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A B S T R A C T

Hypoxia tolerance of the organism depends on many factors, including age. High newborn organisms tolerance
and high level of oxidative stress throughout aging were demonstrated by many studies. However, there is lack of
investigations reflecting the expression of key hypoxia-inducible factor HIF in different age organisms in corre-
lation to levels of pro-inflammatory and anti-inflammatory cytokines. Liver is a sensitive to hypoxia organ, and is
an important organ in providing an acute reaction to infections – it synthesizes acute inflammation phase proteins,
in particular, C-reactive protein. The aim of study was to determine relationship between age-related tolerance to
hypoxia and HIF-1 and PHD2 (prolyl hydroxylase domain protein) expression levels in the liver and the pro-
duction of cytokines in the spleen in newborn, prepubertal and adult Wistar rats. Newborn rats are characterized
by high mRNA Hif-1α expression level in the liver, accompanied by a low content of HIF-1 protein and high level
of PHD2. The growth in HIF-1α protein level throughout age is accompanied by the growth of pro-inflammatory
cytokines level. Prepubertal animals are the least hypoxia resistant and their HIF-1α mRNA expression level was
higher than in adult animals. The PHD2 activity in prepubertal animals was significantly reduced in comparison
to newborn rats, and the HIF-1α protein level did not change. Further studies require the identification of
additional mechanisms, determining the regulation of the HIF-1α level in prepubertal animals.
1. Introduction

Hypoxia, or lack of oxygen, is one of the main mechanisms regulating
the functional state of organism in normal conditions and in various
diseases. At the molecular level, oxygen deficiency initiates a transcrip-
tional program targeted to oxygen homeostasis and cell survival main-
tenance. Adaptation to hypoxia of cells and tissues is determined by the
activation of genes involved in angiogenesis, glucose and iron meta-
bolism, such as glucose transporter GLUT1, vascular endothelial growth
factor (VEGF), erythropoietin (EPO). Key factors that realize cellular
responses as a reaction to oxygen deficiency are the HIF transcription
factors family (hypoxia-inducible factor) (Semenza, Wang, 1992; Kaelin,
Ratcliffe, 2008; Semenza, 2010; Hirota, 2020). The expression of the
oxygen-dependent subunit HIF-α is regulated primarily through hy-
droxylation. It is performed by special proteins on proline residues by
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prolyl hydroxylases (PHDs) and on asparagine residues via the factor that
inhibits HIF – FIH (Jaakkola et al., 2001; Mahon et al., 2001). PHD2 is
known as the dominant prolyl-4-hydroxylase (Kaelin, 2005). In spite of
the fact that all PHDs are commonly expressed, nonetheless they are
differently expressed in various tissues. PHD2, being the most expressed
enzyme, could be found almost in all tissues. Considering HIF signaling,
PHD2 performs the major role as the oxygen sensor (Lieb et al., 2002;
Wong et al., 2013). In addition, there are many other mechanisms of HIF
activity regulation. HIF-1α is activated in response to reactive oxygen
species (ROS), through the mTOR pathway (Mammalian Target Of
Rapamycin), inflammatory cytokines, NF-κB (Nuclear Factor-κB), etc
(Bonello et al., 2007; Rius et al., 2008; van Uden et al., 2008, 2011;
Smolkov�a et al., 2011).

Age plays an important role in organism hypoxia tolerance. In 1870 P.
Bert (1870) already found out that newborn animals are more resistant to
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low oxygen level in comparison to adults. The mechanisms of high toler-
ance of newborns to hypoxia, observed both in clinical and experimental
studies, are not fully understood (Volpe, 1995; Singer, 1999; Bickler,
2004). Vital organs differ according to thehypoxia sensitivity –brain is the
most susceptible, which ultimately determines the tolerance of the whole
organism to a lack of oxygen (Burtscher et al., 2012). A possible mecha-
nism of the nervous tissue higher tolerance to hypoxia in newborn rats
could be a decrease in the HIF-1 cell content due to the active synthesis of
PHD2 in the brain immediately after the hypoxic exposure and reoxyge-
nation (Jones et al., 2006). Most studies in this field focus on biochemical
characteristics of the newborns brain, allowing them to adapt to acute
hypoxic effects. It was previously observed that under hypoxic conditions,
newborns demonstrate slower decrease rate in the tissue ATP level than in
adult mice and rats (Thurston,McDougal, 1969; Duffy et al., 1975; Singer,
1999). Under hypoxia obviously postponed depolarization and further
growth in potassium extracellular level in newborn mammalian neurons
compared to adult mammalian neurons were detected in some physio-
logical studies (Hansen, 1977; Trippenbach et al., 1990).

Nevertheless, little is known about HIF expression in organisms of
different ages. It was demonstrated that expression and concentration of
proteins HIF-1α and HIF-2α changed with age in Tibetan Sheep (He et al.,
2019). The myocardium level of HIF-1α was higher in 2-year old yaks,
than in younger and older ones. However, the myocardium
HIF-dependent VEGF level increased throughout the animals’ life and the
oldest yaks demonstrated the highest levels (Duan et al., 2012; Zhou
et al., 2013; He et al., 2016).

