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Simple Summary: Cyclooxygenase 2 (COX2) inhibitors have been demonstrated to protect against
hypoxia pathogenesis in several investigations. In several studies, it has been shown that COX2
inhibitors guard against the pathogenesis of hypoxia. However, there are conflicting findings on COX
inhibitors’ potency in treating COVID-19, and they have drawbacks. As a result, therapeutic COX2
inhibition may not always be beneficial, and further research into potential downstream mediators for
hypoxic environment adaptability is required. According to research, those who are used to the lower
oxygen levels at altitude may be more resistant to the negative effects of COVID-19. It indicates that
COVID-19 poses a greater risk to people who live at lower elevations. It has been demonstrated that
the COX2 pathway’s downstream molecules adapt in people who live at high altitudes, which may
help to explain why these people have a decreased prevalence of COVID-19 infection. Intermittent
hypoxia training can be used to imitate the gene-environment interactions found in people who
live at higher altitudes (IHT). It appears that COX-2 adaptation brought on by hypoxia exposure
at altitude or IHT serves a significant therapeutic purpose. In this article, we highlight some of the
most significant common genes associated with the pathophysiology of COVID-19 and hypoxia. We
propose a common pathway between COVID-19 pathogenesis and hypoxia that influences apoptosis,
proliferation, the immune system, and metabolism. We also emphasize the importance of researching
people who reside at higher elevations to mimic their gene-environment interactions and contrast
the results with IHT. Finally, we suggest COX2 as an upstream target for evaluating IHT’s efficacy
in preventing or mitigating the consequences of COVID-19 and other oxygen-related pathological
conditions in the future.

Abstract: Cyclooxygenase 2 (COX2) inhibitors have been demonstrated to protect against hypoxia
pathogenesis in several investigations. It has also been utilized as an adjuvant therapy in the
treatment of COVID-19. COX inhibitors, which have previously been shown to be effective in
treating previous viral and malarial infections are strong candidates for improving the COVID-19
therapeutic doctrine. However, another COX inhibitor, ibuprofen, is linked to an increase in the
angiotensin-converting enzyme 2 (ACE2), which could increase virus susceptibility. Hence, inhibiting
COX2 via therapeutics might not always be protective and we need to investigate the downstream
molecules that may be involved in hypoxia environment adaptation. Research has discovered that
people who are accustomed to reduced oxygen levels at altitude may be protected against the
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harmful effects of COVID-19. It is important to highlight that the study’s conclusions only applied
to those who regularly lived at high altitudes; they did not apply to those who occasionally moved
to higher altitudes but still lived at lower altitudes. COVID-19 appears to be more dangerous to
individuals residing at lower altitudes. The downstream molecules in the (COX2) pathway have
been shown to adapt in high-altitude dwellers, which may partially explain why these individuals
have a lower prevalence of COVID-19 infection. More research is needed, however, to directly
address COX2 expression in people living at higher altitudes. It is possible to mimic the gene–
environment interaction of higher altitude people by intermittent hypoxia training. COX-2 adaptation
resulting from hypoxic exposure at altitude or intermittent hypoxia exercise training (IHT) seems
to have an important therapeutic function. Swimming, a type of IHT, was found to lower COX-
2 protein production, a pro-inflammatory milieu transcription factor, while increasing the anti-
inflammatory microenvironment. Furthermore, Intermittent Hypoxia Preconditioning (IHP) has been
demonstrated in numerous clinical investigations to enhance patients’ cardiopulmonary function,
raise cardiorespiratory fitness, and increase tissues’ and organs’ tolerance to ischemia. Biochemical
activities of IHP have also been reported as a feasible application strategy for IHP for the rehabilitation
of COVID-19 patients. In this paper, we aim to highlight some of the most relevant shared genes
implicated with COVID-19 pathogenesis and hypoxia. We hypothesize that COVID-19 pathogenesis
and hypoxia share a similar mechanism that affects apoptosis, proliferation, the immune system, and
metabolism. We also highlight the necessity of studying individuals who live at higher altitudes to
emulate their gene–environment interactions and compare the findings with IHT. Finally, we propose
COX2 as an upstream target for testing the effectiveness of IHT in preventing or minimizing the
effects of COVID-19 and other oxygen-related pathological conditions in the future.

Keywords: COVID-19; hypoxia; preconditioning; cyclooxygenase; hypoxia training; intermittent
hypoxia training

1. Introduction

Cyclooxygenase (COX) is an enzyme. A class of lipids called prostaglandins is pro-
duced at the sites of injury or infection and is used to treat both disease and injury.
Prostaglandin G2 intermediates undergo specific conversion to prostaglandin H2 by
COX [1]. Many studies have shown that COX2 inhibitors are protective from hypoxic patho-
genesis [1], and are being used in COVID-19 treatment as an adjuvant therapy. However,
another COX inhibitor, ibuprofen, is linked to an increase in the angiotensin-converting
enzyme 2 (ACE2), which could increase virus susceptibility. Hence, inhibiting COX2 via
therapeutics might not always be protective and we need to unravel the downstream
molecules that may result in hypoxia environmental adaptation.

Interestingly, some of the downstream molecules in the COX2 pathway have been
found to be adapted (downregulated)among high-altitude dwellers, which could explain
the decreased prevalence of COVID-19 infection. However, more research is needed to
directly address COX2 expressions among people living at high altitude. People living
at High altitudes (over 8000 feet or 2500 m) provide opportunities to study adaptation
and physiological processes [2]. Over the past 25 years, studies on Andeans, Tibetans,
and Ethiopians have revealed different oxygen transport characteristics than those of
acclimatized newcomers, which may suggest genetic adaptation to high altitude. High
altitude short-term (acclimatization, development) and long-term (genetic) responses have a
temporal gradient, such that all affect oxygen content, and the long-term (genetic) responses
improve blood flow, oxygen delivery, and oxygen metabolism [3].

Recent findings suggest that individuals accustomed to low-oxygen environments at
altitude are more likely to cope with COVID-19 and its effects [2]. Researchers suggest that
the benefits apply only to individuals who live at high altitudes. Low-altitude travelers still
have a higher risk of experiencing severe COVID-19 complications that can be exaggerated
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by low oxygen levels at higher elevations [4]. COVID-19 impairs normal lung oxygen
absorption by affecting the respiratory system leading to a decrease in levels of oxygen in
the blood. In a recent review, it was concluded that it is unlikely that individuals traveling
to high altitudes would benefit from a lower risk and severity of COVID-19 infection. On
the other hand, a high-altitude sojourn does not appear to be associated with additional
risks with regards to the pandemic—provided the journey can be made in a safe manner
and public health measures are observed [4].

As mentioned previously, low-landers are unlikely to benefit from traveling to higher
altitudes. In addition to the lack of benefit, high-altitude exposure may have a negative
impact on individual biological equilibriums. Therefore, as an altitude pre-acclimatization
strategy, for example, intermittent hypoxic training (IHT) appears to be a promising method
to improve immune responses, decrease inflammation, and provide a better toleration of a
“silent hypoxemia” state [4]. IHT has also been proposed in previous studies as potential
preconditioning for COVID-19 rehabilitation. Previous studies suggest that the application
of intermittent hypoxia preconditioning (IHP) on patients may provide inhibitory effects
on the levels of various proinflammatory factors and activate hypoxia-inducible factor
(HIF-1) to promote target genes to augment erythropoietin (EPO)/vascular endothelial
growth factor (VEGF) expression which leads to stimulating the production of the red
blood cells, hemoglobin, and angiogenesis to increase the capacity to transport oxygen. Fur-
thermore, activated HIF-1 may mobilize peroxisome proliferator-activated receptor-gamma
coactivator-sirtuin 1 (PGC-1-SIRT1)/(AMP-activated protein kinase) AMPK pathway and
nitric oxide (NO) availability and inhibit endothelin (ET-1). These factors can help reverse
the virus-induced cardiopulmonary hemodynamic disorder and endothelial dysfunction [5].
Many studies point to a lower number and reduced severity of cases in high-altitude cities
with decreased oxygen concentrations. Specific literature has shown several benefits of
physical training, so, in this sense, physical training using a hypoxic stimulus appears
as an alternative that supports the conventional treatments for the COVID-19 patient’s
recovery [6]. A clinical study aimed to analyze the effects of moderate-intensity intermittent
hypoxic training on health outcomes in COVID-19-recovered patients. Their study provides
evidence to support the clinical benefits of moderate IHT as part of the treatment of patients
recovered from COVID-19 and also provides evidence on the efficacy and safety of IHT for
different health conditions [6].

