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Abstract. Relevance. A variety of oxygen-dependent pathological conditions include intermittent, undulating episodes of hypoxia,
alternating with a person’s stay in normoxia. An example of such conditions is sleep apnea. The features of metabolism in such
conditions have not been practically studied, which determines the relevance of the study. Purpose of the study: to reveal the
features of metabolism in laboratory animals subjected to chronic undulating oxygen starvation in order to improve the diagnostic
criteria for the consequences of intermittent hypoxia. Materials and methods. Long-term undulating normobaric hypoxia was
created in a BIO-NOVA-2004 membrane hypoxicator (Moscow), adapted to work with rodents. The following operating mode of
the hypoxicator was used — an air gas mixture with an oxygen content of 14%, the duration of a single hypoxic cycle is 60 minutes,
the interval between cycles is 30 minutes, the number of cycles per day is 6 (the total period of moderate hypoxia is 6 hours per
day), the duration of daily hypoxic exposure is 24 weeks. Laboratory animals (female mice of the C57BL/6J line) were obtained
from the nursery of laboratory animals “Rappolovo” (Leningrad region). The animals were kept in a certified vivarium in accordance
with the requirements of GOST 33044-2014 of August 1, 2015 “Principles of Good Laboratory Practice” and Order of the Ministry
of Health of the Russian Federation of April 1, 2016 No. 267 “On Approval of the Rules of Good Laboratory Practice”. Biological
material for research (blood, tissues) was taken from animals on the next day after the cessation of hypoxic exposure. In the blood
serum, the activity of the liver enzymes AIAT, AST, GGTP, the levels of total cholesterol, low-density lipoproteins and triglycerides,
and the concentration of glucose were determined. In addition, the content of neutral and basic carbonyl groups of proteins was
determined in blood serum, and the activity of SOD and catalase (CAT) in erythrocytes was determined. In the liver tissue, the
carbonyl groups of proteins, the content of total lipids and glycogen were determined; in skeletal muscles — glycogen. Statistical
processing of the obtained data was carried out using the application package for data analysis (MS Windows 10) using the meth-
ods of correlation and dispersion analysis. Differences were considered significant at p<0.05. Results. The most pronounced
changes in biochemical parameters after prolonged exposure to wave-like moderate oxygen starvation are observed in cellular
structures (liver, skeletal muscles, erythrocytes), while the parameters recorded in the blood plasma of animals were resistant to
intermittent hypoxic exposure. Conclusion. The energy deficiency that occurs during chronic wave-like oxygen deficiency manifests
itself in the mobilization of carbohydrate reserves of the body, which was accompanied by a 4-5-fold decrease in glycogen in the
liver and skeletal muscles and the involvement of lipids as energy production substrates (a decrease in lipids in the liver by 27%),
switching the flow of amino acids to other types of exchange (decrease in GGTP activity by 14%). The resulting oxygen deficiency
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was naturally accompanied by a decrease in the activity of SOD by almost 1000 times and catalase by 4 times, the accumulation
of underoxidized products (an increase in the content of basic carbonyl groups in blood proteins by 41%).