It is known that in early postnatal rats hypoxia tolerance level hesi-
tates significantly and after 2 months of ontogenesis it reaches stable
values (Korneev et al., 1993). Moreover, some studies found out less or
more decrease rate in hypoxia resistance throughout aging (Glass et al.,
1944; Britton, Kline, 1945; Adolph, 1969). It was demonstrated that in
comparison to older children (13–18 years), younger children (8–12
years) utilize more oxygen and produce less lactate during high-intensity
exercise than older children and adults. The research may be due to the
lower anaerobic dependence that was detected in younger children
(Chen et al., 2018). Muscle oxygen uptake was greater and blood lactate
concentration was lower in children in comparison to adults after
normalization to the amount of work performed (Beneke et al., 2005).
However, recent meta-analysis (Wu et al., 2018) revealed no relationship
between age (in humans between the ages of 10 and 76 years) and the
risk of acute mountain sickness development.

Adult animals are divided into tolerant and susceptible to hypoxia
according to gasping time assessment in the decompression chamber.
Tolerance to hypoxia performs a significant part in the inflammation
development (Dzhalilova et al., 2019a,b), since any disturbances of the
reactions to a lack of oxygen molecular mechanisms lead to pathological
processes that contribute to many inflammatory diseases development
(Watts, Walmsley, 2019) It was demonstrated that prepubertal animals
have more pronounced SIRS (systemic inflammatory response syndrome)
in comparison to adults (Kosyreva et al., 2020). The key pathogenesis
factors of SIRS are circulatory disorders and hypoxia. Possible age-related
mechanisms of the predisposition to inflammatory diseases could be
connected with the variability of hypoxia tolerance.

It is known that liver is a sensitive to hypoxia organ. In adult animals, it
wasdemonstrated thatbasalHIF-1α level in theneocortexandotheroxygen-
dependent organs, especially in the liver, varies depending the individual
hypoxia tolerance of the organism and is higher in less resistant to hypoxia
rats (Kirova et al., 2013; Dzhalilova et al., 2019a).Moreover, liver is a target
organ for the lipopolysaccharide, and,what ismore, is an important organ in
providing anacute reaction to infections – it synthesizes acute inflammation
phase proteins, in particular, C-reactive protein. Furthermore, during SIRS,
we established age-related differences in pathological changes in hepato-
cytes – in prepubertal Wistar rats, the area of necrosis was maximal
compared to newborn and adult males (Kosyreva et al., 2019).

The concept of the study was to reveal the relationship between age-
related tolerance to hypoxia and HIF-1 and PHD2 proteins expression
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levels in the liver and the production of pro-inflammatory and anti-
inflammatory cytokines in the spleen in newborn, prepubertal, and
adult Wistar rats.

2. Material and methods

2.1. Experimental animals

Study was made on male (n ¼ 36) Wistar rats of three age groups -
neonatal period (age – two days, body weight 8–10 g; n ¼ 12), prepu-
bertal (age – 10 days, body weight 25–30 g; n ¼ 12) and adult (age – 3
months, body weight 220–250 g; n ¼ 12). The Bioethics Committee of
the Research Institute of HumanMorphology (Protocol No. 21, March 29,
2019) approved the experiments for the study. Experiments on animals
were designed based on the European convention for the protection of
vertebrate animals used for experimental and other scientific purposes
(ets no. 123), Strasbourg, 2006, and all the manipulations were made in
order to decrease suffering and possible stress for animals. For animals
breeding we used 20 mature Wistar rats (15 females and 5 males). Every
four rats (3 females and 1 male) kept in cages (18.5 � 60 � 38 cm) in
stable temperature conditions at 12:12 h light–dark cycle, in humidity
frames between 55 and 65%; and had unlimited food and water con-
sumption (“Chara”, JSC “Range-Agro”, Russia). The durations of preg-
nancy in females were 21–23 days. The offspring of one female was
represented by 6–8 individuals. The male rats were randomly divided
into 2 groups of three ages.

2.2. Determination of tolerance to hypobaric hypoxia

Hypoxic tolerance in the first group of Wistar rats of three age divi-
sion (n ¼ 18) was measured once in special decompression chamber via
gasping time detection (the time before respiratory disturbances and
signs of asphyxia appear). Based on literature data, such characteristics
reflects the organism's hypoxia tolerance (Lukyanova et al., 2009; Jain
et al., 2013; Kirova et al., 2013; Tregub et al., 2013). The conditions
equivalent to the altitude of 11,500 m (equivalent to 180 mmHg) were
modeled in the decompression chamber, combined with a mercury
barometer, as was described previously (Lukyanova et al., 2009; Kirova
et al., 2013; Tregub et al., 2013; Dzhalilova et al., 2018, 2019a,b;
Dzhalilova, Makarova, 2020). The air from the decompression chamber
was evacuated with a vacuum pump for 1 min. The level of atmospheric
pressure was determined by the altimeter during the whole experiment.
Decompressions and recompressions were made step by step with the
600 m (�40 mmHg)/min rate to avoid organisms injury due to the
unpredicted pressure fall or rise. The rate of airflow determined, was 2
L/min, at the same time the humidity was at about 45%. In the place,
where the experiments were performed, was stable temperature
20–22�С. The time period determined for the first gasping sign, was
checked via the electronic stopwatch. To restore the initial level of at-
mospheric pressure, the decompression chamber had an intake valve.
Pressure recovery occurred within 1 min after the vacuum pump was
switched off. Following the tests, all animals were alive and had normal
activity without any markers of pathology.

