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Abstract—The data on the role of hypoxia-inducible factor, HIF-1, in the development of immunopathology
(infectious, inflammatory, and autoimmune diseases), cancer (of the lung, brain, female reproductive system, urinary bladder, and pancreas), diabetes mellitus, and Alzheimer’s disease are analyzed. The data on the
genes involving cell differentiation, apoptosis, and proliferation, the expression of which is regulated by HIF-1, are
described. HIF-1 activates the expression of the telomerase gene and increases the replicative lifetime of
human lung fibroblasts under hypoxic conditions. HIF-1 may be a molecular marker of cell aging and metabolism, as well as a potential therapeutic target for the treatment of age-related diseases.
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INTRODUCTION
Aging at the levels of cells and tissues is often
induced by hypoxia, which is characteristic of many
pathological states associated with stress and disturbances in cardiovascular functioning. The successful
adaptation of the body to hypoxia includes, in particular, certain changes in the expression of a group of
genes, the products of which modulate cell metabolism, differentiation, proliferation, and apoptosis. Cell
aging interferes with many of these processes.
Hypoxia-inducible factor (HIF-1) is a key regulator in
the expression of the genes responsible for the tissue
response to oxygen deficiency. This molecule provides
a rapid and adequate response to hypoxic stress. In the
human lung fibroblasts, HIF-1 activates the expression of telomerase gene (Nishi et al., 2004), which, in
turn, increases the replicative life of fibroblasts under
hypoxia (Bell et al., 2007). In addition, the HIF-1
overexpression extends the life of C. elegans (Zhang
et al., 2009).
Immune pathology, carcinogenesis, neurodegenerative diseases, and diabetes mellitus are among the
key are-related diseases with HIF-1 as an important
player in their pathogenesis. This protein enhances
cell survival at a lowered level of oxygen, necessary for
their vital activities. Expression dysregulation of the
HIF-1 transcription factor is one of the causes for
development of neoplasms as well as disturbances of
vascularization, angiogenesis, energy metabolism, cell
proliferation, and differentiation. HIF-1 induces tran-

scription of over 90 genes involved in oxygen delivery
to hypoxic areas, cell renovation, and glucose metabolism. In the human lung fibroblasts, HIF-1 activates
expression of the telomerase gene and prolongs their
replicative lifespan under hypoxia. HIF-1 can be a
molecular marker of cell aging and metabolism as well
as a potential therapeutic target for treatment of the
age-related diseases.
The goal of this review is to analyze the role of
HIF-1 in development of several pathological states
associated with age.
CHARACTERIZATION OF HIF-1 FUNCTION
HIF-1 is a dimeric protein complex involved in the
regulation of tissue functions upon a decreased oxygen
concentration (Ziello et al., 2007). For the first time,
this transcription factor was visualized by Semenza
and his colleagues at Johns Hopkins University in Baltimore, United States, in 1992 as the regulator of
erythropoietin expression (Semenza and Wang, 1992).
HIF-1 regulates the expression of the genes enhancing
cell adaptation and survival in hypoxia (Bhat et al.,
2010). This protein is among the key factors involved
in the immune response and the homeostatic processes increasing vascularization in hypoxic tissues.
HIF-1 can be regarded as a major component for the
antihypoxic therapeutics (Wenger, 2002).
The HIF-1 transcription complex is a heterodimer
comprising α- and β-subunits. The hif gene encodes
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Fig. 1. Structure of the α- and β-subunits of the HIF-1 transcription factor (according to Schofield and Ratcliffe, 2004, with
some modifications). See text for explanation (here and in Figs. 2–4).

HIF-1 α-subunit and resides in human chromosome
14. HIF-1 belongs to the PER-ARNT-SIM (PAS)
subfamily of the transcription factors with a helix–
loop–helix (bHLH) domain (Yang et al., 2005). The
HIF-1 α- and β-subunits are similar in their structure,
both containing PAS and bHLH domains (Fig. 1).
The N terminal of α- and β-subunits contains a bHLH
domain; thus, HIF-1 belongs to the dimeric eukaryotic transcription factor family, in which HLH domain
performs the function of DNA binding, is involved in
dimerization, and interacts with RNA polymerase
(Semenza, 2004). PAS, the central domain, enhances
heterodimerization. PAS proteins have been discovered in most eukaryotes and prokaryotes, thereby suggesting their evolutionary conservation (Fig. 1).