As part of this paper, we examined the common genes involved in COVID-19 patho-
genesis and hypoxia. We propose that hypoxia and COVID-19 pathogenesis share a
common mechanism that affects apoptosis, cell proliferation, immunity, and metabolism.
In addition, we discuss the importance of mimicking the genes and environmental in-
teractions of individuals living at higher altitudes using IHT. Lastly, we suggest that the
effectiveness of IHT in reducing COVID-19 severity or preventing oxygen-related diseases
needs to be verified by exploring the expressions of COX2 and its downstream genes after
IHT.

2. Methodology

The search timeline included studies published until March 2021 and was performed
by two researchers using three databases including PubMed, Web of Science, and Google
Scholar for this narrative review. The titles/abstracts of the articles were searched using
keywords including “COX 2, cyclo-oxygenase, high altitude, adaptation, COVID-19, corona,
hypoxia training, intermittent hypoxia training, swimming, yoga, hiking”. The publication
language was limited to English. The search included reviews, meta-analyses, systematic
reviews, and research articles, and excluded books and book chapters. The search was
completed on 1 April 2022. When many similar articles were available, the most recent
ones were used. Additional papers were identified from random searches and reference
lists of retrieved articles based on our conceptual design. These approaches resulted in a
total of 102 articles for possible inclusion within this review.
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3. Gene-Environment Interaction: A Basic Perspective to Be Targeted for COVID-19

In recent years, there has been increasing interest in finding gene–environment interac-
tion differences in the association of specific genetic variants of disease, or vice versa [7]. It
is important to understand these interactions because they can mask the detection of a ge-
netic (or environmental) effect if they are not identified and controlled. They can also cause
inconsistencies in the association of diseases when populations are exposed to different
environments that modify the effect of a given genetic variant (or vice versa) [8–10]. The
most important consequence of gene–environment interactions is that they can provide
approaches for modifying the effects of deleterious genes by avoiding the corresponding
deleterious environmental exposure, since both the genetic variant and the corresponding
exposure are needed for disease progression. For example, if a complex disease does not af-
fect people living in a specific environment due to genetic adaptation, then pre-conditioning
our bodies and biological systems to adapt to the genetic profiles in those environments
may be helpful. This disease avoidance strategy is worthy of future experimentation and
investigation.

4. High Altitude Decreased COVID-19: A Dilemmatic Implementation

Researchers have discovered that individuals living at high altitudes have a lower
susceptibility to coronavirus. One hundred and twenty cities located 3000 m above sea
level were compared using COVID-19 data. According to the findings, residents living
in high-altitude environments might have advantages against COVID-19 infection [2].
The highlands of various continents (above 2500 m) are home to around 140 million
people [11,12]. COVID-19 cases have been documented in Europe, Asia, South America,
North America, and Africa’s highlands [13–15]. An epidemiological investigation by Arias
Reyes et al. (2020) has revealed a decreased reported incidence of COVID-19, implying
a possible weak transmission rate of severe SARS-CoV-2 among highland people [16].
Likewise, in the Tibetan Plateau of China, researchers reported a very modest persistent
COVID-19 infection [17].

Research has suggested that altitude is associated with COVID-19 mortality among
men under 65 years of age. A previous study compared COVID-19 mortality at different
altitudes and reported that, since partial oxygen pressure decreases as altitude increases,
environmental hypoxia could increase COVID-19 patients’ hypoxemia [18]. Among the
seven continents, Asia, South America, and North America have reported that COVID-
19 prevalence is lower at higher altitudes than in lower altitudes. Another study used
Ecuadorian data to investigate the link between altitude and COVID-19 [19]. Their findings
revealed statistically significant differences in incidence, death, and case fatality rates in
the Amazon, Sierra, and Costa areas of Ecuador, implying a link between altitude and
SARS-CoV-2 transmission and COVID-19 disease severity. Altitude had a 1-unit negative
correlation with death rate in univariate analysis [19]. A further study found that COVID-19
prevalence increased across Brazil, a country with continental dimensions, although the
disease’s incidence is highly variable, impacting towns and regions differentially [20]. As
a result, there is a lack of knowledge relating to the factors that amplify discrepancies in
COVID-19 occurrence between Brazilian cities. The researchers explored how altitude
affected the occurrence of COVID-19 in Brazilian cities. They examined relative incidence
(RI), relative death rate (RDR), and atmospheric relative humidity (RH) of COVID-19 in
154 Brazilian cities with populations above 200 thousand people and elevations between
5 and 1135 m. The association between altitude and RI and RDR, as well as RH and RI
and RDR, was investigated using Pearson’s correlation analysis. In the cities studied, they
discovered a negative association between COVID-19 incidence and altitude and a positive
correlation with RH. They reported COVID-19 in cities with high altitude and low RH
have lower RI and RDR. They also proposed that high-altitude cities would be good places
to shelter vulnerable people [20]. Furthermore, research also suggests the cause for the
decrease in the severity of the global high-altitude COVID-19 outbreak could be related
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to both environmental and physiological factors, as well as cultural ones; consequently,
investigations examining this relationship are needed [21].

5. Angiotensin-Converting Enzyme 2 (ACE2) Is the Most Reported Gene for Lower
COVID Prevalence in People Living at Higher Elevations

There is currently minimal evidence to suggest any preventive advantage of genetic or
non-genetic adaptation to high-altitude hypoxia, including the idea that hypoxia-mediated
variations in ACE2 expression or ACE2 variants in certain population groups may be related
to illness causation or severity of COVID-19 [22]. Another study compared COVID-19
epidemiology data from Tibet and high-altitude regions of Bolivia and Ecuador to lowland
data to examine if high-altitude residents (+2500 m above sea level) are less likely to acquire
significant adverse effects from the virus. Based on the current epidemiological evidence,
physiological acclimatization/adaptations that counterbalance the hypoxic environment in
high-altitude environments may protect against the severe consequences of acute COVID-
19 virus infection. Potential underlying mechanisms examined include (i) a virus half-life
limited by the high altitude environment, and (ii) hypoxia-mediated decreased expression
of ACE2, the virus’s main binding target in the pulmonary epithelium [13]. COVID-19
binds itself to an enzyme called ACE2 to infiltrate cells in the body. ACE2 can be found
in a variety of organs, including the heart, lungs, kidneys, and liver. Because individuals
become accustomed to living in an environment with less oxygen, persons who have
adjusted to living at high altitude generate less ACE2 enzymes. Overall, it is thought that
those who reside at higher elevations have a lower risk of contracting COVID-19 because
they produce less of the ACE2 enzyme [23]. During our initial search, we observed that,
apart from ACE2, very few genes have been studied in people who live at higher altitudes
in relation to COVID-19 infection.

6. IHT Proposed for Future Prevention of Oxygen-Related Diseases

We suggest that COVID-19 and hypoxia have overlapping pathogenic mechanisms,
with COX2 as the shared upstream link. We also reviewed evidence that high-altitude
dwellers and lowlanders participating in IHT for the prevention of hypoxia pathogenesis
have similar mechanisms in adjusting to hypoxia, with COX2 serving as the common
upstream connection.

