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This review highlights the current understanding of hypoxia-inducible factors (HIFs) role as regula-
tors of oxygen-dependent reactions and inducers of genes expression in human organism. The focus is on
the most significant relationships between the activation or inhibition of the HIFs intracellular system and
development of the inflammatory process in various organs, chronic diseases of gastrointestinal tract, osteo-
articular system, kidneys as well as hematological, endocrine and metabolic disorders.
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he most of chronic inflammatory diseases are

I accompanied by a decrease in the availabili-

ty of oxygen to the tissues. In the process

of evolution, tissue cells have adapted to changing

environmental conditions and significant fluctua-

tions in oxygen levels, trying to maintain internal

homeostasis. As a result, an oxygen-sensory system

was formed, a highly sensitive regulator that controls

the expression of more than 300 genes in the human
body [1-3].

Special attention of scientists was focused on
studying the role of the oxygen-sensory system in
the cellular response to hypoxia, its coordinated
work in the processes of adaptation, survival and
differentiation under conditions of changing oxygen
content. In this case, the so-called hypoxia-inducible
transcription factors (HIFs) are mediators. Expres-
sion of HIFs occurs in almost all cells of the body
[4, 5, 12]. This is realized in various compensatory
reactions: gene expression, activation of erythro-
poiesis and angiogenesis, a decrease in apoptosis,
an increase in glucose utilization in cells due to the
regulation of the expression of glycolytic enzymes
and glucose transporters, regulation of the cell cycle,
expression of insulin-like growth factor-2, endothe-
lin-1, etc. As a result, HIFs act as key mechanisms of
the pathogenesis of inflammatory diseases of organs
and systems: reflux esophagitis [25, 26] and colitis

[23, 24], rheumatoid arthritis [30, 31], pyelonephritis,
glomerulonephritis, and renal failure [42, 43], ane-
mias of various origins [44], as well as osteosarcoma
[35], metabolic disorders [38-40] and myocardial
ischemia [55-57].

The importance of the discovery of hypoxia-in-
ducible factors for clinical medicine, understanding
the pathogenesis and changing the treatment strat-
egy of many diseases is confirmed by the award of
the Nobel Prize to 2019 laureates in physiology and
medicine William G. Kaelin Jr., Sir Peter J. Ratcliffe
and Gregg L. Semenza, who described them [6].

Today, the transcription factors of HIFs are
presented as a collection of heterodimeric proteins,
each of which contains two subunits: HIF-a and
HIF-B known as the “aryl hydrocarbon receptor
nuclear translocator” (ARNT). The HIF-f subunit,
an oxygen-unregulated protein, is expressed con-
stitutively and continuously. The HIF-a subunit is
sensitive to fluctuations in oxygen [2, 7]. Three iso-
forms of HIF-a are known: HIF-1a, HIF-2a, HIF-3a.
The regulation of the a subunit under normoxia is
carried out in several ways. The most significant is
the path of degradation [10]. Under aerobic condi-
tions, HIF-a undergoes proteasomal degradation, the
catalytic enzymes of which are prolyl hydroxylases
(PHDs), hydroxylating proline amino acid residues
(Pro402, Pro564, Pro405, Pro531) within the oxy-
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gen-dependent degradation domain (ODD) of HIF.
Three PHDs proteins have been identified: PHDI,
2 and 3. Hydroxylated HIF binds to the von Hippel-
Lindau protein (PVHL), which directs it to further
degradation by the proteasome. The tumor suppres-
sor PVHL is necessary for the recognition of ubiqui-
tin ligase and ubiquitination the HIF-a subunit. The
VHL-HIF-1a interaction requires an activity that is
simultaneously dependent on oxygen and iron levels
[8, 9]. Another degradation pathway is provided by
the oxygen-dependent enzyme FIH-1 (factor inhibi-
ting HIF-1) by hydroxylating asparagine residues
from the c-terminal region of HIF. This mechanism
also leads to degradation of the a subunit [1, 2, 11].

