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Abstract 

Red blood cells (RBC) are the major cell component of blood. Their main function is to transport oxygen and carbon diox-
ide, however, besides the main function of RBCs have also the ability to transport immune complexes, express numerous 
adhesion molecules, and influence leukocytes and platelets margination and adhesion. The molecular architecture of cell 
membranes plays a key role in the determination of their function. Modifications of RBC membrane components could alter 
RBC functions and rheological properties.  In this review changes in the protein composition and structure of RBCs mem-
branes in diabetes and their possible diagnostic and prognostic significance are considered. 
RBCs membrane proteins are categorized in terms of protein function into three groups: cytoskeletal proteins (spectrin, actin, 
protein 4.1, etc.), integral structural proteins (band 3, glycophorins (GP), etc.), and anchoring proteins (ankyrin, protein 4.2, 
etc.). The three principal “cytoskeleton proteins” are spectrin (α and β), actin, and protein 4.1, forming the “junctional com-
plex”, that provides support to the lipid bilayer, and maintains the integrity, shape, and architecture of the red blood cell.  The 
unusual properties of RBC cytoskeletal proteins form specialized ensembles, provide a unique combination of flexibility and 
stability RBCs membrane controlling their biogenesis, survival, and function. The extracellular domain of heavily glycosylated 
sialoglycoproteins (glycophorins, bend 3 protein) at physiological pH are conferring a negative surface charge to RBCs mem-
brane, which plays a crucial role in modulating RBC–RBC interactions, their interactions with vascular endothelium and the 
other circulating blood cells. 
Tightly association of several RBCs' membrane proteins disorders with different pathological processes was identified. In 
diabetes, RBC membranes are affected by chronic exposure to glucose, triggering their biochemical modifications 
(glycosylation, oxidation), with subsequent structural and functional disruption of the cell (disorders of their deformability, 
adhesion to the endothelium), which is further involved in the pathogenesis of diabetes and its complications. The alterations 
of RBCs membrane proteins might be useful sensitive biomarkers for long-term glycemic control, early diagnosis, or moni-
toring of disease progression. 
(TCM-GMJ February 2022; 7 (1):P41-P44)      
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  Introduction 
ed blood cells (RBC) are the major cell component of 
blood. Their main function is to transport oxygen and 
carbon dioxide, however, besides the main function 
of RBCs have also the ability to transport immune 
complexes, express numerous adhesion molecules 

R 
and influence leukocytes and platelets margination and adhesion 
[Pasini E.M., et al., 2006]. The molecular architecture of cell 
membranes plays a key role in the determination of their func-
tion. The RBC membrane, like most animal membranes, con-
tains 19.5% of water, 39.5% of proteins, 35.1% of lipids, and 
5.8% of carbohydrates [Yawata Y., 2003]; proteins and lipids 
composition and is changing during RBCs lifetime [de Oliveira 
S., Saldanha C., 2010]. Modifications of RBC membrane com-
ponents could alter RBC deformability that is most important 
for their rheological properties. Understanding the relationship 
between the different components of the RBC membrane helps 
explain the mechanism of cells’ deformability [Deuticke B. 
2003; Piagnerelli M., et al., 2003]. 
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The literature concerning the human RBCs membrane 
proteins, their localization, and modes of association has been 
the subject of repeated reviews [Winzler R. J. 1969]. In this re-
view changes in the protein composition and structure of RBCs 
membranes in diabetes and their possible diagnostic and prog-
nostic significance are considered. 

 

RBCs membrane proteins and their func-
tional role 
 

RBCs membrane proteins are classified into 
“peripheral proteins” and “integral proteins”. The amino acid 
composition of the erythrocyte membrane protein fraction is 
not distinctively different from that in other membranes [Steck 
T.L., 1974], however, individual proteins, and, more particularly, 
their topographically specified domains have characteristic com-
positions which relate to their disposition in the membrane. 
There is a distinct excess of acidic (21%) over basic (12%) amino 
acid residues in the protein fraction of RBC's membrane.  RBCs 
membrane proteins are categorized in terms of protein function 
into three groups: cytoskeletal proteins (spectrin, actin, protein 
4.1, etc.), integral structural proteins (band 3, glycophorins (GP), 
etc.), and anchoring proteins (ankyrin, protein 4.2, etc.). Figure 1 
shows the topography of the principal polypeptides which com-
prise about 80% of the RBC's membrane protein mass.   