6.1. COVID-19 and Hypoxia Molecules with Similar Mechanisms
6.1.1. Hypoxic Mechanism

Numerous studies have found that COVID-19 or hypoxic environments have com-
parable mechanisms. COX-2 expression can be increased by hypoxia in a variety of cells,
including lung cancer cell lines [24]. The amount of COX-2’s main metabolic product,
prostaglandin E2, increases when its expression is deregulated (PGE 2) [25]. PGE 2 genera-
tion via the COX-2 catalyzed route is important for hypoxia-inducible factors-1α (HIF-1α)
regulation, suggesting that COX-2 inhibitors can prevent hypoxia [26]. COX-2 signaling
triggered by COVID-19 has also been suggested to play a function in regulating pulmonary
inflammation and injury seen in COVID-19 patients [27]. When tissue demand exceeds
oxygen supply, a cascade of intracellular events is triggered, including an increase in the
production of hypoxia-inducible factors (HIFs). As a result, an extensive transcriptional
response is triggered, which regulates angiogenesis, glucose metabolism, cell prolifera-
tion, metastasis, and other activities. The finding of variances between HIF isoforms has
revealed new information about the biology of HIFs. Importantly, HIF-1α and HIF-2α
can have opposing impacts on the modulation of angiogenic responses. The complexity
of the effects exerted by both HIF isoforms as a result of their interaction with other tran-
scription factors should be further investigated, particularly in the context of pro- and
anti-angiogenic therapy [28]. HIF-1α, not HIF-2α, appears to control the transcription of
genes encoding enzymes that work in a coordinated manner in the glycolytic pathway. A
more fundamental question is whether HIF-isoform selectivity has a contribution (if any)
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in coordinating more complicated patterns of response, such as the dichotomy between
pro-survival and proliferative responses to hypoxia and apoptotic and antiproliferative
responses to hypoxia [29]. HIF-2α regulates the expression of pro-survival genes such as
vascular endothelial growth factor (VEGF), transforming growth factor alpha (TGF-α), and
cyclin D1, whereas HIF-1α regulates the expression of proapoptotic genes such as B-cell
lymphoma 2 (BCL2)/adenovirus E1B-interacting protein 1, NIP3, and others (BNIP3) [30].
Hypoxia-inducible transcription factors HIF-1α and HIF-2α are also involved in both the
hypoxic response and inflammation [31]. In recent years, more attention has been paid to
tumor-associated macrophages (TAMs), a distinct macrophage population that expresses
M1 products such as interleukin-8 (CXCL8), tumor necrosis factor-alpha (TNF-α), and
interleukin-6 (IL-6) as well as M2 compounds such as matrix metalloproteinases (MMPs),
interleukin-10 (IL-10), CC chemokine ligand 17 (CCL17) and CC chemokine ligand 22
(CCL22). These variables encourage angiogenesis [32–35], make tumor cell invasion easier,
and/or create an immunosuppressive tumor microenvironment [33,36]. TAMs activity
is expected to be complicated and regulated by microenvironmental factors [37]. When
macrophages are exposed to hypoxia in vitro, their production of various mitogenic and
proangiogenic cytokines changes suggesting that tumor hypoxia has a significant impact
on TAM activities [37–40]. Increased lactate dehydrogenase (LDH) levels are caused by the
tumor’s increased glycolytic activity and tumor necrosis caused by hypoxia via HIF-1α [27].
Increases in HIF-2α, on the other hand, promote lipid metabolism [41] and divalent iron
absorption [42].

6.1.2. Hypoxia Mechanism in COVID-19

Similarly, activation of COX2 and HIF-1α in COVID-19 has been shown to upreg-
ulate the antiapoptotic antiproliferative microenvironment (BCL2, BNIP3) [43] and M1
immune system {nuclear factor kappa B (NFKB) [44], Egl-9 family hypoxia inducible factor
3 (EGLN3) [45], CXCL8 [46], TNF-α [47], and IL-6 [48]}. Moreover, we propose that COX2
modulates HIF-2α, which in turn downregulates anti-apoptotic microenvironment (cyclin
D1) [29,49], increases proliferative microenvironment (VEGF [50], EGFR [51]), and also
increases M2 microenvironment compounds, specifically TAMs (e.g., MMPs [52], IL-10 [53],
CCL17 [54], and CCL22 [54]), but whether this is through HIF-2α as far as we are aware,
is unknown. Increases in antiapoptotic, antiproliferative, and M1 immune system activa-
tion occur during increases in anaerobic glycolysis (LDH) [55]. In individuals with viral
infections, LDH has been linked to poor outcomes. Elevated LDH levels were linked to a
6-fold increase in the risk of developing severe disease and a 16-fold increase in the risk of
death in COVID-19 patients, according to a pooled analysis of 9 published studies (n = 1532
COVID-19 patients) [55]. These findings need to be confirmed in larger studies [56]. In-
creases in lipid metabolism [56] and iron absorption via DMT1 [41] have been documented
in COVID-19 individuals, similar to hypoxia. The proposed mechanisms that are shared by
hypoxia and COVID-19 are outlined in Figure 1.

6.1.3. High Altitude Adaptation to Hypoxia

Despite numerous studies among high-altitude populations, COX-2 expression has
yet to be properly identified. Several studies, however, support the idea that COX-2 plays a
critical role in allowing high-altitude dwellers to adapt to hypoxia. Hypoxia, for example,
increases COX-2, resulting in the loss of microphthalmia-associated transcription factor
(MITF) in cervical stromal cells [57] mediated by prostaglandin E2, (PGE2). MITF, which is
linked to melanogenesis, and was discovered to be positively selected in Tibetan sheep [58].
Ibuprofen, a COX inhibitor, was found to relieve the symptoms of acute mountain sickness
in a meta-analysis [59]. This may make it easier for HIF proteins to be hydroxylated by inter-
acting with EGLN1, causing EGLN1 to be recruited to the HSP90 pathway. Under normoxic
conditions, EGLN1 destroys HIF-2α proteins, preventing transcription of HIF-inducible
genes such as erythropoietin (EPO), which in turn is responsible for increased red blood
cell production [60,61]. Because of HIF-2α’s transcriptional effects on EPO, endothelial
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PAS domain-containing protein 1 (EPAS1) encodes the oxygen-sensitive a-subunit of the
transcription factor HIF-2α, which may also contribute to Tibetans’ blunted erythropoi-
etic response. Finally, HIF-1α transcription factors limit the production of peroxisome
proliferator-activated receptor alpha (PPARA) in hypoxic settings, and enhanced PPARA
activity is known to lower hemoglobin (Hb) concentration [62]. The most prevalent al-
lelic variants in Tibetans are adversely linked with Hb concentrations in all three of these
loci [61,63,64], suggesting that the delayed erythropoietic response in Tibetans may be due
to the independent or combined effects of mutations in these genes. Even though this
research used diverse genotyping platforms, analytical methodologies, and population
samples, they all pointed to the HIF route as the target of natural selection in Tibetan adap-
tations to high altitude. Despite their comparable evolutionary exposure to high-altitude
hypoxia, genome scans in indigenous Andean highlanders (Quechua and Amayra) show
little overlap in the genetic targets of selection in Tibetans and Andeans [65,66]. EGLN1,
which has positive selection signatures in both populations [61], is a notable exception to
this tendency. As a result, apoptotic and antiproliferative environments (BCL2, BNIP3) [67],
as well as the M1 immune system microenvironment (NFKB, CXCL8, TNF-α, and IL-6) [68],
may be reduced, thereby preventing anaerobic glycolysis (LDH) [69] via HIF-1α suppres-
sion. Furthermore, suppression of HIF-2α may result in a reduction or no change in the
proliferative environment (VEGF [70], EGFR [71]). However, no changes in TAMs (MMPs,
CCL2, CCL22) that is M2 immune system microenvironment have been reported that
may play an important role in achieving genetic adaptation and maintaining metabolic
homeostasis at high altitude [72]. These changes via HIF-2α may result in adapted lipid
metabolism [73] and iron metabolism [63,74].
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Figure 1. COX2/PGE2 pathway upregulates HIF-1α which in turn increases antiapoptotic and
antiproliferative environment (BCL2, BNIP3), increases M1 immune system activation (NFKB, PHD3,
CXCL8, TNF-α and IL-6) and supports anaerobic glycolysis as indicated by increase in LDH levels.
COX2/PGE2 pathway also modulates HIF-2α that decreases antiapoptotic environment (CYCLIND1),
increases proliferative environment (VEGF, TGFα, EGFR) and M2 immune system activation (MMPs,
CCL2, CCL22), and supports increases in lipid metabolism and iron absorption (DMT1). Red arrows
represent the expressions in people with COVID19 and black arrows represent the expression of
molecules under hypoxia environment. COX2 is cyclooxygenase-2, PGE2 is prostaglandin E2, HIF-1α
is hypoxia-inducible factor 1-alpha, BCL2 is B-cell lymphoma 2, BNIP3 is BCL2/adenovirus E1B 19
kDa protein-interacting protein 3, NFKB is Nuclear factor kappa B, EGLN1 is egl-9 family hypoxia-
inducible factor 1, CXCL8 is C-X-C motif chemokine ligand 8, TNF-α is tumor necrosis factor-alpha,
IL-6 is interleukin-6, LDH is lactate dehydrogenase, HIF-2α is hypoxia-inducible factor-2 alpha,
(VEGF is vascular endothelial growth factor, TGFα is transforming growth factor alpha, EGFR is
epidermal growth factor receptor, MMPs is matrix metalloproteinases, CCL2 and 22 are chemokine
(C-C motif) ligand 2 and 22, DMT1 is divalent metal transporter 1.



