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Acute hypoxia is a significant physiological danger during high-altitude
flying and military aircraft missions. The human brain requires a constant
supply of oxygen to function properly. It is consequently susceptible to settings
with low availability of air oxygen. At high altitude, the decreased barometric
pressure (hypobaria) decreases the partial pressure of inspired oxygen (PiO2),
resulting in hypoxic hypoxia, henceforth referred to as hypoxia . The subsequent
hypoxemia induces a metabolic shock that inhibits brain function and, as its
severity increases, leads to loss of consciousness and death. For instance, an
inboard leak within a pressurised cabin or when ascending in an unpressurized
aircraft beyond 10,000 feet, hypoxia may develop gradually (Shaw et al., 2021).

In addition, the emergence of tightly regulated metabolic pathways that
exploit the chemical diversity of molecular oxygen has played a crucial role.
The majority of eukaryotes have adapted to rely on chemical reduction of
molecular oxygen during mitochondrial oxidative phosphorylation as their
principal source of energy for fundamental function and survival (Wilson,
2017). The coordinated function of the respiratory, cardiovascular, and red
blood cell systems in animals is to systemically regulate oxygen delivery for
optimal maintenance of tissue and organ metabolism. However, hypoxia can
influence inflammatory signalling, and both central and systemic hypoxia
responses can activate HIF pathway genes. Furthermore, HIFs are critical
molecules that regulate inflammation and hypoxia, ensuring appropriate cell
function and survival (Mesentier-Louro, 2021).

Central and Systemic Hypoxia Responses

There is substantial heterogeneity in oxygen tension across the body due
to organ/tissue-specific changes in vascularization, tissue diffusion
characteristics, cell-specific metabolism, and oxygen demand. Normoxic tissue
pO2 values range from 90 to 1 mmHg, with a typical value of approximately 30
mmHg (Roy & Secomb, 2019). Different organs are hypoxic due to differences
in tissue oxygen tensions, which are determined by differences in aerobic
metabolism. Thus, a drop in oxygen availability that is insufficient to meet
metabolic demand results in hypoxia, the condition in which insufficient oxygen
reaches the body's tissues. Hypoxia can be caused by a decrease in partial
oxygen pressure (PO2) in the environment, problems with breathing and/or
oxygen transport, or the inability of tissues to utilise oxygen. Hypoxia may be
caused by the extreme environmental conditions seen at high altitudes or deep
sea levels. Extremely hypoxic individuals have the most dramatic systemic and
neurological adaptations to persistent hypoxia (Cowburn et al., 2017). Hypoxia-
tolerant hibernating animals, such as painted turtles, have developed specialised
methods to deal with hypoxia by lowering metabolic rate and inhibiting ion
channel activity (Jackson, 2002). These adaptations occur over longer time
periods than acute responses of aerobic species that are not accustomed to
extreme environments. The reaction of mammals to hypoxia appears to have
two general roles. Hypoxia produces signals that accelerate the development of
the cardiovascular system during gestation. Adaptation to oxygen gradients in
moderately hypoxic conditions is essential for the development of particular
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cardiovascular structures, including coronary arteries, outflow tracts, and the
placenta (Giussani, 2021). In adults, hypoxia provides mechanisms that respond
synchronously to the failures of the oxygen delivery system. Depending on the
context of the hypoxic signal, mechanisms that activate cell survival or death
signalling pathways are activated under both conditions (Schonenberger &
Kovacs, 2015). At the cellular level, hypoxia induces substantial metabolic
changes that are not only passive effects of oxygen substrate deficiency. Under
these conditions, active cellular responses that offset decreased respiratory
efficiency induce non-oxygen-dependent alternative metabolic pathways.
Increased expression of glucose transporters and activation of glycolytic
enzymes mediate the transition from aerobic metabolism to anaerobic
glycolysis (Melkonian & Schury, 2019). In addition to hyperventilation,
erythropoiesis, and angiogenesis, further tissue-level and systemic changes
occur to enhance oxygen delivery. Hypoxia is frequently associated with a
variety of pathological conditions, such as those leading to insufficient
perfusion of organs and tissues (cardiac arrest, congestive heart failure, stroke),
respiratory dysfunction (obstructive sleep apnea or lung dysfunction),
neurodegenerative diseases (e.g., Alzheimer's), and neoplastic disorders (Sforza
& Roche, 2016).