However, under hypoxic conditions or in the
absence of the cofactors Fe (I1) and 2-oxoglutarate,
PHDs are inactivated during degradation, which
prevents PVHL binding. Under these conditions,
HIFs-a are stabilized, accumulate, moving into the
cell nucleus, combine with HIF-§ into heterodimers
at the target gene loci, and regulate the expression
of the so-called HIF-dependent genes [2, 5, 12]. The
group of HIF-dependent genes includes the eryth-
ropoietin gene, stem cell factor, antiapoptotic fac-
tors, main glycolysis enzymes, vascular endothelial
growth factor (VEGF), interleukin-8, etc. [12, 21].
In addition to the hypoxic pathway of regulation of
HIFs, the literature contains data on non-hypoxic
pathways. Factors such as reactive oxygen species
(ROS), tumor necrosis factor (TNFa), interleukin-1
(IL-1) and interleukin-18 (IL-18), angiotensin, bacte-
rial polysaccharides can also activate the expression
of HIFs [11].

Especially in pathological conditions, such as a
tumor process, with an increasing demand for oxy-
gen and hypoxia of growing tissues, new levels of
gene expression are programmed. Studies on vari-
ous cultures of cancer cells have shown a notice-
able decrease in the expression of HIF-1 mRNA and
VHL tumor suppressor mRNA with induction of the
HIF-1 mRNA protein, however, the severity of the
changes has a cell-specific character. In the course of
experiments, it was revealed that oxygen deficiency
in tissues is not the only regulatory mechanism of
HIF-1 mRNA expression. A decrease in the content
of iron ions, which activate the action of prolyl hy-
droxylases, also significantly decreases the expres-
sion of HIF-1 mRNA, which is consistent with the
above information on the role of iron ions in the
pathways of HIFs degradation [12].

It is also necessary to mention the importance
of HIFs in ensuring the stability of cellular mitosis

of both healthy cells and their role in the emerging
imbalance and oncogenesis and metastasis. We con-
sider important information on the relationship be-
tween HIF and the implementation of the Warburg
effect, which, under conditions of oxygen deficiency
and tumor growth, demonstrates the selection of the
glycolytic metabolic pathway to ensure the conser-
vation of metabolic energy for the degenerated cells
with the final reaction product, lactate [14, 15]. It is
believed that the same mechanism affects the trans-
formation of immune cells. An alteration in the phe-
notypic properties of macrophages M1 towards M2
with anti-inflammatory properties and an increase
in the production of cytokines, transforming growth
factor beta (TGF-P1), interleukin-10 and VEGF
have been described. A similar mechanism is pos-
sible with the initiation of immune-inflammatory
reactions upon HIF activation [19]. In this regard,
the fact of activation of intracellular nuclear factor
kappa B (NF-kB), which suppresses apoptosis, is
important, as well as the fact of the effect of NF-kB
on the activation of the HIF pathway under hypoxic
conditions [11, 20].

Accelerated tumor growth occurs against the
background of glycolysis activation and inhibition
of mitochondrial function. As shown in some stud-
ies, changes in tissue oxygen consumption can sig-
nificantly affect the above processes. Regulation is
mediated by HIF-1, which is required to reduce oxy-
gen consumption by mitochondria during hypoxia.
HIF-1a induces glycolytic enzymes, in particular
pyruvate dehydrogenase kinase 1 (PDK1) and via
fructose-2,6-bisphosphate activator (F-2,6-P2), and
at the same time suppresses mitochondrial activ-
ity, and therefore tissue oxygen demand [13-15].
F-2,6-P2 levels in cells are retained by the enzyme
the 6-phosphofructo-2-kinase/fructose-2,6-bis-
phosphatase (PFKFB). Recent studies have shown
a strong association with hypoxia and the effect
of the HIF-1alpha protein on the expression of the
PFKFB-3 and PFKFB-4 gene in cancer cells as well
as VEGF. It was noted that the severity of PFKFB
expression positively correlates with the degree of
malignancy in different lines of cancer cells and with
the level of VEGF expression [16-18].