Hydroxylation of the Pro402 and Pro564 in the Nterminal transactivation domain (NAD) leads to binding of the Von Hippel–Lindau (VHL) protein, which
is a component in the recognition of ubiquitin (Ub)
ligand, thereby enhancing HIF-1α ubiquitination and
proteasomal degradation under aerobic conditions.
Hydroxylation of Asn803 in the C-terminal transactivation domain (CAD) blocks the binding of the co-activators p300 (EP300, E1A binding protein p300) and
CBP (CREB-binding protein, CREBBP). The
hydroxylation reactions are inhibited under hypoxic
conditions, leading to an increase in the HIF-1 halflife and transcription activation.
The HIF-1β subunit is the product of the ARNT
(aryl hydrocarbon receptor nuclear translocator) gene
(Lando et al., 2002). HIF-1β is an oxygen-independent nuclear protein and can heterodimerize with
HIF-1α or aryl hydrocarbon receptor (AhR). AhR is
involved in induction of the enzymes responsible for
metabolism of xenobiotics (Gu et al., 2001). While
HIF-1β is the subunit common for several heterodimeric transcription factors and is constantly expressed
in the tissues, HIF-1α is unique and definitive HIF-1

subunit and its expression level depends on the tissue
oxygen saturation.
HIF-1 exists as several isoforms of α-subunits
(HIF-1α, HIF-2α, and HIF-3α), displaying different
biological properties. The oxygen-sensitive HIF-1α
subunit is of the greatest interest (Fig. 2). While HIF1α subunit is expressed in all mammalian tissues, the
expression of HIF-2α is confined to several cell types.
In addition, some key target genes are activated only
according to the HIF-1α pathway (Prabhakar and
Semenza, 2012). Presumably, the HIF-2α molecule
emerged during vertebrate evolution (Epstein et al.,
2001; Prabhakar and Semenza, 2012). In hypoxia in
rats, the HIF-2α expression is induced in the brain,
heart, intestine, kidney, liver, and pancreas cells
(Wiesener et al., 2003).
The expression of the HIF-3α gene is induced by
HIF-1 in hypoxia, suggesting a negative feedback for
inhibiting the HIF-1 activity. HIF-3α may assist in
the maintenance of corneal avascularization by blocking the HIF-1 dependent expression of angiogenic
growth factors. In rats, this mechanism plays a negative role in the adaptation to hypoxia, since inhibition
of HIF-3α expression leads to an increase in physical
stamina (Drevytska et al., 2012; Prabhakar and
Semenza, 2012; Fig. 2).
HIF-1α contains two transactivation (stimulating
transcription) regions—amino-terminal N-TAD and
carboxy-terminal C-TAD (Ruas et al., 2002). The CTAD interacts with the coactivator proteins CBP
(CREB) and p300 (Lando et al., 2002). CREB regulates transcription of the genes encoding c-fos, neurotrophin, tyrosine hydroxylase, and various neuropeptides ( somatostatin, encephalin, corticoliberin, etc.).
Along with HIF-1, the proteins CREB and p300 interact with other transcription factors and enhance
upregulation of target genes. In addition, HIF-1α also
carries an oxygen-dependent degradation domain,
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Fig. 2. Structure of HIF-1α (according to Schofield and Ratcliffe, 2004, with some modifications).

ODDD, making this subunit oxygen-sensitive and
resistant to denaturation (Taie et al., 2009).
It was shown that HIF-1α is expressed in all human
and mouse tissues and activates the compensatory
physiological responses under hypoxic conditions,
including erythropoiesis, glycolysis, and angiogenesis
(Semenza, 2009). The HIF-1α activity is regulated by
posttranslational modifications, namely, hydroxylation, acetylation, and phosphorylation (Lee et al.,
2004). HIF-1α can be activated with the help of both
the hypoxic and nonhypoxic stimuli. There are several
stages of HIF activation by oxygen that should be considered, namely, HIF-1 regulated synthesis, processing, stabilization, nuclear localization, dimerization,
and interaction with transcription coactivators (Schofield and Ratcliffe, 2004).