2.3. Sample collection

The second group of rats (n ¼ 18) was euthanized by an overdose (15
mg/kg) of anesthetic Zoletil («Virbac Sante Animale», France). For the
research of genes and proteins expression, was chosen the liver, which is
a sensitive to hypoxia organ. In adult animals, it was demonstrated that
basal HIF-1α level in the neocortex and other oxygen-dependent organs,
especially in the liver, varies depending the individual hypoxia tolerance
of the organism and is higher in less resistant to hypoxia rats (Kirova
et al., 2013; Dzhalilova et al., 2019a). Liver fragments were fixed for
subsequent PCR in IntactRNA Reagent (Evrogen CJSC, Russia) and for
Western Blot analysis in a liquid nitrogen. Jugular venous blood was



Figure 1. Evaluation of gasping time for newborn, prepubertal and adult Wistar rats in the decompression chamber (Me; 25%–75%). In all groups there were 6
observations. p – statistically significant differences, Kruskal–Wallis method with Dunn's post-hoc test. Newborn and adult rats are more tolerant to hypoxia than
prepubertal animals. Not less important is the high variability of the parameter in adult rats.
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obtained (Parasuraman et al., 2010), then it was centrifuged at 200 g
during 20min at room conditions. The serum collected was freezed at -70
�C and was kept no longer than two months.
2.4. Real-time PCR (qPCR)

Expression of Hif-1α in the liver of newborn (n ¼ 6), prepubertal (n ¼
6) and adult (n ¼ 6) Wistar rats was investigated by real-time PCR. Liver
tissue in a volume of about 30 mm3, was put in IntactRNA Reagent
(Evrogen CJSC, Russia) right after sampling. It was incubated during the
night at 4 �C, and kept at -80�С before use. Total RNA was obtained from
the tissue probes via RNeasy Plus Mini Kit (QIAGEN, Germany) according
to the manufacturer protocol. The purified RNA concentration in the
eluate was about 0.1 g/l; samples quality was checked by electrophoresis.
Total RNA reverse transcription was done using MMLV RT Kit (Evrogen
CJSC, Russia) for obtaining the single-stranded cDNA. Final dilution of
the mixture in PCR constituted 1:250. Polymerase chain reactions were
made twice based on the qPCRmix-HS SYBR (Evrogen CJSC, Russia) with
oligonucleotide primers (SYNTOL, Russia). Primers for PCR were
selected using the on-line Primer-BLAST program in accordance with
generally accepted requirements (Hif-1α f: 50-GAGCCTTAACC-
TATCTGTCA-30, r: 50-CACAATCGTAACTGGTCAGC-30). Amplification
with detection and digital analysis of fluorescence in real-time was made
on DT-96 Real-Time PCR Cycler (DNA-Technology JSC, Russia) in stan-
dard mode of 95 �C for 5 min followed by (95 �C for 15 s, 62� for 10 s þ
detection, 72� for 20 s) x 45 cycles. Characteristic values (Cp) were
generated automatically thanks to nonlinear regression analysis, and the
relative expression values were measured by approach originally intro-
duced by (Pfaffl, 2001) using b2m (f: 50-CTCGCTCGGTGACCGTGAT-30, r:
50-CACAATCGTAACTGGTCAGC-30) as reference target.
2.5. Western blot analysis

Liver fragments were lysed in Protein Solubilization Buffer (PSB, Bio-
Rad, USA) with Complete Protease Inhibitor Cocktail (Roche, USA),
homogenized with pestle and centrifuged 30 min at 14,000 g. Thereafter,
3

2x loading buffer was added to the supernatant, and the sample was
incubated at 65 �C for 5 min. For the protein separation, 10%–12.5%
SDS-PAGE was performed. Transfer from the gel to PVDF membranes by
semi-wet approach was conducted using Trans-Blot® Turbo™ RTA Mini
LF PVDF Transfer Kit (Bio-Rad, USA). The membranes were blocked with
milk (5%) in Tris-buffered saline with Tween 0.1% (TTBS) for 1 h at room
temperature, then incubated overnight with primary antibodies to HIF1α
(ab179483, 1:1000, abcam) and GAPDH (sc-25778, 1:1000, Santa Cruz),
PHD2 (ab244389, 1:500, abcam) overnight at 4 �C with gentle shaking.
Thereafter samples were stained with horseradish peroxidase (HRP)
conjugated secondary antibodies (Bio-Rad, USA) for 1 h at room tem-
perature. Target proteins were visualized by Novex ECL Kit (Invitrogen™
Thermo Fisher Scientific, USA) in ChemiDoc (Bio-Rad, USA). For optical
density measurements of the protein bands Image Lab Software tool was
used with GAPDH as a reference protein.
2.6. Isolation and cultivation of splenic cells

