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Long-term hypothermic storage of animal blood can lead to the loss of its quality and can cause complications in recipient animals
after transfusion, so the search for new methods of increasing the preservation of erythrocytes after hypothermic storage continues.
The article presents the data of the ozonation effect on the preservation rate of ovine and human erythrocytes during hypothermic sto-
rage with Alsever’s solution and mannitol medium. Hemolysis, osmotic fragility and distribution density of ovine and human erythro-
cytes by the sphericity index were determined at different stages of hypothermic storage. The ovine erythrocytes in the control had a
lower osmotic resistance compared to human erythrocytes; however, their osmotic fragility did not change significantly after hypother-
mic storage for 8 weeks, and for human erythrocytes, it significantly increased. Storage of ovine and human erythrocytes longer than 8
weeks led to a sharp hemolysis, while the level of hemolysis of ovine erythrocytes was lower than that of human erythrocytes. Preserva-
tion of ozonated erythrocytes is higher than non-ozonated ones during prolonged hypothermic storage. The effect of ozonation on the
preservation rate of red blood cells depended on the composition of the preservation media. Hypothermal storage of human erythrocytes
in Alsever’s solution for up to 8 weeks led to a shift in the density of distribution according to the sphericity index towards spheroidiza-
tion of cells; in a medium with mannitol, the number of flattened cell forms increased. After 8 weeks of hypothermic storage of ovine
erythrocytes, most of the cells had high sphericity indices. Pretreatment of human and sheep erythrocytes with ozone allows the distri-
bution of cells to be kept closer to the control during long-term storage, which is especially pronounced in mannitol medium. Ovine
erythrocytes retained the ability to form rosettes with human T-lymphocytes after hypothermic storage for up to 12 weeks. Thus, ozone
pretreatment and the use of mannitol as part of hypothermic storage medium could be an approach to improve the quality of preserved

ovine erythrocytes.
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Introduction

The first case of a blood transfusion in an animal was recorded in
1665, when Richard Lower transfused canine blood (Kumar, 2017). Over
the past century, blood transfusions in veterinary medicine have achieved
a considerable success and now transfusion therapy has become an integ-
ral part of emergency veterinary medicine (Yagi, 2016; Le Gal et al.,
2020; Martinez-Sogues et al., 2020). The most common blood banks are
established for dogs and much less for cats. There are no blood banks for
other species of animals, and when it is urgently needed for an animal,
rapid selection and screening of a donor becomes a serious problem.
Transfusion therapy is widely used in treatment of farm animals (Durham,
1996; Bell, 2006; Saritha et al., 2016). However, animals have numerous
blood groups (Ryskina & Gilmiyarova, 2015; Webb, 2019) and the ne-
cessity to check animals for the presence of blood-parasitic and infectious
diseases (Wardrop et al., 2005; Davidow, 2013) makes donor selection a
difficult process. This necessitates the establishment of blood banks not
only for dogs and cats, but also for farm animals.

Ovine blood is used by veterinarians not only for transfusion therapy
(Wain et al., 1985; Chandler et al., 1998; Sousa et al., 2014), but also by
scientists for modeling transfusion conditions (Simonova et al., 2014;
Fung et al., 2016) because in the animals the anatomy, hemodynamic and
microcirculatory characteristics and red blood cells’ lifespan are very
similar to those of humans. Ovine red blood cells are also used in immu-
nological studies to test the rosette reactions with T lymphocytes (Wybran
etal., 1972; Ladics, 2007; McAllister et al., 2017).
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Long-term hypothermic storage of animal blood can lead to loss of
quality and can cause complications in recipient animals after transfusion.
Sousa et al. (2014) showed that in whole blood of sheep after storage for
35 days there was a progressive increase of hemoglobin, potassium and
lactate concentration in blood plasma and decrease of sodium, bicarbonate
and glucose concentration. The morphological changes, metabolic disord-
ers, and oxidative damage that occur during storage have a negative effect
on viability and function of erythrocytes, reduce their survival after trans-
fusion (Kisielewicz & Self, 2014). Transfusion of such blood can lead to
the most common responses in ruminant mammals such as tachycardia,
tremor, fever, itching, dyspnea, hematuria and hemoglobinuria (Sousa et
al., 2014). It was shown that the rate of spontaneous hemolysis of human
red blood cells during hypothermic storage decreases after ozone treat-
ment (Zinchenko et al., 2012).

