
HAL Id: hal-03818268
https://hal-amu.archives-ouvertes.fr/hal-03818268

Submitted on 16 Jan 2023

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution| 4.0 International License

The impact of COVID-19 on populations living at high
altitude: Role of hypoxia-inducible factors (HIFs)
signaling pathway in SARS-CoV-2 infection and

replication
Christian Albert Devaux, Didier Raoult

To cite this version:
Christian Albert Devaux, Didier Raoult. The impact of COVID-19 on populations living at high
altitude: Role of hypoxia-inducible factors (HIFs) signaling pathway in SARS-CoV-2 infection and
replication. Frontiers in Physiology, 2022, 13, �10.3389/fphys.2022.960308�. �hal-03818268�

https://hal-amu.archives-ouvertes.fr/hal-03818268
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr


The impact of COVID-19 on
populations living at high
altitude: Role of
hypoxia-inducible factors (HIFs)
signaling pathway in
SARS-CoV-2 infection and
replication

Christian Albert Devaux1,2,3* and Didier Raoult1,2

1Aix-Marseille University, IRD, APHM, MEPHI, Marseille, France, 2IHU-Méditerranée Infection, Marseille,
France, 3Centre National de la Recherche Scientifique, Marseille, France

Cases of coronavirus disease 2019 (COVID-19) have been reported worldwide.

However, one epidemiological report has claimed a lower incidence of the

disease in people living at high altitude (>2,500m), proposing the hypothesis

that adaptation to hypoxiamay prove to be advantageous with respect to SARS-

CoV-2 infection. This publication was initially greeted with skepticism, because

social, genetic, or environmental parametric variables could underlie a

difference in susceptibility to the virus for people living in chronic hypobaric

hypoxia atmospheres. Moreover, in some patients positive for SARS-CoV-2,

early post-infection ‘happy hypoxia” requires immediate ventilation, since it is

associated with poor clinical outcome. If, however, we accept to consider the

hypothesis according to which the adaptation to hypoxia may prove to be

advantageous with respect to SARS-CoV-2 infection, identification of the

molecular rational behind it is needed. Among several possibilities, HIF-1

regulation appears to be a molecular hub from which different signaling

pathways linking hypoxia and COVID-19 are controlled. Interestingly, HIF-1α
was reported to inhibit the infection of lung cells by SARS-CoV-2 by reducing

ACE2 viral receptor expression. Moreover, an association of the

rs11549465 variant of HIF-1α with COVID-19 susceptibility was recently

discovered. Here, we review the evidence for a link between HIF-1α,
ACE2 and AT1R expression, and the incidence/severity of COVID-19. We

highlight the central role played by the HIF-1α signaling pathway in the

pathophysiology of COVID-19.
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Introduction

An outbreak of severe acute respiratory syndrome was

observed in Wuhan (China) in December 2019. This new

disease was characterized by acute respiratory distress

(ARDS), cytokine storm, and thrombotic events leading to

multiple organ dysfunction syndrome (MODS) and a risk of

death. One of the biggest and most life-threatening mysteries

of COVID-19 is how SARS-CoV-2 cause “happy hypoxia”

(Couzin-Frankel, 2020). The “happy hypoxia” or “silent

hypoxia” is a clinical phase during which the arterial

oxygen saturation of hemoglobin (SaO2) of patients

decreases (likely due to clots in small blood vessels) while

patients, due to the lack of dyspnoea, describe themselves as

comfortable (patients do not notice any vital signs of collapsed

alveoli and air sacs) at the risk of seeing their state of health

deteriorate rapidly if gone undetected for too long.

Abnormally extremely low oxygen levels in the body can

irreparably damage vital organs in absence of immediate

ventilation (Couzin-Frankel, 2020; Brouqui et al., 2021). It

has been suggested that “happy hypoxia” is caused by a

combination of biological mechanisms taking place in the

lungs of COVID-19 patients including microvascular

thrombosis, pulmonary embolism, ventilation-perfusion

mismatching in the non-injured lung, capillary flow

redistribution, air sacs collapse (atelectasis), flow through

intrapulmonary arteriovenous anastomoses, and normal

perfusion of the relatively small fraction of injured lung

(Herman et al., 2020; Nitsure et al., 2020; Rahman et al.,

2021). The prevalence of “happy hypoxia” in COVID-19

patients ranges from 20% to 40% (Fuglebjerg et al., 2020;

Tobin et al., 2020).