Key words: metabolism: hypoxia: liver lipids: glycogen: laboratory animals; obstructive sleep apnea.
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Pestome. AkmyanbHocmb. K uicny pasHoo6pasHbix KMCOPOA3ABICMBIX MATONOMMYECKIX COCTOSIHWIA OTHOCAT, B TOM YMCTIE,
NHTEPMUTTUPYIOLLME, BOMHOOOPa3HO NpoTeKatoLLMe SNKU304b! TMNOKCUN, YepeaytoLmecs ¢ npebbiBaHneM YenoBeka B YCoBuMsX
Hopmokcuu. [MpyrMepomM NofoBHbIX COCTOSHUIA ABNSETCS COHHOE anHo3. OcobeHHOCTV MeTabonnaMa Npy Takix COCTOSHUSX
NPaKTUYECKM He U3y4anuChb, YTO W ONPEAENSIET akTyamnbHOCTb UCCneaoBaHus. Liesb uccnedogaHrust: BbisiBUTb 0COOEHHOCTY
MeTabonmama y 1abopaTopHbIX KUBOTHbIX, NOLBEPratOLLMXCS XPOHUYECKOMY BOSHOOBPA3HOMY KVCIIOPOAHOMY ronoLaHuo, Ans
COBEPLUEHCTBOBAHMS 4NarHOCTUYECKNX KPUTEPUEB NOCNEACTBUIA MHTEPMUTTUPYLOLLEN runokeun. Mamepuarbi u Memoohb!.
[nutenbHas BonHoobpasHas HopMobapuyeckas rnokcKs cosaaBanack B MeMbpaHHoM runokcukatope BUO-HOBA-2004
(Mockga), apanT1poBaHHOM 151 paboTbl C rpbI3yHamu. Micnonb3oBarncs creaytowmin pexum paboTbl IMnokcukaTopa: BO3ayLu-
Has ra3oBasi CMeCb C cofepxaHueM kucrnopoaa 14%, NpoLomKMTENBHOCTb €AMHUYHOMO MUMOKCUYECKOro LKra — 60 MUHYT,
WHTEpBan Mexay Lyknamm — 30 MUHYT, YACMO LIMKMOB B CYTKM — 6 (CyMMapHbIi Nepuog, YMEPEHHOW runokcum — 6 4acos B
CYTKM), BNMTENBHOCTb EXEAHEBHOIO MMNOKCUYECKOTO BO3AENCTBUS — 24 Hepenu. JlaGopaTopHble XUBOTHbIE (MbILUK-CaMLibl
nHum C57BL/6J) Bbinm nonyyeHbl U3 NUTOMHMKa NabopaTopHbIX XMBOTHbIX «Pannonosoy (JleHnHrpaackas obn.). Cogep-
KaHWe XMBOTHbIX OCYLLECTBMAMNOCH B YCIOBUSX CEPTUMMNLMPOBAHHOTO BMBapUs B COOTBETCTBUM C TpebosaHusamm FTOCT
33044-2014 ot 01.08.2015 r. «MpuHLMNbI Hagnexallei nabopatopHom npakTukiy 1 npukasa M3 PO ot 01.04.2016 r. Ne 267
«O0 ytBepxaeHum Mpasun Hagnexatyen nabopaTopHON NpakTMKKY. bruonornieckuin matepuan Ans UccnenoBaHms (KpoBb,
TKaHU) Y XXMBOTHbIX 3abMpani Ha criefytoLLme CyTKI NOCne NPEKpaLLEeHnst TMMOKCMYECKOro BO3AeicTBus. B CbIBOPOTKE KPOBM
onpesensnu akTMBHOCTb NEYEHOUHbIX (DEPMEHTOB anaHuHaMmuHoTpaHcdepasa (AJ1T), acnapTtatamuHoTpaHcdepasa (ACT),
raMmma-rnytamuntpatcnentugasa (T TI), ypoBHu 0BLLEro xonecTepuHa, IMNONpOTENLOB HIU3KOW NIOTHOCTM W TPUIMMLEPUAOB,
KOHLIEHTPALMHO F1t0KO3bI. Kpome TOro, B CbIBOPOTKE KPOBM ONPELENsnv COnep)aHne HeNTpanbHbIX M OCHOBHbIX KApOOHUMbHBIX
rpynn 6enkoB, a B 3puUTpoLMTax — akTMBHOCTb CynepokeugancmyTasel (COI) v katanassl (KAT). B TkaHu neveHu onpegensnu
kapBoHMMbHbIE rpyNNMPOBKM GENKOB, COAEPX)aH1e CyMMapHbIX JIMMMAOB W FINKOTEHA; B CKENETHBIX MbILULAX — FFIMKOreHa.
CratucTnyeckas 06paboTka NonyyeHHbIX AaHHbIX OCYLLECTBNANACH C NOMOLLBIO NPUKIAAHOMO NakeTa NporpamMm Ans aHannsa
AaHHbIx (MS Windows 10) ¢ npumeHeHneM MeTOA0B KOPPENSILIMOHHOIO W AUCNEPCUMOHHOIO aHanusa. Pasnuuus cuntanuch
poctoBepHbIMu npu p<0,05. PesynbmambI. Hanbonee BbipaxeHHbIE U3MEHEHUS B BUOXMMUYECKIX NOKa3aTensx nocne
ANMTENBHOMO BO3AENCTBIUS BONHOOOPA3HOTO YMEPEHHOIO KUCMOPOAHOTO roNofaHns OTMEYAIOTCS B KIETOYHbIX CTPYKTYpax
(NeyeHb, CKeneTHbIe MbLLLbI, 3PUTPOLMTLI), B TO BpEMS Kak NoKasaTesnn, perncTpupyemMble B niasme KpoBM KUBOTHBIX, Dbl
YCTOM4MBbI K NPEPBIBICTOMY TMMOKCMYECKOMY BO3AENCTBINK. 3ak/THoyeHue. BosHyKatoLLmil Npy XpOHWYECKON BOMHOO6pa3HoM
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KMCNOPOAHON HeJOCTaTOYHOCTI 3HeproAedULNT NPOSBAANCS B MOBUNM3aLMM YrNEBOAHbIX PE3EPBOB OpraH3Ma, 4To Compo-
BOX[Ar0Ch CHVXKEHVEM ITIMKOreHa B MEeYeHN 1 CKeNneTHbIX MblluLax B 4-5 pas 1 BOBIeYeH1eM NNnAOB B ka4yecTse cybcTpaToB
SHEPronpoayKLMM (CHYXEHWe NUNEOB B NeYeHun Ha 27%), nepeknioyeHnem noToka aMUHOKICIOT Ha Apyrie Buabl obmeHa
(cHuxeHve aktusHoCTU [T T Ha 14%). BosHuKarowmin AecuumT Kucnopoga 3akoHOMEPHO COMPOBOXAANCS CHUXEHNEM
aktueHocT COJ npakTuyeckn B 1000 pa3 1 katanasbl B 4 pasa, HakonneH1eM HeAOOKVCIIEHHBIX NPOAYKTOB (MOBbILLEHNE
copepkaHus OCHOBHbIX KapBOHUMBbHBIX rPYNNMPOBOK B Gerkax kposu Ha 41%).

