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Hypobaric hypoxia environments present a major concern after ascending to high altitudes (2,500+ meters) because the 
immune system’s inability to adapt to sudden changes in O2 concentration quickly, causing tissue hypoxia if left untreated 
and leading to the development of high altitude illnesses (HAI). Acute altitude illnesses (AAS) and chronic altitude 
illnesses (CAI) are the two main types of HAI. AAS is subdivided into acute mountain sickness (AMS), chronic kidney 
disease (CKD), high altitude cerebral edema (HACE), and high altitude pulmonary edema (HAPE), while CAI is 
subdivided into chronic mountain sickness (CMS) and high altitude pulmonary hypertension (HAPH). Given that over 140 
million people live permanently at elevations of 2,500 meters or higher, and that 40 million people visit such locations on a 
seasonal basis, it's easy to see why studying the pathophysiology, mechanism, and treatment of such diseases has 
become critical. Although many genes are affected by high altitude hypoxia, the focus of this review was on the role of 
five specific genes and proteins (HIF-1, EPAS1/HIF-2, VEGF, P53, and VHL), whose expression is influenced by hypoxia 
and immunological changes in human response to immune-mediated inflammatory diseases (IMIDs), microbiota diversity 
in the gut, and physiological changes in the blood.   
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INTRODUCTION 

High altitude (HA) is defined as a height between 
2000 and 4000 m above sea level; very high altitude is 
between 4000 and 5500 m, and altitudes >5500 m are 
considered extremely high altitudes. The lower pressures 
noticed at high-altitudes lead to extreme conditions for 
humans to endure due to the lack of oxygen and low 
pressure of the atmosphere, which leads to hypobaric 
hypoxia (Zafren, 2013). This leads to a multitude of effects 
(mainly as a result of hypoxia) that have been confirmed 
to arise from different immunological and genetic changes 
which unconditioned travelers to high altitudes could 
experience (Kim et al. 2006; Witt et al. 2006)This has led 
to a new category of illnesses, known as “high-altitude 
illnesses” (HAS), which is then divided into “acute altitude 
illnesses” and “chronic altitude illnesses” depending on the 
length of a person’s stay at high latitudes. HAS 
dramatically affects travelers and hikers, but the main prey 
of these illnesses is soldiers, which don’t have the time to 
slowly adapt to the environment they’ve been deployed in 

(R. Chen et al. 2021; A. Jha et al. 2020; Kumar & Singh, 
2018). 

Acute altitude illness (AAS) is a blanket term that 
encompasses 3 diseases that are regularly encountered 
at high enough elevations: acute mountain sickness 
(AMS), high-altitude cerebral edema (HACE), and high-
altitude pulmonary edema (HAPE) [11]. On the other 
hand, chronic mountain sickness is divided into 3 different 
parts, namely high-altitude polycythemia (HAPC), high-
altitude heart disease (HAHD), and mixed chronic 
mountain sickness (MCMS), which includes both 
excessive polycythemia and pulmonary hypertension–
related HAHD (Villafuerte et al. 2016). Variation in 
physiological responses to high altitudes has been noted 
in past studies, even when tested with the same variables 
in mind, which has created a new demand in high-altitude 
biology to understand the sources and reasons behind the 
variability in reactions (Pla et al. 2020 - Meehan et al. 
1982) A recent potential source of such disparities is 
genetics, which has been greatly supported by the 
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apparent differences in susceptibility between populations, 
the notion that a history of altitude illness is indicative of 
subsequent risk, the heritability of hypoxia-related traits, 
and the association of specific genetic variants with 
susceptibility to altitude illness (MacInnis et al. 2016 - 
MacInnis et al. 2010) HAS could also be associated with 
immunological responses which will be discussed in this 
present review (Beall , 2016 - Khanna et al. 2017). 

2. Acute Altitude Illnesses 
Acute altitude illness is a term compromising of 3 

ailments: Acute Mountain Sickness, High-altitude Cerebral 
Edema, and High-altitude Pulmonary Edema. All of them 
typically occur at altitudes starting at 2,500 meters and 
above (Carod-Artal , 2014). AMS is considered very 
common amongst unacclimatized travelers, whilst HACE 
and HAPE are much rarer (Imray et al.  2014; Luks et al. 
2014). . It is also important to note that these illnesses 
widely vary according to environmental and genetic 
factors. 