Biology 2023, 12, 6 8 of 15

6.1.4. IHT Mimicking High Altitude Adaptation

Similarly, adapting to hypoxia in the same way as high-altitude individuals would be
beneficial by instigating adaptation of similar critical genes that will help individuals deal
with hypoxia and oxygen-related disorders. Intermittent hypoxic exposure with exercise
training, for example, implies that a brief exposure to hypoxia is adequate to produce
HIF-mediated positive muscle adaptations. According to previous studies, leukocytes
respond to hypoxia with significant inter-individual variation in HIF-1α mRNA [75]. HIF-
1α and HIF-2α mRNA levels are transiently elevated in untrained human skeletal muscle
in response to an acute exercise bout, but this reaction is attenuated after exercise training,
according to the researchers. They hypothesized that exercise increases HIFs expression,
and that it could be a key transcription factor in regulating adaptive gene responses to
exercise [76]. According to a narrative review published in 2017, research showed either an
increase or no change in hematological variables following altitude training, with factors
such as hypoxic dose, training content, athletes’ training background, and/or individual
variability of EPO production [77]. Another study looked at the effects of IHT on anaerobic
and aerobic capacity as well as swimming performance in well-trained swimmers (n = 16).
After high-intensity IHT, they found that anaerobic capacity and swimming performance
improved significantly. The training program, however, had no effect on absolute VO2max
or hematological variables [78]. Another study looked at the impact of hypoxic training on
metabolic alterations, notably liver metabolism, in obese mice fed a high-fat diet (HFD).
Insulin levels improved after hypoxic training, according to their findings. Furthermore,
liver metabolomics revealed information about hypoxia training’s protective effect against
HFD-induced fatty liver [79]. Another study investigated the acute inflammatory response
to a hypoxia-induced repeat sprint training session. On separate days, 11 amateur team-
sport athletes performed a repeat-sprint training (RSH) program (4 sets of sprints) under
normoxia and normobaric hypoxic conditions (percentage of inspired oxygen 0.145 to
imitate an altitude of 3000 m). When compared to the identical training session performed
in normoxia, their findings showed that team-sport athletes can perform an RSH session
without increasing inflammation [80]. Another fascinating study looked at the impact of
combining yoga with high vitamin D supplementation on the expression and systemic
levels of inflammatory cytokines, as well as the psychophysical status of breast cancer
survivors [81]. According to their findings, yoga improves physical and psychological
fitness and, when combined with a high dose of vitamin D, improves cytokine profiles,
which can help manage cancer-related side effects. Another study (n = 54) looked at
the impact of a resistance exercise program in the presence of intermittent hypoxia on
inflammatory biomarkers in seniors. The subjects were randomly assigned to one of three
groups: control, resistance training normoxia, and resistance training hypoxia (RTH). The
subjects trained under hypoxic conditions at a simulated altitude of 2500 m for 24 weeks.
The training program was similar in both experimental groups. Resistance training, whether
done in normoxia or hypoxia, was found to be effective in reducing chronic inflammation
associated with aging [82]. Another study looked at how endothelial shedding [circulating
endothelial cells (ECs)] and hematopoietic stem and progenitor cells (CPCs) changed
when 11 healthy unacclimatized participants were exposed to high altitude, after intense
exercise, and following an overnight stay in hypobaric hypoxia. MMP activity did not
vary throughout the investigation, according to the researchers. MMP-9 concentrations in
the blood were linked to EC concentrations, but not MMP activity. Their findings helped
researchers learn more about the endothelium and an immature immune system during
an active, short-term stay at high altitude [83,84]. The proposed overlapping mechanism
mimicking high altitude population and hypoxia or IHT is outlined in Figure 2.
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HIF-1α is hypoxia-inducible factor 1-alpha, BCL2 is B-cell lymphoma 2, BNIP3 is BCL2/adenovirus
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However, we should be aware that hypoxic training will not boost red blood cell
production or stroke volume; instead, its effects will occur at a muscular level. Because
oxidative pathways are constrained in a hypoxic condition, there is less oxygen available,
which reduces endurance performance and forces the body to rely more on anaerobic
pathways to generate ATP. It has been demonstrated that training in hypoxia places a
larger stress on the body compared to training in normoxia at sea level, resulting in many
advantageous adaptations such as better glucose transport, pH regulation, and glycolytic
enzymes [85].

6.2. The COX Gene as Potential Target to Evaluate the Protective Effects of Hypoxic Training on
the Etiology of Respiratory Illnesses
6.2.1. COX as Potential Target for COVID-19

COX genes that are adapted in persons who live at higher altitudes may help them
combat COVID-19 more effectively than low-landers. We also demonstrate that these genes
have been employed as a therapy for COVID-19 patients to help them cope with the disease.
Furthermore, we intend to combine the two concepts because we want to promote the idea
that even lowlanders can prepare for the future by slowly adapting their bodies using IHT,
such as swimming and yoga, to combat oxygen-related ailments by mimicking highlanders
and acclimatizing their COX genes.

COX2 plays an important role in a variety of physiological and pathologic processes.
It modulates the expression levels of several serum proteins and plays a key function in
viral infections [86]. This enzyme has a large impact on proinflammatory cytokines, but its
inhibition or impairment does not prevent the immune system from responding to viral
infection. In mice with influenza infection, medicinal inhibition of COX2 by celecoxib
reduces TNF-α, granulocyte colony-stimulating factor, and IL-6 levels in bronchoalveolar
lavage fluid without a substantial increase in viral titers [87]. COX2 hyperinduction, as
well as higher levels of TNF-α and other key proinflammatory cytokines, have been seen
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in people who suffered from H5N1 infection [88]. Celecoxib, a COX2 inhibitor that is
currently on the market, may be able to target several of these essential impacts. These
pathophysiologic processes may be particularly essential as the disease progresses from
stage 1 to stage 2, when many patients can be treated as outpatients. Celecoxib inhibits
p38 mitogen-activated protein kinases (p38MAPK) in addition to COX2, albeit it is not
a pure or powerful p38MAPK inhibitor [89]. However, because COX2 inhibition blunts
Lipoxin B4-mediated memory B cell activation, it is important to note that COX2 inhibition
may result in delayed specific immunoglobulin synthesis [90]. Regardless, the benefits
of avoiding a massive cytokine storm appear to outweigh the time it takes to produce
specialized antibodies [91]. COX2 inhibition may have antifibrotic effects in COVID-19
patients because epithelial–mesenchymal transition is a key evolutionary phenomenon
in many physiologic and disease states of the lung, including lung development, chronic
obstructive pulmonary disease (COPD), lung cancer, and pulmonary fibrosis [92,93]. In an
animal model, celecoxib also reduced peritoneal fibrosis [94]. Given that interstitial lung
fibrosis is one of COVID-19’s signatures, the effects of celecoxib on fibrotic processes may
be worth testing clinically, preferably in a randomized controlled trial (RCT) or at the very
least off-label under present settings.