Ovine erythrocytes have a number of features in comparison with
those of humans and other mammals. It is known that deformability of
erythrocytes is size and shape-dependent. Erythrocytes of pig, hamster, rat,
mouse, and rabbit are more deformable than those of sheep, horse, ele-
phant, and dog. The deformity is characterized by erythrocytes’ elongation
and aggregation (Saganuwan, 2019). Erythrocytes group together to form
the chains named rouleaux (French for rolls) (Shinbrot, 2019). There is a
diversity in erythrocyte aggregability among the mammalian species
(Windberger et al., 2017). For example, erythrocyte aggregation is high in
humans, and it is very low in cows, sheep and others (Windberger et al.,
2017). Exythrocytes of sheep have lower values of elongation index within
the higher shear stress range. Such a behaviour may reflect the exception-
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ally small size of ovine erythrocytes compared to other species (elephant,
horse, dog and others) (Baskurt et al., 2007).

The aim of this work was to comparatively analyze the ozonation ef-
fect on sensitivity of ovine and human erythrocytes to long-term hypo-
thermic storage in different media.

Materials and methods

Blood of sexually mature sheep males (Ovis aries Linnacus, 1758)
was collected from the external jugular vein and prepared with 3.8%
sodium citrate. The experiments were carried out in accordance with the
Law of Ukraine “On the Protection of Animals Against Cruelty” (No.
3447-1V of 02.02.2006) in compliance with the requirements of the
Committee in Bioethics of the Institute for Problems of Cryobiology and
Cryomedicine of the National Academy of Sciences of Ukraine, in accor-
dance with the provisions of the European Convention on the Protection
of Vertebrates, Used for Experimental and Other Scientific Purposes”
(Strasbourg, 1986).

Donor blood (male, A (IT) +) was received at the Kharkiv Regional
Center for Blood Service. The blood was centrifuged at 800 g for 10 min,
the plasma was removed and then erythrocytes were three times washed
by centrifugation under the same conditions in a 10-time volume of iso-
tonic NaCl solution containing 0.01 M Tris buffer (pH 7.2). The erythro-
cyte precipitate was divided into two parts. One part was the control group
(non-ozonated), the other part was ozonated (ozone concentration was
120 pg/mL). Ozone was obtained by means of electrosynthesis, when
oxygen gas passes through a barrier-type ozonator. Then the ozonated and
non-ozonated erythrocytes were re-suspended with an equal volume of
preservation medium: Alsever's solution (20.5 g/L glucose, 8 g/L sodium
citrate, 0.552 g/L citric acid, 4.2 g/L sodium chloride in distilled water) or
mannitol medium (50 g/l mannitol, 0.9 g/LL sodium chloride in distilled
water). Antibiotic Cifran (Yuriya-farm, Ukraine) was added to all suspen-
sions at a final concentration 0.01 mg/mL. The erythrocytes were stored in
the refrigerator at temperatures of 2. . .4 °C.

The hemolysis level of erythrocytes was spectrophotometrically de-
termined at 543 nm wavelength, which was expressed as a percentage in
respect of 100% hemolysis (added Triton X-100 at a concentration of
0.1%). The osmotic fragility of red blood cells was assessed by the release
of hemoglobin from the cells in sodium chloride solutions with different
tonicity (0-150 mM), pH = 7.4. The distribution density of erythrocytes
by the sphericity index was determined by the method of low-angle light
scattering (Gordiyenko et al., 2004). The change in the distribution of
erythrocytes by the sphericity index indicates a change in the quantitative
ratio of various cell forms in the population of erythrocytes (Lomako et al.,
2012; Ostras et al, 2019).

