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Erythrocytes exhibit the properties of "sensor" of mechanical tension, hypoxia and "regulator" of vascular tone. In the in vivo blood-
stream, these cells are constantly exposed to flow during which they experience varying levels of shear stress and strain. In this regard, these 
cells have well-established signaling mechanisms, with the participation of which a chemical response to a stress factor is formed. Vibration 
is a factor that, depending on its own physical characteristics, combines mechanical influence with an oxidative state or hypoxia. Thus, it was 
of interest to investigate how erythrocytes use certain signaling pathways to maintain metabolic homeostasis under the influence of low-
frequency vibration. The paper examines the effect of vibration (frequency range 8–32 Hz, amplitudes 0.50 ± 0.04 and 0.90 ± 0.08 mm) on 
the energy state of human erythrocytes in the absence of glucose. In this connection, the changes of intracellular ATP, 2,3-BPG and inorgan-
ic phosphate (Pi) in human erythrocytes during 3-hour vibration exposure were investigated. The activity of Na+,K+-ATPase was investi-
gated as an indicator reflecting cellular needs for ATP. Cytosolic 5’-nucleotidase (cN-1A) and AMP-deaminase (AMPDA) activities were 
investigated as indicators of the level of catabolism of purine nucleotides. To assess the involvement of adenosine in the processes of reverse 
signaling through the ADORA2B – AMPK BPGM axis, the activity of ectonucleotidase (eN) was investigated. Based on the obtained 
experimental data, an analysis of the signal mechanisms involved in the mechanotransduction of the vibration effect was carried out. It is 
shown that under certain conditions of vibration exposure (frequency interval 20–32 Hz, A = 0.50 ± 0.04 mm and 12–32 Hz, A = 0.90 ± 
0.08 mm) erythrocytes use signaling and metabolic pathways aimed at increasing the content of ATP, 2,3-BPG and restoration of the energy 
charge of cells. One of these pathways is controlled by AMP-kinase (AMPK), which in turn is a participant in the signaling cascade that 
begins with adenosine receptors ADORA2B. AMPK turns off consumption pathways and turns on alternative pathways for ATP regenera-
tion and activation of 2,3-BPG formation mechanisms. These ways are aimed at overcoming the state of hypoxia. Experimental data on the 
participation of AMP catabolism enzymes in ATP recovery processes were analyzed.  

Keywords: ATP, 2,3-BPG; Na+,K+-ATPase; 5’-nucleotidase; АМР-deaminase; hypoxia; adenylate metabolism; signaling mechanisms.  

Introduction   
 

Erythrocytes exhibit the properties of a "sensor" of mechanical ten-
sion, hypoxia, and a "regulator" of vascular tone (Zhang et al., 2018; Chen 
et al., 2023; Cilek et al., 2023). In the in vivo bloodstream, these cells are 
constantly exposed to flow during which they experience varying levels of 
shear stress and deformation (Zhang et al., 2018). Recently, mechanosen-
sitive channels have been identified, such as Piezo1 (Vaisey et al., 2022; 
Lew, 2023), Pannexin 1 (Locovei et al., 2006; Kirby et al., 2021), recep-
tors (GPCRs) associated with G proteins (Sridharan et al., 2012; Ellsworth 
et al., 2016; Ugurel et al., 2022), which can sense shear stress and affect 
the state of the cytoskeleton of erythrocytes. It has been shown (Ugurel 
et al., 2022) that the effect of mechanical stress is an increase in the level of 
phosphorylation of both membrane and cytoplasmic cells’ proteins. 
In response to a hypoxic stimulus or an increase in shear stress, erythro-
cytes are able to export more ATP to the extracellular environment, which 
is involved in the regulation of vascular tone (Racine & Dinenno, 2019; 
Ferguson et al., 2021; Gou et al., 2021; Kirby et al., 2021; McMahon 
et al., 2021).  

Adenosine triphosphate (ATP), which is hydrolyzed to ADP in the 
extracellular environment (Locovei et al., 2006; Marginedas-Freixa, 2018; 
Yeung et al., 2018), is a ligand for purinergic receptors of endothelial cells 
(Kirby et al., 2021; D'Alessandro et al., 2023). When these receptors are 
activated, endothelial cells produce nitric oxide, a powerful vasodilator. 
In addition, P2Y13 receptors that bind ADP are also exposed on the eryth-
rocyte membrane (Montalbetti et al., 2011).  