6.2.2. COX as Current Adjunct Therapeutic for COVID-19

Representative medications that have previously been shown to be effective in treat-
ing SARS-CoV-1, MERS-CoV, HIV, ZIKV, H1N1, and malarial illness offered a strong
case for improving the COVID-19 therapeutic doctrine. The efficacy of nonsteroidal anti-
inflammatory medications (NSAIDs) such as aspirin, indomethacin, diclofenac, and cele-
coxib in COVID-19 coagulopathy, as well as their ability to inhibit SARS viral replication,
inflammasome deactivation, and synergistic inhibition of H5N1 viral infection with note-
worthy antiviral drugs, has provided a bright spot in adjuvant COVID-19 therapy. Because
anti-inflammatory NSAIDs and COXIBs work by reversing COX-2 overexpression and
modulating the excessive production of pro-inflammatory cytokines and chemokines, they
are an effective treatment for COVID-19 infection [95]. COX inhibitors in addition to an-
tiviral medication could help alleviate the vigorous immune response that caused severe
respiratory illness; however, they were never explored or studied in RCTs [96,97].

6.2.3. Why Is IHT Training Needed in the Current Era?

Ibuprofen, another COX inhibitor, is linked to an increase in the ACE2 enzyme, which
may increase virus susceptibility. Furthermore, as previously stated, inhibiting COX1 may
not be a good idea because it reduces antiviral immunity and has little effect on the cytokine
storm [98,99]. Celecoxib, another NSAID, has also been evaluated in comparative studies
for its cardiovascular side effects. Although some studies demonstrate that celecoxib in-
creases the risk of serious cardiovascular events such as myocardial infarction, heart failure
deterioration, and thrombotic cerebral strokes, others show no meaningful difference when
compared to more widely prescribed non-selective COX inhibitors. The period of usage
and the dose of this medication appear to be two of the most critical characteristics in these
investigations [100]. Patients in all these long-term studies received celecoxib for a long
time (about 20–30 months), implying that cardiovascular harm is time dependent. However,
most of the discussions about producing effective medications turned out to be insignificant,
encouraging the discovery of new pathways and pharmaceuticals to combat COVID-19
infection. We propose COX-2 adaptation by hypoxia or IHT may play an important role as
it may help in reducing the expression of COX2 without any side effects. Swimming (a form
of IHT) was found to reduce the production of pro-inflammatory cytokines and chemokines,
as well as the protein expression of phosphorylated NFKBp65 and COX-2, while increasing
IL-10 levels. Swimming reduced the production of reactive oxygen species, malondialde-
hyde, and nitric oxide while increasing glutathione levels, total antioxidant capacity, and
the activities of superoxide dismutase and glutathione peroxidase. Swimming also reduced
caspase-3 activity and apoptosis-inducing factor, cytochrome c, BCL2-associated X (Bax),
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and cleaved-caspase-3 expression, while increasing BCL2 levels [101]. Another study found
a significant interaction (treatment x treatment duration) effect on the expression profiles
of mRNAs for HIF-1α, VEGF, myoglobin, nuclear respiratory factor 1, citrate synthase,
carbonic anhydrase 3, monocarboxylate transporter 1, copper/zinc superoxide dismutase,
glutathione S-transferase pi, and manganese superoxide dismutase in an obese rat model.
Hypoxic living situations, especially when combined with hypoxic exercise training, can
result in skeletal muscle health-related biochemical adaptations [102]. We need more re-
search to prove that COX2 is a plausible target for hypoxia or IHT evaluations of their
effectiveness in preventing oxygen-related diseases for reducing COVID-19 severity.

7. Conclusions and Future Recommendations

We conclude that, in the development of COVID-19 treatments, genetics and envi-
ronment, or epigenetics, must be investigated further using high-altitude dwellers as an
experimental reference. We also recommend that individuals prepare themselves for future
oxygen-related diseases. This can be implemented by incorporating hypoxia or IHT into
our daily lives, by using exercises such as yoga, swimming, and other high-intensity exer-
cise modalities that will gradually and steadily train our bodies to adapt to low oxygen
levels by mimicking high-altitude hypoxic adaptations. In addition, modification of COX2
in hypoxia or IHT needs to be investigated further to examine any therapeutic effects on
humans with oxygen-dependent illnesses.

Furthermore, we urge increasing investment in various altitude/hypoxic training
facilities including, hypobaric and hypoxic rooms, hotels, masks, training trucks, training
facilities, as well as a shift in the awareness, knowledge, and application of altitude/hypoxic
training to investigate further the potential health benefits of hypoxia.

Author Contributions: R.S. and K.P.S. wrote the manuscript; R.S. and J.S.B. designed the study;
K.P.S. performed literature search and quality testing; J.S.B., Y.G., D.T., S.C. and F.D. contributed to
discussion and editing. All authors have read and agreed to the published version of the manuscript.

Funding: This study was supported by the Hong Kong Research Grants Council Postdoctoral
Fellowship Scheme (PDFS2021-2H01).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Litalien, C.; Beaulieu, P. Molecular Mechanisms of Drug Actions. In Pediatric Critical Care; Elsevier: Amsterdam, The Netherlands,

2011; pp. 1553–1568.
2. Dutta, P.K. COVID-19: Why Coronavirus Is Less Severe in Hills | Research. India Today 2020. Available online: https://www.

indiatoday.in/coronavirus-outbreak/story/covid-19-sars-cov-2-heights-acrophobic-latest-research-1685480-2020-06-04 (ac-
cessed on 28 March 2022).

3. Frisancho, A.R. Human Adaptation and Accommodation; University of Michigan Press: Ann Arbor, MI, USA, 1993; ISBN 978-
0472095117.

4. Millet, G.P.; Debevec, T.; Brocherie, F.; Burtscher, M.; Burtscher, J. Altitude and COVID-19: Friend or foe? A narrative review.
Physiol. Rep. 2021, 8, e14615. [CrossRef]

5. Cai, M.; Chen, X.; Shan, J.; Yang, R.; Guo, Q.; Bi, X.; Xu, P.; Shi, X.; Chu, L.; Wang, L. Intermittent Hypoxic Preconditioning: A
Potential New Powerful Strategy for COVID-19 Rehabilitation. Front. Pharmacol. 2021, 12, 643619. [CrossRef]

6. Trapé, Á.A.; Camacho-Cardenosa, M.; Camacho-Cardenosa, A.; Merellano-Navarro, E.; Rodrigues, J.A.L.; da Silva Lizzi, E.A.;
Sorgi, C.A.; Papoti, M.; Brazo-Sayavera, J. Effects of moderate-intensity intermittent hypoxic training on health outcomes of
patients recovered from COVID-19: The Aerobicovid study protocol for a randomized controlled trial. Trials 2021, 22, 534.
[CrossRef]

7. Hunter, D.J. Gene–environment interactions in human diseases. Nat. Rev. Genet. 2005, 6, 287–298. [CrossRef]

https://www.indiatoday.in/coronavirus-outbreak/story/covid-19-sars-cov-2-heights-acrophobic-latest-research-1685480-2020-06-04
https://www.indiatoday.in/coronavirus-outbreak/story/covid-19-sars-cov-2-heights-acrophobic-latest-research-1685480-2020-06-04
http://doi.org/10.14814/phy2.14615
http://doi.org/10.3389/fphar.2021.643619
http://doi.org/10.1186/s13063-021-05414-2
http://doi.org/10.1038/nrg1578


Biology 2023, 12, 6 12 of 15

8. Ordovas, J.M.; Corella, D.; Demissie, S.; Cupples, L.A.; Couture, P.; Coltell, O.; Wilson, P.W.F.; Schaefer, E.J.; Tucker, K.L. Dietary
Fat Intake Determines the Effect of a Common Polymorphism in the Hepatic Lipase Gene Promoter on High-Density Lipoprotein
Metabolism. Circulation 2002, 106, 2315–2321. [CrossRef]

9. Bos, G.; Dekker, J.M.; Feskens, E.J.; Ocke, M.C.; Nijpels, G.; Stehouwer, C.D.A.; Bouter, L.M.; Heine, R.J.; Jansen, H. Interactions of
dietary fat intake and the hepatic lipase –480C→T polymorphism in determining hepatic lipase activity: The Hoorn Study. Am. J.
Clin. Nutr. 2005, 81, 911–915. [CrossRef]

