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Pe3iome. M3BeCTHO, YTO CyLIECTBYIOT MUHANBUAYAJIbHBIC PA3IMUMS YCTOMUMBOCTU K TUITOKCUM, KOTOPbIS
MOTYT OIIPEAEISITh IPEeAPACIIONOXEHHOCTh K Pa3BUTUIO U TSKECTh TEUEHUSI pa3INYHbIX 3a00JIeBaHUI, B TOM
qyciae MHGEKIIMOHHO-BOCIIAIUTEILHBIX U onyXoJieBbIX. CTaHIapTU30BAaHHBIX CITIOCOOOB OILIEHKM YCTOM-
YUBOCTU K TMIIOKCUM 3KCHEPUMEHTAIbHBIX XXMBOTHBIX U JIIoAel 0€3 TMITOKCUYECKOTO BO3ACHCTBUSI HE Cy-
mectByeT. [Tonck MOIEKyJISIpHO-O0MOJIOTMYECKUX MAapKEPOB, TTO3BOJISIIOIINX BBISBUTH JIIOJIEU C pa3IndHOI
YCTOMUMBOCTBIO K AeUILIMTY KUCIOPOJa B YCIOBUSIX HOPMOKCUU WJIM TIPU YMEPEHHOM THUITOKCUYECKOM
BO3JICMCTBUU, HECOMHEHHO 1iejiecoo0pa3eH. Bo3aMOXKHO, 4YTO OLleHKa MCXOAHON YCTOMYMBOCTU K TUITOKCUN
MO3BOJIUT MPOTHO3UPOBATh Pa3BUTHUE U TSXKECTh TEUEHUs 3a00eBaHMI, MeXaHU3Mbl KOTOPBIX CBSI3aHBI C
KUCIOPOTHOM HEAOCTATOYHOCTHIO. OTHUM M3 CITOCOOOB OLIEHKU YCTOMYMBOCTH OpraHU3Ma K TUTTOKCUM 0e3
BO3JICMCTBUS B OapoKaMepe UK B YCIIOBUSIX TOP MOXKET ObITh MOJAEIUPOBAaHUE TUIIOKCUM in vitro. Llenb uc-
cJIefOBaHUS — OXapaKTepu30BaTh (PAaroMTapHYyI0 aKTUBHOCTH MOHOILIUTOB TIepr(eprIeCKOil KPOBU Y BBI-
COKOYCTOMUMBBIX U HU3KOYCTOMYMBBIX K TUIIOKCUU Kpbic Wistar B yCIOBUSIX HOPMOKCUU, a TaKXKe I10CIIe
TMIIOKCUYECKOI0 BO3AEUCTBUS in Vitro 1 in vivo. YCTOMYUBOCTh KPBIC K TUTIOKCUU OTIPEIEISIN 110 «<BpeMEeH!
KU3HW» XKUBOTHBIX «Ha BbIcoTe» 11500 M B 6apokamMepe. Uepes Mecs1l mocie onpeaesieHUs YCTOMIUBOCTHA
K TUITOKCUM OIHY TPYIITYy KpbIC MOMelIaiu B 6apokaMepy Ha BuicoTy 5000 M Ha 1 yac 1T MOAeTMpOBaHUST
TUITIOKCUYECKOTO COCTOSIHUS in Vivo, a' y APYTOM TPYIMIIbI KPBIC MOJIYyYaIn KPOBb 13 XBOCTOBOM BEHBI IJISI MO-
JIEJIMPOBAHMSI TUTTOKCUYECKOTO COCTOSIHMS in vitro B ycsioBusx 1% xkucnopona B reuenue 1 yaca. [MpoBoanim
OILIEHKY (ParouTapHON aKTUBHOCTH MOHOIIMTOB NepudeprniecKoii KpOBU METOJIOM ITPOTOYHOM IMTODIyO-
pumMmeTpuu. ITokazaHo, 4TO B YCJIOBUSIX HOPMOKCHUM Y UCXOJHO BBICOKOYCTOMUYMBBIX U HU3KOYCTOMUMBBIX K
TUTTOKCUY KPBIC (haroliuTapHast aKTUBHOCTb MOHOIIMTOB He pasinyanachk. @aronurapHas aKTUBHOCTb MOHO-
LIMTOB TIOCJIE in Vitro M in vivo THIIOKCUYECKOTO BO3JECTBHUS ObljIa BhIIIE Y BBICOKOYCTOMUYUBBIX K TUITOKCUN
KUBOTHBIX 10 CPAaBHEHUIO C HU3KOYCTOMYMBBIMU. YBeandeHNe (DaroquTapHOi aKTUBHOCTU MOHOIIMTOB T10
CPaBHEHMIO C YCIOBUSIMM HOPMOKCUHU HAOII0Ia7I0Ch TOJILKO Y BBICOKOYCTOMUMBBLIX KPBIC B YCIIOBUSIX in Vitro
TMIIOKCUYECKOro Bo3aeucTBusl. [1ojlydeHHbIe pe3yabTaThl CBUAETEIbCTBYIOT O TOM, YTO BHICOKOYCTOMUYMBEIC
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Y HU3KOYCTOWYMBBIE K TMIIOKCUM OPTaHU3MbI pa3jinyaroTcs Mo (haroluuMTapHOl aKTUBHOCTU MOHOILIMTOB B
YCJIOBUSIX HEAOCTaTKa KUCIOPOa, YTO MOXKET OMPEAEISITh TEUEHUE BOCIIAIUTEIbHBIX U OMTyXOJEBbIX 3a00J1€e-
BaHUii. [1py morcke MapKepoB yCTOMUMBOCTU OpPraHMU3Ma K TUIIOKCUHU 11€JIECO00pa3HO UCMOIb30BaTh MOE-
JIMPOBaHUE TUIIOKCUM in Vitro.