Within 28 months this infectious disease (later named

COVID-19) was responsible for more than 6.25 million

deaths among 518 million infected people (https://

coronavirus.jhu.edu/map.html), and COVID-19 did not

spare those living at high altitudes (>2,500 m) (Arias-Reyes

et al., 2020; Huamanı´ et al., 2020; Xi et al., 2020; Zeng et al.,

2020). However, one epidemiological report by Arias-Reyes

and others, claimed a lower COVID-19 incidence in

populations living at high-altitude (Arias-Reyes et al.,

2020). The authors hypothesised the occurrence of a

metabolic switch in hypoxic environments which could be

advantageous against SARS-CoV-2 infection and/or disease

severity. Most indigenous high-altitude populations live on

the Andean altiplano in South America (Peru and Bolivia), the

Tibetan plateaux in Asia and the Ethiopian Highlands in

Africa (Julian and Moore, 2019). Although exposure to

chronic hypoxia and adaptation to hypoxia is a major

environmental factor that characterizes these populations,

other variables (including social variables such as

population density; genetic variables such as ACE2 or

TMPRSS2 polymorphism; and, environmental variables

such as UV radiation and humidity) could underlie a

difference in susceptibility to the virus (Pun et al., 2020).

Interestingly, these populations have overcome the low

ambient oxygen tension via different modes of adaptation

as illustrated by the fact that Andean highlanders’

haemoglobin concentration and SaO2 are strikingly higher

than those in Tibetans (Moore et al., 2002; Beall, 2003). The

apparent benefit of having been chronically exposed to

hypoxia prior to SARS-CoV-2/COVID-19 could appear to

be counter-intuitive with respect to the post-infection

“happy hypoxia”, a pathophysiological phenomenon in

which hypoxia instead increases the patient’s risk of

developing severe forms of COVID-19. Furthermore, it has

been reported that SARS-CoV-2 ORF3a-induced

mitochondrial damage leads to the expression of hypoxia-

inducible genes which aggravates viral infection and

inflammatory responses (Tian et al., 2021). In fact, it is not

hypoxia per se that could be beneficial, but the molecular

mechanisms of adaptation to hypoxia transmitted from

generation to generation in populations living at high

altitude. There are a few arguments in favor of a beneficial

role of adaptation to hypoxia in SARS-CoV-2 infection which

could support the Arias-Reyes hypothesis (Arias-Reyes et al.,

2020): 1) hypoxic activation of the hypoxia-inducible factor

(HIF)-1α was reported to inhibit epithelial cells attaching to

SARS-CoV-2 by modulating the expression of ACE2 and

heparan sulfate (Prieto-Fernandez et al., 2021; Wing et al.,

2021) and, 2) an association of rs11549465 (C1772T) variant

of HIF-1α with COVID-19 susceptibility was described (Das

et al., 2021). All this deserves to be analyzed in greater depth

both by reductionist and holistic approaches.

Hypoxia and cases of coronavirus
disease 2019

The ability to maintain O2 homeostasis is essential for

human survival. Barometric pressure is inversely proportional

with altitude. The partial O2 (PaO2) pressure in the arterial

blood is determined by alveolar ventilation and the alveolar-

arterial O2 gradient. At 4,000-m altitude, every breath of air

contains only 60% of the O2 molecules in the same breath at

sea level with 90 mmHg O2 inhaled rather than 150 mmHg

(20% O2) (Beall, 2007). Adaptation to hypoxia occurs through

ventilation which controls the volume of air and O2 delivered

into the lung alveoli and leads to a higher concentration of

haemoglobin of erythrocytes in the bloodstream which

captures O2 exchanged through the alveolar-capillary

system (Wu et al., 2005). It was observed that hypoxia

decreases pulmonary nitric oxide gas (NO) and causes

vasoconstriction (Gustafsson et al., 1991). The inhalation of

NO improved SaO2 in patients with hypoxic pulmonary

vasoconstriction (Scherrer et al., 1996). Levels of NO in the

Frontiers in Physiology frontiersin.org02

Devaux and Raoult 10.3389/fphys.2022.960308

https://coronavirus.jhu.edu/map.html
https://coronavirus.jhu.edu/map.html
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2022.960308


lungs and plasma of Tibetans are twice those observed in other

populations (Beall et al., 2012). Healthy men who climb to

3,500-m altitude experience a decrease in aldosterone

resulting from a mechanism by which the potassium

balance could be maintained by hyperventilation (Raf,

1991). Mountaineers who visit high altitude while normally

living near sea level experience acute physiological

adjustments that ensure life-sustaining oxygen delivery to

the tissues despite a reduction in the partial pressure of

oxygen (Bärtsch and Gibbs, 2007). Adaptation to high

altitude or chronic obstructive pulmonary disease are

associated with pathophysiological mechanisms similar to

those encountered in sustained hypoxia (Forth and

Montgomery, 2003; Prabhakar and Peng, 2004). Several

genes have been considered as candidates for adaptation to

hypoxia including ACE1, myoglobin, endothelial NO

synthase, heme oxygenase 2, prolyl hydroxylase 2,

FAM213A, lung surfactant protein D, and HIF genes

(Gesang et al., 2002; Moore et al., 2004; Bigham et al.,

2008; Drozdovska et al., 2009; Beall et al., 2010; Bigham

et al., 2010; Simonson et al., 2010; Valverde et al., 2015;