Thus, the HIF-1α isoform involved in the mechanism underlying protection of organs and tissues from
hypoxia is of the highest significance in terms of
molecular biology and medicine.
Under normal oxygen conditions, HIF-1α subunits are constantly present in the cell but have a short
half-life of approximately 1–5 min. Their content is
maintained at a low level as a result of triggering several
biochemical reactions, first and foremost, prolyl and
asparagine hydroxylation (Bhat et al., 2011; Fig. 3).
The hydroxylation at Pro402 and Pro564 is catalyzed
by intracellular prolyl hydroxylase (PHD) family. Four
PHDs have been identified but only three of them
(PHD1, PHD2 and, PHD3) have been characterized
and are regarded as HIF-modulating enzymes (Uden
et al., 2008). These three enzymes have different patterns of maximum expression. During hydroxylation,
HIF-1α and 2-oxoglutarate are stoichiometrically
decarboxylated in the presence of oxygen and iron to
give CO2 and succinate. Prolyl hydroxylation makes
the complex HIF-1α–OH recognizable to VHL protein, a component of ubiquitin protein ligase E3. VHL
protein interacts with the protein elongin C and is subsequently recognized by the ubiquitin ligase complex.
The attachment of ubiquitin marks the HIF-1α molecule for further degradation in a proteasome (Vakhitova et al., 2016; Semenza, 2009).
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Hydroxylation of the Asn803 in the HIF-1 N-terminal transactivation domain blocks its interaction with
the transcription coactivators p300 and CBP. This
reaction is regulated by the asparagine hydroxylase
FIH-1 (factor-inhibiting HIF-1).
Thus, the enzymes FIH-1 and PHD inactivate
HIF-1α in the presence of oxygen by inhibiting HIF-1
dependent expression of target genes. With a decrease
in oxygen concentration, the hydroxylation reactions
are inhibited and the PHD and FIH activities also
decrease, thereby decreasing the HIF-1α degradation
and causing its accumulation in the cell, which is followed by its dimerization with HIF-1β (Huang and
Bunn, 2003; Pugh and Ratcliffe, 2003). The resulting
HIF-1 dimer is translocated to the nucleus to bind the
consensus sequence 5'-(A/G)CGTG-3' of a hypoxia
response element (HRE) in the promoter or enhancer
of the hypoxia-sensitive target genes, thereby activating their transcription (Semenza, 2009). The HIF-1
transcription activity appears in full after the binding
of the transcription coactivators CBP, p300, SRC-1,
or TIF-2, which acetylate histones and remodel the
chromatin structure in HRE. The coactivators interact
with HIF-1α in the C-terminal transactivation
domain, C-TAD, rich for redox-sensitive cysteine residues, which is controlled by the nuclear redox factor1, Ref-1 (Carrero et al., 2000); next, a large number of
hypoxia-dependent genes are activated (Fig. 3).
In total, over 90 putative HIF-1 target genes have
been identified (Zheng et al., 2015), including the
genes involved in angiogenesis due to the of vascular
endothelial growth factor, in the upregulation of
erythropoietin synthesis, and in the activation of the
systems of glucose transport, cytoprotection by neurotrophic factors, and in normalization of the cell cycle
and metabolism at the level of mitochondria, in particular, the activity of antioxidant enzymes, superoxide dismutase, and catalase (Huang and Bunn, 2003;
Bhat et al., 2011). The totality of these effects allow
implementation of the adaptive response to a hypoxic
impact. In addition, HIF-1 influences the state of
many neurotransmitter systems via activating γ-aminobutyrate type A receptor-binding protein, GABARBP (Park et al., 2014) and increasing the tyrosine
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Fig. 3. HIF-1α reaction cascade under normal oxygen supply conditions and hypoxia (according to Petousi and Robbins, 2014,
with some modifications).

hydroxylase activity (Schnell et al., 2003). The HIF-1
interaction with choline receptors has been described
(Hirota et al., 2004). Presumably, 1 to 5% of all human
genes are expressed in response to hypoxia by the
HIF-dependent mechanism, as shown in Fig. 4
(Semenza, 2004).
Each of the target gene functions potentially
enhances cell survival under hypoxia (Table 1).