2.1. Acute Mountain Sickness (AMS) 
AMS is a syndrome caused by the rapid ascension to 

altitudes typically above 2500 meters (Mirrakhimov et al. 
2016; (Carod-Artal , 2014); (Imray et al.  2014); (Imray et 
al.  2010;], although the aforementioned variability may 
lead to earlier or later onsets depending on the individual’s 
history, acclimation, and genes (Imray et al. 2010; 
Guobjartsson et al. 2019; Li et al. 2018). It’s subjective 
because of its lack of pathognomic clinical signs, but is 
usually characterized by the presence of a headache 
(commonly known as high altitude headache (HAH)) 
alongside one or more of the following symptoms: loss of 
appetite, nausea, vomiting, fatigue, weakness, dizziness, 
light-headedness or sleep disturbance (Hackett and 
Roach , 2001; Villafuerte and Corante 2016; Pla et al. 
2020; Guobjartsson et al. 2019; Li et al. 2018; Meehan 
and Zavala 1982; MacInnis and Koehle 2016; Villca et al. 
2021; MacInnis et al. 2010; Beall 2014; Pham et al. 2021; 
Khanna et al. 2017; Carod-Artal 2014; Imray et al. 2010; 
Luks et al. 2019). Furthermore, assessing AMS had been 
an important goal for scientists aiming to study it, which 
has led to 2 widely-spread assessments: the Lake Louise 
Score (LLS) (Roach et al. 2018) and the much older AMS-
C score of the Environmental Symptom Questionnaire 
(ESQ) (Sampson et al. 1983). The main difference 
between the 2 evaluations is that the LLS recognizes mild 
AMS at an earlier stage (mainly HAH), whilst AMS 
recognized by the ESQ is more advanced and immense. 
Prevention of AMS mainly comes in the form of 
acclimatization and slow-ascent, which can reportedly 
reduce its symptoms five-fold (Forster 1984; Robinson 
and King , 1971; Schneider et al. 2002; Bärtsch et al. 
2004). A controversial topic that has been discussed in the 
context of AMS has been its correlation with old age. 
Although speculations in the past that had to do with the 
decrease in brain size in older individuals led to the 

hypothesis of a negative correlation between age and 
AMS, new studies have attested that age isn’t associated 
with the development of acute mountain sickness (Roach 
et al. 1995; Small et al. 2022). 
Additionally, a recent review showed the correlation 
between AMS and HACE, syndromes that have been 
believed to lead to each other, and determined that there 
is no direct relationship between them (Turner et al. 2021; 
Zafren , 2014). This is consistent with the studies that 
have determined HACE to be caused by an increase in 
brain water (vasogenic edema), something that doesn’t 
characterize AMS (Turner et al. 2021; Jha et al. 2019). 
AMS, however, can be considered important precursors to 
ionic and/or vasogenic edema, and consequently, HACE 
(Liang et al. 2007; Stokum et al. 2016). It has also been 
suggested that a neurooxidative basis for AMS is plausible 
because of the vulnerable cerebrovascular endothelium 
and underlying vasculature, which are easily susceptible 
to redox reactions that are amplified in high altitudes 
(Gaur et al. 2021; Larson et al. 1982). 

2.2. High-altitude Cerebral Edema (HACE) 
High-altitude cerebral edema is a rare, extreme 

syndrome that is mainly characterized by confusion, 
behavioral abnormalities, ataxia, altered consciousness, 
papilledema, brain edema, and brain ischemia (Hackett et 
al. 2001; Aksel et al. 2019). It is associated with 
extracellular edema inside the genu and splenium of the 
corpus callosum according to new neuroimaging studies 
(Hackett et al. 1998; Schommer et al. 2013). Microbleeds 
within white matter in the brain have also been identified 
through susceptibility-weighted neuroimaging (SWI) on 
HACE survivors; moreover, these microbleeds were only 
clear in individuals who had survived HACE with no prior 
exposure to AMS (Hackett et al. 2019). Moreover, as 
discussed before, it is important to note that although the 
pathophysiology of AMS and HACE intersect at many 
points, there has yet to be any direct correlation between 
them (Imray et al. 2010). 

