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Abstract. Erythrocytes, performing their basic oxygen transport function, simultaneously affect blood viscosity by 

changing the deformability of their structure, and also have a vasodilating effect on the walls of blood vessels using NO. 

An important role in this regulation is played by the purinergic signaling system, which was confirmed by this study of 

the morphofunctional parameters of red blood cells in the presence of ATP and sodium nitroprusside (SNP). We found 

that under the action of 0.5 mM ATP on red blood cells, the ability of hemoglobin (Hb) to bind oxygen decreases against 

the background of a slight increase in complexes with oxygen, while the total number of membrane-cytoskeletal proteins 

also decreases. This, in turn, is accompanied by a redistribution of Hb molecules and an increase in the area of red blood 

cells. In the presence of 5.0 mM ATP, the oxygen transport function of erythrocytes and the quantitative composition 

of membrane proteins change similarly, while the geometric height and volume of the cells are significantly reduced. 

The combined effect of 100 μM SNP and 0.5 mm ATP has the greatest effect on the conformation of hemoporphyrin 

molecules, which leads to a sharp increase in hemoglobin complexes with oxygen, while the affinity of hemoglobin for 

oxygen decreases. The membrane-cytoplasmic component of the cell also undergoes changes. Thus, ATP, both sepa-

rately and in combination with SNP, affects the oxygen transport and regulatory function of red blood cells, activating 

the purinergic signaling pathway and triggering a cascade of adaptation reactions in the cell. 
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Introduction 

Recently, there have been findings that the spec-

trum of functions performed by red blood cells is 

much wider than the binding and transport of oxy-

gen and metabolic gases derivatives (Ellsworth et 

al., 2009; Jensen, 2009).  

It is known that red blood cells can autono-

mously regulate their own properties and functions 

adjusting to the specific condition and needs of the 

body. For instance, mammalian RBCs take part in 

hypoxic-induced reactions regulating blood flow 

(Grygorczyk & Orlov, 2017). They include two 

complementary mechanisms, the first of which is a 

rapid decrease in blood viscosity on account of in-

creased deformability of RBC membranes. 

The second mechanism is associated with a time-

delayed and steady increase in the diameter of blood 

vessels due to the release of ATP and, accordingly, 

to the activation of purinergic receptors that stimu-

late NO and other vasorelaxants’ production in vas-

cular endothelial cells (Sidorenko et al., 2018). In 

this mechanism, ATP is a key factor regulating pro-

cesses within cells as well as those related to the in-

teraction of select body systems (Chaffey et al., 

2003; Yawata, 2003). 

First of all extracellular ATP and other nucleo-

tides function through purinergic cell receptors 

(Burnstock & Knight, 2004). 

Purinergic signaling activates surface P1 and P2 

cell receptors by extracellular nucleosides and nu-

cleotides such as adenosine and adenosine triphos-

phate, respectively. P2 receptors include P2X and 

P2Y – receptors and have well established roles in 

white blood cells and platelet biology. Recent find-

ings points to the important role of these receptors 

in red blood cells. P2 receptor’s activation stimu-
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lates a number of signaling pathways in erythroid 

progenitor (erythrogonium), leading to the for-

mation of reactive oxygen intermediates and apop-

tosis. In addition, P2 receptors’ activation stimu-

lates in mature RBCs signaling pathways mediating 

RBC volume regulation, eicosanoid release, phos-

phatidylserine effect, hemolysis, impaired ATP re-

lease and susceptibility or resistance to infection 

(Sluyter, 2015). 

The RBC elastic properties are attributed to the 

interaction between the lipid bilayer and the cyto-

skeleton, which is a dynamic grid consisting mainly 

of spectran filaments linked by reconfigurable con-

nective complexes (Bennett, 1990; Mohandas & 

Gallagher, 2008; Mohandas & Evans, 1994; Park et 

al., 2010). 

Taking into account the above findings, it can be 

stated that red blood cells performing one of their 

main functions, namely, oxygen-transport, simulta-

neously bear on the blood viscosity due to their 

structural deformability, and also produce a vasodi-

lating effect on the blood vessel walls by means of 

NO synthesis (Simmonds et al., 2014). 

It can be assumed that red blood cells, blood 

plasma and vascular walls represent a single regu-

lated system for the sustainable supply of certain tis-

sues and organs with oxygen. And apparently, an 

important role in this regulation belongs to the pu-

rinergic signaling system. 

Considering these findings, it was interesting to 

study the role of purinergic signaling system in the 

regulation of hemoglobin’s oxygen-transport func-

tion, which was the main goal of our study. 

The set goal implies a number of tasks: firstly, to 

explore the ATP effect as the main activator of RBC 

purinergic signaling system on morphofunctional 

and oxygen-transport functions; secondly to find the 

presence of changes in those parameters which bear 

on the RBC’ s morphology and functional charac-

teristics (phase state of the lipid bilayer and the pro-

tein composition responsible for the cytoskeleton 

formation, hematoporphyrin’s conformational 

properties and hemoglobin’s ligand-binding capac-

ity). Thirdly, given the fact that the NO formation 

can be stimulated by activation of purinergic recep-

tors, it is of interest to model the effect of a nitroge-

nous compound on hemoglobin morphofunctional 

characteristics and oxygen transport properties 

(Dietrich et al., 2000; Luneva et al., 2015). 

 

Materials and Methods  

Preparation of erythrocyte concentrate 

Human peripheral blood RBCs obtained from 

the donors’ whole blood at the Republican blood 

transfusion station served as the object of research. 

Donors were healthy men between 33-54 years old 

(n = 53; RBC (1012/l)mean = 4.89 ± 0.08; Hbmean = 

= 134.7 ± 4.69 g/l). All research stages were in com-

pliance with the principles of World Medical Asso-

ciation Declaration of Helsinki (WMA Declaration 

of Helsinki). The research was also approved by the 

Local Ethics Committee of Mordovia State Univer-

sity (Minutes № 12 issued in September 17, 2014). 

Before the study, the subjects obtained written con-

sent to participate in the studies. Sodium citrate 

(Sigma, USA) was used as an anticoagulant, the fi-

nal concentration in the sample was 13 mM. 

The blood was centrifuged to spin down formed 

elements (1000g 10 min). Plasma and leukocyte 

layer were discarded, the sediment was resuspended 

in a tenfold volume of erythrocyte washing medium 

(10 mM of KH2PO4, 3.5 mM of KCl, 1.5 mM of 

MgCl2, 145 mM of NaCl, 6 mM of C6H12O6,  

pH 7.4). The procedure was repeated three times, 

the resulting RBC’s sediment was diluted in a ratio 

of 1:5. 