Knroueenie cnosa: meTabonnam; rmnokcus; NMnnabl NEYEHN; MMNKOreEH; na6opaTopr|e KNBOTHbIE, O6CprKTVIBHOG arnHoa CHa.

INTRODUCTION

In clinical practise, there is a lot of situations, when a person
is in hypoxia for a long time. Such cases are, firstly, obstruc-
tive sleep apnoea, hypoxia in chronic obstructive pulmonary
disease, chronic heart failure, respiratory failure after chest sur-
gery, chronic discirculatory cerebrovascular disorders. Specific
features of chronic intermittent hypoxia are protracted course,
alternation of hypoxic and normoxic conditions, moderate hy-
poxia, undulating changes in the severity of the condition.

It should be noted, that main literature sources on inter-
mittent hypoxia are about obstructive sleep apnoea and its
role in the risks of development of cardiovascular [1-3], endo-
crinological disorders and metabolic syndrome [4]. Systemic
issues of the impact of intermittent hypoxia on the body are
shown in number of reviews [5-7].

The development of modern approaches to the treatment
of complications and remote consequences of intermittent
therapy requires a large volume of biomedical research. In the
practice of preclinical studies, private methods of modelling
clinically significant pathological processes are widely used.
At the same time, they are not optimal in terms of assessing
the significance of the hypoxic component of pathogenesis.
In this regard, an experimental model of chronic intermittent
hypoxia [8] was used, created by the method of chronic inter-
mittent normobaric hypoxic exposure.

Long-term intermittent hypoxic impact may be used to as-
sess the consequences, including behavioural, metabolic, im-
mune, and other, associated with long-term undulating impact
of moderate hypoxia on animals. So, the aim of the study is to
identify features of metabolic reactions in laboratory animals
exposed in chronic undulating hypoxia, and to improve diag-
nostic criteria for intermittent hypoxia and its consequences.

MATERIALS AND METHODS

Normobaric hypoxia was created using a BIO-NOVA-2004
membrane hypoxicator (Moscow), adapted for work with ro-
dents. The following intermittent hypoxia regime was estab-
lished: oxygen content in the hypoxic gas chamber was 14 %,
duration of a single hypoxic cycle was 60 minutes, an interval
between cycles was 30 minutes, the number of cycles per

day was 6 (total period of moderate hypoxia was 6 hours per
day), duration of daily hypoxic exposure was 24 weeks.