The glymphatic system is a network of perivascular 
tunnels that let through cortical interstitial solutes that are 
received from the brain via convective flow. This system 
can be affected by hydrostatic pressure (arterial and CSF 
pulsation), vasomotor contractions, adrenergic signaling, 
posture, and sleep [Iliff et al. 2013, Iliff et al. 2013, Lee et 
al. 2015, Fultz et al. 2019, Xie et al. 2013), all of which are 
factors that could affect HACE. For example, prolonged 
hypoxemia can cause cerebral vasodilation (Wilson et al. 
2011, Arngrim et al. 2016, Willie et al. 2014, Imray et al. 
2017), mild arterial hypertension (Imray et al. 2017, 
Rhodes et al. 2020, Wilson et al. 2011), and sympathetic 
hyperactivity (Imray et al. 2017, Rhodes et al. 2020). 
Another apparent cause for HACE according to magnetic 
resonance imaging screenings is reversible vasogenic and 
cytotoxic edema that progresses to microvascular 
disruption, which consequently turns into microbleeds that 
lead to HACE. 
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2.3. High-altitude Pulmonary Edema (HAPE) 
High Altitude Pulmonary Edema (HAPE) is a fatal 

noncardiogenic pulmonary edema that occurs after 
extended exposure to hypoxia. Unlike AMS, it is clinically 
characterized by fatigue, dyspnea, and dry cough with 
exertion; however, it could progress to dyspnea at rest, 
rales, cyanosis, and a mortality rate of up to 50% (Nieto 
Estrada et al. 2017; Gonzalez Garay et al. 2018; Woods 
and Alcock 2021). It is additionally noted that HAPE 
usually happens in altitudes above 2,500 meters but can 
happen in altitudes as low as 2,000 meters due to factors 
such as low hypoxic ventilatory response (HVR), the 
altitude attained, a rapid rate of ascent, male sex, use of 
sleep medication, excessive salt ingestion, ambient cold 
temperature, heavy physical exertion, and preexisting 
conditions that leave their owners more susceptible to 
pulmonary edema (e.g. increased pulmonary blood flow 
and pulmonary hypertension) (Khodaee et al. 2016; Nieto 
Estrada et al. 2017; Woods and Alcock 2021). At altitude, 
the pulmonary vasculature, and the extent of the body, 
responds to hypoxia by hyperventilation, which is known 
as the hypoxic ventilator response (HVR). 

3. Chronic Altitude Illnesses (CAI) 
It is currently approximated that there are more than 

140 million people worldwide who are currently at an 
altitude of over 2,500 meters. This leads them to chronic 
hypoxia, which is accompanied by various changes in the 
human body, with the most relevant changes occurring in 
the cardiopulmonary circuit, particularly in the right circuit. 
CAI is commonly divided into Chronic mountain sickness 
and High altitude pulmonary hypertension; however, it is 
important to note that since both of these diseases only 
affect some people living in high altitudes, genetic factors 
play an immense role in each of their pathogenesis 
processes (Mirrakhimov and Strohl ,  2016). 

3.1. Chronic Mountain Sickness (CMS) 
Unlike AMS, CMS, also known as Monge’s disease, is 

a clinical syndrome that occurs in long-time residents of 
high-altitude places above 2,500 meters. It is often 
characterized by excessive erythrocytosis/polycythemia 
(females Hb >= 19 g/dL; males Hb >= 21 g/dL), severe 
hypoxemia, and in some cases moderate or severe 
pulmonary hypertension (Taylor , 2011). Such clinical 
symptoms usually disappear after a gradual descent. It is 
often measured by the Qinghai Score (León-Velarde et al. 
2005). 

3.2. High Altitude Pulmonary Hypertension (HAPH) 
In general, pulmonary hypertension (PH) is a blanket 

term used to describe a group of disorders characterized 
by a mean pulmonary arterial pressure ≥25 mm Hg on 
right heart catheterization. It’s divided into 5 groups for 
classification: (1) pulmonary arterial hypertension, (2) PH 
owing to left heart disease, (3) PH owing to lung diseases 
and/or hypoxia, (4) Chronic Thromboembolic PH, (5) PH 

with unclear multifactorial mechanisms (Simonneau et al. 
2009; Simonneau et al. 2018). HAPH is included in the 3rd 
classification group (Simonneau et al. 2009). It is caused 
by pulmonary vasoconstriction and the increase in 
pulmonary vascular resistance experienced in hypoxic 
environments (e.g. high altitudes), and such a 
physiological response is done by the body to improve 
blood flow, reduce perfusion of poorly ventilated lung 
areas, and leadsto vascular remodeling at the level of 
small pulmonary arteries and veins. Such arteries and 
veins are usually devoid of smooth muscle, but hypoxia 
has been shown to stimulate the proliferation of smooth 
muscle cells from the local myofibroblasts, and such 
changes remain even after returning to normoxia 
(Mirrakhimov and Strohl 2016; Oswald-Mammosser et al. 
1995; Sobin et al. 1983). Vascular remodeling also 
decreases apoptosis of these smooth muscle cells and 
modulates the biochemical activity of pulmonary 
endothelium towards a direction concerned with the 
production of endothelin-1. 