Bigham, 2016). Pregnant women living at high altitudes are

at increased risk of intrauterine growth restriction and pre-

clampsia (Moore et al., 2004). Moreover, Tibetan women who

were homozygous or heterozygous for high SaO2 autosomal

dominant allele had twice as many surviving children as

FIGURE 1
Structure of hypoxia-inducible factor, HIF-1α. (A) Schematic representation of the HIF-1α protein (left panel). The numbers in black indicate the
first and last amino acid residues of each domain of the molecule. From the NH2-terminal to the COOH-terminal region of the protein, the main
domains are: i) a N-terminal region with the basic domain (aa 17-30), a basic helix-loop-helix domain (bHLH; aa 31-71) composed of two amphipatic
α-helices connected by a loop, and a nuclear localisation signal (NLS; aa 17-74); ii) a Per-AHR-ARNT-Sim homology domains (PAS including the
PAS-A aa 85-158, and PAS-B aa 228-298) involved in heterodimerisation with HIF-1β; iii) an oxygen-dependent degradation domain (ODD; aa 401-
603) which contains two PEST-likemotifs (aa 499-518 and 581-600) rich in proline (P), glutamic acid (E), serine (S) and threonine (T) (not shown); iv) a
transactivation domains (TADs also termed NAD aa 531-575 and CAD aa 786-826) with the conserved residues 792-796 making contacts with the
surface zinc-binding TAZ1 domain of CBP; and v) a C-terminal NLS (aa 718-721). Prolines P-402 and P-564 within the ODD and asparagine N-803
within CAD are requires for the full activation of HIF-1α. Under normoxic conditions the N-803 is hydoxylated by the FIH-1 hydroxylase and P-402
and P-564 within the ODD are hydroxylated by the prolyl hydroxylase PHD and the hydroxyproline residues become buried within the hydrophobic
core of pVHL leading to ubiquitinylation of HIF-1α. The HIF-1α protein stability is increased by acetylation on lysine K-709 as well as by proline P-582
substitution (P582S) and alanine A-588 substitution (A588T). Acetylation of lysine K-532 promotes interaction with and ubiquitination by pVHL. (B)
Amino acid sequence of HIF-1α from Homo sapiens (NCBI reference sequence NP8001521.1). The amino acids P-402, P-564 and N-803 are
highlighted.
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women who were homozygous for the low SaO2 allele (Beall,

2007). Like humans, the animals that have lived on the Tibetan

Plateau for thousands of years have had to adapt to this

extreme environment. Tibetan sheep living on both

highland or lowland represent ideal organisms to

investigate adaptation to high altitude. A genome-wide

analysis carried out on the two groups of sheep revealed

selection events spanning genes involved in angiogenesis,

energy production and erythropoiesis (Wei et al., 2016).

Thus, pre-existing adaption to hypoxia could be beneficial in

providing better resistance to lower oxygenation found during

COVID-19.

Hypoxia-inducible factor and genes
expression

In the presence of an adequate supply of oxygen, the newly

translated HIF-1α (a protein made up of 826 amino acids)