To assess the ability of ovine erythrocytes to participate in the rosette
formation after hypothermic storage we used human lymphocytes (Wyb-
ran et al., 1972; Klaus, 1990). Lymphocytes were isolated from donor
blood with a shelf life up to 4 days in a density gradient (ficoll-triombrast)
and their viability was evaluated (trypan blue eosin staining), then a con-
centration of 2 million cells in ml was prepared. Ovine erythrocytes were
added to lymphocyte suspension (erythrocyte:lymphocyte ratio should not
exceed 50:1). The mixture was incubated in thermostat (37 °C) for 10
minutes. Cells were stained according to Romanowsky-Giemsa and then
the rosette formation was observed using microscope “Olympus IX 70”
(USA). The data in figures and tables are given as mean =+ standard devia-
tion. Statistical processing was performed using ANOVA with Bonferroni
correction. Data were averaged over at least 5 experiments. The level of
statistical significance was assumed as P < 0.05.

Results

The level of hemolysis of ovine erythrocytes in control and after one-
week storage did not significantly differ for all studied preservation media
(Table 1). The ozonation treatment also did not change this index. During
hypothermic storage we observed an increase of ovine erythrocyte hemo-
lysis. After 6 weeks of storage, there was a strong difference in hemolysis
between ozonated and non-ozonated erythrocytes. Our results indicate that
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starting from the 6th week of storage the erythrocyte hemolysis in manni-
tol solution was significantly lower than in the Alsever’s solution. From
the week 8 to 12 of storage, the level of erythrocyte hemolysis sharply
increased in both preservation media; however, in mannitol solution this
index is still significantly lower compared to the Alsever's solution.
In addition, it can be noted that starting from week 6 of storage, the level
of hemolysis of ozonated erythrocytes was smaller than for non-ozonated,
the lowest values of hemolysis were observed in the medium with manni-
tol for ozonated erythrocytes for all the terms of observation.

Table 1
Hemolysis (%) of ovine red blood cells (RBC) during hypothermic
storage depending on the preservation medium and ozone pretreatment

Storage RBC in the Alsever's solution RBC in mannitol medium
time, weeks  non-ozonated ozonated non-ozonated ozonated
0 0.28+0.09 039+0.12 026+008 030+0.10
1 232+0.18 2.01+022 1.80+0.20 1.72+021
6 841+049 645+041" 8.12+045 8.01 +049*
8 1622106  1219+068°  1283+099%  10.09+0.87+
12 28.63+1.50 2701£1.05 21.14+142% 1756+ 124

Note: * — significant differences compared to the Alsever’s solution (P < 0.05), * —
significant differences compared to non-ozonated cells (P <0.05);n=5.

The hemolysis level of human erythrocytes increases faster with dura-
tion of hypothermic storage, compared with ovine erythrocytes (Table 2).
As for ovine erythrocytes, hemolysis of human erythrocytes is lower in a
mannitol medium. From week 6 of storage a higher preservation of 0zo-
nated red blood cells compared with non-ozonated ones can be noted.

Table 2
Hemolysis (%) of human red blood cells during hypothermic storage
depending on the preservation medium and ozone pretreatment

Storage RBC in the Alsever’s solution RBC in mannitol medium
time, weeks  non-ozonated ozonated non-ozonated ozonated
0 020+0.08 032+0.14 0.15+0.06 022+0.14

1 484+033 439+031 3.61+028 3.12+020

6 1493+£0.78  1140+066"  847+£0.64*  810+0.53*

8 1631£156  1209+086° 1321+0.88*  10.77+0.76"

12 38524192  3444+180° 2741+165*  2339+131%

Note: * — significant differences compared to the Alsever’s solution (P < 0.05), * —
significant differences compared to non-ozonated cells (P <0.05); n=>5.