Knroueswie cnosa: monoyumol, pacouumos, in vitro, ycmoiivu8ocms K eUNOKCUU, (hazoyumapHas aKkmugHoOCmy, KPblCbl

PHAGOCYTIC ACTIVITY OF PERIPHERAL BLOOD MONOCYTES
UNDER IN VIVO AND IN VITRO HYPOXIA CONDITIONS IN
TOLERANT AND SUSCEPTIBLE TO OXYGEN DEFICIENCY RATS
Dzhalilova D.Sh., Kosyreva A.M., Tsvetkov LS., Makarova O.V.

A. Avtsyn Research Institute of Human Morphology, Petrovsky National Research Centre of Surgery. Moscow, Russian
Federation

Abstract. It is known that there are individual differences in resistance to hypoxia, which can determine
the predisposition to the development and severity of various diseases, including infectious, inflammatory
and tumor. There are no standardized methods for assessing resistance to hypoxia in experimental animals
and humans without hypoxic exposure. The search for molecular-biological markers, identifying people with
different resistance to oxygen deficiency under normoxic conditions or under moderate hypoxic exposure is
undoubtedly efficient. It is possible that the assessment of the basic resistance to hypoxia can help to predict
the development and severity of the course of diseases, the mechanisms of which are associated with oxygen
deficiency. One of the methods to assess organism resistance to hypoxia without exposure in a decompression
chamber or in highland conditions can be modeling hypoxia in vitro. The aim of the study was to characterize
the phagocytic activity of peripheral blood monocytes in tolerant and susceptible to hypoxia Wistar rats under
normoxic conditions, as well as after hypoxic exposure in vitro and in vivo. The resistance of rats to hypoxia
was determined by the gasping time at an altitude of 11.500 m in a decompression chamber. A month after
determining the resistance to hypoxia, one group of rats was placed in a decompression chamber at an altitude
of 5,000 m for 1 hour to simulate the hypoxic state in vivo. Blood from the tail vein of the other group of rats
was placed in 1% oxygen for 1 hour to simulate the hypoxic state in vitro. The phagocytic activity of peripheral
blood monocytes was assessed by flow cytometry. It was demonstrated that phagocytic activity of monocytes
did not differ in tolerant and susceptible to hypoxia rats under normoxic conditions. The phagocytic activity of
monocytes after in vitro and in vivo hypoxic exposure was higher in tolerant to hypoxia animals in comparison
to susceptible ones. An increase in the phagocytic activity of monocytes compared to normoxia conditions was
observed only in tolerant rats under in vitro conditions of hypoxic exposure. The obtained results indicate that
tolerant and susceptible to hypoxia organisms differ in the phagocytic activity of monocytes under conditions
of oxygen deficiency, which can determine the course of inflammatory and tumor diseases. The data obtained
will be the basis for further experimental investigations organism hypoxia resistance markers.