(Figure 1), is hydroxylated at its oxygen-dependent

degradation domain (ODD) and degraded by the

ubiquitination proteasome system (UPS) while under hypoxic

conditions HIF-1α evades the UPS and translocates into the cell

nucleus where it acts as a master transcriptional regulator. The

transcription factor HIF plays a major role in the O2 sensing

system and regulates numerous downstream genes including

FIGURE 2
Schematic diagram illustrating the dual regulation of HIF. At high O2 concentration, HIF-1α is hydroxylated on proline by the prolyl hydroxylase
PHD. The ubiquitin ligase VHL targets HIV-1α-OH for polyubiquitinylation and proteosomal degradation. Similarly, hydroxylation of TRP by PHD and
asparaginyl hydroxylase FIH targets TRP-OH for ubiquitinylation and proteosomal degradation contributing to homeostasis. Under hypoxia, HIF-1α
translocates to the cell nucleus where it forms heterodimers with the HIF-β subunit and binds to the HRE element (the HRE core binding site
sequence is 5’-RCGTG-3’ with R being a purine) in the promoter of hypoxia-inducible genes and recruits histone acetyltransferases CREB Binding
Protein (CBP)/p300. Hypoxia up-regulates ACE1 which contributes to Ang II production through the RAS pathway. Ang II can contribute to hypoxia
through binding to AT1R which initiates signaling events including activation of PKC and c-Src that is required for superoxide production by NADPH
oxidases (NOX1 and NOX2). NOX2 also stimulates the production of reactive oxygen species (ROS) by mitochondria. HIF-1α nuclear translocation
also activates the transient receptor potential ankyrin 1 (TRPA1) gene expression which leads to increase in intracellular Ca2+ and cell injury. In
parallel (not shown), Ang II triggers an increase in cytoplasmic Ca2+ that induces NOX5 to generate H2O2. The Kelch-like erythroid cell-derived
protein (KEAP1) is a negative regulator of the nuclear factor (erythroid-derived 2)-like 2 (Nrf2). Under hypoxia, KEAP1 is oxidated by ROS. This leads to
the nuclear translocation of phosphorylated Nrf2 which maintains oxidative homeostasis in regulating PHD thereby promoting HIF-1α proteasomal
degradation. The Nrf2/MAF (MAF BZIP transcription factor) heterodimers also induce transcription of anti-oxidant-response genes through binding
to the antioxidant response element (ARE sequence: 5’-TGACNNNGC-3’) and reduce both the concentration of ROS and pro-inflammatory
cytokines. In addition, chronic hypoxia triggers HIF-dependent down regulation of the ACE2 gene and activation of ADAM17 which leads to cleavage
of the ACE2 protein (not shown).
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those involved in hypoxia regulation such as erythropoietin

which stimulates erythrocyte proliferation. Varying levels of

the HIF gene and protein expression have been reported in

people with chronic mountain sickness (Beall, 2003). HIF

binds to hypoxia regulated elements (HREs) in the promoter

region of hypoxia-inducible genes as an α/β heterodimer forming

a complex with the histone acetyltransferases CBP/p300 (Wang

et al., 1995; Kallio et al., 1998; Dames et al., 2002; Ratcliffe, 2013).

The cysteine/histidine-rich 1 (CH1) domain of p300 binds to the

C-terminal transactivation domain of HIF-1α and acts as a

scaffold for specific folding of HIF-1α The p300 can also

increase HIF-1α protein stability via Lys-709 acetylation. HIF,

via a specific HRE, activates the transient receptor potential

channel (TRP) ankyrin repeat (TRPA1) which leads to

intracellular calcium increase, modulation of cytokine release,

and cell injury (Seta et al., 2004; Hatano et al., 2012; Mori et al.,

2017; Danta, 2021).

In humans, three different subunits, HIF-1α, HIF-2α, and
HIF-3α have been recognised and several spliced variants of the

alpha subunit of HIF have been described (Michel et al., 1999;

Semenza, 2000a; Lee et al., 2004). Other members of this family

have been described including ARNT2 and ARNT3, which are

related to HIF-1β/ARNT1 (Semenza, 2000a). HIF-1α is mainly

regulated by a prolyl hydroxylase (PHD) and by an E3 ubiquitin

ligase, the von Hippel-Lindau gene product (pVHL). PHD and

pVHL trigger HIF-1α degradation at high O2 concentration

while HIF-1α translocates to the cell nucleus at low O2

concentrations and forms heterodimer with the constitutively

expressed HIF-1β to activate gene transcription. (Maxwell et al.,

1999; Ratcliffe, 2013) (Figure 2). There are four PHD isoforms,

three of which are involved in HIF-1α hydroxylation on Pro-402

and Pro-564. HIF activity can also be controlled either through

activation of HIF-α transcription or regulation of HIF-α protein

synthesis. The former is achieved either through the NF-κB or

Jak/Stat3 pathway, while the latter occurs via the PI3K/Akt/

mTOR pathway. Both contribute towards cell survival in hypoxic

conditions (Brahimi-Horn et al., 2007; Lee et al., 2019). Thus,

stabilization of HIF-1α may improve the outcome of COVID-19

by decreasing hypoxia and acting on ACE2 expression (Afsar

et al., 2020). PHD and the asparaginyl hydroxylase FIH are also

responsible for hydroxylation of TRP leading to their

proteasomal degradation (Nagarajan et al., 2017).

