayers and also 
play a role in the biosynthesis of a variety of glycoconjugates such as glycosphingolipids, 
N-glycoproteins, and glycosylphosphatidylinositol (GPI)-anchored proteins [27]. Scramblase 
facilitates the flip-flop of lipids in a non-selective fashion from the inner, as well as the outer 
leaflet [28] – this process is a bidirectional process, down a concentration gradient. In the 
presence of calcium, scramblase behaves like a channel for lipids, allowing them to diffuse 
from one monolayer to the other, according solely to the concentration gradient. Structural 
proteins like Band 3 regulates the structure and function of the RBCs, as it facilitates anion 
transport via the RBC membrane and it is an important binding site for cytoskeletal and 
other RBCs proteins . Band 3 is a multi-spanning ion transport channel or 
trans-membrane protein, and the tetramers tether the bilayer to the skeleton via an interaction 
between its cytoplasmic domain and ankyrin, which is associated with spectrin (see [12] for 
a detailed discussion).

What happens in the RBC membrane during eryptosis?

Eryptosis is characterized by cell shrinkage and cell membrane scrambling and is stimulated 
by calcium entry through Ca(2+)-permeable, PGE2-activated cation channels, by ceramide, 
caspases, calpain, complement, hyperosmotic shock, energy depletion, oxidative stress, and 

[33-39]. This process happens as follows: hyperosmotic shock, energy depletion, or removal of 
extracellular Cl- activates the non-selective Ca2+-permeable cation channels in the membrane. This 
causes Ca2+

surface [40]. Also subnanomolar concentrations of prostaglandin E2 (PGE2) lead to activation of 
2+, calpain activation, and ankyrin-R degradation [40]. 

PGE2 is produced from membrane phospholipids by the sequential action of Ca2+-independent 

Fig. 1. RBC membrane structure.
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phospholipase A2 (PLA2), cyclooxygenase (COX) and PGE-synthase (see Fig. 2, adapted from 
[35, 40, 41]).

When Cl- is removed (1A), it causes the formation of PGE2 (2A), and COX activation (2B) 
leading to arachidonic acid formation and PGE2 
of the membrane Ca2+-channels (3). Oxidative stress (1B) also causes the Ca2+ channel to open 
[41].  During osmotic stress (1C) RBC shrinkage also happens due to Ca2+ entry [42]. Increased 
cytosolic Ca2+ activates Ca2+-sensitive K+ channels resulting in the subsequent exit of KCl and 
cell shrinkage [35]. Energy depletion also causes Ca2+ entry Ca2+ entry also stimulates 
sphingomyelinase to form ceramide (4) [42]; Ca2+ and ceramide then activate a scramblase (5) 
and this leads to the exposure of PS and breakdown asymmetry of the cell membrane [35]. 
As mentioned previously, 

and both may follow from elevation of intracellular Ca2+ Elevated cytosolic free Ca2+ 
concentrations also activate μ-calpain (6), which degrades components of the cytoskeleton, like 
the ankyrin R complex (7), leading to membrane blebbing [40]. PS exposure (involvement of 

2 that is formed by stressed RBCs but also 
may be triggered by PGE2 from other sources [40].

Compounds tested that prevent or induce eryptosis

The following section comprehensively reviews literature where researchers tested 
the effects of various molecules and compounds on eryptosis formation or inhibition. In 
various comprehensive investigations, the Lang group is the leading eryptosis researchers 

Table 1 lists compounds that induce or inhibit eryptosis. The main methods 
used to determine this process were: 

Annexin V binding for PS exposure

for ROS
Anti-ceramide antibody for ceramide formation/ anti-ceramide-FITC antibody and 
radioactive labelling
Cell volume by forward scatter
Cytosolic ATP levels using luciferin-luciferase-based assay