Despite its small size (2% of body weight), the mammalian brain
receives a disproportionately high proportion of total cardiac output (20%),
accounting for a significant portion of total body metabolism. Neurons utilise
aerobic and anaerobic metabolism through direct and indirect pathways
(through intermediates of astrocytic metabolism) to maintain optimal ATP
generation (Yang et al., 2013). By continuously controlling ionic gradients,
which are required for membrane excitability, much of this ATP produced
supports neural network activity. In particular, about 50% of a neuron's energy
is utilised to maintain ionic gradients and fluxes (Didier et al., 2018). Normal
brain function is particularly sensitive to changes in oxygen delivery due to the
brain's limited energy reserves; hence, prolonged disruptions in blood flow and
oxygen supply are uncomfortable. In contrast, high levels of oxygen generate
reactive oxygen species, which may cause oxidative stress and cell damage.
Neurons are particularly susceptible to the damaging effects of excessive
reactive oxygen species due to their low potential for cell division and
regeneration, if any. Thus, the mammalian brain contains complex oxygen-
sensing mechanisms to carefully regulate oxygen homeostasis and prevent the
possibility of metabolic impairment or severe oxidative stress (Garbarino et al.,
2015).

In response to systemic hypoxia, compensatory mechanisms are
activated to restore the equilibrium of oxygen delivery between tissue and its
consumption. Conventionally, the immediate systemic responses to hypoxia
have been attributed to oxygen-sensitive peripheral chemoreceptors of the aortic
and carotid bodies, which are specialised for converting the stimulus of a
lowered blood O2 tension into corrective cardiorespiratory and autonomic
reflexes (O’Driscoll et al., 2008). These peripheral chemoreceptors are
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considered the first line of defence for detecting changes in arterial blood gases
since the circulation time from the lungs to the central nervous system is shorter
(Prabhakar et al. 2015). In contrast, medullary central chemoreceptors have
primarily been regarded as CO2-sensitive. In response to low arterial oxygen
partial pressure, peripheral chemoreceptors transmit afferent signals to the
medullary brainstem via branches of the glossopharyngeal and vagus nerves.
This sensory input to the brainstem modifies sympathetic efferents to generate
systemic cardiorespiratory responses, including increased respiratory rate
(hypoxic ventilatory response), increased cardiac output, vasodilation, and
increased cerebral blood flow (Guyenet, 2014). The responses to subnormal
oxygen levels involve various mechanisms, pathways, and organs, especially
the brain, and are not just dependent on the quick oxygen-sensing capabilities
of the peripheral chemoreceptors.

In addition to systemic homeostatic mechanisms, mammals have also
acquired central cell intrinsic mechanisms to overcome tissue hypoxia (Lee et
al., 2020; Yahaya et al., 2019). All cells of the central nervous system,
particularly neurons, sense oxygen and modulate their activity in response to
hypoxia. For the majority of neurons, the general consequence is a reduction in
activity, which reduces metabolic demand and the need for ATP synthesis.
However, not all neurons respond in this manner under hypoxic conditions,
making generalisations challenging. Research has demonstrated variety in
responses to hypoxia among distinct neuronal networks, even within the same
nucleus (Bonkowsky & Son, 2018). There are groups of neurons that monitor
oxygen levels in the brain and, when engaged, behave similarly to conventional
peripheral oxygen chemosensors. These central oxygen chemosensors appear to
be critical for both short-term and long-term adaptation to hypoxia (Flor et al.,
2018).