Isolation and cultivation of splenic cells were carried out as describe
in (Kosyreva et al., 2018). Splenic cells were aseptically isolated from
each rat, then immediately put in Potter homogenizer with the medium
Roswell ParkMemorial Institute (RPMI) 1640 and single-cell suspensions
were made. Erythrocytes were lysed by distilled water. In order to start
synthesis and secretion of cytokines, the spleen cells were cultivated in
106/ml concentration in 1 ml of medium containing concanavalin A (5
μg/ml) during 20 h at 5% CO2 and 37 �C conditions in 24-well cultured
plates. The content of culture medium included RPMI-1640 (PanEco,
Russia), 5% inactivated foetal bovine serum (FBS), 50 μg/ml gentamicin,
and 2 mM glutamine (Lin et al., 2015). The viability potential of cells was
checked based on trypan blue exclusion (Lef�evre et al., 2017).
2.7. ELISA

The corticosterone (IBL, Germany) concentration was determined in
the serum by ELISA. The levels of TNF-α, IFN-γ, and IL-10 were measured



Figure 2. The expression level of mRNA Hif-1α in the liver of newborn, pre-
pubertal and adult Wistar rats (Me; 25%–75%). In all groups there were 6 ob-
servations. p – statistically significant differences, Kruskal–Wallis method with
Dunn's post-hoc test. The Hif-1α expression level in the liver of newborn and
prepubertal rats was significantly higher in comparison to adult animals, that
means this indicator decreased throughout aging.
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in the culture fluid of splenic cells by ELISA test systems (eBioscience,
USA).

2.8. Oxidative stress assessment

Oxidative stress was evaluated in the serum using the «CR3000»
analyser (Callegari, the Catellani group, Parma, Italy). The analyser uses
two colorimetric assays to evaluate oxidative stress: the free oxygen
radicals testing (FORT) and the free oxygen radicals defence (FORD).
ROS were revealed in the FORT assay, which includes colorimetric
method. It is based on the metals catalyzing properties. The FORD test
supposes the use of preformed colored and stable radicals and defines the
decrease in absorbance that is proportional to the antioxidant concen-
tration in blood sample (Palmieri, Sblendorio, 2007; Garelnabi et al.,
2008; Pavlatou et al., 2009; G�aman et al., 2020). The FORT reflects the
levels of ROS in the blood (G�aman et al., 2020).

2.9. Statistics

Statistical analysis included the obtained data normality test with the
Kolmogorov–Smirnov method in Statistica 8.0. We used the nonpara-
metric multiple comparison procedures. Multiple comparison procedures
were examined with Kruskal–Wallis test, in the situations when P was
<0.05, Dunn's post-hoc test was used in order to reveal the differences in
each pair of groups. For values of the measured parameters the median
and IQR (Me, Low–High) were calculated. The differences were decided
to be statistically significant when P was <0.05. In each group experi-
ments included at least five observations. For the data graphical repre-
sentation, we used box-and-whisker plots, reflecting the median, IQR,
upper extreme (75%) and lower extreme (25%) of the data.

3. Results

3.1. Age-related differences of hypoxia tolerance

The first set of questions aimed to reveal which studied group
(newborn, prepubertal or adult rats) was the most tolerant to hypoxic
exposure. After the assessment of animals gasping time in the decom-
pression chamber at 11,500 m, it was demonstrated that newborn and
adult rats are more tolerant than prepubertal animals (Figure 1). Not less
important is the high variability of the parameter in adult rats. This may
be due to the fact that in this study we did not divide adult rats into
tolerant and susceptible to hypoxia. It was demonstrated (Lukyanova
et al., 2009; Kirova et al., 2013; Dzhalilova, Makarova, 2020) that sub-
groups of animals could be distinguished in rat population in puberty,
according to the gasping time, differing by 3 or more times. Since in our
work we aimed to study age-related changes in resistance to hypoxia, we
estimated the gasping time in the decompression chamber in adult ani-
mals without dividing them into tolerant and susceptible groups.

3.2. Age-related differences of HIF-1α and PHD2 expression

The next section of the study was concerned with the determining of
the expression and protein production levels of two hypoxia-associated
markers – HIF-1α and PHD2 in the liver. Liver is an organ sensitive to
hypoxia. Furthermore, during SIRS, we established age-related differ-
ences in pathological changes in hepatocytes (Kosyreva et al., 2019).
Therefore, we chose this organ to assess the expression of proteins
involved in adaptive response during hypoxia in accompanying
inflammation.

The Hif-1α expression level in the liver of newborn and prepubertal
rats was significantly higher in comparison to adult animals, which
means this indicator decreased throughout aging (Figure 2). Meanwhile,
the HIF-1α protein level was minimal in newborn and prepubertal rats
4

and increased towards puberty. It should be stated that there is a high
variability in the HIF-1α protein level in adult rats. This corresponds to
the spread in the parameters of the gasping time at altitude in adult
animals and once again proves the fact that testing in the decompression
chamber is an adequate in vivomethod for dividing animals according to
their resistance to hypoxia.