The three principal “cytoskeleton proteins” are spectrin 
(α and β), actin, and protein 4.1, forming the “junctional com-
plex”. Two isoforms of spectrin, alpha (260 kDa) and beta (225 
kDa) form a loosely wound helix. Spectrin domains cooperative-
ly fashion, form a dense two-dimensional filamentous network 
that provides support to the lipid bilayer and maintains the in-
tegrity, shape, and architecture of the red blood cell. Spectrin has 
also been implicated to play important roles in the maintenance 
of the erythrocyte membrane asymmetry and exhibits chaperon-
like activity [Patra M, et al., 2015). Two alpha-beta helixes are 
linked end to end to form a single tetramer, which has binding 
sites for several other proteins, and are organized into a mesh-
work that is fixed to the membrane by the protein ankyrin (215 
kDa).   

Ankyrin is an anchoring protein that bridges the tight 
association between spectrin and band 3 [de Oliveira S., Sal-
danha C., 2010]. The binding can be modulated by the extent of 
phosphorylation by protein kinase A (PKA), casein kinase I, or 
cyclic AMP-independent protein. 

The short actin microfilaments (their length ~33-37 
nm), consisting of 15-18 actin subunits and tropomyosin, are 
extraordinarily stable, persisting for the lifetime of the RBC. 
Those are anchored to the membrane at multiple sites. The unu-
sual properties of RBC actin filaments forming specialized en-
sembles, provide a unique combination of flexibility and stability 
of cytoskeleton of RBCs membrane; regulation of actin fila-
ments is critical for the membrane skeleton assembly and integ-
rity, thereby controlling the RBC biogenesis, survival, and func-
tion.  

Band 4.1 (43 kDa) stabilizes the association of spectrin 
with actin and binds to the transmembrane proteins band 3 and 
glycophorin C and D [de Oliveira S., Saldanha C., 2010]. 

Band 3 (90 - 100 kDa) is the most abundant RBC 
membrane integral protein (composes approximately 25% of 
proteins) and the major linkage between the cytoskeleton and 
the lipid bilayer, it can be associated with several proteins of the 
cytoskeleton. These proteins play a very important role in the 
regulation of the flexibility and rigidity of RBC. Band 3 is well 
known to function as an anion exchanger. When red blood cells 

pass through the lung blood vessels, band 3 protein has a func-
tion in collecting CO2 from human tissues in exchange for Cl- as 
the form of HCO3-. Moreover, such an anion exchange function 
is also involved in pH regulation within cells [Aoki. T., 2017]. 
Like several other structural proteins, the band 3 configuration 
can also be modulated by phosphorylation – via phosphotyro-
sine kinases (PTKs) or dephosphorylation – via phosphotyrosine 
phosphatase (PTP) [de Oliveira S., Saldanha C., 2010]. In RBCs, 
hyperphosphorylation of band 3 has been reported in the proox-
idant hemolytic disorders, malaria, and intermediate thalassemia, 
and this phenomenon is closely related to the formation of hem-
ichromes [Pantaleo A. et alo., 2016]. 

Glycophorins (isoforms of 27 and 29 kD) or sialogly-
coprotein are about 2% of total RBC membrane protein. Glyco-
phorins have three domains, (1) a cytoplasmic domain, which 
contains a cluster of basic residues that are located near the plas-
ma membrane, (2) a hydrophobic domain which exists as a sin-
gle α-helix spanning the lipid bilayer, and (3) an extracellular 
domain which is heavily glycosylated [Aoki. T., 2017]. 

 Glycophorin A is the major constituent representing 
1.6% of total RBC membrane protein [Yawata Y., 2003]. At 
physiological pH, sialic acids are negatively charged conferring a 
negative charge to RBCs. The negative surface charge of RBC 
plays a crucial role in modulating RBC–RBC interactions and as 
well RBC interactions with vascular endothelium and the other 
circulating blood cells [Telen M.J., 2005; Yawata Y., 2003]. RBCs 
aggregation is frequently associated with vascular occlusion by 
platelets, or as a preliminary stage in the migration of leukocytes 
out of the bloodstream and into tissues in the inflammatory 
process.  