Thus, HIFs are involved in various physiologi-
cal and pathological processes, ranging from the
maintenance of internal homeostasis, carbohydrate
metabolism, energy metabolism, regenerative and
adaptive processes, tissue remodeling, erythropoie-
sis, etc. to active participation in the development of
many diseases.
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The purpose of this review was to summarize
current knowledge about the role of hypoxic signal-
ing in the pathogenesis of various diseases that are
most relevant to the pediatric population, such as
diseases of the gastrointestinal tract, osteoarticular
system, kidneys, hematological, endocrine and meta-
bolic disorders; coverage of the latest achievements
in this area, determination of the practical signifi-
cance of research.

The analysis included 40 publications, which
present the studies of scientists from the USA, Chi-
na, Korea, France, Ukraine and Russia, where the
activation or inhibition of HIFs and their influen-
ce on the development of the above pathological
conditions were studied. The results of the studies
considered were carried out both ex vivo, on cell
culture and slide mount, and in vivo, in animals
(transgenic mice) and humans. The subjects of the
study were biopsy material, tissue sections, tissue
cell lysates, plasma or blood serum. Determination
of HIFs in most of the works was carried out using
enzyme-linked immunosorbent assay (ELISA).

Among the publications presented, about 15%
are devoted to changing the view on the pathogene-
sis of individual inflammatory diseases of the gas-
trointestinal tract. Thus, a study conducted on ani-
mal models at the Department of Gastroenterology,
Molecular Physiology of the University of Michigan,
USA, showed a relationship between excessive ac-
tivation of HIF-2 in the intestinal epithelium and
the development of a powerful inflammatory reac-
tion in the form of colitis, which is accompanied by
an increase in the expression of pro-inflammatory
mediators, an increase in colon carcinogenesis, and
decreased survival among younger populations of
mice [23, 24]. In the publications of the group of au-
thors (Huo X et al. and Rhonda F. Souza et al, Dal-
las, Texas, USA), the concept that reflux esophagitis
is the result of acid burn was refuted. These studies
explored the alternative hypothesis that this patholo-
gy is the result of reflux-stimulated production of
pro-inflammatory molecules mediated by hypoxia-
inducible factors (HIFs) [25, 28]. In the cells of the
squamous epithelium of the esophagus exposed to
bile salts, the activation of HIFs, an increase in in-
tracellular reactive oxygen species, which reduced
the function of prolyl hydroxylase and stabilized
HIF-2a, were proved. This was the reason for the
expression of proinflammatory molecules: interleu-
kin-8, tumor necrosis factor, etc. Thus, it is possible
to consider reflux esophagitis as a HIF-associated
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disease. In addition, a relationship has been estab-
lished between high levels of ROS and HIFs with the
development of Barrett”s metaplasia and carcinoma
[26, 27].

The mechanisms of the relationship between
HIFs activity and the development of diseases of
the musculoskeletal system are discussed in detail
in 20% of scientific publications. Hypoxic inflam-
mation accompanies the development of arthritis,
primarily bone remodeling, an increase in their
subchondral density, changes in the parameters of
bone vascularization, which lead to ischemia. Stud-
ies have shown that tissue hypoxia can influence the
development of the inflammatory process through
overexpression of HIFs, which in turn induce lep-
tin production by fibroblasts in synergism with vita-
min D, [29]. The pathogenetic relationship between
HIFs and a systemic disease such as rheumatoid ar-
thritis is supported by another study by a group of
scientists from the Republic of Korea. The work not-
ed the expression of HIF-2a mainly in fibroblast-like
synoviocytes (FLS), stimulation of their proliferation
and expression of various catabolic factors [33]. In
addition, HIF-2a-dependent regulation of interleu-
kin-6 in FLS stimulates the differentiation of TH17
cells — the most important effectors of the pathogene-
sis of rheumatoid arthritis [30]. This concept is sup-
ported by other authors, indicating the role of hy-
poxia in the activation of proliferation and survival
of endothelial cells and fibroblast-like synoviocytes.
The result is an increase in synovial angiogenesis
through the expression of hypoxia-induced mole-
cules, including vascular endothelial growth factor,
decreased mitochondrial respiration, excessive pro-
duction of reactive oxygen species, loss of adenosine
triphosphate (ATP), increased oxidative damage, and
dysfunction of immune cells [31, 32].