10. Ko, Y.-L.; Hsu, L.-A.; Hsu, K.-H.; Ko, Y.-H.; Lee, Y.-S. The interactive effects of hepatic lipase gene promoter polymorphisms with
sex and obesity on high-density-lipoprotein cholesterol levels in Taiwanese–Chinese. Atherosclerosis 2004, 172, 135–142. [CrossRef]

11. Cohen, J.E.; Small, C. Hypsographic demography: The distribution of human population by altitude. Proc. Natl. Acad. Sci. USA
1998, 95, 14009–14014. [CrossRef]

12. Penaloza, D.; Arias-Stella, J. The Heart and Pulmonary Circulation at High Altitudes. Circulation 2007, 115, 1132–1146. [CrossRef]
13. Arias-Reyes, C.; Zubieta-DeUrioste, N.; Poma-Machicao, L.; Aliaga-Raduan, F.; Carvajal-Rodriguez, F.; Dutschmann, M.;

Schneider-Gasser, E.M.; Zubieta-Calleja, G.; Soliz, J. Does the pathogenesis of SARS-CoV-2 virus decrease at high-altitude? Respir.
Physiol. Neurobiol. 2020, 277, 103443. [CrossRef]

14. Huamaní, C.; Velásquez, L.; Montes, S.; Miranda-Solis, F. Propagation by COVID-19 at high altitude: Cusco case. Respir. Physiol.
Neurobiol. 2020, 279, 103448. [CrossRef]

15. Zeng, J.; Peng, S.; Lei, Y.; Huang, J.; Guo, Y.; Zhang, X.; Huang, X.; Pu, H.; Pan, L. Clinical and Imaging features of COVID-19
Patients: Analysis of Data from High-Altitude Areas. J. Infect. 2020, 80, e34–e36. [CrossRef]

16. Arias-Reyes, C.; Carvajal-Rodriguez, F.; Poma-Machicao, L.; Aliaga-Raduán, F.; Marques, D.A.; Zubieta-DeUrioste, N.; Accinelli,
R.A.; Schneider-Gasser, E.M.; Zubieta-Calleja, G.; Dutschmann, M.; et al. Decreased incidence, virus transmission capacity, and
severity of COVID-19 at altitude on the American continent. PLoS ONE 2021, 16, e0237294. [CrossRef]

17. Li, J.-J.; Zhang, H.-Q.; Li, P.-J.; Xin, Z.-L.; Xi, A.-Q.; Ding, Y.-H.; Yang, Z.-P.; Ma, S.-Q. Case series of COVID-19 patients from the
Qinghai-Tibetan Plateau Area in China. World J. Clin. Cases 2021, 9, 7032–7042. [CrossRef]

18. Woolcott, O.O.; Bergman, R.N. Mortality Attributed to COVID-19 in High-Altitude Populations. High Alt. Med. Biol. 2020, 21,
409–416. [CrossRef]

19. Campos, A.; Scheveck, B.; Parikh, J.; Hernandez-Bojorge, S.; Terán, E.; Izurieta, R. Effect of altitude on COVID-19 mortality in
Ecuador: An ecological study. BMC Public Health 2021, 21, 2079. [CrossRef]

20. Fernandes, J.S.C.; da Silva, R.S.; Silva, A.C.; Villela, D.C.; Mendonça, V.A.; Lacerda, A.C.R. Altitude conditions seem to determine
the evolution of COVID-19 in Brazil. Sci. Rep. 2021, 11, 4402. [CrossRef]

21. Saavedra-Camacho, J.L.; Iglesias-Osores, S. Low COVID-19 Infection Rate in High Altitude Areas. Univ. Médica Pinareña 2021, 17,
1–3.

22. Pun, M.; Turner, R.; Strapazzon, G.; Brugger, H.; Swenson, E.R. Lower Incidence of COVID-19 at High Altitude: Facts and
Confounders. High Alt. Med. Biol. 2020, 21, 217–222. [CrossRef]

23. Peter Stubenrauch COVID-19 (Coronavirus) & Altitude. Available online: https://www.nationaljewish.org/patients-visitors/
patient-info/important-updates/coronavirus-information-and-resources/health-tips/about-covid-19/covid-19-and-altitude (ac-
cessed on 1 March 2022).

24. Cook-Johnson, R.J.; Demasi, M.; Cleland, L.G.; Gamble, J.R.; Saint, D.A.; James, M.J. Endothelial cell COX-2 expression and
activity in hypoxia. Biochim. Biophys. Acta-Mol. Cell Biol. Lipids 2006, 1761, 1443–1449. [CrossRef]

25. Brown, J.R.; DuBois, R.N. COX-2: A Molecular Target for Colorectal Cancer Prevention. J. Clin. Oncol. 2005, 23, 2840–2855.
[CrossRef]

26. Liu, X.H.; Kirschenbaum, A.; Lu, M.; Yao, S.; Dosoretz, A.; Holland, J.F.; Levine, A.C. Prostaglandin E2 Induces Hypoxia-inducible
Factor-1α Stabilization and Nuclear Localization in a Human Prostate Cancer Cell Line. J. Biol. Chem. 2002, 277, 50081–50086.
[CrossRef]

27. Chen, J.S.; Alfajaro, M.M.; Wei, J.; Chow, R.D.; Filler, R.B.; Eisenbarth, S.C.; Wilen, C.B. Cyclooxgenase-2 is induced by SARS-CoV-2
infection but does not affect viral entry or replication. bioRxiv 2020. [CrossRef]

28. Loboda, A.; Jozkowicz, A.; Dulak, J. HIF-1 versus HIF-2—Is one more important than the other? Vascul. Pharmacol. 2012, 56,
245–251. [CrossRef]

29. Ratcliffe, P.J. HIF-1 and HIF-2: Working alone or together in hypoxia? J. Clin. Investig. 2007, 117, 862–865. [CrossRef]
30. Raval, R.R.; Lau, K.W.; Tran, M.G.B.; Sowter, H.M.; Mandriota, S.J.; Li, J.-L.; Pugh, C.W.; Maxwell, P.H.; Harris, A.L.; Ratcliffe, P.J.

Contrasting Properties of Hypoxia-Inducible Factor 1 (HIF-1) and HIF-2 in von Hippel-Lindau-Associated Renal Cell Carcinoma.
Mol. Cell. Biol. 2005, 25, 5675–5686. [CrossRef]

31. Takeda, N.; O’Dea, E.L.; Doedens, A.; Kim, J.; Weidemann, A.; Stockmann, C.; Asagiri, M.; Simon, M.C.; Hoffmann, A.; Johnson,
R.S. Differential activation and antagonistic function of HIF-α isoforms in macrophages are essential for NO homeostasis. Genes
Dev. 2010, 24, 491–501. [CrossRef]

32. Szlosarek, P.; Charles, K.A.; Balkwill, F.R. Tumour necrosis factor-α as a tumour promoter. Eur. J. Cancer 2006, 42, 745–750.
[CrossRef]

33. Van Ginderachter, J.A.; Movahedi, K.; Hassanzadeh Ghassabeh, G.; Meerschaut, S.; Beschin, A.; Raes, G.; De Baetselier, P. Classical
and alternative activation of mononuclear phagocytes: Picking the best of both worlds for tumor promotion. Immunobiology 2006,
211, 487–501. [CrossRef]

http://doi.org/10.1161/01.CIR.0000036597.52291.C9
http://doi.org/10.1093/ajcn/81.4.911
http://doi.org/10.1016/j.atherosclerosis.2003.09.013
http://doi.org/10.1073/pnas.95.24.14009
http://doi.org/10.1161/CIRCULATIONAHA.106.624544
http://doi.org/10.1016/j.resp.2020.103443
http://doi.org/10.1016/j.resp.2020.103448
http://doi.org/10.1016/j.jinf.2020.03.026
http://doi.org/10.1371/journal.pone.0237294
http://doi.org/10.12998/wjcc.v9.i24.7032
http://doi.org/10.1089/ham.2020.0098
http://doi.org/10.1186/s12889-021-12162-0
http://doi.org/10.1038/s41598-021-83971-x
http://doi.org/10.1089/ham.2020.0114
https://www.nationaljewish.org/patients-visitors/patient-info/important-updates/coronavirus-information-and-resources/health-tips/about-covid-19/covid-19-and-altitude
https://www.nationaljewish.org/patients-visitors/patient-info/important-updates/coronavirus-information-and-resources/health-tips/about-covid-19/covid-19-and-altitude
http://doi.org/10.1016/j.bbalip.2006.09.003
http://doi.org/10.1200/JCO.2005.09.051
http://doi.org/10.1074/jbc.M201095200
http://doi.org/10.1101/bioRxiv2020.09.24.312769
http://doi.org/10.1016/j.vph.2012.02.006
http://doi.org/10.1172/JCI31750
http://doi.org/10.1128/MCB.25.13.5675-5686.2005
http://doi.org/10.1101/gad.1881410
http://doi.org/10.1016/j.ejca.2006.01.012
http://doi.org/10.1016/j.imbio.2006.06.002