ELISA methods

Fig. 2. Membrane scrambling resulting in blebbing and shrinkage, characteristics of eryptosis, due to action of 
oxidative stress, osmotic stress and Cl- removal followed by Ca-2
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literature that includes research by other groups and the Lang group, but utilizes also 
additional novel methods, while Table 3 lists literature where animal models were used and 

Table 1. Investigations by the Lang group, suggesting that products cause eryptosis in human RBCs
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Table 2. Papers on eryptosis using similar techniques as in Table 1, but with additional methods
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Methods to study eryptosis

From the above-mentioned tables, it is noted that there are a few basic techniques used 

using confocal microscopy. The techniques are combined and summarized from the papers 
listed in the tables and particularly the Bissinger, Qadri and Lang papers give extensive 

.
from the manufacturers.

Externalization of PS

Flow cytometry 
PS is externalized during eryptosis and this eternalization can be measured using 

Table 3. Eryptosis in animal RBCs
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Ringer solution (containing 5 mM CaCl2

2 

Annexin-V-binding can be measured with an excitation and an emission wavelength for the 

parameters.

Confocal microscopy 

Ringer solution, containing 5 mM CaCl2 or Annexin-V binding buffer. The RBCs should be 

Table 4. Diseases associated with eryptosis

D
ow

nl
oa

de
d 

by
: 

U
ni

ve
rs

ity
 o

f P
re

to
ria

 -
 M

E
D

   
   

   
   

   
   

   
   

   
13

7.
21

5.
6.

52
 -

 1
/1

8/
20

17
 6

:0
5:

45
 A

M



Cell Physiol Biochem 2016;39:1977-2000
DOI: 10.1159/000447895 
Published online: October 24, 2016 1985
Pretorius et al.: Eryptosis Review

Cellular Physiology 
and Biochemistry

Cellular Physiology 
and Biochemistry

© 2016 The Author(s). Published by S. Karger AG, Basel
www.karger.com/cpb

2 or 
Annexin-V binding buffer. There are two ways to prepare the sample before viewing under 
the microscope, all the steps should be done protected from light:-

followed by covering of the slides with PROlong Gold antifade reagent. These samples 
can be viewed on any confocal laser-scanning microscope with a water immersion Plan-

coverslip. These samples can be viewed under any confocal microscope with a Plan-

Pitfalls
RBCs are very sensitive cells and great caution should be taken not to induce damage to 
these cells during sample preparation. 
All the chemicals that will be used in the sample preparation should be at room 

temperature.

Vortexing of the cells should be avoided during sample preparation - rather re-suspend 

holds the sample.
The cells tend to move around in solution when on the glass slide, let the sample stand for 

 Slides can 

The cells tend to move around in solution when on the glass slide, let the sample stand 

Reactive Oxygen Species (ROS)

Oxidative stress is an important accelerant and inducer of eryptosis and increased ROS 
generation is an important indicator of oxidative stress. ROS can be determined by utilizing 

Ringer solution or a solution containing 5 mM CaCl2

manufacturer’s instructions.

Pitfalls
The blood should be stained as soon as possible after blood donation to avoid false 
readings of ROS introduced after blood donation.
As mentioned above, these cells must be handled with extreme care.

Intracellular Ca2+

An increase of intracellular Ca2+ is part of the initiation of eryptosis and further fuels cell 

2+ indicator Fluo-3, is commonly used 
to detect changes in intracellular Ca2+ levels in a variety of cells. The basis of this marker, is the 
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the presence of Ca2+ [114].

Flow cytometry 
In order to quantify intracellular Ca2+

2 or any buffer solution containing 5 mM CaCl2. 
2+-

Ceramide Formation

Ceramides are compiled of a sphingosine and a fatty acid and is known to form part 
of the cell membrane of cells. Ceramide is primarily produced by means of a de novo 
synthesis pathway, or by hydrolysis of sphingomyelin, catalyzed by sphingomyelinases. 

stabilizing smaller lipid platforms known as lipid rafts. The amount of ceramide content is 

and affective indicator of eryptosis.