Along with a hypoxic stimulation, there are oxygen-independent HIF-1 activation pathways.
HIF-1 is activated by growth factors, transcription
factors, and oncogenes. They stimulate cell proliferation and survival as well as influence the interrelation
of tissue growth processes and their supply with oxygen. The phosphorylation cascades (phosphatodylinositol 3-kinase, PI3K, and mitogen-activated protein
kinase, MAPK, metabolic pathways) are activated by
TGF, a growth factor, and activate the HIF-1
response to hypoxia with the help of posttranslational
and translational control (Nangaku and Fujita, 2008).
The PI3K signaling pathway is triggered by the tyrosine kinase receptor and induces the expression of
HIF-1α subunit.

The MAPK pathway upregulates HIF-1 transcription activity without any effect on the HIF-1α protein
expression, presumably by decreasing the HIF-1α
binding with FIH-1 (Gunaratnam and Bonventre,
2009). The HSP90 chaperone influences de novo
HIF-1α synthesis and induces its structural alterations necessary for dimerization with ARNT
(Semenza, 2009). Desferrioxamine, an iron chelator,
or cobalt chloride, which inhibits prolyl hydroxylase,
can increase the HIF-1α level in the brain (Peyssonnaux et al., 2005). Nitric oxide and many reactive oxygen species also increase the HIF-1α content in tissues
(Kimura et al., 2002; Bell et al., 2007).
After a trauma, HIF-1α is cleaved by PHD. It was
shown that PHD regulation of HIF-1α inhibition
enhances the restoration of injured tissues in mammals, leading to wound healing and scarring (Zhang
et al., 2015). HIF-1α expression increases in rat skin
fibroblasts in immobilization stress. Note that this is
accompanied by upregulation of VEGF and glucose
transporter-1 syntheses (Goto et al., 2017). The HIF1α expression activates the synthesis of angiotensin-2
and endothelin-1, which enhance te development of
lung hypertension (Semenza, 2009). It was shown that
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Fig. 4. HIF-1 target genes (according to Hong et al., 2004, with some modifications).

HIF-1 is involved in many pathophysiological processes and has both protective and injuring effects.
HIF-1 AND IMMUNOPATHOLOGY
HIF-1α expression in immune cells may be
induced not only by hypoxia but also by other pathoTable 1. Classification of HIF-1 regulated genes
Process

logical states, such as inflammation and infectious diseases (Jiang et al., 2010; Goggins et al., 2013). HIF-1α
expression is upregulated in the glomerular and tubulointerstitial tissues in lupus nephritis. HIF-1α can
promote mesangial cell proliferation (Deng et al.,
2014) and is shown to mediate the prostate hyperplasia
during inflammation (Kim H.J. et al., 2013). The

Product of HIF-1 regulated gene

Angiogenesis

VEGF, vascular endothelial growth factor, and its receptor, VEGFR1;
TGF, transforming growth factor; and plasminogen activator inhibitor
Vasomotor control
Endothelin-1, NO synthase-2, heme oxygenase-1, α1B-adrenoreceptor,
and adrenomedullin
Erythropoiesis
Erythropoietin, transferrin, ceruloplasmin, and transferrin receptor
Energy metabolism
Lactate dehydrogenase A, glyceraldehyde-3-phosphate dehydrogenase, hexokinases-1
and -2, aldolases A and C, phosphofructokinase L, phosphoglycerate kinase-1, pyruvate
kinase, enolase, and glucose transporters 1 and 2
Regulators of cell proliferation, p21; Bcl-2/EIB; NIP3-like protein X; IGF, insulin-like growth factor;
differentiation, and apoptosis
and IGF-binding proteins 1, 2, and 3
Other
Carbonic anhydrase 9, tyrosine hydroxylase, collagen prolyl hydroxylase,
p35, and adenylate kinase 3
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HIF-1α expression increases in the synovial fluid in
rheumatoid arthritis (Brouwer et al., 2009). HIF-1α
also plays an important role in fibrosis and inflammation in adipose tissue (Kim et al., 2014) and skin (Kim
et al., 2011), wound healing (Zampell et al., 2012),
progression of reflux esophagitis (Pawlik et al., 2014),
systemic lupus erythematosus (Feng et al., 2014), and
inflammation of the lower respiratory tract. HIF-1α is
involved in arsenite-induced inflammation of bronchial epithelial cells (Xu et al., 2013) and plays an
important role in protection against pulmonary Aspergillus fumigates infection (Shepardson et al., 2014).