PHD2 is the key oxygen sensing enzyme involved in regulating HIF-1α
levels under normoxic conditions. The PHD2 protein level in the liver of
newborn animals was significantly higher than in prepubertal and adult
rats (Figure 3). Therefore, we've demonstrated for the first time, that
PHD2 is the age-related protein.
3.3. Age-related differences of free radical oxidation and antioxidant
protection

HIF-1α and PHD2 protein levels could be determined by ROS levels.
The hypoxic exposure is connected with the ROS production, and the
resistance to the action of oxygen deficiency can be largely due to the
effective work of the antioxidant system. Therefore, at the next stage, we
measured the level of free radical oxidation and antioxidant protection
using the FORT/FORD method. The level of free radical oxidation was
higher in adult rats and was significantly different from prepubertal rats.
At the same time, there were no age-related differences in the extent of
antioxidant protection (Table 1).
3.4. Age-related differences of cytokine production

A high level of free radical oxidation can lead to a predisposition to
the development of inflammatory reactions. In addition, it was demon-
strated that HIF regulates NF-κB dependent production of pro- and anti-
inflammatory cytokines (Walmsley et al., 2005; Rius et al., 2008). Since
resistance to hypoxia and HIF expression change with age, it is possible
that the previously established differences in the severity of SIRS are
associated with age-related changes in cytokine production. Therefore,
we further investigated age-related differences in the production of pro-
and anti-inflammatory cytokines by spleen cells in newborn, prepubertal,
and adult male Wistar rats. It was revealed that the production of
anti-inflammatory cytokine IL-10 by spleen cells was significantly higher



Figure 3. (a) – Relative protein levels of
HIF-1α and PHD2 in the liver of newborn,
prepubertal and adult Wistar rats, normal-
ized on GAPDH level, representative Western
blot images are shown. Full-length blots are
presented in Supplementary Figure S1 (a-c).
(b, c) – The expression level of HIF-1α (b)
and PHD2 (c) proteins in the liver of
newborn, prepubertal and adult Wistar rats
(Me; 25%–75%). In all groups there were 6
observations. p – statistically significant dif-
ferences, Kruskal–Wallis method with Dunn's
post-hoc test. HIF-1α protein level was min-
imal in newborn and prepubertal rats and
increased towards puberty. It should be
stated that there is a high variability in the
HIF-1α protein level in adult rats. PHD2
protein level in the liver of newborn animals
was significantly higher than in prepubertal
and adult rats.

Table 1. The FORD and FORT values in the blood of newborn, prepubertal and
adult Wistar rats (Me; 25%–75%). In all groups there were 6 observations. p -
statistically significant differences, Kruskal–Wallis method with Dunn's post-hoc
test. The level of free radical oxidation was higher in adult rats and was signif-
icantly different from prepubertal rats. At the same time, there were no age-
related differences in the extent of antioxidant protection. 1-2

– the differences
between newborn and prepubertal groups, 1-3 – the differences between newborn
and adult groups, 2-3 – the differences between prepubertal and adult groups.

Newborn1 Prepubertal2 Adult3 p-value

Free oxygen radical
defence (mmol/L
Trolox)

1.72
(1.72–1.81)

2.02
(2.0–2.02)

1.66
(1.59–1.85)

0.091�2

0.991�3

0.142�3

Free oxygen radical
testing (mmol/L
H2O2)

0.61
(0.58–0.64)

0.53
(0.43–0.61)

2.40
(2.20–3.11)

0.991�2

0.121�3

0.007492�3
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in newborn and prepubertal rats in comparison to adult rats (Table 2).
Simultaneously, the production of pro-inflammatory cytokines TNF-α
and IFN-γ was minimal in newborn rats and increased by puberty. We
demonstrated that the production of IFN-γ and TNF-α by spleen cells is
increased in prepubertal rats in comparison with newborns.
Table 2. Production of cytokines IL-10, TNF-α and IFN-γ by splenic cells in
newborn, prepubertal and adult Wistar rats (Me; 25%–75%). In all groups there
were 6 observations. p - statistically significant differences, Kruskal–Wallis
method with Dunn's post-hoc test. Production of anti-inflammatory cytokine IL-
10 by spleen cells was significantly higher in newborn and prepubertal rats in
comparison to adult rats. Simultaneously, the production of pro-inflammatory
cytokines TNF-α and IFN-γ was minimal in newborn rats and increased by pu-
berty. 1-2

– the differences between newborn and prepubertal groups, 1-3
– the

differences between newborn and adult groups, 2-3
– the differences between

prepubertal and adult groups.