 

RBC incubation 

The resulting erythrocyte concentrate was thor-

oughly mixed, 10 ml was taken and placed in the 

incubation chamber with a constant temperature of 

+37 °C. The incubation time was 5, 15 and 30 

minutes.  

To study the effect of extracellular ATP on 

RBCs, a solution of hydrogenated ATP disodium 

salt (C10H14N5Na2O13P3 H2O, M = 551.14 g/mol, 

Sigma, USA) was dispensed to the incubation me-

dium with final concentrations of 0.5 mM, 1.0 mM 

and 5.0 mM. 

To study the effect of nitric oxide donors, we 

used sodium nitroprusside (C5FeN6Na2O, M = 262 

g/mol, Sigma, USA,), which was added to purified 

erythrocyte concentrate sample with the final con-

centration of 100 μM). 

 

Preparation of RBC membranes  

Isolation of RBC membranes was carried out by 

means of J.T. Dodge method, 1963 (Dodge et al., 

1963). The pre-purified RBC concentrate was lysed 

in a cooled to 0 °C 20-fold volume of the lyse solu-

tion (5 mM NaH2PO4; 0.5 mM PMSF, pH 8.0). The 

resulting mixture was incubated for 10 mins at t =  

= 4 °C, centrifuged (20000 g, 40 mins, t = 0 °C), the 

supernatant was discarded, the sediment was resus-

pended in the lyse solution. The procedure was re-

peated three times. The sediment was washed with 

a lyse buffer to obtain white membranes. Mem-

branes were stored at t = – 60 °C. 
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Protein concentration measurement by Lowry 

method  

The protein concentration in the obtained RBC 

membrane samples was measured by Lowry 

method using bovine serum albumin as the standard 

(Lowry et al., 1951). The optical path density was 

determined on a spectrophotometer (Shimadzu, Ja-

pan) at a wavelength of 650 nm. 

 

Sodium Dodecyl Sulphate Polyacrylamide Gel 

Electrophoresis and Western blotting 

The composition of RBC membrane and cyto-

skeletal proteins was studied by means of Sodium 

Dodecyl Sulphate Polyacrylamide Gel Electropho-

resis using Laemmli method U.K.,1970 (Laemmli, 

1970).  

Electrophoresis was carried out on a BioRad ap-

paratus using 4% stacking and 10% separating gels. 

Samples of RBC membranes were diluted with 5% 

β-mercaptoethanol buffer in a ratio of 1:2 and boiled 

for 5 minutes. The resulting mixture of 15 µl was 

planted to gel holes, electrophoresis was carried out 

at I = const (15 and 30 mA). The gels were stained 

with silver (Heukeshoven & Dernick, 1985). Calcu-

lation of the protein molecular weight is made 

against its electrophoretic mobility, using the 

method of regression analysis. Identification of 

RBC membrane proteins was verified as per Fair-

banks–Steck classification (Fairbanks et al., 1971). 

Visualization, documentation and quantitative anal-

ysis of the obtained protein gels was made using gel 

documenting system Gel Doc XR+ (Alfred Nobel 

Drive, Hercules, California, USA). The results were 

processed in the ImageLab software. 

To determine the specific proteins of erythro-

cytes (spectrin and band 3 protein) in the sample 

separated by polyarylamide gel electrophoresis, the 

Western blot method was used. 

For confirmation, commercial test systems 

«SLC4A1 Antibody», SPTA1 Polyclonal Antibody 

(primary antibodies) and «Goat anti-Rabbit IgG 

(H+L) Highly Cross-Adsorbed Secondary Anti-

body, Alexa Fluor Plus 488» (secondary antibodies) 

were used. 

After electrophoresis, protein bands were trans-

ferred to PVDF membranes (Bio-Rad, USA), which 

were stained with Ponceau staining reagents. 

Immunoblotting was performed according to the 

ECL Western Blotting protocols (Amersham Phar-

macia Biotech, Sweden). The membrane was 

washed in PBSt buffer (PBS, 0.1% Tween-20) and 

nonspecific binding sites were blocked for 1 h at 

room temperature with 5% skimmed milk in the 

same buffer. At the end of the incubation, the mem-

brane was washed in PBSt buffer and incubated 

with primary antibodies (rabbit polyclonal antibod-

ies against SPTA1 and antibodies against SLC4A1 

(dilution 1:1000 and 1:2000, respectively)) over-

night at +4 ºC. 

After incubation, the membranes were washed 

three times in PBS with 0.1% Tween-20 for 10 min. 

The membrane was then incubated for one hour 

with goat anti-rabbit Alexa Fluor Plus 488 

(1:10,000 dilution). The membranes were then 

washed three times in PBS with 0.1% Tween-20 for 

10 min. Protein bands were detected on a Gel-Doc 

XR+ gel-documenting system. 

 

Laser interference microscopy 

Structural changes in RBCs (RBC phase image 

area, RBC phase volume, RBC geometrical height) 

and hemoglobin redistribution (optical path differ-

ence (OPD), hemoglobin packing density mHb) were 

studied by laser interference microscopy (LIM) on 

an automated interference microscope MII-4M 

(LOMO, Russia) (Brazhe et al., 2008; Brazhe et al., 

2006; Yusipovich et al., 2008; Minaev & Yusipo-

vich, 2012; Yusipovich et al., 2009; Brazhe et al., 

2009; Yusipovich et al., 2011; Mityanina et al., 

2012). Interference images were processed using 

the FIJI software (FIJI, USA) (Schindelin et al., 

2012). 

 

Raman spectroscopy 

The study of conformational properties of hemo-

globin hemoporphyrin and determination of hemo-

globin’s ligand-binding capacity was carried out by 

means of Raman spectroscopy (Brazhe et al., 2018; 

Brazhe et al., 2014; Revin et al., 2016; Maksimov 

et al., 2001; Mikstacka et al., 2010; Rodnenkov et 

al., 2005). The analysis of the resultant spectra was 

made in OriginPro 2015 software (OriginLab, 

2015). 

 

Statistical analysis of results 

The available findings were processed by means 

of variational statistics methodology on Microsoft 

Excel 2007 and STAT3 software package. The re-

sults are presented as arithmetic mean and standard 

deviation (Mean ± SD). Statistical processing of the 

experiment results was carried out by assessing the 

normality of values distribution for each of the sam-

ples using Geary criterion, homogeneity of disper-

sion, as well as ANOVA and ANOVA for repeated 

measurements. In case of statistically significant 

differences between the averages, we used Tukey 

method for comparing averages post-factum (Р ≤ 

≤ 0.05) (Tukey, 1949). 
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Results 

Research into RBC morphofunctional character-

istics exposed to different ATP concentrations and 

sodium nitroprusside / nitric oxide donor 

To determine the RBC morphometric parame-

ters, we used LIM, which allows to quantify the 

RBC optical properties, registering the OPD at each 

point of the cell, as well as RBC geometric dimen-

sions. In addition, the RBC hemoglobin packing 

density was calculated mHb. 