4. Genetic Effects 
Genetic factors have been a major determinant of the 

intensity of different HAS (Simonson et al. 2010). In this 
review, we will be discussing the most well-documented 
genes that affect such ailments and their polymorphisms 
whilst enumerating each of their reported uses. 

4.1. Hypoxia-Inducible Factor 1α (HIF-1α) 
HIF-1α is a regulatory protein heterodimer that has 

developed a reputation as the maestro behind the 
transcriptional response to hypoxia, specifically to 
minimize hypoxic injury and restore adequate 
oxygenation. One of its main mechanisms, for example, is 
the creation and formation of erythropoietin (EPO), which 
elevates tissue O2 concentration to counteract the injury 
of hypoxia. Furthermore, although a few studies have 
shown that HIF-1α can be induced via the PI3-
kinase/AKT/mTOR pathway (Lee et al. 2015; Marhold et 
al. 2015), the induction mechanisms have yet to be fully 
understood. Studies have also shown strong HIF-1α 
expressions in the epithelial cells and vascular endothelial 
cells of intestinal tissues in high-altitude rats due to the 
low oxygen environment — something that was 
completely absent in rats living in low-latitudes (Zhang et 
al. 2015). Additionally, it is worth noting that the α subunits 
of HIF-1α are what make it O2 sensitive. 
      Additionally, HIF-1α may have pathogenic roles in 
pulmonary hypertension due to its ability to regulate 
distinct cellular processes in pulmonary artery endothelial 
cells [84–87]. Damage to such cells can then lead to 
susceptibility to HAPE. Additionally, HIF-1α may have 
pathogenic roles in pulmonary hypertension due to its 
ability to regulate distinct cellular processes in pulmonary 
artery endothelial cells (Pullamsetti et al. 2020; Tan et al. 
2013; Gale et al. 2008; Shimoda and Laurie 2014). 
Damage to such cells can then lead to susceptibility to 
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HAPE. In general, HIF activity is controlled by the 
environment’s oxygen concertation via site-specific prolyl 
hydroxylation of the α subunit, making hydroxylation the 
key post-translational modification regulating HIF activity. 
In HIF-1α, the primary site of hydroxylation is on Pro564, 
and that leaves a platform for Von-Hippel-Lindau (VHL)-
Ubiquitin Ligase to degrade the hydroxylated HIF-1α using 
the ubiquitin-proteasome pathway. It is also important to 
note that HIF-2α and HIF-1α often act in the same 
direction; for example, both of them have equal capacity to 
activate the VEGFA gene, which encodes for a key 
angiogenesis protein (Keith et al. 2011). HIF-1α 
polymorphisms have been extensively studied in the past, 
and so far, we have many polymorphisms to analyze and 
associate with diseases. For example, HIF-1α C1772T 
and G1790A have been recently confirmed to be 
polymorphisms associated with head and neck cancer 
(Wu et al. 2021; Konac et al. 2007). HIF-1A Pro582Ser is 
strongly correlated to resistance against the development 
of diabetic nephropathy and proved to reduce the risk of 
diabetes in the Japanese population, whilst HIF1A 
Ala588Thr showed little to no effect (Ren et al. 2020; Gu 
et al. 2013; Catrina and Zheng 2021). 