Biology 2023, 12, 6 13 of 15

34. Crowther, M.; Brown, N.J.; Bishop, E.T.; Lewis, C.E. Microenvironmental influence on macrophage regulation of angiogenesis in
wounds and malignant tumors. J. Leukoc. Biol. 2001, 70, 478–490.

35. Pollard, J.W. Tumour-educated macrophages promote tumour progression and metastasis. Nat. Rev. Cancer 2004, 4, 71–78.
[CrossRef]

36. Sica, A.; Schioppa, T.; Mantovani, A.; Allavena, P. Tumour-associated macrophages are a distinct M2 polarised population
promoting tumour progression: Potential targets of anti-cancer therapy. Eur. J. Cancer 2006, 42, 717–727. [CrossRef]

37. Murdoch, C.; Giannoudis, A.; Lewis, C.E. Mechanisms regulating the recruitment of macrophages into hypoxic areas of tumors
and other ischemic tissues. Blood 2004, 104, 2224–2234. [CrossRef]

38. Murdoch, C.; Lewis, C.E. Macrophage migration and gene expression in response to tumor hypoxia. Int. J. Cancer 2005, 117,
701–708. [CrossRef]

39. Lewis, C.E.; Pollard, J.W. Distinct Role of Macrophages in Different Tumor Microenvironments. Cancer Res. 2006, 66, 605–612.
[CrossRef]

40. Imtiyaz, H.Z.; Williams, E.P.; Hickey, M.M.; Patel, S.A.; Durham, A.C.; Yuan, L.-J.; Hammond, R.; Gimotty, P.A.; Keith, B.; Simon,
M.C. Hypoxia-inducible factor 2α regulates macrophage function in mouse models of acute and tumor inflammation. J. Clin.
Investig. 2010, 120, 2699–2714. [CrossRef]

41. Tanner, J.E.; Alfieri, C. The Fatty Acid Lipid Metabolism Nexus in COVID-19. Viruses 2021, 13, 90. [CrossRef]
42. Mastrogiannaki, M.; Matak, P.; Keith, B.; Simon, M.C.; Vaulont, S.; Peyssonnaux, C. HIF-2α, but not HIF-1α, promotes iron

absorption in mice. J. Clin. Investig. 2009, 119, 1159–1166. [CrossRef]
43. Lorente, L.; Martín, M.M.; González-Rivero, A.F.; Pérez-Cejas, A.; Argueso, M.; Perez, A.; Ramos-Gómez, L.; Solé-Violán, J.;

Marcos, Y.; Ramos, J.A.; et al. Blood concentrations of proapoptotic sFas and antiapoptotic Bcl2 and COVID-19 patient mortality.
Expert Rev. Mol. Diagn. 2021, 21, 837–844. [CrossRef]

44. Su, C.-M.; Wang, L.; Yoo, D. Activation of NF-κB and induction of proinflammatory cytokine expressions mediated by ORF7a
protein of SARS-CoV-2. Sci. Rep. 2021, 11, 13464. [CrossRef]

45. Wing, P.A.C.; Keeley, T.P.; Zhuang, X.; Lee, J.Y.; Prange-Barczynska, M.; Tsukuda, S.; Morgan, S.B.; Harding, A.C.; Argles, I.L.A.;
Kurlekar, S.; et al. Hypoxic and pharmacological activation of HIF inhibits SARS-CoV-2 infection of lung epithelial cells. Cell Rep.
2021, 35, 109020. [CrossRef]

46. Coperchini, F.; Chiovato, L.; Croce, L.; Magri, F.; Rotondi, M. The cytokine storm in COVID-19: An overview of the involvement
of the chemokine/chemokine-receptor system. Cytokine Growth Factor Rev. 2020, 53, 25–32. [CrossRef]

47. Guo, Y.; Hu, K.; Li, Y.; Lu, C.; Ling, K.; Cai, C.; Wang, W.; Ye, D. Targeting TNF-α for COVID-19: Recent Advanced and
Controversies. Front. Public Heal. 2022, 10, 833967. [CrossRef]

48. NIH. COVID-19 Treatment Guidelines; NIH: Bethesda, MA, USA, 2022.
49. Harrison, S.M.; Dove, B.K.; Rothwell, L.; Kaiser, P.; Tarpey, I.; Brooks, G.; Hiscox, J.A. Characterisation of cyclin D1 down-

regulation in coronavirus infected cells. FEBS Lett. 2007, 581, 1275–1286. [CrossRef]
50. Moutal, A.; Martin, L.F.; Boinon, L.; Gomez, K.; Ran, D.; Zhou, Y.; Stratton, H.J.; Cai, S.; Luo, S.; Gonzalez, K.B.; et al. SARS-CoV-2

spike protein co-opts VEGF-A/neuropilin-1 receptor signaling to induce analgesia. Pain 2021, 162, 243–252. [CrossRef]
51. Vagapova, E.R.; Lebedev, T.D.; Prassolov, V.S. Viral fibrotic scoring and drug screen based on MAPK activity uncovers EGFR as a

key regulator of COVID-19 fibrosis. Sci. Rep. 2021, 11, 11234. [CrossRef]
52. Gelzo, M.; Cacciapuoti, S.; Pinchera, B.; De Rosa, A.; Cernera, G.; Scialò, F.; Comegna, M.; Mormile, M.; Fabbrocini, G.; Parrella,

R.; et al. Matrix metalloproteinases (MMP) 3 and 9 as biomarkers of severity in COVID-19 patients. Sci. Rep. 2022, 12, 1212.
[CrossRef]

53. Islam, H.; Chamberlain, T.C.; Mui, A.L.; Little, J.P. Elevated Interleukin-10 Levels in COVID-19: Potentiation of Pro-Inflammatory
Responses or Impaired Anti-Inflammatory Action? Front. Immunol. 2021, 12, 677008. [CrossRef]

54. Coperchini, F.; Chiovato, L.; Ricci, G.; Croce, L.; Magri, F.; Rotondi, M. The cytokine storm in COVID-19: Further advances in our
understanding the role of specific chemokines involved. Cytokine Growth Factor Rev. 2021, 58, 82–91. [CrossRef]

55. Henry, B.M.; Aggarwal, G.; Wong, J.; Benoit, S.; Vikse, J.; Plebani, M.; Lippi, G. Lactate dehydrogenase levels predict coronavirus
disease 2019 (COVID-19) severity and mortality: A pooled analysis. Am. J. Emerg. Med. 2020, 38, 1722–1726. [CrossRef]

56. Mylonis, I.; Simos, G.; Paraskeva, E. Hypoxia-Inducible Factors and the Regulation of Lipid Metabolism. Cells 2019, 8, 214.
[CrossRef]

57. Hari Kishore, A.; Li, X.-H.; Word, R.A. Hypoxia and PGE2 Regulate MiTF-CX During Cervical Ripening. Mol. Endocrinol. 2012,
26, 2031–2045. [CrossRef]

58. Wei, C.; Wang, H.; Liu, G.; Zhao, F.; Kijas, J.W.; Ma, Y.; Lu, J.; Zhang, L.; Cao, J.; Wu, M.; et al. Genome-wide analysis reveals
adaptation to high altitudes in Tibetan sheep. Sci. Rep. 2016, 6, 26770. [CrossRef]