The erythrocyte membrane has the enzyme ectonucleotidase (eN, 
CD73), which converts AMP to adenosine and can change to a soluble 
state of sCD73 (Schneider et al., 2019). An increase in the amount of ade-
nosine activates the A2B adenosine receptor (ADORA2B) and through it 
the ADORA2B – AMP-activated protein kinase (AMPK) – bisphospho-
glycerate mutase (BPGM) signaling axis (Peng et al., 2019; Qiang et al., 
2021; Misiti et al., 2022; Chen et al., 2023).  

Ultimately, these mechanisms contribute to the formation of 2,3-bis-
phosphoglycerate (2,3-BPG), a specific erythrocyte allosteric modulator 
that reduces the binding affinity of hemoglobin for O2 to counteract hypo-
xia (Liu et al., 2016; Peng et al., 2019; D'Alessandro & Xia, 2020; Nem-
kov et al., 2021). The release of ATP by erythrocytes has a regulatory ef-
fect on the erythrocytes themselves, as a type of autocrine signaling (ATP 
released from erythrocytes can affect the microrheology of the cells them-
selves). It is understood that all these processes must be regulated by well-
established signaling mechanisms, in the understanding of which many 
gaps remain.  

Vibration can be perceived directly by membrane mechanoreceptors, 
as shaking creates fluid flows around the cell surface. Also, the target of 
vibration is nanobubbles of dissolved air, which are retained on the surface 
of erythrocytes due to Coulomb interactions and are able to coagulate and 
increase in size under the action of vibration (Bunkin et al., 2011; Dotsen-
ko et al., 2021; Gudkov et al., 2021; Takahashi et al., 2021). It is assumed 
that the oxygen of the bubbles is involved in the processes of oxygenation – 
deoxygenation with the participation of hemoglobin (Bunkin et al., 2011). 
Shaking the solutions causes the bubbles to collapse and release energy. 
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As we have shown earlier, vibration at a certain frequency, amplitude and 
duration leads to a decrease in the content of dissolved O2 and CO2 
through degassing, creating a state of hypoxia (Dotsenko et al., 2021) and 
changing the intracellular pH. In this regard, all the signaling processes 
described above can be observed in cells under vibration conditions.  

The paper examines the effect of low-frequency vibration (frequency 
range 8–32 Hz, amplitudes 0.50 ± 0.04 and 0.90 ± 0.08 mm) on the ener-
gy state of human erythrocytes. Changes in intracellular ATP, 2,3-BPG 
and inorganic phosphate (Pi) during 3-hour exposure to vibration were 
investigated as indicators of this condition. The activity of Na+,K+-ATPase 
was investigated as an indicator reflecting cellular needs for ATP. Cytop-
lasmic 5’-nucleotidase (cN-IA) and AMP-deaminase (AMPDA) activities 
were investigated as indicators of the level of catabolism of purine nucleo-
tides. To assess the involvement of adenosine in reverse signaling proces-
ses through the ADORA2B – AMPK BPGM axis, the activity of ecto-
nucleotidase (eN) was investigated. Based on these indicators, the signa-
ling mechanisms of mechanotransduction of the vibration effect in human 
erythrocytes are analyzed.  
 
Material and methods  
 

The protocol of the experimental part of the study complies with the 
principles of biological ethics and was approved by the Local Ethics Com-
mittee of the Vasyl Stus Donetsk National University, Faculty of Chemi-
stry, Biology and Biotechnology (Vinnytsia, Ukraine).  

Fresh blood from donors of approximately the same age group and 
gender was used in the experiments. Erythrocytes were separated from 
plasma by centrifugation and washed three times with Na-phosphate buf-
fer (0.015 M, pH 7.4) (buffer solution 1) containing 0.15 M NaCl. The to-
tal hemoglobin content in the obtained erythrocyte paste was determined 
by the hemoglobincyanide method.  

