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Blood oxygen transport regulation by physical activity increase within training dynamics is provided with 
different mechanisms: from the quantitative and qualitative erythron restructure (including endogenous 
erythropoietin rise and main erythrocyte index shifts) to change in haemoglobin affinity to oxygen, its 
heterogeneous structure and blood flow growth as a result of endothelium hyperpolarisation. However, the 
erythrocyte itself remains a key performer in blood velocity control, due to its structure and functions. This 
review summarizes the data of modern scientific literature on the characteristics of erythrocytes, which 
make these cells one of the key links in the oxygen transport system of the blood. The focus on this property 
of erythrocytes during physical activity is based on the fact that the athlete’s muscles must be supplied with 
enough oxygen to ensure high performance. Specific training and extra-training factors affecting the content 
of erythrocytes have been determined. The membrane structure is treated as a significant erythrocyte part 
in determining its deformation and microvascular blood transport. Enzymes associated with the erythrocyte 
membrane and affecting cell viability and performance are described. Besides, it is stressed on monitoring 
erythrocyte indices via modern equipment and assessing lipid peroxidation, which leads to disorders in 
erythrocyte membrane structure and functions.
Key words: physical activity; erythrocyte; shape; membrane; blood velocity; blood oxygen transport; lipid 
peroxidation; microcirculation.

Since August Krogh regarded skeletal muscle 
need for oxygen (O2) as a fundamental phy-
siological process [1], there had been a per-
spective that the most significant blood func-
tions (in terms of energy supply for muscle 
contraction) are oxygen transfer to tissues 
and carbon dioxide move to lungs, substrate 
delivery to muscles, transport and utilization of 
metabolites. This is provided by haemoglobin 
as a transport protein located in erythrocytes, 
making them a key component in blood oxygen 
circulation [2, 3].

For the last decades, many studies had been 
focused on clarifying mechanisms of oxygen 
transfer. Although erythrocyte is only one of the 
O2 delivery elements, it also plays an essential 

role in oxygen microvascular distribution 
and transport to tissues. That is necessary for 
keeping regular skeletal muscle contraction [4].

However, despite many publications on the 
erythrocyte’s role in the delivery of sportsman’s 
muscles with oxygen, our knowledge in this 
sphere is still incomplete.

The aim of the work is to form modern ideas 
about the place and role of the erythrocyte in 
the oxygen transport system by the working 
muscles of an athlete in the dynamics of intense 
physical exertion.

Features of the shape and structure of 
erythrocyte membranes. Erythrocytes (derived 
from Greek ἐρυθρός − red and κύτος − cell) or 
RBC (red blood cells) are non-nuclear cells that 
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transfer oxygen to tissues and carbon dioxide 
reversely. Total erythrocyte content in the blood 
is equal to cell amount .1012.l-1 (while among 
persons with low physical aerobic activity, this 
number may vary – up to 15-25% [5-7].

Oxygen transport regulation in case of regular 
exercise is provided with different mechanisms: 
from the quantitative and qualitative erythron 
restructure (including endogenous erythropoietin 
rise [8] and primary erythrocyte index shifts 
[6]) to change in hemoglobin (Hb) affinity to 
oxygen, its heterogeneous structure [9] and 
blood flow growth as a result of endothelium 
hyperpolarisation [10].

Erythrocyte average volume is 76-110 fl. 
Their shape is a double-concave disc about 7 
to 10 µm in diameter (Fig. 1). It enlarges their 
surface, promotes their microcirculation via 
vessels, increases free oxygen penetration into 
cells and capillaries.

Prankerd’s and further studies showed the 
erythrocyte double-concave form increases total 
cell surface by 1.7 times in contrast to that of 
the ball of the same volume [11, 12]. As to their 
size, erythrocytes are divided into normocytes 
(7.0-8.8 µm  in diameter), microcytes (5.5-
6.5 µm) and macrocytes (8.5-9.0 µm) [13]. 
Within the human RBC population, normocytes 

comprise 85 to 93%, which can be easily seen 
in optical microscopes (Fig. 2) and this should 
be a necessary addition to the study of the red 
blood cell in athletes.

The rise of the total erythrocyte population 
in micro-and macrocytes (especially when 
simultaneous deformability falls) may indicate 
pathologies. For example, microcytes increase 
by latent iron deficiency and sports anemia (not 
included in ICD-10 and is a pathological state) 
caused by iron supply and metabolism [14, 15]. 
The same happens in the case of diseases [13, 16].