Other membrane glycoproteins have low sialic acid 
content (band 3 protein). Total surface charge density is not 
affected in GPA-deficient RBCs; these cells exhibit increased 
glycosylation of band 3, probably due to the addition of exces-
sive sialic acid, which should have been present on the Glyco-
phorin A protein. However, Glycophorins C, D, and band 3 are 
associated with the cytoskeleton structure and maintenance of 
the shape and mechanical properties of the red blood cell during 
passing through capillary vessels [Aoki. T., 2017]. 

The RBCs membrane represents an example of shear 
resistant complex imposed on the lipid bilayer by its associated 
cytoskeletal protein network. The ternary complex of spectrin, 
actin, and Band 4.1 protein defines the nodes of the RBC mem-
brane skeletal network and is an important component of mem-
brane stability under mechanical stress. The elastic response of 
the RBC to the loading that it experiences in the microcircula-
tion derives from the network of elongated spectrin (α2β2) te-
tramers, while the membrane stability results from dimer-dimer 
interaction of the spectrin and the junctional complex of spec-
trin-actin-bend 4.1. It was shown that selective depletion of tro-
pomyosin from the membrane results in weakening of the ter-
nary spectrin-actin-4.1 junctional complex and reversible de-
crease membrane mechanical stability [Xiuli An, et al., 2007]. 

 
 

Alternations of  RBCs membrane proteins 
and their pathophysiological signifiacance 
 

It was observed that several of the RBC disorders are 
tightly associated with mutations occurring in genes codifying 
different RBC membrane proteins. For instance, Hereditary 
Spherocytosis, Hereditary Elliptocytosis, and Southeast Asian 
Ovalocytotic have associated with mutations in peripheral pro-
tein β-spectrin [Aoki. T., 2017]. Band 3 phosphorylation has 
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been described in intermediate thalassemia [Ferru E., et al., 
2014], malaria-infected RBC [Pantaleo A., et al., 2012], and dur-
ing renal tubular acidosis [de Oliveira S., Saldanha C., 2010]. In 
Europe, about 30% of the cases of Hereditary Elliptocytosis 
have a deficiency in protein 4.1 levels in the RBC membrane.  

RBCs rapidly react to oxidative stress through very 
intense Tyr phosphorylation of band 3. It was found that the 
phosphorylation of band 3 affects its interactions with the cyto-
skeleton inducing membrane destabilization [Ferru E., et al., 
2011]. It was suggested that band 3 acts as a redox sensor regu-
lating its phosphorylation and that hemichromes leading to the 
protracted phosphorylation of band 3 may trigger a cascade of 
events finally leading to hemolysis [Pantaleo A., et al., 2016]. The 
sex- and age-related alterations in RBCs membranes proteins 
(especially in women of menopausal age) were Identified 
[Pruidze N, et al., 2015]. 

The majority of RBC membrane protein ratios, includ-
ing band 3/spectrin, were more elevated in critically ill patients 
(nonseptic and septic) than in healthy volunteers [Serroukh Y., 
et al., 2012]. 

 
Alternations of  RBCs membrane proteins 
during diabetes 
 

It has been shown that the topographical nanostructure 
of the RBC membrane and their roughness can be classified as 
independent morphological parameters of the membrane de-
scribing its both primary and altered structure and functional 
status [Buys,  2013;  Bhise SS, et al., 2020]. A difference in diam-
eter, height, and concave depth of RBCs between the healthy 
and diabetic individuals was detected. Measurement of surface 
roughness indicated the alterations related to the cytoskeletal 
matrix and the connections between band 3 and 4 proteins with 
the matrix [Buys,  2013].  

In diabetes, RBC membranes are affected by chronic 
exposure to glucose, and several biochemical modifications are 
triggered, with subsequent structural and functional disruption 
of the cell, which is further involved in the pathogenesis of dia-
betes and its complications.  