The infusion of cyanide into the medulla to imitate localised hypoxia
activates  sympathoexcitatory neurons, resulting in  hyperventilation
independent of peripheral chemoreceptors (Dempsey et al., 2014); these are
foundational observations of central O2 sensitivity. Briefly, the posterior
hypothalamus, the C1 sympathoexcitatory region of the rostral ventrolateral
medulla (RVLM), the pre-Botzinger complex, and the nucleus tractus solitarius
(NTS) all contribute to the acute hypoxia ventilator response (HVR). Sun and
her colleague were among the first to report that neurons in the C1 area of the
brainstem are intrinsically sensitive to oxygen deprivation. Neurons in this
region are essential for the formation of tonic vasomotor tone and the integration
of blood pressure reflex changes (Sun et al., 1992). According to Guyenet et al.
(2013), oxygen-sensitive neurons in the posterior hypothalamus boost
sympathetic activity directly and also project to the C1 sympathoexcitatory area.
The pre-Botzinger complex, the known site of respiratory rhythm production,
generates gasping, which is a form of autoresuscitation (Pefia-Ortega, 2012).
The complex is next to the C1 area, indicating that both nuclei share oxygen-
sensing systems. In spite of this, both remain phenotypically and functionally
diverse due to variations in receptor expression and sympathetic and respiratory
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projections (Gourine & Funk, 2017). Additionally, the NTS processes primary
afferent signals from a variety of visceral areas and organs, making it an
intriguing structure. These afferents consist of chemoreceptors in the carotid
and aortic bodies (branches of cranial nerves IX and X, respectively) in addition
to arterial baroreceptors from the aorta and carotid arteries. The NTS is the
major synapse location of the aorta and carotid bodies, indicating a direct
relationship between central and peripheral oxygen-sensitive regions (Kumar &
Prabhakar, 2012).
Activation of Hypoxia Inducible Factor (HIF) During Hypoxia

HIF was initially identified as a hypoxia-inducible DNA-binding protein
capable of interacting with a hypoxia response element in the 3' region of the
Erythropoietin gene (Dengler et al., 2014). Significant progress has been made
in our understanding of oxygen physiology as a result of the identification and
characterisation of the HIF transcription system (Subramani et al., 2014; Yang
etal., 2020). The HIF system is now recognised as a crucial regulator of cellular
and systemic hypoxia responses. The HIF transcriptional system is highly
conserved among mammalian species and invertebrate organisms like
Drosophila melanogaster and Caenorhabditis elegans, further emphasising its
importance as a key transcriptional regulator of hypoxia-induced responses
throughout evolution (Kierans & Taylor, 2021). Due to more demanding
oxygen-sensing requirements, however, larger mammals with more
sophisticated respiratory/cardiovascular systems have developed greater
degrees of sophistication with regard to constituents and regulation of the HIF
pathway (Cerychova & Pavlinkova, 2018). HIF-1 is a heterodimeric
transcription factor that regulates the adaptive cellular response to hypoxia (see
Figure 1).
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Figure 1
Oxygen-dependent Regulation of Hypoxia-inducible Factor-/a (HIF-1a)
Accumulation and HIF-1 activation
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Note. HIF-1 is continually expressed, hydroxylated, and destroyed under normoxic
circumstances. Prolyl 4-hydroxylases (PHDs) depending on molecular oxygen and reduced
iron hydroxylate conserved proline residues on HIF-1, permitting identification by the Von
Hippel-Lindau protein (VHL). This recognition is followed by polyubiquitination and
proteasomal destruction. When oxygen becomes scarce, the activity of prolyl hydroxylase
decreases, allowing HIF-1a to accumulate. The activated transcription factor binds to
conserved regions inside the hypoxia response element (HRE) on HIF-regulated genes
following translocation and dimerization with the constitutive HIF-1p. This involves the
overexpression of several target genes, including erythropoietin (EPO), enolase-1 (ENO),
inducible nitric oxide synthase (iNOS), lactate dehydrogenase (LDH), vascular endothelial
growth factor (VEGF), and glucose transporter-1 (GLUT-1).