Erythrocytes are cells whose 95% content 
is haemoglobin as a spherical tetramolecular 
protein [17]. Normocytes do not possess a 
nucleus or other organelles typical for most 
cells (ribosomes, Golgi apparatus, almost no 
mitochondria). Still, their structure is maximally 
adapted to oxygen and carbon dioxide transport, 
which is exceptionally significant during 
exercise [18]. For the last decades, biochemists, 
cell and molecular biologists, physiologists and 
haematologists have assessed the erythrocyte 
membrane complexity. In contrast, membrane 
disorder studies provide valuable information on 
interactions between its structure and functions. 
Although RBC membrane disorders provoked 
by structure and transport change are different, 
they are often accompanied by anaemia, which 
significantly slows oxygen transport to tissues 
in case of physical activity.

The erythrocyte membrane has the ability to 
deform, as a result of which the erythrocyte can 
pass through even the narrowest and convoluted 
microvessels in the tissues of the body and 
in the pulmonary alveoli, performing the 
function of gas exchange [19]. The 10 nm thick 
erythrocyte membrane is a flexible molecular 
mosaic of proteins, lipoproteins, glycoproteins 
and possibly lipids. The membrane is divided 
into three layers. The outer layer consists of 
glycoproteins with antigens. The membrane 
surface is a complex multidimensional structure 
defined by its inhomogeneity, heterogeneity, and 
broad protein content. The membrane middle 
is a lipid bilayer [18]. According to modern 
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Fig. 1. Erythrocyte shape as a double-concave disc (sub-
microscopic reconstruction) 
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conceptions, the RBC membrane consists of an 
approximately equal lipid and protein amount. 
Membrane lipids are phospholipids or neutral 
lipids (usually unesterified cholesterin) that 
are asymmetrically located in the two-molecule 
thick lipid bilayer. Choline as a phospholipid is 
situated mainly on the extracellular surface, while 
aminophospholipid is maximally concentrated 
on the inner bilayer side. Cholesterin is between 
phospholipid molecules. The cholesterin-
phospholipid ratio influences liquid flow via 
the erythrocyte membrane. If this ratio deviates, 
morphologically and functionally abnormal 
RBCs with lower vitality can appear [20]. Lipid 
molecules are located perpendicular to the plane 
of the membrane (Fig. 3). Each phospholipid 
consists of a polar head (molecule hydrophilic 
part) and two tails (fatty acid residues) [13]. The 
inner membrane layer consists of glycolytic 
enzyme proteins, haemoglobin and cytoskeleton 
proteins [21].

Currently, there is an idea about so-called 
membrane flippases [22]. Phospholipid flippases 
are proteins that transfer phospholipids from 
one membrane to another, even against the 
composition gradient. Therefore, they can 
influence the transmembrane asymmetric lipid 
distribution. Lipid transport produces new 
membrane structures (in particular, vesicles) 
connected with different physiological functions 

in eukaryotic cells – lipid and protein transvesicle 
carry between organelles or to plasmalemma, 
liquid-phase endocytosis stimulation.

Lipid transport also launches physiological 
and biochemical membrane processes: blood 
clotting, apoptotic or old cell recognition 
and removal, phosphatidylserine-dependent 
enzyme control. New lipid group membrane 
exposition via a quick trigger is a specific signal; 
being recognized, it may cause physiological 
modifications. Membrane deformation is a 
mechanism that initiates such an activity. 
Various flippase functions are induced by cell 
lipid diversity itself and the protein’s ability to 
recognize specific messaging molecules [20].

Membrane proteins are also asymmetrically 
oriented in the lipid bilayer. They are divided 
into three functional sets: structural, catalytic and 
sensor proteins [23]. Spectrin and ankyrin are 
two main structural proteins. Together they form 
a submembrane cytoskeletal net responsible for 
RBC viscoelasticity [24, 25]. At least 35 to 40 
enzymes are associated with the membrane. They 
play a vital role in keeping standard erythrocyte 
structure and functions. Among these enzymes, 
there are adenosine triphosphatases, anionic 
transport protein, glyceraldehyde 3-phosphate 
dehydrogenase, protein kinases, adenylate 
cyclase and acetylcholinesterase. Most enzymes 
are tightly bound to the membrane, and their 
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Fig. 2. Erythrocyte classification as to size: A – normocytes; B – microcytes; C – macrocytes
A B C
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quantity is small. Adenosine triphosphatases 
transfer cations actively (those of calcium, 
sodium and potassium). Anionic transport 
protein controls chlorine ions, phosphates, 
glucose and water.