Laboratory animals (male mice of the C57BL/6J line) were
obtained from the Federal State Unitary Enterprise LAN Rap-
polovo (Leningrad Region). The animals were kept in a cer-
tified vivarium in accordance with the requirements of GOST
33044-2014 dated 01.08.2015 “Principles of Good Labora-
tory Practice” and the order of the Ministry of Health of the
Russian Federation dated 01.04.2016 N 267 “On approval of
the Rules of Good Laboratory Practice”.

The laboratory animals were randomised into two groups
after 14-days of quarantine: controls and a group affected
by hypoxia. A biological material for the research (blood, tis-
sues) was collected the next day after the end of hypoxic
exposure. At the end of the experiment, blood was collected
from animals anesthetised with chloral hydrate using cardiac
puncture into test tubes with a blood coagulation activator.
After 30 minutes of settling, the blood was centrifuged for
10 minutes at 1000 rpm, the resulting serum was separated,
and then centrifuged second time at 4000 rpm for 15 mi-
nutes. Then, the serum was transferred into secondary test
tubes and located into analyser. Using standard methods of
the biochemical analysers Stat Fax 1904 + (USA) and Erba
Lachema (Czech Republic), ALT, AST, GGT, levels of cho-
lesterol, low-density lipoproteins (LDL), triglycerides, glu-
cose concentration were determined. Moreover, the content
of neutral and basic carbonyl groups of proteins in blood
serum, and activity of SOD and catalase in erythrocytes
was determined. Carbonyl groups of liver proteins were de-
termined by the reaction of oxidised amino acid residues
of proteins with 2,4-dinitrophenylhydrazine (DNPH) with the
formation of coloured hydrazones [9-11]. The content of to-
tal lipids and glycogen was determined in liver tissue. Also,
glycogen was determined in skeletal muscles. Glycogen in
liver and muscles was determined using the method [12].
Quantitative determination of total lipids in liver was per-
formed using the Folch method [13].

RESULTS

In control animals, the studied metabolic indices formed se-
veral groups of correlating indices (Fig. 1, 2). The first group may
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be conventionally designated as a lipid factor (Fig. 1), in-
cluding such indices as liver lipids, cholesterol, triglycerides,
ALT, AST, GGT and liver glycogen. The second group of in-
dices consists of blood glucose, muscle glycogen and LDL.
Such factor may be interpreted as carbohydrate one. The
third group consists of indicators of the content of carbonyl
groups (neutral and base) in blood proteins. They closely
correlate with each other (r=+0.96). An independent index,

XonecTepuH /

KaTanasa / ACT/
Catalase AST
|
Nvnuabl neyenn | |
Liver lipids -
AT/ _ | rrTni
ALT GGTP

Cholesterol \Tpmrnmuepmnm/ [nukoreH nevern /
Triglycerides |~~~ | Liver glycogen
Fig.1. A graph of correlation links of lipid factor in intact

animals. Designations: continuous line — moderate
positive correlations, dotted line — moderate negative
correlations. ALT — alanine aminotransferase; AST —
aspartate aminotransferase; GGTP — gamma-glutamyl
transpeptidase

not associated with other studied metabolic indices, is SOD
activity.

Table 1 demonstrates the results of the study of the me-
tabolic consequences of prolonged exposure to moderate
intermittent hypoxia.

The analysed parameters are heterogeneous in terms
of sensitivity to long-term intermittent moderate hypoxia.
A number of metabolic parameters obtained from blood se-
rum are practically insensitive to this effect (ALT, choles-
terol, LDL, triglycerides, neutral carboxyl groups of blood
proteins). A moderate but statistically insignificant increase
was noted for AST and the basic carboxyl groups of blood
proteins. The content of glucose and GGTP in serum signi-
ficantly decreased.