59. Yi, H.; Wang, K.; Gan, X.; Li, L.; Zhang, Q.; Xiang, J.; Yuan, X.; Zhang, Y.; Wang, Y. Prophylaxis of ibuprofen in acute mountain
sickness. Medicine 2020, 99, e23233. [CrossRef]

60. Rankin, E.B.; Biju, M.P.; Liu, Q.; Unger, T.L.; Rha, J.; Johnson, R.S.; Simon, M.C.; Keith, B.; Haase, V.H. Hypoxia-inducible factor–2
(HIF-2) regulates hepatic erythropoietin in vivo. J. Clin. Investig. 2007, 117, 1068–1077. [CrossRef]

61. Simonson, T.S.; Yang, Y.; Huff, C.D.; Yun, H.; Qin, G.; Witherspoon, D.J.; Bai, Z.; Lorenzo, F.R.; Xing, J.; Jorde, L.B.; et al. Genetic
Evidence for High-Altitude Adaptation in Tibet. Science 2010, 329, 72–75. [CrossRef]

http://doi.org/10.1038/nrc1256
http://doi.org/10.1016/j.ejca.2006.01.003
http://doi.org/10.1182/blood-2004-03-1109
http://doi.org/10.1002/ijc.21422
http://doi.org/10.1158/0008-5472.CAN-05-4005
http://doi.org/10.1172/JCI39506
http://doi.org/10.3390/v13010090
http://doi.org/10.1172/JCI38499
http://doi.org/10.1080/14737159.2021.1941880
http://doi.org/10.1038/s41598-021-92941-2
http://doi.org/10.1016/j.celrep.2021.109020
http://doi.org/10.1016/j.cytogfr.2020.05.003
http://doi.org/10.3389/fpubh.2022.833967
http://doi.org/10.1016/j.febslet.2007.02.039
http://doi.org/10.1097/j.pain.0000000000002097
http://doi.org/10.1038/s41598-021-90701-w
http://doi.org/10.1038/s41598-021-04677-8
http://doi.org/10.3389/fimmu.2021.677008
http://doi.org/10.1016/j.cytogfr.2020.12.005
http://doi.org/10.1016/j.ajem.2020.05.073
http://doi.org/10.3390/cells8030214
http://doi.org/10.1210/me.2012-1100
http://doi.org/10.1038/srep26770
http://doi.org/10.1097/MD.0000000000023233
http://doi.org/10.1172/JCI30117
http://doi.org/10.1126/science.1189406


Biology 2023, 12, 6 14 of 15

62. Wilding, J.P.; Gause-Nilsson, I.; Persson, A. Tesaglitazar, as add-on therapy to sulphonylurea, dose-dependently improves glucose
and lipid abnormalities in patients with type 2 diabetes. Diabetes Vasc. Dis. Res. 2007, 4, 194–203. [CrossRef]

63. Beall, C.M.; Cavalleri, G.L.; Deng, L.; Elston, R.C.; Gao, Y.; Knight, J.; Li, C.; Li, J.C.; Liang, Y.; McCormack, M.; et al. Natural
selection on EPAS1 (HIF2α) associated with low hemoglobin concentration in Tibetan highlanders. Proc. Natl. Acad. Sci. USA
2010, 107, 11459–11464. [CrossRef]

64. Yi, X.; Liang, Y.; Huerta-Sanchez, E.; Jin, X.; Cuo, Z.X.P.; Pool, J.E.; Xu, X.; Jiang, H.; Vinckenbosch, N.; Korneliussen, T.S.; et al.
Sequencing of 50 Human Exomes Reveals Adaptation to High Altitude. Science 2010, 329, 75–78. [CrossRef]

65. Bigham, A.W.; Mao, X.; Mei, R.; Brutsaert, T.; Wilson, M.J.; Julian, C.G.; Parra, E.J.; Akey, J.M.; Moore, L.G.; Shriver, M.D.
Identifying positive selection candidate loci for high-altitude adaptation in Andean populations. Hum. Genom. 2009, 4, 79.
[CrossRef]

66. Bigham, A.; Bauchet, M.; Pinto, D.; Mao, X.; Akey, J.M.; Mei, R.; Scherer, S.W.; Julian, C.G.; Wilson, M.J.; López Herráez, D.; et al.
Identifying Signatures of Natural Selection in Tibetan and Andean Populations Using Dense Genome Scan Data. PLoS Genet.
2010, 6, e1001116. [CrossRef]

67. Levett, D.Z.H.; Viganò, A.; Capitanio, D.; Vasso, M.; De Palma, S.; Moriggi, M.; Martin, D.S.; Murray, A.J.; Cerretelli, P.; Grocott,
M.P.W.; et al. Changes in muscle proteomics in the course of the Caudwell Research Expedition to Mt. Everest. Proteomics 2015,
15, 160–171. [CrossRef]

68. Pham, K.; Parikh, K.; Heinrich, E.C. Hypoxia and Inflammation: Insights from High-Altitude Physiology. Front. Physiol. 2021, 12,
676782. [CrossRef]

69. Kuang, L.; Zheng, Y.; Lin, Y.; Xu, Y.; Jin, S.; Li, Y.; Dong, F.; Jiang, Z. High-Altitude Adaptation of Yak Based on Genetic Variants
and Activity of Lactate Dehydrogenase-1. Biochem. Genet. 2010, 48, 418–427. [CrossRef]

70. Verma, P.; Sodhi, M.; Bharti, D.V.; Kumar, P.; Giri, A.; Sharma, A.; Das, P.; Niranjan, S.; Kataria, R.; Kumari, P.; et al. VEGF-A locus
plausibly associated with high altitude adaptation in yak is completely fixed in cattle population from high and low altitude
environments. Int. J. Anim. Biotechnol. 2016, 6, 16–20.

71. Jin, M.; Lu, J.; Fei, X.; Lu, Z.; Quan, K.; Liu, Y.; Chu, M.; Di, R.; Wei, C.; Wang, H. Selection Signatures Analysis Reveals Genes
Associated with High-Altitude Adaptation in Tibetan Goats from Nagqu, Tibet. Animals 2020, 10, 1599. [CrossRef]

72. Verma, P.; Sharma, A.; Sodhi, M.; Thakur, K.; Kataria, R.S.; Niranjan, S.K.; Bharti, V.K.; Kumar, P.; Giri, A.; Kalia, S.; et al.
Transcriptome Analysis of Circulating PBMCs to Understand Mechanism of High Altitude Adaptation in Native Cattle of Ladakh
Region. Sci. Rep. 2018, 8, 7681. [CrossRef]

73. Ge, R.-L.; Simonson, T.S.; Gordeuk, V.; Prchal, J.T.; McClain, D.A. Metabolic aspects of high-altitude adaptation in Tibetans. Exp.
Physiol. 2015, 100, 1247–1255. [CrossRef]

74. Mastrogiannaki, M.; Matak, P.; Peyssonnaux, C. The gut in iron homeostasis: Role of HIF-2 under normal and pathological
conditions. Blood 2013, 122, 885–892. [CrossRef]

75. Mounier, R.; Pialoux, V.; Cayre, A.; Schmitt, L.; Richalet, J.-P.; Robach, P.; Lasne, F.; Roels, B.; Millet, G.; Coudert, J.; et al.
Leukocyte’s Hif-1 Expression and Training-Induced Erythropoietic Response in Swimmers. Med. Sci. Sport. Exerc. 2006, 38,
1410–1417. [CrossRef]

76. Lundby, C.; Gassmann, M.; Pilegaard, H. Regular endurance training reduces the exercise induced HIF-1α and HIF-2α mRNA
expression in human skeletal muscle in normoxic conditions. Eur. J. Appl. Physiol. 2006, 96, 363–369. [CrossRef]

77. Płoszczyca, K.; Langfort, J.; Czuba, M. The Effects of Altitude Training on Erythropoietic Response and Hematological Variables
in Adult Athletes: A Narrative Review. Front. Physiol. 2018, 9, 375. [CrossRef]
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