Cytokines in
the culture
fluid of splenic
cells, pg/mL

Newborn1 Prepubertal2 Adult3 p-value (p <

0.05)

IL-10 110.0
(81.5–175.5)

106.0
(100.5–127.7)

39.9
(31.2–44.2)

0.0031�3

0.0062�3

TNF-α 10.78
(1.35–13.48)

149.2
(69.88–281.8)

325.3
(254–456)

0.0000041�2

0.000000021�3

0.0042�3

IFN-γ 0 (0–0) 20.5
(5.86–50.37)

1228
(205.4–2457)

0.011�2

0.0000031�3

0.032�3
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3.5. Age-related differences of corticosterone level in the blood serum

It is known that with the increase in pro-inflammatory mediators
level, the level of corticosterone increases compensatory. For example,
the release of certain inflammatory cytokines such as TNF-α, IL-10, and
IL-6 activates the hypothalamic–pituitary–adrenal (HPA) axis and causes
the release of cortisol (Turnbull, Rivier, 1999; Steensberg et al., 2003).
The anti-inflammatory effects of cortisol then feedback and suppress
further release of cytokines (Reichlin, 1993; Elenkov and Chrousos,
1999). Therefore, we estimated the concentration of one of the hypoxia
tolerance and inflammation regulators – corticosterone in the serum of
newborn, prepubertal and adult Wistar rats. The level of corticosterone is
determined by the adrenocorticotropic hormone (ACTH) production of
the hypothalamus and activation of the peripheral nervous system. The
blood serum concentration of corticosterone was the highest in prepu-
bertal and the lowest in newborn rats (Figure 4). In the prepubertal
period there is an active development of the nervous system, including
the pituitary gland and hypothalamus, that may determine the high level
of corticosterone. Moreover, an increase in the corticosterone concen-
tration is probably a compensatory reaction associated with the increase
in the pro-inflammatory cytokines synthesis by the functionally maturing
immune system in prepubertal rats.
Figure 4. The corticosterone concentration in blood serum of newborn, pre-
pubertal and adult Wistar rats (Me; 25%–75%). In all groups there were 6 ob-
servations. p – statistically significant differences, Kruskal–Wallis method with
Dunn's post-hoc test. The blood serum corticosterone concentration was the
highest in prepubertal and the lowest in newborn rats.
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4. Discussion

Hypoxia tolerance depends on the age and is determined by a com-
plex of factors, responsible for adaptive reactions to oxygen deficiency
and immune processes. The study was aimed to age-related differences in
hypoxia-associated genes and cytokine profile in newborn, prepubertal,
and adult Wistar rats investigation. According to the results of gasping
time in the decompression chamber determining at the 11,500 m, it was
demonstrated that the most tolerant to hypoxia animals are newborns,
and prepubertal animals are characterized by minimum gasping time
values, which is in accordance with the data of previous studies (Volpe,
1995; Singer, 1999; Bickler, 2004; Kosyreva et al., 2019). In comparison
with adult, newborn rats demonstrated the high level of liver Hif-1α
mRNA expression, but the HIF-1 protein level, on the contrary, was low.
It can be associated with a high PHD2 activity, which contributes to the
HIF-1 protein degradation. Hydroxylation of proline residues of HIF-α is a
key mechanism of negative regulation of its activity, since it contributes
proteasome degradation of HIF-α via the von Hippel-Lindau (VHL) E3
ubiquitin ligase complex (Koyasu et al., 2018; Stothers et al., 2018).
According to the earlier investigations, PHD2 is the key oxygen sensing
enzyme involved in regulating HIF-1α levels under normoxic conditions
(Berra et al., 2003; Appelhoff et al., 2004). Based on the literature, in-
hibition of PHD2 induces active synthesis of the HIF-1α protein (Berra
et al., 2003). Probably, under physiological conditions in newborns, the
mRNA Hif-1α expression level is constitutionally high in response to
possible hypoxia. As data show, low tension of oxygen in utero is in
connection with the much greater hypoxia resistance of neonatal or
embryonic rats (Friedman, Haddad, 1993; Bickler, Hansen, 1998). Under
normoxia, when the oxygen content is sufficient, prolyl hydroxylases
contribute to the HIF-1 protein degradation in the proteasome, its level
decreases, and its physiological and biochemical effects are not realized.
Perhaps, newborn rats are characterized by the high induction level of
HIF-1 protein synthesis based on the available mRNA, which, under
hypoxic conditions in the decompression chamber, ensures the maximum
gasping time at the altitude. Other studies also proved that HIF-1α pro-
tein was not found in the brain of newborn rats under normoxia (Lu et al.,
2014).

In comparison to newborn and prepubertal rats, the minimum
expression of Hif-1α mRNA was revealed in the liver of adult rats, while
the HIF-1α protein level, vice versa, was high, which might be associated
with lowmRNA stability and high protein stability, as well as any miRNA
functioning (Serocki et al., 2018). In accordance with the data of (Belaiba
et al., 2007), in human pulmonary artery smooth muscle cells (PASMC)
under hypoxic conditions, Hif-1α mRNA levels were increased in
response to hypoxia within 0.5 h, peaking at 1 h after stimulation and
returning to basal levels after 4 h of stimulation. Simultaneously, HIF-1α
protein level were rapidly increased in response to hypoxia after 0.5 h,
and it remained elevated for up to 8 h. In addition, we demonstrated that
in adult period the level of PHD2 protein in liver was low, which con-
tributes to the HIF-1α protein stabilization and its translocation into the
nucleus.