The resulting paste of erythrocytes was introduced into the environ-
ment of the same buffer solution without glucose. The hemoglobin con-
tent in the studied suspensions was at the level of 3.02 ± 0.18 mg/mL. 
Suspensions were exposed to low-frequency vibration for 3 hours in the 
frequency range from 8 to 32 Hz (Dotsenko & Troshchynskaya, 2014, 
2021; Dotsenko et al., 2021). The vibration frequency was changed in 
steps of 4 Hz. The amplitude of vibration (A) was maintained at the level 
of 0.50 ± 0.04 and 0.90 ± 0.08 mm. Vibration was carried out with the 
help of a vibrostand, which consisted of a generator of low-frequency si-
nusoidal signals, an amplifier and a vibrator that oscillates in a vertical 
plane with a given frequency and amplitude (Dotsenko et al., 2021). 
The experimental cuvette, filled with a suspension of erythrocytes, was 
tightly fixed vertically on the moving part of the vibrator (in this case, 
mechanical vibrations are transmitted to the experimental cuvette with 
minor power losses).  

The content of the main metabolites (ATP, 2,3-BPG, inorganic phos-
phate (Pi)), enzyme activity (Na+,K+-ATPase, cytoplasmic 5’-nucleotidase 
(cN-1A), AMP-deaminase (AMPDA) was studied in hemolysates of 
erythrocytes to at the beginning of the experiment, and then every 
20 minutes during the vibration exposure. The activity of the membrane-
associated 5’-nucleotidase (eN) was determined in the shadows of eryth-
rocytes. The influence of the incubation medium on all the investigated 
parameters was studied separately.  

The activities of Na+,K+-ATPase, eN and cN-IA were studied using 
the ATP hydrolysis reaction (AMP) with subsequent determination of in-
organic phosphate (Pi) (Rozhkovskij & Kresjun, 1991; Dotsenko et al., 
2013; Dotsenko & Troshchynskaya, 2014). The hemolysate (suspension 
of ghosts) was introduced into the medium containing ATP (AMP). 
The composition of the medium for determining 5’-nucleotidase: 1.0 mM 
MgCl2, 4 mM AMP, 50 mM Tris-HCl, pH 7.0. The composition of the 
medium for determining Na+,K+-ATPase: 5 mM MgCl2, 120 mM NaCl, 
20 mM KCl, 5 mM ATP, 50 mM Tris-HCl, pH 7.0. Enzyme activities 
were expressed in μM of Pi formed during 1 min, related to the amount of 
protein in the sample (μM/min•g of protein).  

The activity of AMPDA was determined by the kinetic spectropho-
tometric method based on the registration of the accumulation of IMP in 
the deamination reaction. The composition of the medium for determining 
AMPDA: 0.05 M Tris HCl, pH 7.0, 150 mM KCl, 30 mM AMP. The 

reaction was started by adding cell hemolysate. The optical density was 
recorded at 285 nm for 10 min, the recording step was 1 s. AMPDA acti-
vity was expressed as µM/min•g protein using the difference in extinction 
for AMP and IMP equal to 0.3 (Lushchak et al., 2008).  

The content of ATP, 2,3-BPG and Pi in erythrocytes was studied by 
the non-enzymatic method of simultaneous determination of the content 
of inorganic phosphate (Deryugina et al., 2018). The content of ATP, 2,3-
BPG and Pi was expressed in μmol/g Hb in the sample.  

A color reaction with ammonium molybdenum slime was used to de-
termine the content of inorganic phosphate (Pn). The optical density of the 
solutions was recorded spectrophotometrically at a wavelength of 590 nm 
in cuvettes 1 cm thick. The pH content was determined using a calibration 
graph constructed for a standard solution of KH2PO4 of exact concentra-
tion (Dotsenko & Troshchynskaya, 2014).  

The experiments were carried out at a temperature of 25 °C in three 
repetitions (n). The results were analyzed in the Statistica 8.0 program 
(StatSoft Inc., USA). Experimental data are presented as x ± SE (x is 
mean, SE is standard error). In the figures, the experimental points are 
connected by the regression dependence obtained using the Distance 
Weighted Least Squares function, P = 0.25. Three-dimensional scatter 
plots were used to present the obtained experimental data and identify 
relationships between the studied parameters. Based on the network of 
starting points, a surface was constructed using the method of inversely 
weighted distances.  
 