4.2. EPAS1 (Hypoxia-Inducible Factor 2α (HIF-2α) 
HIF-2α presents 48% amino acid sequence homology 

with HIF-1α with a similar domain arrangement, and 
although they both share similar characteristics (e.g. 
domain structure, heterodimerize with HIF-1β, and bind to 
the same DNA sequence called hypoxia-responsive 
element (HRE)), HIF-2α is involved in the regulation of 
genes important for tumor growth, HAPH progression, cell 
cycle progression and maintaining stem cell pluripotency, 
like the protooncogene MYC (which it co-operates with), 
whilst HIF-1α is concerned with regulating and inducing 
glycolytic responses and antagonizing the MYC 
protooncogene. (Keith et al. 2011; Wu et al. 2021; Konac 
et al. 2007; Ren et al. 2020; Gu et al. 2013; Catrina and 
Zheng 2021). Another difference between HIF-1α and 
HIF-2α is their functions; HIF-1α promotes cell cycle 
arrest/halt, whilst HIF-2α promotes progression through 
the cell cycle, leading to the belief that HIF-2α is more 
directly associated with tumor progression than HIF-1α. 
(Loboda et al. 2012; Wang et al. 2005; Hu et al. 2007; 
Gordan et al. 2007; Barontini and Dahia 2014). Another 
gene that HIF-2α regulates is EPO in interstitial cells in the 
adult kidney, which produces EPO, a red blood cell 
regulator. This is consistent with other studies that have 
proposed that a lack of HIF-2α is accompanied by anemia, 
whilst an excess of it is accompanied by erythrocytosis 
(Scortegagna et al. 2005, Tan et al. 2013, Gruber et al. 
2007). There is a lot of evidence of its presence in high-
altitude individuals and rats, leading scientists to 
hypothesize its involvement in counteracting the hypoxia 
presented in high altitudes by overexpressing HIF-2α, 
consequently leading to a greater RBC count and 
stabilizing hypoxia. (Simonson et al. 2010, Xu et al. 2011, 

Bigham et al. 2010, Beall et al. 2010, Bigham and Lee 
2014). 

Recent studies have also shown that the SNPs 
EPAS1_rs4953354 and EPAS1_rs6756667 strongly 
correlate to decreased risk of HAH; additionally, it has 
been speculated that these genes may be able to alter 
transcription factors’ binding receptors and be in linkage 
disequilibrium with other true functional SNPs, which 
would consequently regulate HIF regulation and EPAS1 
expression. Such polymorphisms were strongly present in 
Tibetan populations probably due to natural selection 
(Simonson et al. 2010, Bigham et al. 2011). 

4.3. Vascular Endothelial Growth Factor (VEGF) 
VEGF is an endothelial cell-specific mitogen and 

angiogenic permeability factor and is mainly modulated by 
HIF-1. It works by binding itself to a receptor in the cell 
and increasing its permeability and changing the cell’s 
structure, consequently leading to edema and AMS if 
overexpressed in the lungs (Fan et al. 2020; Liang et al. 
2014; Hanaoka et al. 2003). Such an overexpression can 
be achieved through hypoxia, and maybe a 
pathophysiological part in the development of HAPE 
(Hanaoka et al. 2003; Christou et al. 1998; Liu et al. 1995; 
Tuder et al. 1995). It has also been hypothesized that 
VEGF expression could be a cause for HACE because it 
tended to increase extracerebral capillary permeability, 
leading to edema (Xu and Severinghaus 1998). Recent 
studies have shown that polymorphisms in the genes of 
VEGF, particularly VEGF-2578C/A rs699947, are 
considered a risk factor for diabetic retinopathy, bladder 
cancer, and renal cell carcinoma, whilst not affect prostate 
cancer (Song et al. 2018 - Wijaya et al. 2021). Three 
particular alleles were found to play a role in this 
polymorphism, mainly A, C, and T. The C allele was 
observed to be a factor in developing diabetic retinopathy, 
whilst T and A were protective factors of the disease. 

4.4. Tumor Suppressor P53 
P53 is a tumor suppressor protein that inhibits the 

transformation and mutation of cells by viral and/or cellular 
oncogenes. It is transcript through the gene TP53 and is 
activated in response to stress, and more importantly, 
hypoxia (Royds et al. 1998; Zhao et al. 2013; Humpton 
and Vousden , 2016; Amelio and Melino , 2015; Blagih et 
al. 2020). It induces various forms of cell death or 
senescence, which lead to its ability to suppress tumors 
effectively (Vogelstein et al. 2000; Kastenhuber and Lowe 
, 2017; Vousden and Prives , 2009). 

The effects of hypoxia and high-altitude environments 
on P53 regulation and expression have been extensively 
studied in the past. For example, Serine-15 (Ser-15) is the 
primary target of p53’s DNA damage response and is 
usually phosphorylated by both the ATM and ATR protein 
kinases (Loughery et al. 2014), and studies have shown 
that severe hypoxia does lead to phosphorylation of Ser-
15 and others have shown a sharp increase in p53 
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presence at both the microRNA and protein levels in 
hepatocytes (Jacovas et al. 2018; Koumenis et al. 2001; 
Zhao et al. 2013). This is consistent with the common 
risks associated with high altitude travel in chronic liver 
disease patients which can lead to fibrosis, a phenomenon 
that has been linked with an increase in p53 in mice liver 
(Luks and Swenson 2015; Kodama et al. 2011; Ramsoe et 
al. 1970). 