In donor samples, most of the RBCs were repre-

sented by normocytes, which OPD averaged  

112.6 ± 7.6 nm, the RBC phase image area com-

prised 54.12 ± 2.1 μm2, the physical height – 2.19 ± 

± 0.14 mm, the RBC phase volume was 81.08 ± 

± 3.45 μm3 and hemoglobin packing density mHb – 

– 29.9 ± 1.6 pg (Fig. 1). 

During incubation of RBCs with sodium nitro-

prusside RBC morphometric parameters were 

changing as follows: after 5 minutes of incubation 

OPD and RBC physical height decreased by 25.5% 

and 31.1%, respectively. At the same time, the re-

maining morphometric indicators increased (Fig. 2).  

The increase in incubation time (30 minutes) led 

to a gradual increase in RBCs’ OPD by 1.3 times 

compared to control samples. Simultaneously, there 

was an increase in the RBC phase image area, as 

well as the RBC phase volume and hemoglobin 

packing density by 14.9%, 48.15% and 19.8%, re-

spectively. 

At the same time, in addition to size, the shape 

of most erythrocytes also changed – outgrowths, 

characteristic of echinocytes, appeared (Fig. 3). 

Exposure during incubation to different ATP 

concentrations also led to changes in the RBC mor-

phometric parameters. The presence of 0.5 mM and 

1.0 mM of ATP in the incubation medium caused 

the decrease in RBC OPD, physical height and 

phase volume. Simultaneously, the increase in RBC 

phase image area was detected, which was accom-

panied by low values of RBC hemoglobin packing 

density (Fig. 4, 5, 6). 

The RBC exposure to increased ATP concentra-

tion (5.0 mM) by 30 minute of incubation led to an 

increase in OPD, RBC phase volume and hemoglo-

bin packing density by 31.9%, 31.6% and 33.1%, 

respectively. The RBC phase image area did not 

change (Fig. 7, 8). 

The exposure to different ATP concentrations 

and sodium nitroprusside simultaneously dispensed 

in the incubation medium also impacted the RBC 

morphometric parameters. Thus, the exposure to  

0.5 mM of ATP and 100 μM of sodium nitroprus-

side led to the increase in RBC’s OPD by 8% after 

30 minutes of incubation. The RBC phase image 

area under these conditions did not significantly 

change, however, at the 15th minute of incubation, 

this indicator decreased by 21.8%. The RBC geo-

metric height was decreasing throughout the incu-

bation time. The RBC phase volume increased by 

14.6% after 30 minutes of incubation. There was 

also a significant increase in the of hemoglobin 

packaging density at the 5th minute of incubation by 

20.7% (Fig. 9). 

When exposed to1.0 mM of ATP and 100 μM of 

sodium nitroprusside there was a simultaneous in-

crease in RBC OPD and phase volume at the 15th 

and 30th minute of incubation (Fig. 10, 11). The 

RBC phase image area decreased at the 15th minute 

of incubation by 10%, by 30th minute the indicator 

reached the control level. The RBC physical height 

was less than the control level. Hemoglobin packing 

density statistically significant increased by 10.7% 

only by the 30th minute of incubation. 

When incubated with 100 μM of sodium nitro-

prusside and 5.0 mM of ATP, an increase in RBC’s 

OPD and phase volume by the 30th minute was ob-

served by 44.6% and 23.5%, respectively. However, 

the RBC phase image area decreased, and the hemo-

globin packing density increased by 20.9% by the 

30th minute of incubation (Fig. 12, 13). 

Therefore, we found that the RBC morphometric 

parameters, as well as the RBC hemoglobin packing 

density are being affected by ATP and sodium ni-

troprusside, whether they used separately or to-

gether. 

 

Research into the quantitative composition of 

RBC membrane proteins and cytoskeleton exposed 

to ATP different concentrations and sodium nitro-

prusside / nitric oxide donor 

An important role in changing RBC’s morpho-

logical characteristics is played by the functional 

state of their membranes. The bilipid component of 

the membrane is impacted by both extracellular sub-

stances (ATP, sodium nitroprusside) and intracellu-

lar functional state, causing changes in the compo-

sition of the membrane and cytoskeleton protein 

component. Therefore, in this set of experiments we 

have looked into changes in the qualitative and 

quantitative composition of RBC proteins.  

The Lowry method revealed a change in the 

amount of total protein in RBCs exposed to sodium 

nitroprusside and different concentrations of ATP. 

A decrease in the total protein concentration was 

found, moreover, the most significant changes oc-

curred when RBCs were exposed to sodium nitro-

prusside for 30 minutes: a decrease by 57.3%;  as

*   
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Fig. 1. Phase images of erythrocytes, taken using LIM (𝑜𝑋, 𝑜𝑌: erythrocyte sizes, 𝜇m; 𝑜𝑍: optical path difference (OPD), 

nm): erythrocyte from a healthy donor (discocyte) 

 

Fig. 2. RBC morphometric parameters after exposure to 100 μM of sodium nitroprusside (* – Р ≤ 0.05) 

 

 
 

Fig. 3. Phase images of erythrocytes, taken using LIM (𝑜𝑋, 𝑜𝑌: erythrocyte sizes, 𝜇m; 𝑜𝑍: optical path difference (OPD), 

nm): erythrocyte (echinocyte) after exposure to 100 μM of sodium nitroprusside (30 minutes) 
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Fig. 4. RBC morphometric parameters effected by 0.5 mM of ATP (* – Р ≤ 0.05) 

 
 

Fig. 5. Phase images of erythrocytes, taken using LIM (𝑜𝑋, 𝑜𝑌: erythrocyte sizes, 𝜇m; 𝑜𝑍: optical path difference (OPD), 

nm): erythrocyte after exposure to 0.05 μM of ATP (30 minutes) 

 

 
 

Fig. 6. RBC morphometric parameters effected by 1.0 mM of АТP (* – Р ≤ 0.05) 
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Fig. 7. Phase images of erythrocytes, taken using LIM (𝑜𝑋, 𝑜𝑌: erythrocyte sizes, 𝜇m; 𝑜𝑍: optical path difference (OPD), 

nm): erythrocyte after exposure to 5.0 μM of ATP (30 minutes) 
 