Results  
 

In the absence of glucose in the incubation environment, erythrocytes 
tended to experience a depletion of ATP. At the beginning of incubation, 
an increase in the ATP content could be registered. The presence of the 
ATP resynthesis phase strongly depended on the ATP content in the cell. 
The decrease in ATP concentration in the cell after 3 hours of incubation 
was usually 28–30% of the initial level. During 2 hours of cell incubation, 
the content of 2,3-BPG decreased by more than 30.0 ± 13.8%. Further 
incubation led to an increase in the content of 2,3-BPG presumably due to 
additional consumption of ATP. The content of Ri increased throughout 
the incubation period and in three hours increased by 3.0–3.2 times rela-
tive to the initial level.  

The activity of Na+,K+-ATPase of erythrocytes under these condi-
tions of incubation correlates with the content of intra-cellular ATP. In-
creasing the incubation time led to a decrease in enzyme activity by 35–
40% relative to the initial level. cN activity decreased with incubation 
time. After 100 minutes of the experiment, cN activity decreased by 51.8 
± 10.5%. Against the background of a decrease in cN activity, AMPDA 
activity increased. The results of the control experiment, in which the eryth-
rocytes were not exposed to vibration, coincide with the data obtained 
earlier, therefore graphical dependencies are not given. 

The changes of ATP and 2,3-BPG content in cells exposed to vibra-
tion in the frequency range of 8–32 Hz, with amplitudes of 0.50 ± 0.04 
and 0.90 ± 0.08 mm are shown in Figures 1, 2. It can be seen that the 
change in ATP concentration significantly depended on the frequency and 
amplitude of vibration. Thus, vibration with an amplitude of 0.50 ± 
0.04 mm at a frequency of 8–16 Hz led to a gradual depletion of ATP in 
the cell (Fig. 1a): the decrease in the concentration of ATP in erythrocytes 
after 3 hours of vibration with a frequency of 8 Hz was 65.0 ± 15.8%, 
12 Hz – 20.0 ± 8.9%, and 16 Hz – 12.0 ± 3.7% relative to the initial level.  

Under the influence of vibration in the frequency range of 20–28 Hz 
(Fig. 1b), a two-phase nature of the change in ATP content was observed. 
Thus, vibration with a frequency of 20 Hz led to a decrease in ATP con-
tent by 75.0 ± 19.8% after 90 minutes of the experiment, after which the 
ATP concentration increased and reached a level 13.1 ± 3.2% lower than 
the initial one. Under vibration at a frequency of 24 Hz, the reduction in 
ATP content after 90 minutes amounted to 10.0 ± 2.4% of the initial level. 
At the end of the experiment, the ATP content increased and reached the 
control level (Fig. 1b). Exposure to vibration with a frequency of 32 Hz 
led to an increase in ATP concentration by 2.0–2.5 times relative to the 
initial level (Fig. 1c). In all cases of vibration exposure with an amplitude 
of 0.50 ± 0.04 mm, a direct correlation of the 2,3-BPG content with the 
ATP concentration in the cell was observed (Fig. 1d, 1f).  
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Fig. 1. ATP (a–c) and 2,3-BPG (d–f) content in erythrocytes relative to the initial level:  

vibration impact parameters: frequency 8–32 Hz, A = 0.50 ± 0.04 mm; each point is represented as x ± SE, n = 3  

Vibration with an amplitude of 0.90 ± 0.08 mm in the same frequen-
cy interval led to an increase in the ATP content already after 30 min of 
exposure (Fig. 2a, 2b). In the case of vibration with a frequency of 8 Hz, a 
decrease in ATP content was observed at first, and after 120 min of expo-
sure – an increase. In the frequency range of 12–32 Hz, the ATP content 
after 30 min of influencing exceeded the initial level by 2.83 ± 0.25 
(12 Hz), 1.60 ± 0.25 (16 Hz), 1.23 ± 0.15 (20 Hz), 1.45 ± 0.17 (28 Hz), 
1.17 ± 0.10 (32 Hz) times. In the case of vibration in the frequency range 
of 24–32 Hz, the maximum ATP content was recorded later in time 
(Fig. 2b). In all cases, the content of 2,3-BPG was also directly correlated 
with the content of ATP (Fig. 2c, 2d).  