In patients with diabetes type-1, decreased content of 
negatively charged glycophorin C and high molecular fraction 
proteins (weight of 55- 260 kDa)  in RBCs membrane was de-
tected [Gabunia T, 2015].  Decrease of glycophorin content may 
not be crucial to the RBC mechanical stability, deformability, 
and shape change [de Oliveira Sofia, 2010] but may induce adhe-
sion of RBCs to the endothelium and disorders of blood circula-
tion. Low content of heavy proteins (spectrin, alpha (260 kDa) 
and beta (225 kDa), ankyrin (215 kDa),  Band 4.1 (78 kDa), 
band 4.2 (72 kDa), band 3 (90 - 100 kDa) proteins, associated to 
the cytoskeleton, which play a very important role in the regula-
tion of the flexibility and rigidity of RBC, involved in the regula-
tion of RBCs mechanical stability, deformability, and shape, may 
induce disorders of their deformability [Gabunia T, 2015]. 

Structural alterations of the RBCs membrane proteins 
(increased mobility of band 3, an aberrant high molecular weight 
(> 255 kDa), and a low molecular weight (42 kDa) proteins, 
increase of the 3-band protein, and reduction of spectrin con-
tent) were shown in patients with diabetic retinopathy. With the 
increased duration and severity of diabetes, the degree of impair-
ment in the protein fraction of RBCs membranes increased 
[Petropoulos IK., et al., 2007]. Increase the content of RBC sev-
eral glycated membrane proteins (actin, protein 4.1, spectrin 
alpha, spectrin beta chain, protein band 4.2, and ankyrin) was 
found in individuals with abnormal glucose tolerance and diabe-

tes compared to control, but it was not found significant differ-
ences in RBC between patients with diabetes and impaired glu-
cose tolerance.  It has been found heavy glycosylation of the 
cytoskeletal proteins and oxidative damage of spectrin in RBCs 
from diabetic patients. The main non-enzymatic protein gly-
cation products might be useful sensitive biomarkers for long-
term glycemic control, early diagnosis, or disease progression.  

Late glycation products (advanced glycated end prod-
ucts (AGEs) were linked with diabetic complications and are 
important for clinicians in monitoring the progression of the 
disease. An increase of 3-fold of AGEs was identified in the 
RBC peripheral membrane proteins in the diabetic patient's 
group compared with healthy controls, and these results corre-
lated with the glycated hemoglobin levels. It was suggested the 
implication of AGEs in the decreased deformability and reduced 
membrane fluidity in the diabetic RBC. It has been observed 
that in diabetic patients’ RBCs with high levels of AGEs on the 
surface are capable to interact with an immunoglobulin receptor 
for AGE (RAGE)) expressed on endothelial cells, thus trigger-
ing a vascular dysfunction involved in the diabetic vascular com-
plications [Gabreanu G.R., Angelescu S.. 2016;  Singh VP., et al., 
2014].  

Several advanced glycation end products, such as imid-
azoline, crossline, pyrrolidine, N- epsilon-(Carboxymethyl) ly-
sine, and pentosidine, linked with the development of diabetic 
complications were identified in the investigation of blood sam-
ples from diabetic patients. For example, serum pentosidine was 
found elevated in both diabetic nephropathy and retinopathy, 
and it was suggested as a useful biomarker for microvascular 
complications in type 2 diabetes. Crossline (fluorescent ad-
vanced glycated end product) level in RBC membrane proteins 
was increased by 1.6-fold in diabetic patients compared with 
healthy controls; its significantly high level was detected in the 
patients with complicated diabetes (non-proliferative retinopa-
thy, proliferative retinopathy, diabetic nephropathy). Further 
research on the erythrocyte membrane could provide new bi-
omarkers for monitoring diabetes and its complication 
[Gabreanu G.R.,  Angelescu S.. 2016]. 

 
Conclusion 

 
               Tightly association of several RBCs' membrane pro-
teins disorders with different pathological processes was identi-
fied. In diabetes, RBC membranes are affected by chronic expo-
sure to glucose, triggering their biochemical modifications 
(glycosylation, oxidation), with subsequent structural and func-
tional disruption of the cell (disorders of their deformability, 
adhesion to the endothelium), which is further involved in the 
pathogenesis of diabetes and its complications. The alterations 
of RBCs membrane proteins might be useful sensitive bi-
omarkers for long-term glycemic control, early diagnosis, or 
monitoring of disease progression. 

 
  
 
 
 
 
 
 
 
 
 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Singh%20VP%5BAuthor%5D&cauthor=true&cauthor_uid=24634591
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Figure 1.   Schematic structure of human RBCs membrane (Takahiko Aoki, 2017) 
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