 
 

Fig. 8. RBC morphometric parameters effected by 5.0 мМ of АТP (* – Р ≤ 0.05) 

 

 
 

Fig. 9. RBC morphometric parameters after exposure to 0.5 mM of АТP and 100 μM of sodium nitroprusside  

(* – Р ≤ 0.05) 
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Fig. 10. Phase images of erythrocytes, taken using LIM (𝑜𝑋, 𝑜𝑌: erythrocyte sizes, 𝜇m; 𝑜𝑍: optical path difference 

(OPD), nm): erythrocyte after exposure to 1.0 μM of ATP and 100 μM of sodium nitroprusside (15 minutes) 

 

 
Fig. 11. RBC morphometric parameters after exposure to 1.0 mM of АТP and 100 μM of sodium nitroprusside  

(* – Р ≤ 0.05) 
 

 
 

Fig. 12. Phase images of erythrocytes, taken using LIM (𝑜𝑋, 𝑜𝑌: erythrocyte sizes, 𝜇m; 𝑜𝑍: optical path difference 

(OPD), nm): erythrocyte after exposure to 5.0 mM of ATP and 100 μM of sodium nitroprusside (30 minutes) 
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Fig. 13. RBC morphometric parameters after exposure to 5.0 mM of ATP и 100 μM of sodium nitroprusside  

(* – Р ≤ 0.05) 

 

well as when exposed to 0.5 mM of ATP both in 

pure form and together with sodium nitroprusside 

(Fig. 14). 

By applying electrophoresis, we isolated the 

following main membrane proteins of erythro-

cytes: spectrin, ankyrin, band 4.1 protein, band 4.2 

protein, and actin (proteins that form the mem-

brane skeleton of the erythrocyte), as well as the 

band 3 protein and glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH) (proteins involved in me-

tabolism and ion homeostasis of erythrocyte) (Giu-

liani et al., 1992) (Fig. 15). 

Western blot analysis using specific polyclonal 

antibodies confirmed the fact that spectrin α and the 

anion transporter band 3 protein are indeed among 

the isolated proteins (Fig. 16). 

After RBC proteins electrophoresis, it was found 

that due to exposure to different compounds, 

changes occur in select protein fractions of RBC 

membranes. Thus, in all experiments the amount of 

spectrin – the main protein of the cytoskeleton - has 

significantly reduced, especially when exposed to 

nitroprusside, 5.0 mM of ATP, as well as to com-

bined action of nitroprusside and 0.5 mM of ATP. 

At the same time, the effect of nitroprusside on 

RBCs led to a less profound decrease in other pro-

tein fractions (Fig. 17). 

The exposure to 0.5 mM of ATP reduced the 

concentration of ankyrin to a lesser extent, and by 

the 30th minute of exposure to ATP, the amount of 

this protein did not differ from the control values. 

The number of select fractions was decreasing dur-

ing 30 minutes of incubation: glyceraldehyde-3-

phosphate dehydrogenase decreased by 76.8%, 

band 3 protein – by 58.3% (Fig. 18). 

The exposure to 1.0 mm of ATP caused a signif-

icant decrease in all protein fractions. Thus, after the 

30th minute of incubation, the amount of ankyrin de-

creased compared to the baseline level by 79.2%, 

band 3 protein – by 80.4%, and band 4.2 protein – 

by 78.2% (Fig. 19). 

After incubation of RBCs dispensed with  

5.0 mM of ATP, mostly band 3 protein and band 

4.2 protein fractions changed to a larger extent. 

Their concentration after the 30 th minute of in-

cubation was only 22.5% and 22.9%, respec-

tively (Fig. 20). 

The exposure to ATP concentrations of 0.5 mM 

and 1.0 mM as well as 100 μM of sodium nitroprus-

side had a minor effect on quantitative changes in 

cytoskeleton protein fractions and RBC membrane. 

When exposed to combined action of 5.0 mM of 

ATP and 100 μM of sodium nitroprusside for  

30 minutes, the amount of band 3 protein comprised 

28.1%, actin –25.4%, GAPDH – 15,2% compared 

to control values, respectively. Moreover, the 

amount of GAPDH already at the 5th minute of in-

cubation decreased by 94% against control value 

(Fig. 21). 

Therefore, we have shown that exposure to ATP 

has had profound effect on the quantitative compo-

sition of RBC membrane proteins and cytoskeleton 

than sodium nitroprusside or their combined action 

in the incubation medium. 
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Fig. 14. Changes in the concentration of total RBC protein exposed to sodium nitroprusside and different concentrations 

of ATP (* – Р ≤ 0.05) 

 

 
 

Fig. 15. Electrophoregram of cytoskeletal proteins of human erythrocytes (incubation 30 minutes): a – marker, 

b – control, c – SNP, d – ATP 0.5 µM; e – ATP 1.0 µM; f – ATP 5.0 µM; g – SNP+ATP 0.5 µM; h – SNP+ATP  

1.0 µM; i – SNP+ATP 5.0 µM; 1 – spectrin α, 2 – spectrin β, 3 – ankyrin, 4 – band 3 protein, 5 – band 4.1 protein,  

6 – band 4.2 protein, 7 – actin, 8 – GAPDH 

 

 

a  

 

b  

Fig. 16. Western blot analysis of spectrin α level (a) and band 3 protein (b) in erythrocyte membrane  

(30 minute): 1 – control; 2 – SNP; 3 – ATP 0.5 µM; 4 – ATP 1.0 µM; 5 – ATP 5.0 µM; 6 – SNP+ATP  

0.5 µM; 7 – SNP+ATP 1.0 µM; 8 – SNP+ATP 5.0 µM 
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Fig. 17. Quantitative composition of RBC proteins exposed to 100 μM of sodium nitroprusside (* – Р ≤ 0.05) 

 

 
 

Fig. 18. Quantitative composition of RBC proteins exposed to 0.5 mM of ATP (* – Р ≤ 0.05) 

 

 
 

Fig. 19. Quantitative composition of RBC proteins exposed to 1.0 mM of ATP (* – P ≤ 0.05) 
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Fig. 20. Quantitative composition of RBC proteins exposed to 5,0 mM of ATP (* – Р ≤ 0.05) 

 

 

Fig. 21. Quantitative composition of RBC proteins exposed to 5,0 mM of АТP and 100 μM of sodium nitroprusside  

(* – Р ≤ 0.05) 

 

Research into oxygen-binding capacity of RBC 

hemoglobin exposed to different ATP concentra-

tions and sodium nitroprusside / nitric oxide donor 

The study of conformation and oxygen-bind-

ing properties of hemoglobin hemoporphyrin 

(Hb) by means of Raman spectroscopy was car-

ried out by looking at the changes in 1355, 1375, 

1550, 1580 cm-1 intensity bands ratio of RBC 

spectra (Table 1). 

