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Abstract 

Objective: Analysis and synthesis of literature data on morphological and functional properties and the diagnostic value 

of induced factor hypoxia. 

Methods: The basis of this study was a review of literature on this topic.  

Results: An important role in the adaptation of the organism to hypoxia belongs to a specific regulatory protein - 

hypoxia-induced factor (HIF), the activity of which increases with decreasing oxygen tension in the blood. HIF is a 

heterodimeric protein, the beta subunit of which is constantly expressed, and the synthesis of the alpha subunit is 

regulated by oxygen. 

Conclusion: Acute oxygen deficiency is the basis of a variety of pathological processes in many diseases and 

environmental factors. The hypoxia-induced factor is responsible for the formation of long-term adaptation to hypoxia, 

and therefore is a suitable target for pharmacological effects. The search for drugs that act as inducers or inhibitors of its 

synthesis is an important area in experimental pharmacology, since it allows not only to regulate the processes of 

adaptation to hypoxia, but more effectively treat cerebrovascular, cardiovascular, oncological and other diseases in 

whose genesis the leading role plays oxygen deficiency.  
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Introduction 

The issues of increasing the body's resistance to oxygen deficiency and 

energy deficiency are relevant, since hypoxia, as a typical pathological 

process, in one way or another initiates the development and accompanies 

the course of all types of pathology, leading to functional and then structural 

changes in organs and tissues as a result of a decrease in intracellular oxygen 

tension [7,22]. 

In recent years, the fundamental mechanisms of the development of hypoxia 

of various genesis and the metabolic and functional disorders induced by it 

at the level of cells and subcellular structures have been studied. A number 

of morpho functional structures have been identified that are directly 

involved in the development of urgent and long-term adaptation of the body 

to hypoxia. These structures can act as specific targets for the effects of 

pharmacological agents in order to regulate the processes of adaptation of 

the body to hypoxia, which opens up promising opportunities for the search 

and development of new effective drugs with ant hypoxic action [3,7]. 

An important role in the adaptation of the body to hypoxia belongs to a 

specific regulatory protein – hypoxia-induced factor (HIF), whose activity 

increases with a decrease in oxygen tension in the blood. Hypoxia–induced 

factors are a group of transcription factors that respond to a decrease in 

oxygen content in cells or to hypoxia (Table 1) [3]. 
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Table 1: Members of the human HIF family 

It has been shown that HIF plays a major role in the systemic response of the 

body to hypoxia, is synthesized in many tissues of the body, including in 

nervous tissue, where its expression is maximal in neurons. HIF-1 functions 

as the main transcription regulator of the adaptive response to hypoxia. When 

it is expressed, more than 40 genes are activated, whose protein products 

increase oxygen delivery or promote metabolic adaptation to hypoxia [2]. 

A highly conserved HIF-1 transcription complex belonging to the PER-

ARNT-SIM (PAS) subfamily of the basic family of transcription factors is 

expressed in humans and animals [6]. 

In the presence of oxygen (normoxia), prolyl hydroxylase (PHD) 

hydroxylates HIF-1α, which as a result binds to the pHVL adaptive protein, 

is ubiquitinated and destroyed in the S26 proteasome. In hypoxia, prolyl 

hydroxylase loses activity, and HIF-1α dimerizes in the cell nucleus with 

permanently active HIF-1β, thus activating transcription of a number of 

genes that ensure cell adaptation to hypoxia. With a significant deficiency of 

ATP, the cell may undergo apoptosis (along the mitochondrial pathway), and 

in case of inefficiency of adaptation mechanisms, necrosis [14, 15, 16] 

HIF-1 is a heterodimeric protein, the beta subunit of which is constantly 

expressed, and the synthesis of the alpha subunit is regulated by oxygen. 

HIF-1 subunits contain three domains: the N-terminus is the bHLH domain 

for DNA binding, the central region is the Per–ARNT–Sim (PAS) domain, 

which facilitates heterodimerization, and the C-terminus, responsible for the 

spatial orientation of transcriptional coregulatory proteins [4]. 

At normal oxygen concentration, the amino acid residues of proline of the 

HIF-1 alpha molecule are hydroxylated as a result of the activity of the O2 

and/or Fe-dependent enzyme prolyl hydroxylase, which is a molecular 

oxygen sensor. The modified HIF-1 alpha subunit undergoes proteasome 

degradation through a number of stages. In a state of hypoxia, the HIF-1 

alpha protein molecule does not hydroxylate, remains stable and 

accumulates. HIF-1 alpha and HIF-1 beta subunits are combined. The 

resulting HIF-1 transcription protein in the cell nucleus binds to special DNA 

sequences in genes whose expression is induced by hypoxia [5]. 