Glyceraldehyde 3-phosphate dehydrogenase 
gets partially bound to the membrane. Protein 
kinases catalyze the phosphorylation of seve-
ral membrane proteins; one of them (spec-
trin) regulates RBC mechanical properties. 
Acetylcholinesterase belongs to ectoenzymes. It 
is found in erythrocyte plasmalemma (isoform 
H anchored in the membrane by fatty acid) 
[26], although its functions have not been 
researched entirely so far. It is established that 
adenylate cyclase activity, Ca2+-dependent, 
adenosine triphosphatase and phosphorylase 
changes in various conditions and during 
diseases (hereditary spherocytosis, sickle cell 
disease, progressive muscular dystrophy). The 
same is also detected in the case of strenuous 
exercise [27, 28]. Such disorders are caused by 
low erythrocyte deformability in a sportsman’s 
body [29].

The effect of oxidative stress on erythrocyte 
transformation during exercise.  RBC structure 
maintenance attracts many researchers in sports 
laboratory diagnostics because haemoglobin 
saturation and adequate O2 transfer to tissues 
is the most significant factor of stimulating 
exercise performance [30]. During strenuous 
physical activity, when organs and tissues 

suffer from hypoxia [31] with a simultaneous 
increase in peroxidation products [32], there 
is deviation of cell membrane structure and 
functions (including those of erythrocytes) [33]. 
These changes are conditioned by the release 
of polyunsaturated fatty acids (arachidonic 
and linoleic ones), as well as leukotrienes, 
and thromboxane that affect membranes [34]. 
RBC membrane lipid saturation with omega-3 
polyunsaturated fatty acids (contained in 
specific drugs) improves bilipid membrane 
structures and shape, raising oxygen transfer 
[35, 36].

Lipid peroxidation with malondialdehyde 
accumulation, penetrability, and resistance 
deviation of RBC membrane and shape usually 
lead to sports anaemia [37-39]. It is membrane 
denaturation, spectrin and ankyrin degradation, 
globin reconstruction that is the first negative 
effect of oxidation stress [40].

In oxidation, extensive lipid and protein 
degradation (e.g. caused by high drug concen-
tration or super-strenuous exercise) arrange 
erythrocyte biomolecules, which provokes 
membrane rigidity. Scanning electron microscopy 
detects discoid deformation into stomatocytes. 
Moreover, generalized RBC membrane damage 
during hyperoxidation  induces peculiar modi-
fication of the whole cytoskeletal frame as 
a spread location of spectrin, ankyrin and 
band 4.1 protein [41]. Since haemoglobin 
changes, erythrocyte membrane disorder and 
its pathological transformation are considered 
by some researchers as a reason for functional 
sports anaemia [38, 40, 42].

RBC lipid peroxidation is accompanied by 
glutathione decrease (one of the main membrane 
non-enzymatic antioxidants), which also reduces 
membrane resistance and causes cell lysis. 
Iron release (chelating deferoxamine) with 
peroxidating agents produces methemoglobin. 
Via a scanning electron microscope, one can 
detect erythrocyte shape damage rise, echinocyte 
transformation, and appearance of codocytes, 
stomatocytes, and сnidocyte-like bodies within 
such circumstances [43, 44]. These damages are 
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Fig. 3. Erythrocyte membrane structure
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more visible in sharp lipid peroxidation and RBC 
hemolysis [45, 46], which takes place during 
marathon or triathlon tournaments [47].

Its membrane structural proteins play a 
significant role in erythrocyte shape change. 
If cell membrane structure deviates, deformed 
RBCs may appear. Some of them are shown in 
Fig. 4. They were obtained during long-term 
researches of ukrainian athletes in the National 
University of Ukraine for Physical Education 
and Sports.

Sickle-cell disease is also caused by memb-
rane skeletal protein change, namely by slow 
spectrin-adducin-ankyrin dissociation and 
subsequent reduced release of free α-spectrin 
[48]. Similar irreversible change of erythrocyte 
S-transformation is induced by cytoskeleton 
shifts (deviated duplication of α-spectrin sites 20 
and 21 and that of β-1- and β-2-spectrin, which 
occurs during their heteromerization and band 
4.1 protein fall in the membrane domain) [49].

The transition from discoid to spherocytes 
vividly depends on intracellular calcium in-
crease. It also correlates with microvesicle 
decrease in extracellular liquid and varying 
sensitivity to hydrolytic phospholipase A2 [50, 
51]. Phosphatidylcholine content change (a key 
component of the RBC membrane bilipid layer) 
affects the discoid-to-echinocyte and discoid-to-
stomatocyte transitions significantly. The former 
is detected in double phosphatidylcholine satura-
tion; the latter occurs by its double lack [52, 53].