RBC oxygen-binding values of healthy donors 

were characterized by the following parameters: the 

relative amount of oxyhemoglobin (oxyHb) was 

0.483 ± 0.021% rel.units, Hb oxygen affinity – 

1.348 ± 0.056 rel.units, the ability of Hb to bind ox-

ygen – 1.128 ± 0.092% rel.units, the ability of Hb to 

discharge oxygen – 0.837 ± 0.046% rel.units. 

When exposed to sodium nitroprusside, the in-

crease in the amount of oxyHb in RBCs was ob-

served, so at the 15th minute of incubation, this value 

grew by 17.2%. At the same time, the ability of he-

moglobin to bind oxygen, as well as the hemoglobin 

oxygen affinity, decreased. The ability of hemoglo-

bin to discharge ligands remained basically un-

changed (Fig. 22). 
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During incubation of erythrocytes with 0.5 mM 

and 1.0 mM of ATP, the RBC oxygen-binding ca-

pacity changed in the same way. 

When exposed to a higher concentration of ATP 

(5.0 mM), an increase in the relative amount of ox-

yHb in RBC was revealed: at the 5th minute, an in-

crease by 29.6% was recorded, at the 15th minute - 

by 10.6% , at the 30th minute, the amount of oxyHb 

remained above the control values by 9.3%. At the 

same time the ability of hemoglobin to bind oxygen 

has significantly reduced (by 45.2%) as well as he-

moglobin oxygen affinity (by 31.7%) after the 5th 

minute of incubation (Fig. 23). 

During the next set of experiments, it was re-

vealed that the Hb oxygen-binding capacity varies 

as much as possible when exposed to combined ac-

tion of 100 μM of sodium nitroprusside and differ-

ent ATP concentrations. Therefore, at the exposure 

to 0.5 mM of ATP, the relative amount of oxyHb 

was increasing during 30 minutes of incubation: at 

the 5th minute of incubation, the value rose by 

47.8%, at the 15th minute – by 25.1%, at the 30th mi-

nute – by 31.9%. At the same time, the Hb ability to 

bind oxygen and the Hb oxygen affinity were de-

creasing. Similar dynamics of changes were re-

vealed at the exposure to 1.0 and 5.0 mM of ATP 

together with 100 μM of sodium nitroprusside. 

Therefore, we have experimentally proved the 

increase in the relative amount of oxyHb in RBCs 

at its exposure to different concentrations of ATP, 

sodium nitroprusside and the effect of their com-

bined action. Moreover, the most significant in-

crease in RBC values followed after combined ac-

tion of 100 μM of sodium nitroprusside and 0.5 mM 

of ATP. The hemoglobin oxygen affinity was also 

decreasing, and the highest degree of decrease was 

revealed when RBCs were exposed to 0.5 mM of 

ATP and 100 μM of sodium nitroprusside and at the 

5th minute of incubation it reached 59.2% against 

the control parameters. Less significant changes 

were observed at RBCs exposure to 0.5 mM and  

1.0 mM of ATP without sodium nitroprusside. 
 

Table 1 

Raman RBC intensities ratio characteristics 

 
Raman intensities  

ratio 
Type of oscillations Hb state characterisation  

I1375/(I1355+I1375) 1355 см–1 – pyrroles oscillations in deoxyhemoglobin 

molecules; 

1375 см–1 – pyrroles oscillations in oxyhemoglobin 

molecules; 

1550 см–1 – oscillations of methine groups between 

pyrroles in molecules; 

1580 см–1 – oscillations of methine groups between 

pyrroles in molecules 

Amount of oxyhemoglobin 

I1355/I1550 Hemoglobin's ability to bind ox-

ygen  

I1375/I1580 Hemoglobin's ability to dis-

charge oxygen 

(I1355/I1550)/(I1375/I1580) Hemoglobin oxygen affinity 

 

 

 
Fig. 22. Values of RBC’s Hb oxygen-binding ability exposed to 100 μM of sodium nitroprusside: 1 – relative amount 

of oxyHb, 2 – Hb ability to bind O2, 3 – Hb ability to discharge O2, 4 – Hb O2 affinity (* – Р ≤ 0.05) 
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Fig. 23. Values of RBC’s Hb oxygen-binding capacity when exposed to 5,0 mM of ATP: 1 – relative amount of oxyHb, 

2 – Hb ability to bind O2, 3 – Hb ability to discharge O2, 4 – Hb O2 affinity (Р ≤ 0,05) 

 
 

 

Discussion 

As already noted, that exogenous compounds 

play an important role in the regulation of hemosta-

sis by acting both on vascular tone and on the func-

tion of blood cells themselves. It is proved, that ATP 

and nitric oxide NO (II) produce a relaxing effect on 

blood vessels, changing the contractile activity of 

smooth muscle cells. By acting on endothelial cells, 

ATP can activate purinergic receptors on their sur-

face, which in turn enhances incoming Ca2+currents, 

endothelial NO synthase production, and NO syn-

thesis, which diffuses into smooth muscle cells, 

stimulating vasodilation and improves blood supply 

to tissues (Simmonds et al., 2014; Litvinov & 

Weisel, 2017). However, the effect of these com-

pounds on the RBC properties, performing the most 

important oxygen transport function of cells, has 

been understudied. It is logical to assume that when 

ATP and NO (II) are in the blood channels in high 

(typical for pathological conditions) concentrations, 

they produce a significant effect on the RBC mor-

phometric and oxygen-binding properties, in partic-

ular, through purinergic receptors (Crawford et al., 

2004; Mozar et al., 2016; Knight, 2009). 

Initially, we identified a number of differences 

in the functional response of RBCs upon their expo-

sure to different ATP concentrations in samples. 

Upon exposure to small concentrations of ATP (0.5 

and 1.0 mM), the RBC’s physical height decreased, 

and the RBC phase image area increased. The RBC 

phase volume and the density of distribution of Hb 

molecules at small concentrations of ATP also de-

creased by the 30th minute of incubation. A high 

concentration of ATP (5.0 mM) resulted in an in-

crease in the phase volume and RBC Hb packing 

density by the 30th minute of incubation. At the 

same time, the RBC phase image area remained un-

changed, and the RBC geometric height was de-

creasing throughout the incubation time, and 

reached its maximum already at the 5th minute. 