Flow cytometry
Currently there are not many techniques available to determine ceramide expression 

on the RBC surface, but a monoclonal antibody-based assay is most commonly used. Also, 
radioactive labelling may also be used to show ceramide formation in RBCs where 
sphingomyelin breakdown is measured, by labelling RBCs with radioactive choline followed 

for 3 min, at room temperature, to form a RBC pellet. Subsequently, the cells should be 
-1

used.

Pitfalls

individually for each application, however, it is also an expensive method.

Glutathione (GSH) Abundance

Flow cytometry 

by discarding of the supernatant and staining of the cells with 5-CMFDA (in PBS containing 
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Another method used to determine reduced GSH is with mercury orange. Cells should 

Confocal microscopy.
An alternative method to mercury orange has been suggested, where RBCs are 

Pitfalls
The Mercury orange method requires thorough washing; therefore cell loss is an 
important factor to take in consideration when preparing RBCs with this method. 
Mercury orange has also been found to be less consistent and has higher background 
staining.

Colorimetric measurement of glutathione (GSH)

analysing either total glutathione or the reduced form glutathione alone using a microtiter 

produce 2-nitro- 5-thiobenzoic acid which has a yellow colour that can be determined by 

RBC Sample Preparation according to the above-mentioned kit: Citrated blood should 

Measurement of membrane lipid hydroperoxides
The purpose of measuring lipid hydroperoxides is to determine the oxidative 

degradation of lipids in the cell membrane. RBC ghosts should be prepared by washing 3x for 

3:CH3
should be evaporated using nitrogen stream, followed by re-suspending in cyclohexane, and 

Measurement of APL-translocase (APLT) activity
The inhibition of APLT keeps PS at the outer side of the membrane after externalization 

-1 
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Pitfalls

RBCs.

Confocal microscopy 
This method could not be validated for confocal microscopy.

Ultrastructural analysis to study eryptosis 

structural changes associated with eryptosis, used in our laboratory.  In the biochemical 
analysis methods, discussed above, are primarily used as indicator of eryptosis, however, 

previously showed these ultrastructural changes in various diseases associated with RBC 
eryptosis.  SEM can be used to study single RBCs or by adding thrombin to whole blood, 

the glass cover slip, and washed in PBS to remove excess proteins. The samples are then 

preparation methods. Samples are mounted and coated with carbon and viewed at 1 kV 
under a scanning electron microscope. Figure 3 shows examples of damaged RBCs showing 
various degrees of eryptosis, prepared for SEM analysis.

Pitfalls
The whole blood smear, with or without addition of thrombin should not be too thick, and 

when thrombin is added, the time between the mixing of the whole blood and the thrombin 

Fig. 3. 
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should not be too long, otherwise a coagulated layer of plasma will form and this will cover 

prevent the coagulated layer on top of the clot. For whole blood smears without thrombin, 

due to increased agglutination of the RBCs and increased plasma proteins spontaneously 
associated with the RBCs. The smear should also be done gently using a bent pipette tip, and 
without introducing too much force onto the sample, otherwise the RBCs will be damaged.

Conclusion

with an ultrastructural method like SEM, Annexin-V binding showing the presence of PS in 

RBC biophysical and shape changes may be particularly helpful in haematological 

after diagnosis. RBC healthiness can be used and is therefore extremely valuable as an 

upregulated cytokine effects, as well as drug interactions with RBCs at the level of membrane 
receptor and single molecule interactions. The RBC membrane and its role in disease might 
provide researchers with an excellent model, particularly because it is a relatively non-
invasive method to track the healthiness of an individual.

As the NIH is now driving the global process where precision medicine and individualized 
medicine is advised to form an integral part in the diagnosis and treatment of patients 
[277], eryptosis, single molecule as well as receptor  interactions using both biophysical 
and biochemical analysis may give ultimately give practitioners an easy method to track 

longer appropriate.
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