Other studies have shown (Srinivas V. et al.,
2009; Maes, C. et al., 2012) that the oxygen-sensory
system affects the process of endochondral ossifica-
tion. Data are presented in which conditional abla-
tion of HIF-1 in chondrocytes of the growth plate
leads to disruption of skeletal development associ-
ated with massive cell death in the inner layer of
chondrocytes of the growth plate. This confirms
the important role of HIFs in the regulation of the
development of the human skeleton, the formation
of bone and cartilage tissue and their regeneration.
HIF-s is also a potent regulator of autophagy and
apoptosis of chondrocytes [4, 34]. Human osteo-
sarcoma specimens have been studied as the most
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common primary malignant neoplasm of bone tis-
sue [35]. There was a correlation between HIF-1
overexpression and tumor metastasis, poor patient
survival. The above data confirm the significant role
of oxygen signaling pathways in the development of
chronic inflammatory and oncological diseases of
the joints and bones.

The involvement of HIFs in the regulation of
metabolic processes is also confirmed by studies car-
ried out in France (University Paris-Descartes) and
Japan on transgenic mice. Conclusions were drawn
about the key role of HIFs in iron metabolism by
regulating the expression of iron-binding proteins:
ferroportin, divalent metal transporter (DMT1),
duodenal cytochrome B reductase, hepcidin, etc.
Specific deletion of HIF-2a led to a decrease in hep-
cidin expression and iron levels in the blood, liver.
Taken together, these results suggest that HIFs are
required in the regulation of iron metabolism (8% of
the reports analyzed). Hypoxia induces HIF-1a and,
accordingly, erythropoiesis. It has been noted that
monitoring HIFs levels and their inhibition could
potentially be used in patients with iron metabolic
disorders. [22, 36, 37].

According to studies that studied the pathoge-
netic role of hypoxia-induced factors in the devel-
opment of pathological conditions associated with
endocrine diseases (11% of the analyzed reports), it
was reported about the relationship between the ac-
tivation of HIF-induced processes in adipocytes in
obesity. In the early stages of adipose tissue dysfunc-
tion, stabilization of HIF-1a is noted, leading to fur-
ther inflammation and a decrease in insulin sensitivi-
ty [54]. Subsequently, activation of HIF-2a initiates
chronic inflammation and fibrosis of adipose tissue
by increasing the level of secreted inflammatory cy-
tokines such as [L-1, IL-6, TNF-a, and transforming
growth factor-B and the development of hypertrophic
cardiomyopathy [39, 40]. Disruption of adipogenesis
in white adipose tissue has been associated with
increased levels of HIF-2a. Studies in mice have
shown an increase in the processes of angiogenesis
in the heart, the number of cardiomyocytes, the de-
velopment of fibrosis and impaired functional state
of the heart muscle against the background of HIF-
20 activation in adipocytes [38]. In one of the recent
studies of thyroid-associated orbitopathy on a three-
dimensional culture of human orbital fibroblasts, Hi-
kage F. et al. demonstrated the role of overexpression
of HIFs in the stimulation of the lysyl oxidase (LOX)
“cross-linking” enzyme and subsequent accelera-

tion of periorbital fibrous tissue remodeling. These
results indicate a molecular mechanism underlying
the process of thyroid-associated orbitopathy [41].

Among all the studies presented, only three fo-
cused on information on pathology in children. Two
publications reported that patients aged 1 to 17 years
with various forms of chronic pyelonephritis had
high plasma levels of HIF-1a in comparison with the
control group. Conclusions were drawn about the re-
lationship of chronic kidney disease with HIF activa-
tion and the possibility of using it as a predictor of an
unfavorable course of the disease and a marker for
the effectiveness of therapy. In a more recent study,
HIF-1a was determined among a cohort of patients
aged 5 to 18 years with glomerulonephritis and vary-
ing degrees of renal failure. The results showed a
significant increase in the level of HIF-la in blood
plasma in comparison not only with the control
group, but also depending on the severity of renal
failure [42, 43]. Another pilot study of the determi-
nation of hypoxia-induced factor was carried out in
children from 10 months to 3.5 years old and with
iron deficiency anemia. A 2.5-fold increase in serum
HIF-1a level before the start of therapy compared
with healthy peers was associated with hypoxia
against the background of anemia. After treatment,
the HIF-1a level returned to normal, which also con-
firms the importance of the signaling system in oxy-
gen homeostasis and the possibility of using HIF to
control the effectiveness of therapy [44].