The high HIF-1α protein level and low level of PHD2 in adult rats
could also be explained by high ROS level, determined by the FORT.
There're several research, reflecting that mitochondrial ROS exerts a
negative regulation of PHD activity. High levels of ROS are able to affect
the catalytic domain of PHD2, thus reducing its activity, or it can induce
the specific post-translational modifications that in turn inhibit PHD2,
which promotes HIF activation (Emerling et al., 2005; Salmeen, Barford,
2005). Pronounced relationship between FORT and other indices of
inflammation and oxidative stress was found (Mantovani et al., 2004;
Ridker et al., 2004; Abramson et al., 2005; Harris et al., 2007). Studies
demonstrated that addition of exogenous H2O2 or glucose oxidase, which
generates H2O2, is sufficient to stabilize HIF-1α protein in normoxia
conditions (Chandel et al., 2000; Brunelle et al., 2005; Guzy et al., 2005).
Many stress signals, including ROS can force accumulation of HIF even in
conditions of normoxia, known as pseudohypoxia (Salminen et al.,
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2016). ROS was discovered to be the stimulating factor for HIF-1α sta-
bilization, that eventually making possible for HIF pathway activation
(Chandel et al., 1998, 2000; Bell et al., 2007). In addition, high levels of
oxidative stress can lead to pro-inflammatory activation (Tafani et al.,
2016). Aging and age-related degenerative diseases are associated with
oxidative stress, probably partly linked to increased inflammation (Sal-
minen et al., 2016).

The data obtained in this work indicate a high variability of both
resistance to hypoxia and HIF-1α protein level in adult rats. This may be
due to the fact that in this study we did not divide adult rats into tolerant
and susceptible to hypoxia. However, it is known that in susceptible and
tolerant to hypoxia animals the gasping time at altitude differs in at least
three times, and HIF-1α expression level also varies (Kirova et al., 2013;
Dzhalilova et al., 2019a; Dzhalilova, Makarova, 2020). Adult animals
with different resistance to hypoxia differ in many parameters, which are
discussed in details in (Dzhalilova, Makarova, 2020). The concept of the
existence of different evolutionarily developed ‘functional and metabolic
patterns’ corresponding to two types of animals with different tolerances
to acute oxygen deficiency has been proposed (Mironova et al., 2010,
2019; Lukyanova, Kirova, 2015). These patterns are based on the char-
acteristic features of the state of the central nervous system, the energy
apparatus, and neurohumoral regulation, which determine the organ-
ism's response to hypoxia. The specific ultrastructure of the mitochondria
in tolerant and susceptible rats, demonstrated by (Mironova et al., 2010,
2019; Pavlik et al., 2018; Belosludtsev et al., 2020), also supports the
concept that animals with different tolerance to hypoxia have two
different functional and metabolic profiles. They are associated with
differences in the functional activity of energy system, the status of
membranes and receptors. In comparison to newborn and prepubertal
rats, the gasping time at critical altitude and HIF-1α protein expression
level in adult animals had a pronounced variability, which may be due to
the existence of different phenotypes in the population of adult animals,
differing in hypoxia tolerance. According to literature, there is no data
about the possibility of newborn and prepubertal experimental animals
division into tolerant and susceptible subgroups.

In our work, the highest level of pro-inflammatory TNF-α and IFN-γ
production by spleen cells was revealed in adult rats. Simultaneously, in
comparisonwith newborn and prepubertal rats, the level of production of
anti-inflammatory IL-10 in adult animals was low. It is known that
normal term newborns cannot make IFN-γ in response to common mi-
togens or specific antigens (Bryson et al., 1980; Wakasugi, Virelizier,
1985). According to the existing data, in comparison with older children,
newborns are characterized by higher values of the relative number of
T-lymphocytes producing IL-2, and low rates of T-lymphocytes producing
IFN-γ (Gasparoni et al., 2003). The ability to produce IFN-γ in humans is
acquired normally during the first 3–6 months after birth (Frenkel, Bry-
son, 1987). It was also demonstrated (Wiegering et al., 2009) that the
level of production of IFN-γ and TNF-α by T-helper cells increases with
age. According to literature, hypoxia and HIF-1α activation induce
NF-κB, which promotes the production of pro-inflammatory cytokines
(Walmsley et al., 2005; Cummins et al., 2006). The increase with age in
the HIF-1α protein level revealed is accompanied by the growth in the
production of pro-inflammatory cytokines level, which confirms the key
role of HIF in the development of immune responses in ontogenesis and
functional maturation of the immune system (Corrado, Fontana, 2020).
In addition, the increase in pro-inflammatory cytokines level in adult rats
may be due to high levels of ROS. They activate NF-κB and promote the
synthesis of pro-inflammatory cytokines by immune cells (Tafani et al.,
2016).