HIF expression changes during allergic and eosinophilic inflammations of the lower airways (Crotty
Alexander et al., 2013; Lee et al., 2014). In addition,
HIF-1α also plays an important role in the pathogenesis of nasal inflammations, including polyp development and chronic sinusitis (Cheng et al., 2016).
HIF transcription factors are key elements in the
control of immune cell metabolism and functions, and
they as play an important role in innate and adaptive
immunities (Palazon et al., 2014). HIF activates the
functions of T cells, dendritic cells, macrophages,
neutrophils, and epithelial cells (Scholz and Taylor,
2013; Guan et al., 2017).
TNF-α activates HIF-1 via several pathways,
including the production of reactive oxygen species
and nitric oxide and activation of the transcription
factor NF-κB (Brüne and Zhou, 2007; Remels et al.,
2015). IL-1β upregulates HIF-1α synthesis at the level
of translation. During inflammation, bacterial cell
components may stimulate the HIF-1 protein accumulation and activation via increasing the level of the
corresponding mRNA (Frede et al., 2006; Jantsch
et al., 2008). This mechanism is mainly induced by
NF-κB, which is a major transcription regulator in
inflammation and is activated with the help of Tolllike receptor (Karin, 2006; Dehne and Brüne, 2009;
Willam, 2014; Yang et al., 2014).
HIF regulates the activity of macrophages and dendritic cells (Imtiyaz and Simon, 2010). Macrophages
coordinate inflammation and, together with dendritic
cells, coordinate the innate and adaptive immune
responses (Dehne and Brüne, 2009). It is known that
hypoxic responses regulate the biological activity of
macrophages. Moreover, HIF-1α is necessary for
direct macrophage maturation. HIF-1α can also
mediate the macrophage inflammatory responses and
act as a transcription factor that regulates hypoxic gene
expression in macrophages (Fang et al., 2009).
Hypoxia and HIF-1α are also able to modulate the
maturation, activation, and antigen-presenting functions of immune cells (Jantsch et al., 2008).
HIF can coordinate the functions of neutrophils,
key mediators in the innate immune response (Campbell et al., 2014). HIF-1α and HIF-2α are necessary
for the survival of neutrophils in hypoxia and inflammation. According to the model of lipopolysaccha-

ride-mediated lung damage, the HIF-1α deficiency is
associated with the apoptosis of neutrophils (Elks
et al., 2011). HIF-1 plays an important role in a negative regulation of the T-cell function in vivo and in
vitro (McNamee et al., 2013; He et al., 2015).
Studies of the mechanism underlying the leukocyte
action in inflammatory processes demonstrate that
HIF-1α regulates the transcription of cationic antimicrobial polypeptides, an increase in the synthesis of
free radicals, and the induction of NO synthase
(Remels et al., 2015). The substances that activate
HIF-1α in vitro (mimosine, desferrioxamine, and
cobalt chloride) are known to upregulate the production of nitric oxide and cationic antimicrobial polypeptides by increasing the synthesis of endogenous
antibiotics (Yang et al., 2014).
HIF-1 AND CARCINOGENESIS
The metabolic profile of most tumor cells differs
from the norm, including higher cytosol glycolysis,
higher glucose absorption, and excess production of
lactic acid. HIF-1α is responsible for an increased glycolytic activity in most cancer cells, which allows these
cells to survive. Its activation is necessary for the cancer cells to display the Warburg effect, since this elevates the activities of the overwhelming majority of the
enzymes involved in aerobic glycolysis even in the case
of a normal oxygen supply. The HIF-1α inhibition has
been repeatedly proposed as a therapeutic target
against cancer, since its key role in the Warburg effect
can provide the control of tumor growth (SanchezSanchez et al., 2015).
Under different conditions, HIF-1α promotes formation or apoptosis of malignant tumors by influencing their growth via the regulation of angiogenesis and
metabolism (Talks et al., 2000; Kung et al., 2004).