These results in p53 increases due to hypoxia, 
however, were only present in extreme altitudes (7,000+ 
meters) when tested for 8 hours. Additionally, it has also 
been noted that the type-1 corticotrophin-releasing 
hormone (CRHR1) mediates p53 expression and 
transcription, as it has been determined that the CRHR1 
antagonist CP-154,526 was one of the key reasons p53 
didn’t notice a steady increase at altitudes below 7,000 
meters (Zhao et al. 2013). 

A study also argued that the suppression of certain 
apoptotic genes would lead to a higher risk of developing 
malignant tumors (Voskarides , 2018). This suppression is 
most evident in both high-altitude and cold areas and is 
apparent in the Inuit, who have the highest incidence of 
colorectal cancer in the world (Young et al. 2016). 
Additionally, the blind mole rat, Spalax Ehrenberg, has an 
overexpression of p53 molecules, which proposes it as a 
potential mechanism to counteract the hypoxia it 
experiences and the tumors that may come with it 
(Voskarides , 2018). 

Germline mutations in TP53 could increase the risk of 
certain types of cancers, such as breast cancer, leukemia, 
soft tissue sarcomas, CNS tumors, and adrenocortical 
cancer (Li and Fraumeni 1969). Certain studies have, 
however, shown that patients with breast cancer had a 
high frequency of somatic TP53 mutations (Langerød et 
al. 2007; Daly et al. 2021). These mutations can also be 
caused by SNPs, and the most frequently reported SNP in 
TP53 is TP53_ rs1042522. It has two main variants: Arg72 
or Pro72, and it’s located at the second position of codon 
72 in exon 4. Both of these variants serve roles in various 
types of cancer, but it has been reported that the Arg72 
variant is more efficient at inducing apoptosis because of 
its greater ability to interact with MDM2 (Dumont et al. 
2003; Dahabreh et al. 2013). 

4.5. Von-Hippel-Lindau (VHL)-Ubiquitin Ligase 
VHL disease is a syndrome characterized by 

increased vulnerability and susceptibility to several 
malignancies, including renal cell carcinoma, 
hemangioblastomas of the central nervous system or 
retina, and phaeochromocytomas. It is encoded by the 
VHL tumor gene, which is an E3 ubiquitin ligase that maps 
to chromosome 3p25 (Latif et al. 1993). It targets 
proteasome degradation and has two subdomains: the 
alpha domain, which works to degrade proteosomes, and 
the beta domain, which works as a substrate-docking site. 
Hydroxylated alpha subunits in HIF are known to be one 
of the most well-known substrates for the beta domain of 

VHL and usually degrade once they react with VHL. 
VHL disease is a syndrome characterized by 

increased vulnerability and susceptibility to several 
malignancies, including renal cell carcinoma, 
hemangioblastomas of the central nervous system or 
retina, and phaeochromocytomas. It is encoded by the 
VHL tumor gene, which is an E3 ubiquitin ligase that maps 
to chromosome 3p25 (Latif et al. 1993). It targets 
proteasome degradation and has two subdomains: the 
alpha domain, which works to degrade proteosomes, and 
the beta domain, which works as a substrate-docking site. 
Hydroxylated alpha subunits in HIF are known to be one 
of the most well-known substrates for the beta domain of 
VHL and usually degrade once they react with VHL. 

In mutant VHL target tissues, however, HIF activity 
sharply increases because of the lack of modulation by 
VHL, leading to multiple transcriptional activations of HIF 
target genes (e.g. angiogenic factors such as VEGF and 
enzymes concerned with glucose metabolism) (Zhang & 
Zhang 2018). As discussed before, HIF-2α has been 
proven to be more influential in tumor progression when 
compared to HIF-1α. This has led scientists to propose 
that the overexpression in HIF-2α when a mutant VHL 
target tissue is present is what causes the susceptibility 
observed in the VHL disease. This relationship between 
VHL and HIF gene expressions has created two separate 
categories of VHL effects: HIF-dependent effects of VHL 
and HIF-independent VHL functions. 