High deformability of erythrocytes when they pass through narrow
vessels in the microcirculation process is considered to be mainly due to
the viscoelastic properties of the plasma membrane of cells. Therefore, we
investigated the osmotic fragility of ovine erythrocytes in different media
in control and after hypothermic storage. It was found that with decreasing
NaCl concentration, there was a sharp increase in the level of erythrocyte
hemolysis (Fig. 1a—d) for all experimental groups that indicated very low
osmotic stability of ovine erythrocytes. Nevertheless, the hypothermic sto-
rage of ovine red blood cells for 8 weeks did not significantly reduce their
osmotic resistance. Subsequent erythrocyte storage for up to 12 weeks
resulted in an increase in erythrocyte hemolysis in all studied groups if
compared to 8 weeks of storage, and therefore a rise in osmotic fragility of
ovine erythrocytes. In ozonated erythrocytes in the mannitol medium,
these changes were less pronounced (Fig. 1d).

It can be noted comparing the osmotic properties of ovine erythro-
cytes with human ones (Fig. 2) that their osmotic fragility is higher. Non-
ozonated ovine erythrocytes in the Alsever’s solution increases 50% he-
molysis level in a 0.57% NaCl solution, and human red blood cells in a
0.47% solution. Hypothermic storage of human erythrocytes for up to
8 weeks led to a significant increase in their osmotic fragility, which indi-
cates their lower resistance to hypothermic storage in comparison with
ovine erythrocytes. Prolongation of erythrocyte storage up to 12 weeks
resulted in an augmentation of erythrocyte hemolysis compared to
8 weeks in all studied groups, which indicated a further increase in their
osmotic fragility. The obtained results demonstrated that the osmotic pro-
petties of ovine erythrocyte membranes were highly preserved during the
hypothermic storage for up to 8 weeks, in contrast to human erythrocytes.
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Fig. 1. Change in osmotic fragility of ovine erythrocytes during hypothermic storage:
a—non-ozonated in the Alsever’s solution; b — ozonated in the Alsever’s solution; ¢ —non-ozonated in mannitol medium;

d— ozonated in mannitol medium; green line — control; black line —4 weeks of storage; blue line — 8 weeks of storage; red line — 12 weeks
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Fig. 2. Change in osmotic fragility of human erythrocytes during hypothermic storage:

a—non-ozonated in the Alsever’s solution; b — ozonated in the Alsever’s solution; ¢ — non-ozonated in mannitol medium;

d— ozonated in mannitol medium; green line — control; blue line — 8 weeks of storage; red line — 12 weeks of storage; * — significant
differences compared to control (P < 0.05), *— significant differences compared to week 8 of storage (P < 0.05); n="5

The density curves of the distribution of ovine and human erythrocy-
tes according to the sphericity index were determined from experimental
curves of osmotic fragility on the basis of a physico-mathematical model
of hypotonic hemolysis in a solution of impermeable substance. It was re-
vealed that the response of the erythrocyte populations to the stress caused
by ozonation was manifested in an increase in the number of flattened cell

forms (sphericity indices ranged 2.1-3.0) and a decrease in the number of
shapes closer to spherical (sphericity indices ranged 1.0-1.3, Table 3, 4).
It can be seen that more than 90% of ovine erythrocytes are in a narrow
range of sphericity indices (1.3—1.7), which indicates a high homogeneity of
the cell population. The distribution of control human erythrocytes according
to the sphericity index shows a higher heterogeneity of the cell population.
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Table 3

Effect of ozonation and hypothermic storage on distribution of ovine erythrocytes by sphericity index

. Sphericity index
Conditions 1013 1317 1721 2130

Coutrol non-ozonated 330+1.09 92.13+3.68 343144 1.14+049
ozonated 1324041 9224+3.11 176 +0.68 468+1.89"