To date, there is already a sufficient number of
works and clinical studies in which the expediency
of using specific inhibitors of HIF-prolyl hydroxy-
lases for the treatment of oncopathology [47, 48],
HIF stabilizers for the treatment of anemia associ-
ated with renal pathology [45], and cardiometabolic
diseases are discussed [46, 53]. Researchers have
identified a number of therapeutic effects of HIFs
stabilizers that still require further study, but can be
used to treat ischaemic heart disease and cardiomyo-
pathy [49].

The data on the drug roxadustat (Evrenzo), de-
veloped jointly by FibroGen and AstraZeneca and
registered today by the National Agency for Medi-
cal Products of the People's Republic of China and
the Ministry of Health, Labor and Welfare of Japan
(MHLW). Also, along with the introduction of HIF
stabilizers, clinical trials of HIF-2 inhibitors started
in 2014. The Kidney Cancer Program at Harold
C. Simmons Comprehensive Cancer Center at UT
Southwestern Medical Center is testing PT2385, an
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oral drug for the treatment of kidney cancer, which
has shown positive results in patients with advanced
or metastatic renal cell carcinoma [50-52].

Conclusions. Summarizing modern concepts
of the fundamental importance of hypoxia-induced
factors, it is necessary to emphasize their multifac-
eted pathophysiological role in the development of
chronic human pathology. Present in all tissues and
organs, stabilizing under conditions of both systemic
hypoxia and local ischemia, HIFs control the tran-
scription of the most pathogenetically significant
molecules. Despite the fact that these issues have
been studied since the 90s of the last century, when
hypoxia-induced factors were discovered, their role
in the pathogenesis of many diseases remains un-
clear. The studies discussed above expand our un-
derstanding of the mechanisms of development of
severe tissue damage and determine new therapeutic
strategies.

Diseases such as rheumatoid arthritis, disea-
ses of the gastrointestinal tract, blood, kidneys,
metabolic disorders observed in children are often
manifested by combined lesions. HIFs are directly
involved in pathogenesis, creating a pathophysio-
logical platform for triggering further molecular
transformations, which makes it possible to speak of
HIFs-associated comorbidity. Despite the variety of
scientific works, among the child population, isolated
works are devoted to this issue. It can be assumed
that in the child's body, the adaptation mechanism
works in an identical sequence, retaining the im-
portance of the role of HIFs activation. New aspects
of the pathogenesis of the development of chronic
pathology require further study and in children can
be considered as the basis for changes in treatment
tactics.
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Ormnsi; OpUCBSIYEHO CYYacCHOMY PO3YyMiHHIO
poni iHgyKoBaHUX Tinmokciero ¢akropiB (HIFs) sk
PETYISATOPIB KHCHEBO3ANSKHUX PEAKIlii Ta 1HTYK-
TOpIB eKCIpecii HU3KU TeHIB B OPTraHi3Mi JIFOIUHU.
OcHOBHY yBary NpUIIEHO pe3yibTaTaM JOCIHi-
JOKeHbB, K1 JIEMOHCTPYIOTh HaWCyTTEBIIII Marore-
HETUYHI B3a€EMO3B’SI3KHA MIK aKTUBAII€I0 a00 rajib-
MYBaHHSIM BHYTPIITHBOKIITHHHOI cuctemMu HIF,
PO3BHUTKOM 3aMajibHOTO MPOLECY B Pi3HUX OpraHax,
XPOHIYHUMH 3aXBOPIOBAHHSIMH LTy HKOBO-KHIIKO-
BOTO TPakTy, KICTKOBO-CYIJI000BOi CHCTEMH, HU-
POK, a TAKOX eMaTOJIOI TYHUMH, CHAOKPUHHUMU Ta
MEeTa0OJIYHIMHU TTOPYIIICHHIMHU.

Knwouopi caosa: HIFs, rinokcis, ooOMiH
PEYOBHUH, XpOHIYHA MATOJIOT1s, TATOTeHE3.
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