Keywords: monocytes, phagocytosis, in vitro, resistance to hypoxia, phagocytic activity, rats

The work was carried out and financed under
the budgetary topic 122030200530-6 “Cellular and
molecular biological mechanisms of inflammation
in the development of socially significant human
diseases”.

Introduction

Hypoxia, or oxygen deficiency, can develop in
any pathological condition of the body, including
infectious diseases, systemic inflammatory response,
sepsis, acute respiratory distress syndrome, and

the new coronavirus infection [4]. The typical cell
response to oxygen deficiencyisbased on the activation
of the signaling pathway of the hypoxia inducible
transcription factor HIF (Hypoxia-Inducible Fac-
tor). According to literature, both animals and
humans differ in individual sensitivity to oxygen
deficiency, as well as in the content of HIF-1 [3, 8,
15]. Individual resistance to hypoxia can determine
the severity of infectious and inflammatory diseases.
We have previously demonstrated that the systemic
inflammatory response is more severe in susceptible
to hypoxia rats than in tolerant animals [3].
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Currently, there are no standardized methods
for assessing resistance to hypoxia in experimental
animals and people without hypoxic exposure. One of
the most common methods for determining resistance
to oxygen deficiency is a model that reproduces the
conditions of hypobaric hypoxia in decompression
chambers in which volunteers, pilots, astronauts or
experimental animals are placed [3, 6, 7, 9, 12]. The
common way to assess the human resistance to hypoxia
is the height exposure of several thousand meters and
the division of subjects into resistant and sensitive to
hypoxia, depending on their susceptibility to acute
mountain sickness and high altitude pulmonary
edema [9, 12].

Due to the fact that sensitivity to O, deficiency
determines physiological reactions, adaptive pro-
cesses, and, obviously, the course of a number of
diseases, the search for markers for screening the
body for resistance to oxygen deficiency without
hypoxic exposure, placement in a decompression
chamber or in highland conditions, is an urgent task.
Determination of molecules that provide resistance
or sensitivity to stress factors such as hypoxia plays an
important role in assessing adaptive capabilities under
hypoxic exposure of varying severity. Taking this into
consideration, the search for molecular biological
markers that make it possible to determine individual
resistance to oxygen deficiency in humans under
normoxic conditions or under moderate hypoxic
exposure is undoubtedly expedient. One of the ways
to assess resistance to hypoxia without exposure in
a decompression chamber or in highlands can be
modeling hypoxia in vitro.

Oxygen deficiency and activation of HIF-1
regulates glycolysis and energy metabolism, which
affects the functioning of innate and adaptive
immunity cells, in particular, promotes the inhibition
of apoptosis, an increase in phagocytic activity and the
migration of neutrophils and macrophages [11, 13].

Since, as mentioned above, organisms with
different resistance to hypoxia are characterized by
different levels of HIF-1 activation, it is likely that
the functional activity of neutrophils and monocytes
also differs. Features of the functional activity of
monocytes in animals with different resistance to
hypoxia can affect the severity of inflammatory and
alterative damage in infectious and inflammatory
diseases, in particular, in a systemic inflammatory
response. However, data on the phagocytic activity
of monocytes in tolerant and susceptible to oxygen
deficiency rats under conditions of normoxia, as well
as hypoxia, are not presented in the literature.

The aim of the study was to characterize the
phagocytic activity of peripheral blood monocytes
in tolerant and susceptible to hypoxia rats under
normoxic conditions and after hypoxic exposure
in vivo and in vitro.

Materials and methods

The study enrolled adult male Wistar rats (3
months old, body weight 220-250 g, n = 50) and
was approved by Bioethics Committee at the Avtsyn
Research Institute of Human Morphology (Protocol
No. 36 (12), March 28, 2022). All efforts were made to
decrease suffering and possible stress for the animals
and performed in accordance with the Directive
2010/63/EU of the European Parliament and of the
Council of 22 September 2010 on the protection of
animals used for scientific purposes. The reporting in
the manuscript follows the ARRIVE guidelines.