6 weeks non-ozonated 40.77+3.58" 5465+293 235+167 223+0.78

in the Alsever’s solution ozonized 4601+4.12" 5137+2.60" 119056 143+034
6 weeks non-ozonated 29314307 6924+11.13" 097045 048+021

in mannitol medium ozonatzed 2383+2.12" 72324951 205+099 1.80+0.79
8 weeks non-ozonated 025+0.07 46.63+3.66" 4688 +9.67" 625+4.11

in the Alsever’s solution ozonated 0.12+0.09° 52.11+443" 4577+723" 1.99+045
8 weeks non-ozonated 0 151036 2285+357 7564+832"

in mannitol medium ozonated 0 607+1.11* 2659+4.11° 67.34+799°

Note: * —statistically significant differences compared to the control (P < 0.05), * — statistically significant differences compared to non-ozonated cells (P <0.05),n=S5.

Table 4
Effect of ozonation and hypothermic storage on distribution of human erythrocytes by sphericity index
" Sphericity index
Conditions 10-13 1317 1721 2130
Control non-ozonatzed 4.68+0.88 3517+1.89 5739+3.15 276051
ozonized 0.15+£0.08" 33.79+£223 5023 +442 15.83+320"
6 weeks non-ozonated 12.84+1.99" 8333+3.12" 2724061 1.11+024
in the Alsever’s solution ozonized 1231+ 1.67 82.12+3.67 469+1.12" 0.88+£032"
6 weeks non-ozonated 482+0.57 27.10+1.78" 64.87+421 321+£036
in mannitol medium ozonated 3454079 30.03+221 62.61 +£4.02 391+0.64"
8 weeks non-ozonated 2134311 5177291 2274031 3.83+053
in the Alsever’s solution ozonated 4304+290" 5159+332" 262+038" 275+067
8 weeks non-ozonated 0.87+0.56" 2.89+120° 9.54+124" 86.7+545
in mannitol medium ozonated 0 11.79+3.13% 3135+2.76™ 56.86+6.18"

Note: * —significant differences compared to the control (P < 0.05), * —significant differences compared to non-ozonated cells (P <0.05),n=>5.
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Fig. 3. Rosette formation of ovine erythrocytes with human lymphocytes:

a—non-ozonated in the Alsever’s solution; b —non-ozonated in mannitol
medium; ¢ — after hypothermic storage for 12 weeks in the Alsever’s

solution; d — after hypothermic storage for 12 weeks in the mannitol
medium; e — ozonated, after hypothermic storage for 12 weeks in the
Alsever’s solution; f— ozonated, after hypothermic storage for 12 weeks

in mannitol medium; / —human lymphocytes; 2 —ovine erythrocytes

Hypothermic storage of control and ozonated ovine erythrocytes for
6 weeks led to a change in their distribution according to the sphericity
index (Table 3). In the Alsever’s solution, the distribution shifted to the
range of lower sphericity indices, which indicates a change in the shape of
the cells to more spherical ones. In mannitol medium, the changes of cells’
distribution are less pronounced. After hypothermic storage of human
erythrocytes for 6 weeks in mannitol medium, the distribution of cells by
the sphericity index is also close to that of the control, in contrast to the
Alsever’s solution (Table 4). An increase of storage time of human eryth-
rocytes in the Alsever’s solution of up to 8 weeks led to a further shift in
the distribution density according to the sphericity index in the direction of
spheroidization of cells; in mannitol medium there is an increase in the
number of flattened cell shapes. In the group of ozonated cells in a manni-
tol medium, the distribution of cells is closer to the control than non-ozo-
nated ones. Hypothermic storage of ovine erythrocytes up to 8 weeks led
to a shift of the distribution density curves to a range of higher indices. For
ozonized ovine erythrocytes, the distribution of cells according to the
sphericity index was also closer to the control as compared to non-
ozonized ones. In order to quantify the major subpopulations of T and B
lymphocytes for diagnosis purposes in practice the rosette formation me-
thods are still used due to their low cost and simplicity. The spontaneous
rosette formation is based on the fact that on the surface of all T lympho-
cytes there is a protein receptor for sheep erythrocytes. When T cells are
mixed together with erythrocytes they form rosettes which can be sepa-
rated from incapacitated ones. We evaluated the preservation of the ability
of ovine erythrocytes to spontaneously form rosettes after hypothermic
storage in the Alsever’s solution and mannitol medium (Fig. 3). It was
shown that even after 12 weeks of hypothermic storage ovine erythrocytes
retain the ability to rosette formation with human lymphocytes (Fig. 3¢-d).
The ability of erythrocytes to spontaneously form rossettes in a mannitol
medium after 12 weeks’ storage (Fig. 3d) was not worse than control
erythrocytes (Fig. 3b). The positive influence of ozonation on the preser-
vation rate of this ability was revealed (Fig. 3e—f).