Both o (120 kDa) and B (91-94 kDa) subunits of HIF-1 are required for
DNA binding and activation of target genes harbouring hypoxia response
elements (HRE). The subunit, also known as aryl hydrocarbon receptor nuclear
translocator (ARNT), is constitutively produced in the nucleus, whereas
accumulation of the subunit is often governed by oxygen-dependent post-
translational modification. Both subunits are bHLH/PAS transcription factor
subunits (Mandl & Depping, 2014). The majority of PAS domain superfamily
proteins are signal transduction molecules involved in prokaryotic responses to
O- concentration, redox status, and other environmental stimuli. Many of these
proteins' PAS domains bind to prosthetic groups, such as heme, indicating that
O2 regulates HIF-1 (Ruzila et al., 2010; Wan et al., 2020). Over 100 HIF-1 target
genes have been identified, many of which play important roles in physiological

Published by Scholarly Commons, 2023



International Journal of Aviation, Aeronautics, and Aerospace, Vol. 10 [2023], Iss. 2, Art. 3

processes, such as vasomotor control, angiogenesis, erythropoiesis, iron
metabolism, cell proliferation/death, and energy metabolism.

Throughout the range of physiological and pathological oxygen
tensions, HIF activity is tightly regulated by a number of mechanisms that
control mRNA expression, protein stability, nuclear translocation, and
transactivation activity (Choudhry & Harris, 20018; Ismail et al., 2016).
Collectively, they ideally activate and maintain HIF for translocation into the
nucleus and transcriptional activity under decreasing oxygen concentrations. As
depicted in Figure 1, the predominant mechanism of HIF-a regulation is
oxygen-dependent enzymatic hydroxylation followed by proteolysis. During
normoxia, the subunit is produced and modified by the EGLN family of HIF
prolyl 4-hydroxylase domain-containing proteins (PHDs) (Choudhry & Harris,
20018. These enzymes hydroxylate two conserved proline residues on the
subunit and require oxygen (O2), reduced iron (Fe2+), ascorbate, and 2-
oxoglutarate as cofactors (Kuiper et al., 2014). In addition to hydroxylated HIF-
a, the byproducts of this enzyme process are carbon dioxide and succinate. The
hydroxylated prolines are recognised by the Von Hippel-Lindau tumour
suppressor gene (VHL), which functions as the recognition component of a
multiprotein ubiquitin complex, thus targeting HIF-o for proteasomal
degradation (Figure 2) (Sufan et al., 2004). During hypoxia, oxygen becomes
limited and prolyl hydroxylase activity decreases, resulting in an accumulation
of nonhydroxylated HIF-a, which permits its translocation to the nucleus and
dimerization with HIF-f (D’Angelo et al.,, 2003). The stabilised and
phosphorylated heterodimer binds to DNA at a conserved region, 5'-
(A/T)CGTG-3', within the hypoxia response element (HRE) of HIF-regulated
genes. Recruitment of the transcriptional adapter/histone acetyltransferase,
p300 and CBP, to the promoters of target genes enhances transcriptional
activation (Yu et al., 2017).
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Figure 2

HIF-1 Protein Domain Architectures, Including Basic Helix-loop-helix
(bHLH), Per/Arnt/Sim (PAS), N-terminal Transactivation Domain (TAD-N),
and C-terminal Transactivation Domain (TAD-C)
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Note. Approximately modified amino acid residues are displayed within the domains. Under
normoxic circumstances, proline residues are hydroxylated, which results in VHL-dependent
polyubiquitination and proteasomal degradation. In addition, factor inhibiting HIF-1 (FIH-1)
hydroxylates a conserved asparagine residue, which lowers the transcriptional activity of HIF-
1 by blocking its interaction with p300 and CBP. Reduced hydroxylase activity under hypoxic
settings permits HIF-1a accumulation and transcriptional activity.

Conclusions

Since it has been proven that the PHD-VHL-HIF axis is critical for
intracellular and systems-level regulation of human life, hypoxia is a situation
in which insufficient oxygen reaches cells. In reality, the emerging role of HIF
in systemic physiology, described here in terms of the response to high altitude,
applies to any clinical scenario in which hypoxia is present. Based on the theory
that HIF-1 functions as a sensor for hypoxia and activates compensatory and
adaptive mechanisms.
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