[nukoreH mbiwL /
Muscle glycogen

nioko3a kposwu / JINHM/
Blood glucose LDL

Fig.2. A graph of correlation links of carbohydrate factor
in intact animals. Designations: continuous line —
moderate positive correlations. LDL — low-density

lipoproteins

Table 1

Changes in the metabolic parameters of laboratory animals under the influence of prolonged undulating (intermittent) moderate hypoxia

Tabnuua 1

M3meHeHns meTabonnyeckmx nokasarenen nabopaTopHbIX XUBOTHLIX NOA BAMSHUEM ANUTENLHON BOTHOOOPa3HOM
(npepbIBMCTON) YyMEPEHHON FMNOKCUM

p . Values in groups (M£m) Influence of | Reliability of
arameter Unit of measurement - - . .
intact | hypoxia hypoxia,% | differences, p

In blood plasma
Glucose mmol/l 8,3+0,8 52+0,8 =37 0,03
ALT [U/ml 229+2,6 250+2,6 +9 0,60
AST [U/ml 65,7+7,3 78,8+9,4 +20 0,29
GGTP [U/ml 0,36 0,09 0,05+0,03 -86 0,02
Cholesterol mmol/l 1,24+0,09 1,23+0,12 -1 0,95
LDL mmol/l 0,23+0,03 0,22+0,04 -4 0,84
Triglycerides mmol/l 0,39+0,05 0,40£0,03 +2 0,92
Neutral carbonyl groups D370/mg of protein 2,18+0,17 2,26+0,28 +4 0,80
Basic carbonyl groups D430/mg of protein 0,62+0,06 0,88+0,15 +41 0,08

In erythrocytes
SOD su/ml blood 34217 0,05+0,01 -99,8 3x10-10
Catalase Mmol H,0, x 103 min x ml of blood 22,5£0,5 57+0,3 -75 2x10"

In tissues

Liver lipids mg/g of tissue 0,06+0,01 0,05+0,01 =27 0,0001
Liver glycogen mg/g of tissue 0,90+0,06 0,19+0,02 -80 8x1077
Muscle glycogen mg/g of tissue 0,40+0,02 0,09+0,01 -76 2x10-®

Note: Significant effects associated with hypoxic exposure are highlighted in bold.
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The most pronounced metabolic response was typical for
indices of erythrocytes (a sharp decrease in SOD, catalase)
and tissues (a sharp decrease in liver lipase, and glycogen
both in liver and muscles).

A restructuring of the correlation links occurs under the
conditions of hypoxia. The links are combined into one factor
with a significant increase in the links density (Fig. 3). Such
phenomenon allows to interpret these indices taken together
as a factor of metabolic stress. The restructuring of the main
correlation links of the studied metabolic parameters under
the influence of long-term intermittent exposure to hypoxia is
shown in Table 2.

Specific effects of metabolic consequences of long-term
intermitted hypoxic exposure are manifested both by the de-
struction of old and emergence of new correlation links. De-
struction of correlation links typical for the control animals is
noted for liver lipids (with catalase, cholesterol and triglyce-
rides), glucose (with muscle glycogen and LDL), choleste-
rol, and ALT levels. It reflects the impossibility of the pre-
vious course of typical reactions of carbohydrate and lipid
synthesis, most likely due to chronic energy deficiency. The
most interesting is the destruction of the link between the
blood glucose level and muscle glycogen level. This indi-
cates a radical restructuring of muscle energy metabolism.
The main source of energy for this becomes the utilisation
of amino acids, and the source of glucose for maintaining
the glycogen level is the gluconeogenesis reaction, but not
the capture of glucose from blood due to chronic glucose
deficiency.

Under the influence of long-term intermittent hypoxic
exposure, new correlations begin to appear in laboratory
animals, indicating the formation of new metabolic “tem-
plates” of the body associated with the parameters of lipid
metabolism. A new correlation between the levels of liver
lipids and blood glucose, cholesterol and muscle glycogen
is noteworthy. Such correlations may indicate more intensive
involvement of lipids in metabolic processes compared to
normoxic conditions. Of particular interest is also the emerg-
ing negative correlation between the activity of indicators of
antioxidant defense enzymes (SOD, catalase). It reflects the
inhibition of its activity during the accumulation of lipid per-
oxidation products (LPO), although under normal conditions
these enzymes are largely substrate-activated and do not af-
fect each other’s activity.