The change in Na+,K+-ATPase activity in vibration experiments is 
shown in Figure 3a,b. Under the influence of vibration with frequencies of 
8–16 Hz, A = 0.50 ± 0.04 mm, as in the control series of experiments, the 
change in ATPase activity was consistent with changes in the ATP con-
tent in the cell. At the beginning of the experiment, the activity of the 
enzyme increased by 1.80–2.31 times, but further vibration led to a gra-
dual decrease in the activity of Na+,K+-ATPase (the decrease in activity 
was 49.9 ± 15.1% (8 Hz), 20.0 ± 12.7% (16 Hz).  

During vibration with frequencies of 20–28 Hz, A = 0.50 ± 0.04 mm, 
the decrease in enzyme activity (Fig. 3a) occurred against the background 
of an increase in intracellular ATP content (Fig. 1a, 1b). Thus, under the 
action of vibration with a frequency of 20 Hz, enzyme activity decreased 
by 21.0 ± 13.5% at the end of the 3rd hour of the experiment, at 24 Hz by 
62.1 ± 15.1%, at 28 Hz by 33.0 ± 14.5%. Vibration with a frequency of 
32 Hz contributed to the greatest decrease in Na+,K+-ATPase activity. 

Inactivation of the enzyme was 87.5 ± 5.9% at the end of the 3rd hour of 
the experiment. Vibration in the selected frequency range with A = 0.9 ± 
0.08 mm led to a decrease in the activity of Na+,K+-ATPase, however, the 
decrease in activity did not exceed 5–10% relative to the initial level 
(Fig. 3b). An increase in enzyme activity was observed at the beginning of 
the experiment under the action of vibration with frequencies of 28, 32 Hz, 
A = 0.90 ± 0.08 mm. Thus, in the case of vibration with frequencies of 
20–28 Hz, A = 0.50 ± 0.04 mm and 8–32 Hz, A = 0.90 ± 0.08 mm, we 
record an inverse correlation between Na+,K+-ATPase activity and ATP 
content.  

Under the action of vibration, the nature of the change in the activity 
of cytoplasmic 5'-nucleotidase (cN) had a radically opposite nature, com-
pared to the experiment without the action of vibration (Fig. 4a, 4b). In the 
entire studied frequency range, an increase in the activity of the enzyme by 
1.42–2.68 times relative to the initial level was observed until the end of 
the experiment.  

Under the action of vibration with a frequency of 8–16 Hz, A = 
0.50 ± 0.04 mm, the activity of AMPDA significantly increased towards 
the end of the experiment (Fig. 5a). With vibration exposure in the fre-
quency range of 20–28 Hz, the activity of AMPDA reached maximum 
values in the time interval of 60–80 min (an increase in activity by 1.56 ± 
0.20 times when acting at a frequency of 20 Hz, 1.40 ± 0.12 times – 
24 Hz, 1.85 ± 0.05 times – 28 Hz) and towards the end of the experiment 
a tendency to decrease in activity was observed. With vibration exposure 
at a frequency of 32 Hz, the increase in AMPDA activity (40–45%) was 
recorded only at the end of the experiment.  
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Рис. 2. ATP (a, b) and 2,3-BPG (c, d) content in erythrocytes relative to the initial level:  

vibration impact parameters: frequency 8–32 Hz, А = 0.90 ± 0.08 mm; each point is represented as x ± SE, n = 3  

Under the influence of vibration in the frequency range of 8–16 Hz, 
A = 0.90 ± 0.08 mm, the activity of AMPDA (Fig. 5b) increased during 
the third hour and reached a level exceeding the initial level by 1.4–
1.7 times. In the frequency range of 20–28 Hz, the activity of AMPDA 
increased during the first 40 minutes (by 1.95 ± 0.12 and 1.50 ± 0.08 times 
under the influence of vibration with a frequency of 20 and 28 Hz, respec-
tively). Further exposure led to a decrease in enzyme activity to the initial 
level. Under the action of vibration with a frequency of 32 Hz, the activity 
of AMPDA increased smoothly throughout the experiment (the maxi-
mum increase in activity was 55.6 ± 19.0% after 2 hours of vibration).  