Therefore, small concentrations of extracellular 

ATP cause a change in the RBC morphology, aimed 

at improving the passage of cells through small ves-

sels and capillaries (makes cells flatter), increasing 

the contact area of oxygen molecules with the RBC 

membrane and redistribution of Hb molecules 

within the RBC. Probably the decrease in the Hb 

packing density in the RBC may change Hb 

perimembrane and cytoplasmic fractions ratio, 

which plays an important role in the binding and 

transport of oxygen molecules through the blood 

channels (Steinberg et al., 2009; Maksimov et al., 

2019). Higher concentrations of ATP led to a rapid 

decrease in RBC height and slower redistribution of 

Hb molecules. It can be assumed that a high concen-

tration of ATP leads to a change in the RBC ion bal-

ance, which causes a sharp change in the RBC ge-

ometry and its phase profile. The slower process of 

Hb redistribution, probably associated with an in-

crease in the concentration of Ca2+ in the cell and its 

interaction with Hb (Mohanty et al., 2014; Bog-

danova et al., 2013). 
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The change in cell morphology is closely related 

to the structure of RBC membrane and cytoskeleton. 

Thus, in the RBC membranes after exposure to 0.5 

mM of ATP at the 15th minute of incubation, the 

maximum decrease in the concentration of total pro-

tein was observed, by the 30th minute the values re-

mained significantly below control level. Incuba-

tion of RBC membranes with 1.0 mM of ATP also 

led to a decrease in the concentration of total protein 

throughout the incubation time, however, the ob-

served effect is less evident. In addition, small con-

centrations of ATP had the strongest effect on the 

amount of spectrin and actin, band 3 protein, band 

4.1 protein, band 4.2 protein concentrations also de-

creased. Ankyrin content decreased briefly against 

the control values, returning to the initial value at 

the 30th minute. Also, by the 5th minute of incuba-

tion, the GAPDH concentration sharply decreased. 

Incubation of 5.0 mm of ATP with RBC membranes 

also led to a decrease in the concentration of total 

protein by almost 2 times, while a significant de-

crease in spectrin and actin in RBC membranes was 

revealed. The decrease in RBC height (5th minute) 

was accompanied by a maximum decrease in the 

amount of ankyrin, band 3 protein and actin. A pro-

longed decrease in the content of spectrin, GAPDH, 

band 4.1 protein and band 4.2 protein was observed 

during 30 minutes of incubation with ATP. 

The obtained results confirm that changes in the 

RBCs geometry are accompanied by rearrange-

ments of the RBC membrane and cytoskeleton. 

Moreover, the duration and intensity of the response 

to this effect depends on the ATP concentration im-

pacting the RBC purinergic receptors. Thus, ATP is 

able to stimulate the reduction of spectrin-actin 

complexes that form a protein framework on the cy-

toplasmic surface of membranes, or transform spec-

trin dimers into tetramers, which also affects the 

ability of spectrin to form complexes with actin. 

Also, anchor proteins (ankyrin, band 4.1 protein) 

participate in the regulation of the RBC shape, sta-

bility and deformability, which ensure the attach-

ment of the cytoskeleton to the membrane through 

band 3 protein, as well as stabilize interaction of 

spectrin with actin when forming the main binding 

components of the RBC cytoskeleton. Kinase phos-

phorylation of band 4.1 protein and band 3 protein 

may relax the spectrin cytoskeleton and form a more 

plastic membrane structure, increasing the cell de-

formability as a whole. band 4.2 protein interacts 

with both band 3 protein and ankyrin, and a decrease 

in its concentration leads to the increased viscosity 

of the RBC membrane. GAPDH interacts specifi-

cally with band 3 protein and takes a significant part 

in the membrane-mediated exchange of Cl- and 

HCO3
- to form a protonated Hb form, which leads 

to a decreased Hb oxygen affinity (Revin et al., 

2019; Muravyov et al., 2017). The decreased con-

centration of membrane-associated GAPDH may be 

attributed to phosphorylation of band 3 protein, de-

cay of the BP3- GAPDH complex and release of 

GAPDH, which causes destabilization of the RBC 

membrane (Sirover, 2017). 

Upon exposure to low concentrations of ATP, a 

slight increase in the Hb complexes with oxygen 

was recorded, while the Hb ability to bind oxygen 

and Hb oxygen affinity reduced significantly. This 

effect has been observed from the 5th minute of in-

cubation with 0.5 mM of ATP, whereas 1.0 mM of 

ATP dispensed revealed a gradual change that 

reached its maximum by the 30th minute. Upon ex-

posure to 5.0 mM of ATP, the maximum effect on 

the RBC oxygen transport properties was observed 

at the 5th minute of cell incubation: the relative num-

ber of oxyHb complexes increased briefly, while the 

Hb oxygen affinity, the Hb ability to bind and dis-

charge oxygen decreased. By the 30th minute, the 

RBC oxygen transport parameters increased 

slightly, but remained below the control values. 

It is likely that different concentrations of extra-

cellular ATP have a mediated effect on both Hb 

molecule protein part and the conformation of the 

heme hemoporphyrin macrocycle. Firstly, the in-

creased number of oxyHb complexes is character-

ized by hemoporphyrin conformational changes, in 

which the iron atom after oxygenation enters the 

porphyrin coordination cavity and is located centro-

symmetrically. The structure of Hb protein is such 

that it shields all other molecules present in the 

blood from the approach to the iron atom, and 

timely regulates its donor-acceptor properties. Sec-

ondly, when oxygen is attached to Hb, a «heme-

heme» cooperative interaction is realized, facilitat-

ing the subsequent attachment of oxygen molecules. 

Thirdly, the revealed decrease in the Hb ability 

to bind oxygen and the decrease in the Hb oxygen 

affinity can probably be attributed to the predomi-

nance in hemoporphyrin molecules with stretched 

and deformed methine groups between pyrroles, 

which complicates the attachment of oxygen to the 

iron atom due to the spatial location of iron and ad-

ditional stabilization bonds. It can be assumed that 

these conformational properties of Hb are linked 

with the formation of protonated Hb or the increase 

in the proportion of the perimembrane deoxygen-

ated fraction of molecules involved in the formation 

and cytoskeleton maintenance stability, as well as in 

the mechanisms of enzymatic catalysis and intracel-
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lular energy transformation (Revin et al., 2017; Ko-

valenko et al., 2015; Wang & Sluyter, 2013). 

It is the activation of purinergic receptors on the 

RBC surface that can be the cause of the changes in 

the cell properties that we have been describing. 