HIF-1 synthesis can be realized through oxygen-independent mechanisms. 

Thus, HIF-1 is synthesized in reactions controlled by signaling systems such 

as MAPK (mitogen activated proteinkinase – activated by signals that 

promote proliferation) and PI3K (phosphatidylinositol-3 kinase – a 

regulatory protein located at the intersection of various signaling pathways 

and controlling key cell functions). Of particular importance in the regulation 

of such functions as growth, survival, aging, tumor transformation. It should 

be noted that PI3K belongs to a group of enzymes united under the name 

"kinases that save from reperfusion damage" (RISK) [7]. These kinases are 

believed to act as targets for pharmacological effects in reperfusion injuries. 

Activation of this group of enzymes leads to inhibition of the opening of 

mitochondrial pores, as a result of which a cytoprotective effect is realized. 

The MAPK and PI3K signaling systems are activated through the tyrosine 

kinase receptor, the specific succinate-dependent receptor GPR-91, etc. 

Receptor agonists are tyrosine hydroxylase, cytokines, growth factors (for 

example, insulin-like growth factor), succinate [12,18]. 

An increase in the level of HIF-1 leads to an increase in the expression of 

genes that ensure cell adaptation to hypoxia and stimulate erythropoiesis 

(erythropoietin genes), angiogenesis (vascular endothelial growth factor 

gene), glycolysis enzymes (aldolase gene, lactate dehydrogenase, 

phosphofructokinase, pyruvate kinase, etc.). In addition, HIF-1 regulates the 

expression of genes involved in iron metabolism, regulation of vascular tone, 

cell proliferation, apoptosis, lipogenesis, formation of carotid glomeruli, 

development of B-lymphocytes, etc. 

It has been shown that the protein antagonizing muscle A-kinase (mAKAP), 

by stimulating ubiquitin-E3 ligase, affects the stability and positioning of 

HIF-1 in the nucleus. Depletion of mAKAP or disruption of its effect on the 

perinuclear region in cardiomyocytes alters the stability of HIF-1 and 

transcriptional activation of genes associated with hypoxia. Thus, the 

"compartmentalization" of oxygen-sensitive signaling components can 

affect sensitivity to hypoxia [1,14,19]. 

HIF synthesis is regulated by other transcription factors involved in 

protecting the cell from damage. Transcription factor NF-kB (nuclear factor 

"kappa-bi") is a universal transcription factor that controls the expression of 

immune response, apoptosis and cell cycle genes, and is a direct modulator 

of HIF–1 expression under normoxia conditions [1,19]. 

Regulation of the HIF-1 α-subunit is carried out by two enzymatic reactions 

in which molecular oxygen reacts with two specific amino acid residues: in 

the presence of oxygen, the prolyl residue is hydroxylated in the oxygen-

dependent region and oxygen is attached to the aspartic residue near the C-

terminal region of HIF-1. Both reactions are catalyzed by 2-oxoglutarate 

dependent dioxygenases, which belong to a family of enzymes with diverse 

biological functions. These enzymes belong to prolyl hydroxylase proteins 

and are identified as prolyl hydroxylation catalases (PHD) HIF. The HIF-1 

modified in this way binds to the tumor-suppressor protein VHL gene, which 

has ubiquitin ligase activity, which leads to the degradation of HIF-1 α. At 

low oxygen levels, HIF-1 α forms an active complex with a β-subunit, as a 

result of which it becomes stable and combines with cytochrome P300 

[10,11,20]. 

In addition to the main modification of HIF, there is also the modulation of 

this protein by phosphorylation and acetylation. In addition, increased 

expression of hydroxylase genes are observed in hypoxic cells, which leads 

to inhibition of HIF proteins by feedback. In the presence of oxygen, the 
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enzyme FIH (HIF inhibiting factor) also acts, which inhibits the 

transcriptional activity of HIF-1 [8, 9, 17, 23]. 

Tumor-suppressor protein VHL, consisting of 213 amino acid residues, plays 

a critical role in the regulation of HIF-1, since it is responsible for 

ubiquitization of HIF-α subunits in the presence of oxygen. In this process, 

VHL acts as a recognition component of the ubiquitin ligase complex. 

Experiments on cell cultures have shown that VHL is necessary for the 

regulation of HIF destruction in cells of all types. After hydroxylation, HIF-

1α binds to VHL, after which it is ubiquitalized and then destroyed by 

proteases.In cells where VHL is insufficient, HIF-1a chains remain active 

even at normal oxygen partial pressure [7]. 