Over-exercise leads to membrane-dependent 
RBC surface shifts, which is explained by its 
electrophoretic mobility deviation. Simultane-
ously, lipid peroxidation considerably rises in 
erythrocyte membranes; that reflects how criti-
cal the occurring changes are for the organism 
itself. Besides, the cell membrane is modified. It 
is caused by endogenous catecholamines affect-
ing integral sialic glycoproteins among young 
sportspeople [54] and highly-skilled ones [55].

RBC shape change (provoked by free radi-
cals due to the donor-to-acceptor cysteine ratio 
alteration) can be significantly reduced via 
natural antioxidants that slow lipid peroxidation 

in erythrocyte membranes [56]. From this per-
spective, sportswomen are less exposed to acute 
oxidation stress since estrogens may protect 
RBCs from over-deformation and pathologies. 
Erythrocyte shape deviations induced by inju-
ries and hemorrhagic shock are accompanied by 
lipid peroxidation start. Its intensity is positively 
determined by estrogen [57].

Scanning electron microscopy reveals that 
oxidation stress leads to considerable RBC size 
and shapeshifts. The discoid-to-echinocyte tran-
sition is often caused by apoptosis through oxy-
gen excess, ionizing radiation, and other agents 
producing reactive atomic oxygen, exogenous 
oxidants, calcium penetration into cytomatrix, 

Fig. 4. Deformed erythrocyte types: A – discoid; B,  
G – planocytes; E – echinocyte; C, F, I – stomatocytes;  
H – acanthocyte; D, J – schistocytes 
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etc. Biochemical membrane disorders in the case 
of oxygen-induced echinocytosis can bring to 
uncontrolled apoptosis via cell shrinkage, lipid 
peroxidation, energy crisis, and lipid transmem-
brane asymmetry fall [58].

Factors affecting the transport of oxygen 
by erythrocytes during exercise. As long as the 
erythrocyte is alive, its physiological functions 
can «grow old» [59]. It results in higher mem-
brane penetrability and spherical RBC shape 
[13]. This prevents cells from moving through 
fine capillaries, which leads to erythrocyte death 
with haemoglobin release [60]. Even small, de-
formed RBC subpopulations significantly affect 
blood velocity and, subsequently, tissue oxygen 
saturation in exercise. Moreover, within exercise 
oxidation stress, deformed RBCs may appear with 
rigid membranes [61], and haemoglobin viscos-
ity increase [62]. It considerably inhibits oxygen 
transfer via capillaries and arterioles [63].

Early and late strenuous exercise conse-
quences typical for top sports may reconstruct 
or even destroy the cell membrane. The first 
reason for that is product accumulation of 
membrane oxidative degradation [64, 65]. Lipid 
peroxidation effects depend on antioxidant sys-
tem efficiency. Its two links (enzymatic and 
non-enzymatic ones) aim to remove and contain 
lipid peroxidation toxins [66]. That prevents the 
human body from exercise performance fall and 
improves after-exercise recovery [61].

RBCs are spawned in marrow from pluripo-
tent stem cells. After differentiation and matura-
tion, they become erythrocytes themselves [67]. 
RBCs usually exist for about 4 months [68]. 
Then, they are exposed to regular apoptosis and 
get destroyed [69].

The main erythropoiesis factor is erythropoi-
etin as a tissue hormone produced in kidneys, 
liver, and vessel endothelium [70]. Erythropoi-
etin synthesis rises when there is blood oxygen 
fall (hypoxic stimulus). Erythrocyte amount 
increase leads to oxygen growth and erythro-
poietin reduction [71, 72]. RBC division and 
maturation also depend on vitamins B to B12 
and folic acid [73].

Reference erythrocyte value for healthy 
adult males is 4.1−5.5.1012.l-1. For females, 
it is 3.8−5.1.1012.l-1. Among sportsmen and 
sportswomen, RBC content is usually equal to 
the top reference limit. If aerobic endurance 
is developed (eg for frequent training), it can 
exceed that limit [5, 45].

Thus, the following factors which affect 
the change in the content of erythrocytes, as 
the most important link in the oxygen delivery 
system, can be distinguished:

I. Sex. Female menstruations may lead to 
a stable RBC decrease, which affects aerobic 
capacity.

II. Sports specialization. For cyclic sports 
with aerobic muscle performance, RBC content 
is higher.

III. Training peculiarities. Aerobic capac-
ity development raises the erythrocyte amount. 
Even aerobic exercise for non-cyclic sports 
(weightlifting) can slightly increase RBCs. 
However, when hematologic values of speed-
force and cyclic sports are interpreted, a specific 
phase of one year’s training should be consid-
ered [6, 45].