HIF-1α and VEGF are regarded as the key markers in
lung cancer. The levels of serum and pleural HIF-1α
in lung cancer are considerably higher as compared
with tuberculosis patients. HIF-1α expression in the
pleural fluid allows for differential diagnosis of benign
and malignant lung neoplasms (Shen et al., 2015;
Shrestha et al., 2017). HIF-1α overexpression is associated to a considerable degree with tumor progression
and metastases through its involvement in the initiation of angiogenesis and VEGF expression (Bos et al.,
2003). Hypoxia enhances the apoptosis of normal and
tumor cells (Semenza, 2003; Vaupel and Mayer, 2007). It
was shown that chetomin, a HIF-1α inhibitor, efficiently
inhibits the growth of malignant peripheral nerve sheath
tumor cells (Fukushima et al., 2017).
Increased HIF-1 expression was observed in the
majority of the examined tumors, including colon
cancer, breast carcinoma, pancreatic carcinoma, renal
carcinoma, prostatic cancer, ovarian carcinoma, brain
cancer, and bladder cancer (Talks et al., 2000; Kim,
K.J. et al., 2013). An increase in the HIF-1 level in the
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tumors, such as cervical cancer, non-small-cell lung
cancer, breast cancer (both LV positive and negative),
oligodendroglioma, and oropharyngeal, ovarian,
endometrial, esophageal, head and neck, and stomach
cancers, is associated with an aggressive progression of
the tumor; thus, HIF-1 is regarded as a prognostic
marker of the tolerance of x-ray therapy and chemotherapy, as well as of increased mortality (Semenza,
2003; Bos et al., 2003).
In the development of hypoxia, the overexpression
of p53, a tumor suppressor, may be associated with
HIF-1α dependent pathway of apoptosis activation
(Vaupel and Mayer, 2007). The research into epithelial
ovarian carcinoma showed that HIF-1α and p53 correlate with low levels of tumor cell apoptosis and predict unfavorable outcome of the disease (Birner et al.,
2001). In addition, photodynamic therapy was shown
to be ineffective at the early stages of esophageal cancer with both HIF-1α overexpression and without
BCL2 expression (Koukourakis et al., 2001).
Despite the many years of ongoing research to
develop therapeutics intended for the destruction of
hypoxia-induced tumor cells, the blockage of HIF-1α
signaling pathways has not been confirmed as an
effective means to slow the progression of tumor
growth and angiogenesis (Liu, 2014).
HIF-1 AND NEUROPATHOLOGY
HIF-1α modulates hypoxic and ischemic injuries
to the brain by elevating the level of neuroglobin
(NGB), a neuroprotective agent. Both proteins can be
used as prognostic markers of acute ischemic stroke
(Xue et al., 2017).
A decrease in the oxygen and glucose supply to the
brain in aging or hypoxia is a hypometabolic factor.
Peptide Aβ42 is accumulated during Alzheimer’s disease (AD) in the hypometabolic brain regions. The
amyloid peptide Aβ42 and hypoxia can induce
inflammation, oxidative stress, and neuron death.
HIF-1α is one of the transcription factors involved in
the compensatory mechanisms for the maintenance of
neuron survivability. Maintenance of the HIF-1α
level by PHD inhibition decreased the injury of brain
neurons during hypoxia and slowed AD progression
(Liu et al., 2017; Ashok et al., 2017). It was shown that
iron chelators and heavy metals (cobalt and nickel)
enhance the maintenance of HIF-1α expression in
nerve cells. According to other data, a decrease in
HIF-1α expression and, as a consequence, a decrease
in the rate of glycolysis, leads to the activation of astrocytes and development of neurodegenerative diseases
(Schubert et al., 2009; Ashok et al., 2017).
HIF-1α was shown to have an antiapoptotic effect
on hippocampal neurons, both in vitro and in vivo. It
was demonstrated that HIF-1 is a protective agent
during hypoxic–ischemic brain injury (Minhas et al.,
2017; Ashok et al., 2017). A decrease in the HIF-1 level
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in the brain of AD patients is associated with impaired
regulation of the GLUT-1 and GLUT-3 glucose transporters. A decline in the glucose metabolism leads to a
decrease in the level of O-linked N-acetylglucosamine
(O-GlcNAc) and further hyperphosphorylation of τprotein and decrease in its activity, which, in turn,
induces the formation of neurofibrillary tangles and
neuron degeneration in AD patients (Liu et al., 2009;
Ashok et al., 2017).