HIF-dependent effects of VHL include Epithelial-
mesenchymal transition (EMT) and Reactive oxygen 
species (ROS). EMT contributes to renal development, 
fibrosis, and cancer. VHL malfunction can lead to 
disruptions in various EMT processes which are believed 
to contribute to the tumorigenic process (Gläsker et al. 
2020; Hapke & Haake 2020). On the other hand, ROS 
regulates hypoxia-dependent and hypoxia-independent 
activation of HIF-1α (Guzy et al. 2005; Kaelin 2005; 
Brunelle et al. 2005). 

HIF-independent effects of VHL include primary cilium 
integrity (associated with cyst development), extracellular 
matrix function (causes increased tumor angiogenesis), 
apoptosis, and senescence (Barontini & Dahia 2010; 
Stickle et al. 2005). VHL’s canonical E3 ligase function 
lets it control many substrates including NDRG3, G9a, and 
EpoR that let it have this wide range of pathophysiological 
phenomena. 

Furthermore, germline polymorphism assessments 
have shown that people carrying at least one variant allele 
for the VHL_rs779805 SNP have been proven to have 
significantly more risk for renal cell carcinoma (RCC) and 
clear-cell renal cell carcinoma (ccRCC). Other SNPs that 
have been studied showed little to no correlation, and 
those included VHL_rs164239, VHL_rs265318, and 
HIF1A_rs2301111 (van de Pol et al. 2020). Another study 
proposed the VHL_rs1642742 CC genotype and the 
VHL_rs1642743 GG genotype as potential biomarkers to 
determine a person’s vulnerability to metastatic ccRCC 
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after being treated with first-line vascular endothelial 
growth factor receptor (VEGFR), but confirmation would 
need further research (Verbiest et al. 2018). 

5. Immunological Effects 
Most of the immunological effects noticed at high 

altitudes are due to hypoxia and are usually caused and 
counteracted by gene mutations and natural selection. 

5.1. Immune-Mediated Inflammatory Diseases (IMIDs) 
When the body is attacked by pathogens via infection 

from a wound, it attacks said pathogens with secreted 
proinflammatory cytokines and cytotoxic molecules and/or 
by direct cell-mediated cytotoxicity (Hawiger et al. 2001; 
Robertson , 2007). This attack may also result in 
undesirable outcomes, such as collateral tissue damage 
(inflammation) (Sitkovsky et al. 2004). Such uncontrolled 
inflammation could lead to the pathogenesis of major 
diseases including cancer, heart disease, atherosclerosis, 
and sepsis (Gao and Hong , 2008; Erjefält , 2019; Lin et 
al. 2018); however, the body has come up with a way to 
counteract this with “nonimmune” molecules that inhibited 
immune cells to prevent such collateral damage (Fanelli et 
al. 2018; Leigh et al. 2020). 

Many studies have shown that hypoxia and the HIF 
response influence the initiation of autoimmune responses 
and contribute to the development of dysfunctions in 
autoimmunity and cancer. Thus, pharmaceutical 
companies have been targeting specific HIF proteins (e.g. 
HIF-1α and HIF-2α) because of their significance in 
mediating and controlling inflammations and IMIDs (Chen 
et al. 2021).  

Furthermore, HIF-1α’s involvement in the immune 
system continues to extend as it has been proven to be 
influential in regulating development, survival, 
proliferation, and differentiation in not only human T and B 
cells, but also virtually all innate and adaptive immune cell 
populations (Chen et al. 2021; Biju et al. 2004; Shi et al. 
2011; Dang et al. 2011; Makino et al. 2003; Cramer et al. 
2003; Walmsley et al. 2005). HIF-2α, on the other hand, 
was shown to be active in certain immune cells such as in 
tumor-associated macrophages, in vitro expanded CD8+ 
T cells, and in response to cytokines and hypoxia 
(Zinkernagel et al. 2007; Palazon et al. 2014). Do note, 
however, that HIF-α in general can be induced by a 
variety of inflammatory stimuli such as bacterial products, 
leading to the proposal that HIFs and hypoxia are 
considered one of our body’s immediate responses to 
inflammation to prevent collateral damage that could lead 
up to pathogenesis of fatal illnesses (Chen et al. 2021). 
High altitude effects on IMIDs explain the countless case 
studies on high altitude correlations with cancer, asthma, 
and edema (Eichner et al. 2018; Moore et al. 2019; 
Sallusto et al. 2019; Zhang et al. 2019; Singh et al. 2020). 