IV. Hypoxic training. Artificial (masks, 
tents, houses) and natural hypoxia (mountains) 
induce erythropoietin release and subsequent 
erythrocyte growth [74]. At the same time, 
oxygen transfer and aerobic endurance are 
improved.

V. Diet. Red meat (beef) eaters have a 
higher RBC value in contrast to vegetarians 
and vegans.

VI. Dehydration/rehydration degree. During 
improper liquid loss correction, there may be 
blood thickening in case of exercise and tourna-
ment, and since the content of erythrocytes is 
a relative value and is measured in g.l-1, then, 
naturally, a decrease in the amount of liquid 
blood fraction leads to an “apparent” increase 
in the concentration of this indicator.

VII. Drug use. Even legal erythropoiesis 
stimulators (enhanced biological importance 
foodstuffs, vitamins B–B12, A and C) raise 
erythrocyte content correspondingly. However, 
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it is illegal for sports to take exogenous eryth-
ropoietin or similar drugs [75].

As was mentioned above, mature RBCs do 
not have nuclei, inner membranes and most 
organelles. Within erythropoiesis, nuclei leave 
multipotent progenitor cells [76]. Following 
erythrocyte features (shape, size and deform-
ability) depend on its membrane. It is prooxi-
dant-antioxidant balance, membrane structure 
and functions that are a significant addition to 
automated erythrocytic analysis, which plays a 
key role in blood oxygen transport. RBCs with 
undamaged membranes are deformed easily. 
When O2 falls, ATP release increases. The lat-
ter reacts with endothelium purinoceptors and 
induces local and general vasodilatation. Finally, 
erythrocytes adapt microvascular perfusion to an 
accurate oxygen supply to skeletal muscles [77].

Therefore, RBC structure and functions ad-
just for highly adequate oxygen transfer control 
(blood velocity, O2 muscle supply). This makes 
erythrocytes one of the essential components 
for exercise performance, especially for aero-
bic endurance. That is why diagnosing, drug 
use (antioxidants, membrane protective agents, 
erythropoiesis stimulators permitted by WADA) 
and hypoxic exercise must be considered in the 
sports training process.
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Регуляція киснетранспортної функції крові при зростанні 
інтенсивності фізичних навантажень у динаміці трену-
вального процесу забезпечується механізмами різного 

рівня: від кількісної та якісної перебудови еритрона, 
включаючи збільшення вмісту ендогенного еритропое-
тину та зрушень основних еритроцитарних індексів, до 
зміни спорідненості до кисню і гетерогенної структури 
гемоглобіну, а також пришвидшення кровообігу внаслідок 
гіперполяризації ендотелію. Однак, власне, еритроцит 
продовжує залишатися в полі зору дослідників як клю-
чова фігура в регуляції швидкості кровообігу, що зумов-
лено структурно-функціональними характеристиками 
цієї високоспеціалізованої клітини. В оглядовій роботі 
узагальнено дані сучасної наукової літератури відносно 
тих характе ристик еритроцитів, які роблять їх однією з 
ключових ланок киснетранспортної системи крові. Увага 
до цього аспекту властивостей еритроцитів при фізич-
них навантаженнях базується на потребі адекватного 
забезпечення працюючих м’язів спортсмена киснем для 
формування високого рівня фізичної працездатності. 
Визначено специфічні тренувальні та позатренувальні 
фактори, що впливають на вміст еритроцитів, розглянута 
структура еритроцитарної мембрани як найважливішої 
ланки, котра визначає такі важливі властивості еритро-
цитів, як здатність до деформації і ефективність переносу 
кисню по мікросудинах. Приділено увагу ферментам, 
асоційованим з еритроцитарною мембраною, які значною 
мірою впливають на життєздатність і функціональну 
повноцінність еритроцита. Акцент зроблено на необхід-
ності моніторингу еритроцитарних індексів за допомогою 
сучасної автоматичної апаратури і оцінки вираженості 
процесів перекисного окиснення ліпідів, що призводить до 
порушення структурно-функціонального стану мембрани 
еритроцитів.
Ключові слова: фізичні навантаження; еритроцит; форма; 
мембрана; швидкість кровообігу; киснетранспортна функ-
ція крові; перекисне окиснення ліпідів; мікроциркуляція.
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