Moreover, different concentrations of ATP have 

different effects on the RBC morphometric charac-

teristics, while changes in the membrane and cyto-

skeleton, as well as RBC oxygen transport function 

have a number of similar features. 

It is known that activation of RBC purinergic re-

ceptors leads to the formation of non-selective ion 

pores, membrane depolarization, and increases in-

tracellular Ca2+. Prolonged stimulation of receptors 

causes an increase in the content of negatively 

charged phosphatidylserine on the outer membrane 

surface, the formation of ROIs, apoptosis (Faulks et 

al., 2016; De Marchi et al., 2016). 

The increase in Ca2+ in the RBC cytosol triggers 

various signaling pathways. In particular, certain 

enzymes are activated (protein kinases phospha-

tases, phospholipases), which are involved in the 

regulation of RBC membrane elasticity and cell de-

formability in general, due to phosphorylation of cy-

toskeletal proteins) and changes in membrane per-

meability. Activation of this regulatory cascade 

leads to dissociation of membrane cytoskeleton pro-

teins and increased RBCs elasticity. At the core of 

another signaling pathway is the complex  

«Ca2+-calmodulin», which indirectly bears on the 

activity of a number of channels and ATP-ases, as 

well as through interaction with band 4.1 protein, 

can play an important role in stabilizing other pro-

teins, i.e., perform a chaperone-like function in ma-

ture RBCs. Separately, it should be noted that band 

3 protein contains binding centers for both GAPDH 

and perimembrane Hb. And when this protein is 

phosphorylated, there occurs the redistribution of 

RBC Hb fractions, which leads to the change in the 

RBC oxygen transport function (Borovskaya et al., 

2010; Rodnenkov et al., 2005). 

It is known that NO produce a complex effect on 

the human circulatory system, serving, in particular, 

as a link in the purinergic signaling system. NO is 

not only synthesized in vascular cells, producing a 

dilated effect on their smooth muscles, but is also 

released into the blood channels, partially penetrat-

ing red blood cells and binding to hemoglobin (Sim-

monds et al., 2014). 

To study the effect of NO on RBC morphomet-

ric, oxygen transport and membrane characteristics, 

100 μM of sodium nitroprusside (SNP) was dis-

pensed into the incubation medium. During the ex-

periment, a change in the RBC morphometric pa-

rameters was revealed. It is important to emphasize 

that in the first 5 minutes of incubation of red blood 

cells exposed to SNP we have detected a maximum 

decrease in the RBC physical/geometric height. 

This is probably a rapid response of cells to a local 

increase in nitric oxide in the incubation medium. 

By the 30th minute of incubation, we observed the 

increase in the phase image area of the majority of 

red blood cells in the samples, while the height of 

the cells remained below the control values, and the 

density of Hb distribution increased. 

Therefore, when exposed to SNP, the RBC phase 

image area increased and their height decreased, 

which facilitated the passage of cells through nar-

row capillaries and increased the area of interaction 

between the membrane, oxygen and NO. At this, we 

observed redistribution of RBC Hb molecules, 

which could be accompanied by the formation of 

complexes with NO, as well as specific molecular 

associates (Shvarts et al., 2016; Maksimov et al., 

2005). 

It is logical to assume that RBC membrane pro-

teins and cytoskeleton were impacted by SNP. The 

total amount of protein in the cell membranes after 

exposure to SNP was decreasing throughout the en-

tire incubation time, in particular, the contents of 

spectrin, band 3 protein, ankyrin, band 4.1 protein, 

band 4.2 protein, and GAPDH decreased, while the 

actin concentration remained practically un-

changed. 

Most likely, SNP causes rearrangements in the 

main nodal complexes of the cytoskeleton. For ex-

ample, nitric oxide is one of the initiators of the start 

of the guanylate cyclase mechanism in the cell, 

which activates specific erythrocyte membrane 

channels, cGMP-dependent protein kinase, phos-

phorylating proteins, cyclic nucleotides that regu-

late enzyme activity, and also inhibit GAPDH. In 

addition, by diffusing through the erythrocyte mem-

brane, NO interacts with the near-membrane Hb in 

deoxy form (Dei Zotti et al., 2018; Cortese-Krott et 

al., 2018; Conran et al., 2004). 

RBC oxygen transport function, characterized 

by conformational changes of hemoglobin hemo-

porphyrin macrocycle, also changes after exposure 

to SNP. A slight increase in the number of Hb com-

plexes with oxygen was revealed, while the Hb abil-

ity to bind oxygen and the HB oxygen affinity sig-

nificantly decreases. It is also known that NO can 

interact with oxyHb resulting in the formation of un-

stable radical and methHb, as well as with perimem-

brane deoxyHb, competing with oxygen for binding 

sites. Indirectly NO can bear on the conformation of 

the Hb heme pockets, which impacts the molecule 
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affinity for oxygen (Kovalenko et al., 2015; Dei 

Zotti et al., 2018). 

The results confirmed the effect of ATP and SNP 

on the RBC morphological and functional proper-

ties of. At this, their combined effect on cells also 

required a detailed study, as the development of 

many pathological conditions (ischemia, hypoxia) 

is accompanied by the destruction of red blood cells 

and a local increase in ATP concentration in the ves-

sels, which produces a complex effect on the pu-

rinergic receptors of red blood cells and endothe-

lium, simultaneously increasing the concentration 

of NO in the blood channels (Grygorczyk & Orlov, 

2017; Sidorenko et al., 2018; Maksimov et al., 

2005). 

The combined action of SNP and 0.5 mM of 

ATP changed the RBC morphometric characteris-

tics. Thus, already from the 5th minute of incubation, 

the RBC geometric height was decreasing, and the 

phase volume and Hb packaging density was in-

creasing. By the 15th minute the RBC phase image 

area and the Hb molecules packing density de-

creased sharply, and at the 30th minute of incubation 

we have recorded the increase of RBC phase vol-

ume and decrease in height, and the phase image 

area and the Hb packing density did not differ from 

the control samples. 

The concentration of total protein in RBC mem-

branes varied significantly after exposure to 0.5 mM 

of ATP and SNP. The spectrin concentration de-

creased sharply during 15 minutes of incubation, 

and began to gradually increase at the 30th minute, 

however, without reaching the control values. At the 

same time, the band 3 protein concentration also fell 

below the control values. 

The content of actin in the samples significantly 

decreased from the 15th minute of incubation. There 

was also a decrease in ankyrin, band 4.2 protein and 

GAPDH. 