HIF-1α coordinates the cell response to hypoxia;
its level is elevated in the microcirculatory portion of
the bloodstream of AD patients (Yin et al., 2010;
Grammas et al., 2011). In addition, the brain
microvessels of AD patients contain numerous
inflammatory factors that are involved in vessel activation and angiogenesis, including TNF-α, IL-1β, IL-6,
IL-8, VEGF, and angiopoietin-2. HIF-1α regulates
not only angiogenesis but also the transcription of the
genes encoding proinflammatory cytokines (Imtiyaz
and Simon, 2010; Grammas et al., 2011). These data
suggest that the hypoxia-induced increase in HIF-1α
and angiogenic/inflammatory proteins is a specific
feature of the microcirculation of AD patients.
The putative role of HIF-1α as a neuroprotector
during AD is currently under discussion (Kliushnik
et al., 2017).
HIF-1 AND DIABETES MELLITUS
It was shown that HIF-1α can be a predictor of diabetes mellitus at a rate of 70%. Defects in hypoxiamediated neovascularization in the myocardium, skeletal muscles, nerves, and skin are characteristic of diabetes mellitus (Martin et al., 2003). An inadequate formation of the compensatory collateral vessels in
response to ischemia increases the risk for cardiovascular morbidity and mortality in diabetes mellitus
patients (Thangarajah et al., 2010). Such diabetic
microvascular defects may result from an insufficient
production of angiogenic cytokines and VEGF (Lerman et al., 2003; Thangarajah et al., 2010). Many
researchers believe that a decrease in the hypoxiainduced VEGF expression in diabetes mellitus
patients results from disturbed HIF-1α transactivation
(Semenza, 2003; Thangarajah et al., 2009, 2010).
HIF-1α expression increases in patients at stages 3
and 4 as compared with stages 1 and 2 (Sayed and
Mahmoud, 2016). This agrees with the data from Yan
and Su (2014), who demonstrated that HIF-1α expression increases with the diabetes progression, since it is
accompanied by hypoxia. In addition, a direct correlation is observed between the expression of HIF-1α and
VEGF at different diabetes mellitus stages.
Although HIF-1 is a major mediator in the cell
response to hypoxia, it was shown that the expression
of HIF classical targets, such as VEGF, can also utilize
some HIF-independent mechanisms. These observa-
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tions explain why the growth in new blood vessels can
be impaired within a single tissue (Arany et al., 2008).
It was demonstrated that the hypoxia-induced
VEGF expression declines in the muscle fibroblast
culture grown at a high glucose concentration, as well
as in fibroblasts isolated from the type 2 diabetes mellitus patients. This is caused by a glucose-induced
defect in the HIF-1 transactivation, which, in turn,
results from a decrease in the HIF-1α binding with the
p300 protein (Thangarajah et al., 2010). The interaction of HIF-1α with coactivator p300 is a key stage in
the transcription of a HIF-mediated gene. A weakened association of HIF-1α and p300 at a high glucose
concentration leads to a decrease in HIF-1 activity.
The prevention of HIF-1α and p300 association may
result from a p300 covalent modification caused by
methylglyoxal, a reactive oxygen-containing dicarbonyl metabolite, produced via glycolysis. The level of
methylglyoxal in the blood increases in oxidative stress
because of an increase in the intracellular glucose concentration (Brownlee, 2001).
The use of deferoxamine (DFO) allows for a
decrease in the degree of the glucose-mediated disturbance of HIF-1 transactivation via prevention of the
formation of reactive oxygen species catalyzed by iron,
which reduces the methylglyoxal formation. A local
DFO administration also promotes diabetic wound
healing in mice. The DFO ability to level the disturbances in HIF-1 transactivation correlates with an
increase in VEGF expression and activation of vascular proliferation (Thangarajah et al., 2010).