In studies on cell culture, it has been shown that in cases when the prolyl 

hydroxylation of HIF-α is inactivated and, accordingly, degradation is 

inhibited, stabilization and accumulation of α-chains of this protein occur. 

Then HIF-α moves to the nucleus, where it dimerizes with HIF-β, binds to 

hypoxia by the responsible elements of HIF genes, activating their 

transcription. At normal VHL levels, the C-terminal aspartic residue is 

hydroxylated by enzymes of the FIH group, which leads to a decrease in the 

transcriptional activity of the HIF complex. Therefore, it is believed that the 

VHL – HIF chain can be considered a central regulator of oxygen 

homeostasis [8]. 

Inactivation of HIF-1α, HIF-2α, HIF-β or VHL in mice during 

embryogenesis leads to the death of the embryo in utero or in the perinatal 

period. Mice homozygous for HIF-1a deficiency die in utero between the 8th 

and 11th days due to neural tube defect or cardiovascular deformities. In 

mice with HIF-2a deficiency, changes in the synthesis of catecholamine are 

observed, leading to heart damage, and violations in the synthesis of VEGF 

cause damage to the lungs, yolk protein, accompanied by mitochondrial 

abnormalities [24]. Mice with HIF-1ß deficiency die from pronounced 

disorders of the vasculogenesis of the yolk sac and bronchi. Inactivation of 

VHL causes an increase in the transcriptional activity of HIF-1a and HIF-2a, 

therefore, mice with a deficiency of this factor die during gestation due will 

to abnormal placental vasculogenesis. These studies show the importance of 

the HIF system for fetal development [1-4]. 

Under normal physiological conditions in adult mammals, maintaining the 

HIFI system at a certain level in all organs and tissues is also extremely 

important, especially for kidney tissue. HIF-α subunits are determined in 

kidney cells — in the cortical and medular layers, in S-corpuscles and 

glomerular cells. In the regulation of erythropoiesis, the kidneys play a very 

important role, since they serve as the main physiological oxygen sensor, 

responding to systemic hypoxia with a rapid increase in the production of 

erythropoietin (EPO) in renal interstitial cells. The liver is also involved in 

the production of EPO, but in a much smaller amount than the kidneys, and 

if EPO production in the kidneys is disrupted, its extrarenal synthesis cannot 

compensate for renal losses [15]. 

Naturally, the main regulator of EPO production is HIF-1a, which was 

discovered during the study of EPO regulation. However, it has now been 

shown that HIF-2a also participates in the regulation of erythropoiesis in both 

the liver and kidneys, but its formation is more pronounced in the liver. 

However, it has now been shown that HIF-2a also participates in the 

regulation of erythropoiesis in both the liver and kidneys, but its formation 

is more pronounced in the liver [20,23]. 

HIF and iron are known to interact via iron-regulated proteins (IRP's): IRP-

1 and IRP-2. IRP's post-transcriptionally regulate the expression of iron 

metabolism proteins by binding them to the matrix RNA (mRNA) of iron–

regulated elements (IRE's). When the iron reserves in the cell are depleted, 

the IRP-IRE complex prevents sequestration of the transferrin receptor and 

thereby enhances the capture of iron by the cell; with sufficient iron in the 

cell, the IRP-IRE complex is inactivated, undergoes protosomal degradation 

and iron is not absorbed. It is important to note that PHD is included in the 

degradation pathway of this complex – the same enzyme as in the 

hydroxylation of HIF [11]. In addition, it was found that HIF-2a is also 

posttranslationally regulated by the IRP-IRE complex. It is shown that in iron 

deficiency HIF-2a is included in the control mechanism according to the 

feedback principle to limit the production of EPO in order to prevent the 

development of even deeper iron deficiency [10]. 

HIF also plays an important role in physiological processes at the level of 

whole organs: during lung ventilation, in the work of the heart, etc. Hypoxia 

can be caused by rising to a great height, which is accompanied by significant 

changes in the level of physiological reactions and is accompanied by HIF 

activation [12]. 

The HIF factor is responsible for the formation of long-term adaptation to 

hypoxia, and therefore is a suitable target for pharmacological effects. The 

search for medicinal substances acting as inducers or inhibitors of its 

synthesis is an urgent direction in experimental pharmacology, since it 

allows not only to regulate the processes of adaptation to hypoxia, but also 

to treat cerebrovascular, cardiovascular, oncological and other diseases more 

effectively, in the genesis of which oxygen deficiency plays a leading role. 
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