RBC oxygen transport function has reached its 

maximum change at the 5th minute of incubation: 

the relative number of oxyHb complexes increased 

by 1.5 times, at the same time, the Hb ability to bind 

oxygen and the affinity of molecules for oxygen de-

creased, while the Hb ability to discharge oxygen 

slightly increased. From the 15th minute, the 

changes became less obvious, and the Hb ability to 

discharge oxygen fell against control samples. 

Therefore, the decrease in the RBC height and 

increase in the Hb packing density at the 5th minute 

of incubation with 0.5 mM of ATP and SNP was 

accompanied by a decrease in the concentration of 

spectrin, band 3 protein and ankyrin in the RBC 

membrane. At the same time, the number of oxyHb 

complexes reached the maximum increase, the Hb 

ability to discharge oxygen also grew, and the abil-

ity to bind oxygen fell. Probably, the increase in the 

concentration of ATP and NO in the incubation me-

dium led to the activation of purinergic receptors on 

the surface of red blood cells and increased mem-

brane permeability to gas molecules. 

At the 15th minute, the RBC geometry undergoes 

a number of changes, in addition to its height, the 

RBC phase image area decreases, and the Hb pack-

aging density remains below the control values. 

There is a significant decrease in ankyrin and GDP 

in the RBC membrane, the amount of actin and band 

4.2 protein decreases. The conformation of hemo-

porphyrin undergoes changes that impair the Hb 

ability to discharge oxygen.  

After exposure to SNP and 1.0 mM of ATP, 

RBC height decreased and the RBC phase volume 

increased from the 5th minute and throughout the in-

cubation time. At the 15th minute, a short decrease 

in RBC phase image cell area occurred, by the 30th 

minute – the increase in the RBC Hb molecules 

packing density. The concentration of total protein 

in the RBC membranes was decreasing throughout 

the incubation time. At the same time, the amount 

of spectrin in the RBC membrane decreased 

throughout the incubation time by almost 2 times, 

the amount of actin did not change. The concentra-

tion of ankyrin, band 4.2 protein and GAPDH also 

decreased. The amount of band3 protein in the sam-

ples decreased briefly at the 5th minute of incuba-

tion. In addition, incubation of erythrocytes with 1.0 

mM of ATP and SNP resulted in the increased oxide 

concentration during the 30th minute of incubation. 

At this, the Hb ability to bind oxygen and the Hb 

oxygen affinity lessened significantly. 

After exposure to SNP and 5.0 mM of ATP from 

the 5th minute of incubation and throughout the ex-

periment, the RBC phase image area was decreas-

ing. At the same time, the geometric height was go-

ing within 15 minutes. By the 30th minute of incu-

bation, the RBC phase volume and the Hb mole-

cules packing density were significantly growing up 

compared to the control sample. The concentration 

of total protein in RBC membranes fell minimally 

in a set of experiments with ATP and SNP. At the 

5th minute of incubation, the maximum of prolonged 

changes in the concentration of spectrin (decrease). 

At the same time, the concentration of actin was 

falling, starting from the 15th minute, reaching its 

maximum at the 30th minute. Throughout the incu-

bation time, the amount of band 4.2 protein (maxi-

mum at the 15th minute) and GAPDH was decreas-

ing. RBC oxygen transport function was changing 
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throughout the incubation time. So the concentra-

tion of RBC oxyHb complexes was growing, the Hb 

ability to bind oxygen and its affinity for oxygen 

lessened. The Hb ability to discharge oxygen was 

also decreasing, but more profoundly than after ex-

posure to lower concentrations of ATP. 

 

Conclusion 

Following the objective of the study, we have re-

vealed that activation of the RBC purinergic signal-

ing pathway has a regulatory effect on oxygen 

transport and morphometric parameters of cells. 

Firstly, after exposure to ATP, which is the main ac-

tivator of the RBC purinergic signaling pathway, we 

have observed a weakening effect on the Hb ability 

to bind oxygen, with a slight increase in the number 

of oxyHb complexes. Secondly, when exposed to 

ATP, the content of the main structural and regula-

tory proteins of the cytoskeleton has profoundly de-

creased. This process is accompanied by the change 

in the geometry of red blood cells, which improves 

the passage of cells through the capillaries, as well 

as increases the area of contact of oxygen with the 

RBC membrane. The existence of such mechanism 

is recounted in numerous research papers (Maksi-

mov et al., 2019; Muravyov et al., 2017; Kovalenko 

et al., 2015; Rodnenkov et al., 2005). Another proof 

to our assumption is the results of researches by a 

large number of scientists, whose works show that 

activation of purinergic receptors and the increase 

in the intraerythrocytic calcium lead to changes in 

the ionic balance of cells, depolarization of their 

membranes, development of oxidative stress and ac-

tivation of several protein kinases that initiates the 

relaxation of spectrin cytoskeleton and the for-

mation of a more plastic membrane structure (Ya-

wata, 2003; Bennett, 1990; Mohandas & Gallagher, 

2008). Thirdly, the combined action of SNP and 0.5 

mM of ATP had a profound effect on the confor-

mation of hemoporphyrin molecules, which led to a 

sharp increase in the number of oxyHb complexes, 

while the hemoglobin oxygen affinity and the dis-

tribution density of its molecules decreased. The 

RBC membrane-cytoskeletal component also un-

derwent changes: the membrane protein content de-

creased, and red blood cells became more compact. 

It should be noted that after exposure to SNP and 

5.0 mM of ATP, there have been changes in the pro-

tein composition of the RBC membrane: the amount 

of spectrin, band 4.2 protein, actin and GAPDH de-

creased, while the packing density of RBC Hb mol-

ecules increased. The content of band 4.1 protein, 

involved in maintaining the shape of cells and car-

ries out multiple protein interactions, decreased 

(Bogdanova et al., 2013; Wang & Sluyter, 2013). 

Therefore, by activating purinergic receptors, ATP 

produces a stronger effect on the RBC membrane-

cytoskeletal component through the initiation of pu-

rinergic extracellular cascade of reactions. On the 

other hand the combined action of SNP and ATP 

has an evident effect on the RBC oxygen transport 

functions. Probably, upon activation of purinergic 

receptors, NO (II) has some protective effect, inhib-

iting GAPDH, which is involved in the formation of 

the Hb protonated form with less affinity for oxy-

gen, as well as forming specific Hb complexes, ni-

trosylating proteins and activating soluble guanylate 

cyclase, which affects the state of the cytoskeleton 

(Litvinov R.I. & Weisel, 2017; Sirover, 2017; Dei 

Zotti et al., 2018; Cortese-Krott et al., 2018). 
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