Diabetic retinopathy is among the most severe diabetes mellitus complications, which is observed in
90% of diabetes patients. This pathology may be
caused by the oxidative stress that develops during the
progression of metabolic syndrome (Curtis et al.,
2009; Özdemir et al., 2014). Diabetes mellitus causes an
increased expression of the factors enhancing angiogenesis, such as VEGF, HIF-1α, and pigment epitheliumderived factor, PEDF (Özdemir et al., 2014).
The concept that HIF functional activity can be
disturbed in diabetic states is similar to that of bodily
aging. It was shown that aging is accompanied by
hypoxia in various tissues and a decrease in VEGF production. A decline in angiogenesis during aging in animals is associated with a decrease in the VEGF expression and lower HIF-1α levels (Chang et al., 2007).
Intermittent normobaric hypoxia on the human
glucose metabolism have been observed to have favorable effects (Tekin et al., 2010; Chen et al., 2016; Serebrovska et al., 2017). It was shown that prehypoxia
enhances increases in glycolytic enzyme activity, the
number of mitochondria in skeletal muscles, and insulin sensitivity (Mackenzie et al., 2012; Tian et al., 2016;
Serebrovska et al., 2017). Normobaric hypoxia leads to
a decrease in the blood glucose level in diabetes mellitus patients (Morishima et al., 2015), which is espe-

cially important for elderly patients with a high risk for
diabetes development.
Moderate levels of intermittent hypoxia activate an
intracellular signaling cascade, which comprises manifold receptors, mitochondrial respiration chain, and
superfamilies of the inducible and activating transcription factors involved the initiation of hypoxic tolerance. One of the key regulators of the oxygen homeostasis in hypoxia is HIF, which initiates the transcriptional
activation of numerous target genes for improving the
oxygen delivery and utilization (Semenza, 2004; Serebrovska et al., 2017), and it has emerged that it is directly
involved in normalization of glucose homeostasis (Han
et al., 2014; Chen et al., 2016).
One of the HIF-1α target genes is the gene encoding glucose transporter 1 (GLUT-1), which is present
in most human cells (Mueckler, 1994) and is the only
glucose transporter in the brain (Maher et al., 1994).
GLUT-1 enhances the glucose transport through the
plasma membrane of mammalian cells (Wang et al.,
2007). GLUT-1 is activated in hypoxia and its activity
depends on the degree of hypoxic impact (He et al.,
2014; Park et al., 2016).
Another HIF-1α target gene involved in the regulation of glucose homeostasis is insulin receptor,
INSR (Serebrovska et al., 2017). An elevation in the
INSR level can decrease insulin resistance. An
increased INSR quantity is observed with hypoxic
stress (Tian et al., 2015), while overexpression of this
gene promotes obesity and the development of diabetes mellitus in mice (Sasaki et al., 2015).
CONCLUSIONS
Thus, transcription factor HIF-1 is involved in the
regulation of over 90 genes involved in angiogenesis,
vasomotor control, erythropoiesis, energy metabolism, and cell proliferation, differentiation, and apoptosis in the nervous, immune, and endocrine organs.
All effects of HIF-1 are involve the adaptation to and
maintenance of the functions of tissues and organs in
hypoxia. Since disturbances of cardiovascular functions and the resulting hypoxia are characteristic of
elder-age cohorts, HIF-1 molecule may be regarded
as a marker of the compensatory mechanism for the
maintenance of normal blood circulation and the
functioning of the organs of neuroimmunoendocrine
system during aging. In addition, HIF-1 in human
fibroblasts activates the telomerase gene expression,
which also indicates a high significance of this protein
in the regulation of cell aging.
It was demonstrated that transcription factor HIF-1
is involved in the signaling cascades that act in different pathologies, including those characteristic of the
elderly and senile cohorts. These diseases include various immune pathologies (fibrosis, inflammation of
adipose tissue, systemic lupus erythematosus, inflammation of the respiratory tract, and autoimmune disBIOLOGY BULLETIN REVIEWS
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eases), gastroesophageal reflux disease, neuropathologies (Alzheimer’s disease and brain ischemia of different geneses), cancer (cervical, lung, breast, ovarian,
endometrial, esophageal, head and neck, gastric, and
nervous tissue cancers), and diabetes mellitus.
Since HIF plays a key role in the pathogenesis of different socially significant diseases, this molecule is a
potential therapeutic target for diagnosis and treatment.
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