Changes in the activity of ecto-5'-nucleotidase (eN) under the condi-
tions of vibration exposure are shown in Figure 6. In the frequency range 
of 8–20 Hz, A = 0.50 ± 0.04 mm, the activity of eN changed slightly. 
An increase in eN activity by 1.41–1.63 was observed under the action of 
vibration with frequencies of 24–32 Hz, A = 0.50 ± 0.04 mm during 
2 hours of exposure and a tendency to decrease towards the end of the 
experiment (Fig. 6a). Under the action of vibration with A = 0.90 ± 

0.08 mm in the frequency range of 8–16 Hz, the activity of eN increased. 
The greatest increase in activity was observed in experiments with a fre-
quency of 8 Hz. No significant changes in eN activity were observed in 
the frequency range of 20–32 Hz (Fig. 6b).  
 
Discussion  
 

ATP is known not only as an energy carrier, but also as an important 
signaling molecule in many physiological processes (Yeung et al., 2018; 
Zhang et al., 2018; McMahon et al., 2021). ATP is a marker of functional 
activity and cell integrity (Ataullakhanov & Vitvitsky, 2002; Xu et al., 
2019) and is of key importance in the energy-dependent maintenance of 
ionic and structural homeostasis of erythrocytes. This metabolite is a key 
factor in the local control loop of oxygen delivery. The ability of erythro-
cytes to deliver O2 is regulated by many factors, including 2,3-BPG and 
ATP, which reduce the affinity of hemoglobin for O2 and thus promote its 
release from hemoglobin (Peng et al., 2019; McMahon et al., 2021).  

 

a  b  

Fig. 3. Erythrocytes Na+K+-ATPase activity under the conditions of vibration exposure for 3 hours  
in the frequency range of 8–32 Hz with amplitudes of 0.50 ± 0.04 mm (a) and 0.90 ± 0.08 (b): N = 250, n = 3  
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а  b  

Fig. 4. Erythrocytes cN-1 activity under the conditions of vibration exposure for 3 hours  
in the frequency range of 8–32 Hz with amplitudes of 0.50 ± 0.04 mm (a) and 0.90 ± 0.08 (b): N = 250, n = 3  

a  b  

Fig. 5. Erythrocytes AMDA activity under the conditions of vibration exposure for 3 hours  
in the frequency range of 8–32 Hz with amplitudes of 0.50 ± 0.04 mm (a) and 0.90 ± 0.08 (b): N = 180, n = 3  

a  b  

Fig. 6. Erythrocytes eN activity under the conditions of vibration exposure for 3 hours  
in the frequency range of 8–32 Hz with amplitudes of 0.50 ± 0.04 mm (a) and 0.90 ± 0.08 (b): N = 250, n = 3  

The level of ATP in erythrocytes, like other purine nucleotides, is de-
termined by the balance between its synthesis and the needs of the cell 
(Ataullakhanov & Vitvitsky, 2002). In the experiments, the incubation 
medium did not contain glucose, so the formation of de novo ATP was 
inhibited. In this regard, during the incubation of cells, we observed a 
gradual depletion of cells by ATP. Under the conditions of vibration in the 
frequency range of 20–28 Hz, А = 0.50 ± 0.04 mm, the ATP content was 
restored to the initial level, and under conditions of more intensive expo-

sure (32 Hz, А = 0.50 ± 0.04 mm, 16–32 Hz, А = 0.90 ± 0.08 mm), the 
ATP content increased already after 20 min of exposure and remained at a 
certain level, or slightly decreased (Fig. 1, 2). Such changes are possible 
under the conditions of activation of certain mechanisms aimed at energy 
conservation and survival. This is indicated by a decrease in Na+,K+-
ATPase activity in the entire frequency and amplitude range (Fig. 3). If in 
the experiments without vibration, the activity of Na+,K+-ATPase corre-
lated with the ATP content in the cell, then under the conditions of vibra-
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tion, the activity of the enzyme decreased and the degree of inactivation 
depended on the intensity of exposure. Thus, in the frequency interval of 
24–32 Hz A = 0.9 ± 0.08 mm, we recorded a decrease in Na+,K+-ATPase 
activity already at the beginning of the experiment, despite the fact that the 
ATP content in the cell was increasing.  

As is known, 2,3-BPG and ATP are negative allosteric regulators of 
hemoglobin oxygen affinity (D'-Alessandro & Xia, 2020; Chen et al., 
2023). An increase in the content of 2,3-BPG and ATP indicates a state of 
hypoxia, which increases under conditions of increased intensity of vibra-
tion. Earlier, we showed that the content of deoxyhemoglobin in the cyto-
plasmic and membrane-bound fractions increases precisely under the con-
ditions of vibration effect of 24–32 Hz A = 0.90 ± 0.08 mm (Dotsenko 
et al., 2021).  