The shortest gasping time in the decompression chamber at a critical
altitude was revealed in prepubertal rats. At the same time, the Hif-1α
mRNA expression level in themwas significantly higher than in adults. In
comparison with the neonatal period, the PHD2 protein level in prepu-
bertal rats decreased, while the HIF-1α protein level did not change and
remained lower than in adult rats. Probably, in prepubertal animals,
additional mechanisms not related to the activity of prolyl hydroxylases,



Figure 5. Summary results of the study on
the differences in the gasping time in the
decompression chamber and the features of
the expression of HIF-1α and PHD2 in
newborn, prepubertal and adult Wistar rats.
Newborn: high mRNA Hif-1α expression
level, accompanied by a low content of HIF-1
protein and high PHD2 level. Prepubertal:
the level of Hif-1α mRNA expression was
higher than in adult animals. PHD2 activity
in prepubertal animals was significantly
reduced in comparison with newborn rats,
but the HIF-1α protein level was not
changed. Prepubertal animals are the least
tolerant to hypoxia and are characterized by
the shortest gasping time at the critical alti-
tude. Adult: the relatively low level of Hif-1α
mRNA expression in comparison to newborn
and prepubertal rats during high levels of
HIF-1α protein is in accordance with the low
level of PHD2 activity. High HIF-1α protein
level in adult rats is observed likely due to
high ROS levels.
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play a dominant role in the regulation of HIF-1α protein degradation (for
example, Kruppel-like factor 2 (KLF2), receptor for activated C-kinase 1
(RACK1), etc.).

According to the literature, corticosterone is one of the regulators of
hypoxia tolerance, and after the hypoxic exposure, the corticosterone
content in plasma is appreciably higher in the susceptible to hypoxia
animals (Jain et al., 2014). According to our data, the serum level of
corticosterone in prepubertal rats was several times higher than in
newborn and adult rats, which can determine the low tolerance of pre-
pubertal animals to hypoxic exposure.

Low tolerance to hypoxia and the presence of additional regulation of
HIF-1α degradation mechanisms in prepubertal rats may determine their
high predisposition to the development of SIRS (Kosyreva et al., 2020). It
is known that the development of LPS-induced pro-inflammatory re-
actions occurs through the activation of NF-κB. NF-κB is a transcription
factor which, like HIF, regulates a diverse group of genes including im-
mune receptors, cytokines, and stress-response genes (Pahl, 1999). In
some contexts, NF-kB activity is linked to hypoxia signaling in a
HIF-dependent manner (Walmsley et al., 2005; Rius et al., 2008). Ac-
cording to existing data, a low level of prolyl hydroxylases promotes the
activation of NF-κB (Cummins et al., 2006; Fitzpatrick et al., 2016). This
was indirectly confirmed by the increasing levels of TNF-α and IFN-γ
associated with NF-κB throughout aging. NF-κB, in its turn, contributes
the activation of HIF-1α mRNA expression (Rius et al., 2008; van Uden
et al., 2008, 2011). In prepubertal animals an increased level of NF-κB
expression can also be indicated by a compensatory high level of
corticosterone.

Probably, prepubertal age with low tolerance to hypoxia is a risk
factor for the development of inflammatory and other hypoxia-related
diseases. During this period, the formation of the immune, endocrine
and other systems of the organism occurs, hesitations in the levels of
hormones are observed, which helps to reduce the general tolerance of
the organism to stress factors, including hypoxia. Possibly, corticosterone
plays a significant role in these processes as it is known that the excessive
exposure to sustained elevated levels of stress hormones, including
corticosterone, can be harmful and predispose to reproductive, immune,
metabolic, and cardiovascular disorders (McEwen, 1998). In adult rats,
despite the increased level of oxidative stress and production of
pro-inflammatory cytokines, tolerance to hypoxia was higher, and SIRS
severity was also less than in prepubertal animals (Kosyreva et al., 2019,
2020).
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5. Conclusions

Thus, prepubertal animals are the least tolerant to hypoxia and are
characterized by the shortest gasping time at the critical altitude
(Figure 5). In this investigation we identified age-related differences in
tolerance to hypoxia, characterized by different HIF-1α and PHD2
expression levels in the liver. The obtained data indicate that newborn
rats are characterized by high mRNA Hif-1α expression level, accompa-
nied by a low content of HIF-1 protein and high level of PHD2 prolyl
hydroxylase. The relatively low Hif-1α mRNA expression level in adult
rats in comparison to newborn and prepubertal rats during high levels of
HIF-1α protein is in accordance with the low level of PHD2 activity. High
HIF-1α protein level in adult rats is observed likely due to high ROS
levels. The increase in HIF-1α protein content throughout age is accom-
panied by the growth in the production of pro-inflammatory cytokines
level, which confirms the key role of HIF in the development of immune
responses in ontogenesis and functional maturation of the immune sys-
tem. In prepubertal animals, the level of Hif-1α mRNA expression was
significantly higher than in adult animals. Simultaneously, the activity of
PHD2 in prepubertal animals was significantly reduced in comparison
with newborn rats, but the HIF-1α protein level was not changed. Further
studies require the identification of additional mechanisms, determining
the regulation of the HIF-1α protein level in prepubertal animals.
Hopefully, this study will provide new insights into age-related differ-
ences in tolerance to hypoxia.
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