DISCUSSION

We have not found any similar studies on the issue of
changes in metabolism under the conditions of long-term
intermittent hypoxia in laboratory animals. Probably, this is
due to the difficulties in correct modelling of such condition,

Jinnnapl
neveHn/ |- - ————— - ACT/
Liver AST
lipids L’ 7
~ | ANt/ TNMKOTEH NedeHm /
ALT Liver glycogen
['ntoko3a kposu /
Blood glucose
rd
rrTn/
GGTP cof/ | __ | Karanasa/
SOD Catalase
XonectepuH / / [ MMKOreH MbiLuy, /
Cholesterol Muscle glycogen
1
1

Tpurnuuepnab! / HeitpanbHbie KI'6 /

Triglycerides Neutral COP
nnHnY/ OcHosHble KT /
LDL Basic CGP
Fig.3. A graph of correlations of metabolic parameters

after long-term exposure to intermittent moderate
hypoxia. Designations: continuous line — moderate
positive correlations, dotted line — moderate negative
correlations. ALT — alanine aminotransferase; AST —
aspartate aminotransferase; GGTP — gamma-glutamyl
transpeptidase; CGRP — protein carbonyl groups;
LDL — low-density lipoproteins; SOD — superoxide
dismutase.

the lack of validated and standardised methods for its mo-
delling, variability in the duration of hypoxic exposure and
its severity. Nevertheless, the number of studies should be
noted, that allows to compare our results with data of other
authors. So, in one study [14], an ability of a 10-day cycle
of interval hypoxic training to normalise LPO processes and
increase the activity of suppressed antioxidant enzymes has
been demonstrated. At the same time, in our study, which
was much longer, the deficiency of oxygen appeared under
the conditions of chronic hypoxia was leaded by suppres-
sion of antioxidant system (a decrease in SOD activity by
almost 1000 times and catalase by 4 times). Also, there was
an accumulation of under-oxidised products (an increase in
the content of basic carbonyl groups in blood proteins by
41%). This discrepancy in the dynamics of LPO and antio-
xidant system (AOS) indicators shows that the mechanisms
underlying the short-term rehabilitation effect on the human
body during interval training are fundamentally different
from the pathogenetic mechanisms of long-term (28 weeks)
exposure to intermittent hypoxia.
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Table 2

Restructuring of correlations of metabolic parameters under the influence of long-term intermittent exposure to hypoxia
Tabnuua 2

I'IepeCTpoFlKa KOppenAaunoOHHbIX cBA3ell MeTabonmyeckux nokasareneii Nog BNUSHUEM
ANUTeNIbHOro npepbIBUCTOrO BO3AENCTBMUSA TMNOKCUM

Parameter A Parameter B Correlation coefficients - Effect of hypoxia
normal oxygen content hypoxia
Liver lipids Catalase +0,58 +0,24 Destruction
Liver lipids Cholesterol +0,68 +0,22 Destruction
Liver lipids Triglycerides +0,50 +0,27 Destruction
Liver lipids ALT -0,52 -0,76 Gain
Liver lipids Glucose +0,02 +0,83 Appearance
Liver lipids GGTP +0,23 +0,84 Appearance
Liver lipids AST +0,36 -0,73 Appearance
Liver lipids Neutral carbonyl groups +0,01 -0,54 Appearance
Cholesterol Triglycerides +0,88 +0,70 Maintaining
Cholesterol Muscle glycogen +0,03 +0,66 Appearance
Cholesterol LDL -0,05 +0,95 Appearance
Cholesterol SOD -0,09 +0,67 Appearance
Cholesterol ALT -0,66 0,01 Destruction
ALT GGTP -0,57 -0,80 Gain
ALT AST +0,20 -0,80 Appearance
ALT liver glycogen +0,38 +0,54 Gain
AST GGTP -0,64 -0,49 Weakening
AST liver glycogen 0,06 +0,64 Appearance
ACT/AST Neutral carbonyl groups -0,23 +0,69 Appearance
GGTP Triglycerides +0,37 +0,61 Gain
GGTP LDL +0,16 +0,61 Appearance
LDL Muscle glycogen -0,38 +0,68 Inversion
LDL Basic carbonyl groups -0,31 +0,58 Inversion
LDL SOD -0,39 +0,55 Inversion
LDL Glucose +0,66 -0,19 Destruction
Muscle glycogen Glucose +0,58 -0,10 Destruction
Muscle glycogen Neutral carbonyl groups +0,49 -0,68 Inversion
Muscle glycogen Triglycerides -0,58 +0,72 Inversion
SOD Catalase +0,25 -0,84 Appearance
Neutral carbonyl groups Basic carbonyl groups +0,96 +0,45 Weakening