AMP content was assessed by the activities of 5’-nucleotidase (cN-
1A) and AMP-deaminase (AMPDA) enzymes, which catalyze AMP. 
As previously shown (Ataullakhanov & Vitvitsky, 2002), high concentra-
tions of AMP activate AMPDA, which has high activity. Involvement of 
this enzyme in the deamination of AMP allows you to quickly stabilize 
the energy charge, but the adenylate pool will be reduced. Presumably, 
this happens with simple incubation of erythrocytes in a medium without 
glucose and under the action of vibration in the range of 8–16 Hz, A = 
0.50 ± 0.04 mm. At low concentrations of AMP, cN-1A is active, but its 
activity is two orders of magnitude lower than AMPDA (Ataullakhanov 
& Vitvitsky, 2002; Davis et al., 2020). Switching to the 5'-nucleotidase 
pathway of AMP degradation and reducing the rate of catabolism allows 
stabilization of the adenylate pool. Under the influence of vibration, the 
activities of cN-1A and AMPDA increased over time (Fig. 4, 5). How-
ever, the contribution of the deaminase pathway was insignificant. Under 
the conditions of vibrations and the frequency interval of 24–32 Hz A = 
0.90 ± 0.08 mm, the deaminase pathway dominates, which indicates an 
increase in the content of AMP in the cells.  

The conditions recorded experimentally are favorable for the activa-
tion of AMP-kinase (AMPK), which is an energy-sensitive enzyme and is 
activated by a sharp increase in the [AMP]/[ATP] ratio in the cell (Fujii 
et al., 2006; Kiger et al., 2021). It is the involvement of this enzyme that 
stabilizes the energy charge (Oakhill et al., 2012; Dotsenko & Troshchyn-
skaya, 2014). AMPK is activated by a mechanism that involves allosteric 
modification and phosphorylation (Steinberg & Carling, 2019; Dengler, 
2020). When cells experience a decrease in ATP, AMPK turns off path-
ways for ATP consumption and turns on alternative pathways for ATP 
regeneration. One hypothesis is that a decrease in intracellular ATP and a 
concomitant increase in AMP increase the AMP/ATP ratio (Fujii et al., 
2006), causing conformational changes in the AMPK complex and phos-
phorylation of the α-subunit of the enzyme by one or more upstream 
kinases (Oakhill et al., 2012; Dengler, 2020). Thr172 is the main regulato-
ry site of phosphorylation in the α-subunit of the enzyme, and its phospho-
rylation is important for catalytic activity. This signaling pathway starts 
with adenosine receptors (ADORA2B).  

Activation of the erythrocyte-specific ADORA2B–AMPK–BPGM 
signaling axis contributes to hypoxic metabolic reprogramming of eryth-
rocytes (Nemkov et al., 2021), the task of which is to enhance glycolysis, 
increase the content of 2,3-BPG and ATP, which contribute to the unload-
ding of HbO2 to counteract hypoxia. For this, erythrocytes must release a 
certain amount of ATP. In the extracellular environment, ATP is rapidly 
hydrolyzed by eATPase and two ectonucleotidases (triphosphate diphos-
phohydrolase (CD39) and monophosphohydrolase (CD73, eN)) to adeno-
sine (Schneider et al., 2019). Adenosine can be imported back into eryth-
rocytes by equilibrium nucleotide transporters (ENT1) or stimulate 
adenosine receptors. ADORA2b transduces an intracellular signaling 
pathway that activates protein kinase A and AMP-dependent kinase 
(AMPK). Both kinases promote metabolic reprogramming through phos-
phorylation-mediated activation of bisphosphoglycerate kinase (Qiang 
et al., 2021; D'Alessandro et al., 2023).  

In recent years, systematic in vitro experimental studies have shown 
that the release of ATP by erythrocytes is quite sensitive to low oxygen 
levels, shear stress and rather high shape deformation (Zhang et al., 2018; 
Ferguson et al., 2021; Gou et al., 2021; Kirby et al., 2021; McMahon et al., 
2021). However, according to the experimental data of the intracellular ATP 
content obtained in the work, it is difficult to say whether this happened. 