5.2. Gastrointestinal Tract 
Different studies on humans and animals have 

determined that geographical altitude does have a 
pronounced effect on fecal microbiota, although some 
argue that human results may be subject to limitations as 
fecal microbiota could also be influenced by diet and 
genetic background (Power et al. 2014; Li and Zhao , 
2015). Studies on rats have shown a correlation between 
high-altitude hypoxia environmental and an increase in the 
relative abundance of genera Alistipes, which is 
associated with gut inflammation, chronic fatigue 
syndrome, and more recently, e-hypoxia-induced intestinal 
disorders (Zhang et al. 2018; Frémont et al. 2013; 
Naseribafrouei et al. 2014). Additionally, the genera 
Heliobacter, the majority species of which are suspected 
to be gastrointestinal pathogens, was found to be reduced 
in terms of abundance (Fox , 1997). Other microbiotas 
that were found to decrease in abundance as hypoxia 
levels increased are Epsilonproteobacteria, phylum 
Actinobacteria, and class Erysipelotrichia (Liu et al. 2014; 
den Hengst and Buttner , 2008). 

One of the most vulnerable yet fundamental immune 
response systems is the mucosal immune system, 
formally known as MALT (Mucosa Associated Lymphoid 
Tissue). MALT is usually located in organ linings and 
contains lymphoid cells that can protect the body from 
harmful pathogens (Ak et al. 2021; Xie et al. 2019; 
Kiesewetter and Raderer, 2020; Khanna et al. 2018). A 
study on humans has shown, however, that Secretory 
immunoglobulin A (sIgA), a major immunoglobulin of the 
mucosal immune system, levels decrease as hypoxia and 
overall physical exercise increase (Tiollier et al. 2005). 

Other effects of high altitude on the GI tract include an 
increased risk of upper GI tract bleeding when exposed to 
5,000 meters and non-functioning mucosal barriers (Bletz 
et al. 2013; Ak et al. 2021; Khanna et al. 2018). 

5.3. Sleep Disturbances 
High altitudes are characterized by hypoxia and low 

concentrations of oxygen sustained exposure of which 
could lead to effects on body weight, muscle structure, 
exercise capacity, mental functioning, and sleep quality 
(San et al. 2013). It induces high-altitude periodic 
breathing (PB), which is a breathing pattern distinguished 
by breathing instability, with periods of deep and rapid 
breathing alternating with central apnea. Surprisingly, 
such a pattern is noticeable in perfectly healthy individuals 
at altitudes above 6,000 ft. and may lead to difficulties in 
sleeping (e.g. frequent arousals and daytime 
somnolence). Furthermore, it leads to depressive moods, 
anger, and fatigue alongside a decrease in vigor, 
attention, memory, concentration, executive functions, and 
speed of mental processing (San et al. 2013; Kabel et al. 
2018; Weil , 2004). These alternating periods of deep 
breathing and shallow breathing caused by PB can cause 
instability in blood oxygen levels, which leads scientists to 
hypothesize that high-altitude sleep disturbances are 
associated with hypoxemia and PB (Taylor 2011; 
Nussbaumer-Ochsner et al. 2012; San et al. 2013). 
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CONCLUSION 
In conclusion, HAS are ailments that are greatly 

affected by genetic and environmental factors and are 
categorized into acute and chronic altitude illnesses. The 
former is further categorized into AMS, HAPE, and HACE, 
whilst the latter is divided into CMS and HAPH. They’re all 
mainly caused by physiological responses of our body to 
the low oxygen concentration present in high altitudes and 
are expressed and amplified by different genes. 
Prevention and treatment of such illnesses would be to 
simply ascend with caution or descend until symptoms are 
alleviated. However, failure to treat mildAMS could 
escalate to fatal cases of HAPE or HACE when left 
untreated. Genetic factors, in particular, are what enabled 
Tibetan and Inuit populations to adapt to their harsh, high 
environments that caused them many illnesses. We 
discussed the functions and associations of different 
genes, namely VHL, P53, VEGF, HIF-1α, and HIF-2α. 

It was also noted how different immunological effects 
induced by different genes, mainly hypoxia and HIF-
responses’ induction of autoimmune diseases, hypoxia’s 
direct correlation with different intestinal disorders, and 
hypoxia’s association with periodic breathing, which 
consequently causes sleep disturbances. 
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