The study [15] provides data on the interaction between
different regulatory systems of the brain in obstructive sleep
apnoea, aimed at the discordance of vegetative and endo-
crine regulation of basal metabolism, eating behaviour, regu-
lation of heart and blood vessels, restructuring of carbohy-
drate and lipid metabolism in muscles, liver and adipocytes,
including those mediated by pro-inflammatory cytokines. In
principle, our data do not contradict the cited works.

CONCLUSION

The most pronounced changes in biochemical indices af-
ter prolonged exposure to intermittent moderate hypoxia are
observed in cellular structures (liver cells, skeletal muscles,
erythrocytes). At the same time, the indices recorded in blood
serum of animals, probably due to homeostatic mechanisms,
are much more resistant to intermittent hypoxic effects. This
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is natural, since it is the energy processes occurring in cells
that are the object of hypoxia, and the consequences of
chronic undulation (intermittent) hypoxic effects should also
have predominantly intracellular localisation. Thus, ener-
gy deficiency that occurs with chronic hypoxia is primarily
manifested in the mobilisation of carbohydrate reserves of
the body. This is manifested by a decrease in glycogen in
cells of liver and skeletal muscles by 4-5 times. Howev-
er, even such powerful activation of glycolytic reactions in
tissues is insufficient to compensate for energy deficiency.
This causes additional utilisation of blood glucose (a de-
crease of 37 %) and the involvement of lipids as substrates
for energy production (a decrease in the lipid content in
the liver by 27 %), switching the flow of amino acids from
non-phosphorylating detoxification processes to other types
of metabolism (a decrease in the activity of substrate-de-
pendent enzyme of GGT detoxification by 14 %).

Thus, the shifts reflect fairly profound changes in the
functioning of energy-providing mechanisms of cells in res-
ponse to long-term intermittent hypoxic exposure.

ADDITIONAL INFORMATION

Author contribution. Thereby, all authors made a sub-
stantial contribution to the conception of the study, acqui-
sition, analysis, interpretation of data for the work, drafting
and revising the article, final approval of the version to be
published and agree to be accountable for all aspects of
the study.

Competing interests. The authors declare that they
have no competing interests.

Funding source. This study was not supported by any
external sources of funding.

Experiments with animals were carried out in accord-
ance with international rules (Directive 2010/63/EU of the
European Parliament and of the Council of the European
Union of September 22, 2010 on the protection of animals
used for scientific purposes).

AOMNOJIHUTENIbHAA UHOOPMALIUA

Bknag aBTOpoB. Bce aBTOPbl BHECAU CYLLECTBEHHDIN
BKNag B pa3paboTKy KOHLENuuu, npoBeAeHne uccneaoa-
HWS 1 MOAFOTOBKY CTaTbM, MPOYY M 0f406pUNM UHANBHYHO
Bepcuto nepeg nybnvkavmen.

KoHdnukt uHTepecoB. ABTOpbI [eKNapupytT OTCyT-
CTBME SBHbIX W MOTEHUMANbHbIX KOH(IIMKTOB WHTEPECOB,
CBSI3aHHbIX C Ny6nnkaLmen HacTosLLen cTaTby.

WUcTouHuk dpuHaHcmpoBaHuA. ABTOpbI 3as8BNsOT 00
OTCYTCTBUM BHELUHErO (DMHAHCUPOBAHUS NMPU NPOBEAEHUM
nccneaoBaHms.

AKCNepMMEHTbI C XUBOTHLIMW MPOBOAWNN B COOT-
BETCTBAWN C MeXAyHapoaHbIMM npasunamu ([upekTnsoi
2010/63/EU Esponeinckoro napnameHta u Coseta EBpo-
nenckoro coto3a ot 22 ceHtsops 2010 roga no oxpaHe xu-
BOTHbIX, MCMOSb3YEMbIX B HAyYHbIX LENsX).
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