What data obtained in the work may indicate the activation of the 
ADORA2B–AMPK–BPGM signaling axis due to the release of ATP?  

First, this is indicated by the nature of the change in AMP catabolism 
enzymes. We drew attention to the fact that in vibration conditions the ac-
tivity of AMPDA increased at the beginning of the experiment and then 
mostly decreased (Fig. 5). The exception was the behavior of this enzyme 
in the case of vibration with a frequency of 8 Hz and with a very high 
intensity (24–32 Hz, A = 0.90 ± 0.08 mm). Chen et al. (2023) showed that 
adenosine fed back through ENT1 is further metabolized to AMP but not 
to IMP due to inhibition of AMPDA. It is not clear what exactly inhibits 
AMPDA, but it makes it possible to increase the level of AMP and acti-
vate AMPK. It was shown Chen et al. (2023), ablation of AMPDA3 (the 
AMPDA isoform expressed in erythrocytes) promotes higher ATP levels 
in mouse erythrocytes. Chen et al. (2023) provide evidence that AMPDA 
functions as a “hypoxic erythrocyte adenosine sensor”. By controlling in-
tracellular purine metabolism, AMPDA contributes to AMPK-BPGM-
mediated metabolic reprogramming, induction of 2,3-BPG production, O2 
delivery, and antioxidant defense.  

Secondly, to confirm the existence of a reverse activation pathway 
through ADORA2B, we examined changes in ectonucleotidase activity 
(eN, CD73). This enzyme is membrane-associated and decomposes AMP 
to adenosine in the extracellular environment. We established that the acti-
vity of eN increased under the conditions of vibration in the frequency 
range of 8–32 Hz, A = 0.50 ± 0.04 mm, which indicates at least the pre-
sence of the substrate in the extracellular environment (Fig. 6). However, 
under the conditions of exposure with high intensity (24–32 Hz, A = 
0.90 ± 0.08 mm), the activity of eN practically did not change (Fig. 6b), 
which seems to contradict all the conclusions made above. However, it is 
known that CD73 can disappear from the cell surface after activation into 
a soluble state (sCD73). sCD73 activity has been detected in body fluids 
of patients with inflammation and cancer (Schneider et al., 2019) along 
with increased levels of adenosine (Liu et al., 2018). The membrane-
bound form of 5’-nucleotidase (eN) binds to the lipid bilayer through a 
glycosylphosphatidylinositol (GPI-anchor) and this interaction significant-
ly affects the activity of the enzyme (Dotsenko et al., 2014; Liu et al., 
2018; Schneider et al., 2019). Possible mechanisms of release from the 
cell membrane include cleavage by metalloproteinases or cellular phos-
pholipases. It is known that ADORA2B transmits a signal through both 
the G’s and G’q subunits of the trimeric G-protein (Chen et al., 2014), so it 
is possible that the transition of CD73 to the soluble state occurs through 
the activation of the phospholipase pathway by adenosine.  

Importantly, like many other GPI-anchored proteins, CD73 at the cell 
membrane is preferentially localized to detergent-resistant domains or lipid 
rafts, which often promote the formation of extracellular vesicles (EVs). 
Thus, according to our assumptions, at a high intensity of vibration, condi-
tions of acute hypoxia probably occur, which leads to the release of CD73 
from the membrane and an increase in its activity in the extracellular envi-
ronment. However, this assumption requires experimental verification.  
 
Conclusions  
 

It was shown that under certain conditions of vibration exposure (fre-
quency interval 20–32 Hz, A = 0.50 ± 0.04 mm and 12–32 Hz, A = 
0.50 ± 0.04 mm) erythrocytes use signaling and metabolic pathways 
aimed at increasing the content of ATP, 2,3-BPG and restoration of the 
energy charge of cells. One of these pathways is controlled by AMP-
kinase (AMPK), which in turn is a participant in the signaling cascade that 
begins with adenosine receptors ADORA2B. AMPK turns off consump-
tion pathways and turns on alternative pathways for ATP regeneration, ac-
tivates 2,3-BPG formation mechanisms. These ways are aimed at over-
coming the state of hypoxia. The participation of AMP catabolism 
enzymes in ATP recovery processes is shown.  
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