Discussion

Ovine erythrocytes have some of the lowest resistance among mam-
mals to mechanical (Jikuya et al., 1998) and osmotic stresses (Matsuzava
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& Ikarashi, 1979) and at the same time are among the smallest in size
(only in goats are they smaller) (Adili & Melizi, 2014). In this research we
showed a high level of osmotic fragility, confirming the data of other
researchers. However, their high state of preservation during hypothermic
storage of up to two months, which we identified, was very surprising.
Moreover, even after three months of storage, non-hemolyzed erythro-
cytes (and they are more than 70-80%, depending on the medium and
processing) retain the ability to form rosettes, although their osmotic fragil-
ity is significantly reduced. Such unique resistance to hypothermic storage
can be associated with the surface-area-to volume ratio of a cell or with the
peculiarities of the composition of membranes of ovine erythrocytes (they
contain uniquely a lot of protein of the band 2.1-2.3) (Matei et al., 2000).
Thus, ovine red blood cells have a high resistance to hypothermic storage,
in contrast to human erythrocytes, although their lifetime in the blood-
stream differs slightly.

Kisielewicz & Self (2014) found that the pH of animals’ blood was
lowered during storage due to the accumulation of lactic and pyruvic acid,
and contributed to a decrease in 2.3-diphosphoglycerate (2.3-DPG).
The low level of 2.3-DPG causing the change of hemoglobin affinity for
oxygen after transfusion, affected the tissue oxygenation, morbidity and
mortality in animals. Hoffmann & Viebahn (2001) showed that the treat-
ment of erythrocytes with ozone could slow down the decrease in 2.3-
DPG levels in hypothermic storage, which might ensure a better prognosis
during transfusion. The positive effect of ozone on ovine erythrocyte pre-
servation can be associated with the level 2.3-DPG in cells. Moreover,
there was a correlation between the rates of hemolysis of sheep erythro-
cytes, their osmotic fragility and the ability to form rosettes with human
T lymphocytes assessed in our work. The ozone treatment provided the
reduced rate of hemolysis, increased the osmotic resistance of erythrocytes
during hypothermic storage, and maintained their ability to form rosettes.
Thus, the use of ozone can be very promising for the creation of animals’
blood banks, in particular for erythrocytes of sheep.

Conclusions

Ovine erythrocytes have lower osmotic resistance than human red
blood cells, but their osmotic properties do not change significantly during
the first 8 weeks of hypothermic storage. Storage of ovine and human
erythrocytes longer than 8 weeks leads to a sharp increase in hemolysis
and osmotic fragility. Ozonation treatment of red blood cells increases
their preservation rate during prolonged hypothermic storage. The effect
of ozonation on preservation of red blood cells during hypothermic stora-
ge depends on the protective medium. Ovine erythrocytes retain the ability
to form rosettes with human T lymphocytes after hypothermic storage for
up to 12 weeks. Treatment of ovine erythrocytes with ozone and their sto-
rage in a mannitol medium improved preservation of ability to sponta-
neously form rosettes.
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