Hypoxia resistance was assessed through response
to oxygen deprivation using decompression chamber
test as described previously [3, 8]. The animals were
exposed, one at atime, to simulated hypobaric hypoxia
equivalent to 11,500 m altitude (180 mmHg) using a
mercury barometer-coupled decompression chamber.
All decompressions and recompressions were achieved
gradually at a rate of 600 m (r 40 mmHg)/min to
exclude effects of sharp changes, at 2 L/min airflow
and 40-50% relative humidity. Time length till the
first sign of characteristic hyperventilatory response
(“gasping time”) was recorded using an electronic
stopwatch. Based on gasping time, the animals were
assigned to three groups: “susceptible” (< 80 s,
n = 15), “normal” (80-240 s, n = 23) and “tolerant”
(> 240 s, n = 12). The “normal” group was excluded
from subsequent experiments. All rats survived the
decompression chamber test and resumed their
normal activity without signs of trauma.

A month after determining the resistance to
hypoxia [3, 8], in order to simulate the hypoxic
state in vivo, one group of rats was placed in a
decompression chamber at an altitude of 5,000 m for
1 hour, then blood was taken from the tail vein under
Zoletil anesthesia (Virbac Sante Animale, France).
Blood from the tail vein of the other group of rats was
placed in 1% oxygen for 1 hour to simulate the hypoxic
state in vitro. The phagocytic activity of peripheral
blood monocytes was assessed after in vivo and in vitro
exposures by flow cytometry using the IngoFlowEx
kit (Exbio Diagnostics, Czech Republic).

Statistica 8.0 software was used for statistical
processing of the obtained data. Data were expressed
as median and interquartile range Me (Q,,5-Qy5)-
Since the data were not normally distributed, the
Mann—Whitney, Kruskal—Wallis, and Dunn non-
parametric tests were used to establish the significance
of differences between the indicators. Differences
were considered statistically significant at p < 0.05.

Results and discussion

Under normoxic conditions, the phagocytic
activity of monocytes did not differ in tolerant and
susceptible to hypoxia rats (Table 1). The phagocytic
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TABLE 1. PHAGOCYTIC ACTIVITY OF MONOCYTES UNDER NORMOXIC CONDITIONS, AFTER IN VIVO AND IN VITRO
HYPOXIC EXPOSURE IN ANIMALS WITH DIFFERENT OXYGEN DEFICIENCY RESISTANCE, Me (Q, ,:-Q, 75)

Phagocytic activity of monocytes, % Tolerant Susceptible p
Normoxia (4.‘212.7) (3.3'-?3) 0.89
In vivo hypoxic exposure (6.;(6)3.8) (1 2_1735) 0.02
In vitro hypoxic exposure (91.;18.8)* (1 2-20) 0.015

Note. p, statistical significance of differences between tolerant and susceptible to hypoxia rats, Mann-Whitney test; *, statistically
significant differences compared with normoxia, Kruskal-Wallis and Dunn test.

activity of monocytes after in vivo and in vitro hypoxic
exposure was higher in tolerant to hypoxia animals
compared to susceptible ones. The functional activity
of monocytes is largely determined by the activation of
the HIF-1[11, 13]. We have previously demonstrated
that after acute hypoxic exposure, the content of
HIF-1 in the blood serum and its expression in the
liver are more pronounced in tolerant to hypoxia
rats compared to susceptible ones, which ensures
adaptation to hypoxia [2]. Probably, in monocytes
of tolerant to hypoxia rats, under conditions of
oxygen deficiency, a more pronounced activation
of HIF-1 occurs, which leads to an increase in their
phagocytic activity. Differences in the phagocytic
activity of peripheral blood monocytes after hypoxic
exposure can determine the course of the systemic
inflammatory response, in which innate immune cells
play a key role.

It should be noted that a statistically significant
increase in the phagocytic activity of monocytes
compared to normoxia conditions was observed only
in tolerant rats under in vitro conditions of hypoxic
exposure. Thus, in vitro hypoxic exposure using lower
oxygen concentrations has a more pronounced effect
on blood cells compared to in vivo hypoxia and avoids
acute hypoxic effects on the body. The pronounced
effect of hypoxic exposure in vitro is probably due to
lower oxygen concentrations, as well as the absence of
adaptive changes on the part of the whole organism,
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