The human gene coding for HIF-1α is located at position

14q23.2 on chromosome 14 and consists of 15 exons (size

ranging from 85 to 1,321 bp) that are interrupted by

14 introns (Lyer et al., 1998). Five SP1 sites (including three

SP1 sites located immediately 5’ of the transcription initiation

site) and four bHLH-binding E-boxes (starting −141, −243, −254,

and −277) are present in the HIF1A promoter. An investigation

into HIF-1α gene polymorphism found a dinucleotide repeat in

intron 13 (GT14 allele) that was more frequent in Tibetan

Sherpas than in the control group composed of Japanese

while the GT15 allele was more frequent among Japanese

participants (Suzuki et al., 2003). Two non-synonymous

polymorphisms in HIF-1α, Pro582Ser [rs11549465] and

Ala588Thr [rs11549467], were found to enhance HIF-1α
activity (Ollerenshaw et al., 2004). The rs11549465 variant of

HIF-1α impacts breast cancer metastasis (Kim et al., 2008) and is

associated with COVID-19 susceptibility (Das et al., 2021). No

association was found between average altitude and COVID-19

outcomes but there are 34 single nucleotide polymorphisms

(SNPs) reported to date for HIF-1α which have not been

studied in terms of their association with either average

altitude or COVID-19 (Gladek et al., 2017). However, the

rs10873142 polymorphism has been associated with a risk of

chronic obstructive pulmonary disease (Wang et al., 2018). In

addition, genome-wide allelic differentiation comparing Tibetan

highlanders with lowland Han demonstrated divergence across

31 SNPs including the most significant SNP (rs4953354). The

rs4953354 is located near the EPAS1 gene encoding HIF-2α
which stimulates production of erythrocytes and levels of

haemoglobin (Beall et al., 2010; Yi et al., 2010). Epigenetic

processes are also essential to the regulation of HIF

transcription as illustrated by the CpG methylation of EPAS1

promoter by DNA methyltransferase 3a which inhibits HIF-2α
expression under hypoxic conditions (Lachance et al., 2014).

The renin-angiotensin system
pathway in populations living at high
altitude and its imbalance in cases of
coronavirus disease 2019

Among the characteristic physiology of high altitude natives,

the genes of the renin-angiotensin system (RAS) deserve special

attention because they play an important role in the regulation of

the pulmonary vascular tone. The search for candidate genes

involved in adaptation to hypoxia among 142 young males and

females of Quechua origins in Peru, revealed that the I-allele of

the angiotensin-converting enzyme (ACE1) gene insertion/

deletion (I/D) polymorphism is associated with performance

benefits at high altitude (Bigham et al., 2008). The study of

pathologies specifically observed with individuals exposed to

hypoxic conditions may also highlight abnormal functioning

of the RAS pathway. High-altitude pulmonary oedema

(HAPE) is a non cardiogenic pulmonary oedema that may

develop in otherwise healthy individuals in hypoxic

environments. It was reported that significant difference in

genotype and allele frequency of the ACE I/D and

angiotensinogen (AGT) M235T polymorphism is observed

between HAPE patients and HAPE resistant individuals of

Indian origin (Stobdan et al., 2011). Of course not all high

altitude pathologies (e.g., high-altitude polycythemia) are

associated with the RAS pathway genes (Fan et al., 2018).

Short after the first cases of COVID-19, SARS-CoV-2 was

identified as the aetiological agent of the disease (Zhou et al.,
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2020; Zhu et al., 2020), and angiotensin I converting enzyme 2

(ACE2) was demonstrated to be the viral entry receptor for this

virus (Qiu et al., 2020; Yan et al., 2020). Before being regarded as

coronaviruses receptor, ACE2 was known to play a central role in

the RAS, which regulates cardiovascular and renal functions and

maintains blood pressure homeostasis as well as fluid and salt

balance. Hypertension is a major risk factor for endothelial

dysfunction and atherosclerosis. In this regard, uncontrolled

high blood pressure values might lead to the development of

vascular remodeling and vascular rigidity, which may predispose

to heart left ventricular hypertrophy and fibrosis, acute kidney

injury, and extensive microthrombosis in coronary and

pulmonary circulation (Gallo et al., 2022a). The accumulation

of such physiological disorders may severely impact on the

prognosis of COVID-19 patients and increase risk of death.

The ACE2 is cell-surface peptidase that converts the

vasoconstrictor octapeptide [Asp-Arg-Val-Tyr-Ile-His-Pro-

Phe] angiotensin II (Ang II) into the heptapeptide Ang-(1-7)

to maintain blood pressure homeostasis. Ang II stimulates the

production of E-selectin and plasminogen activator inhibitor-1

(PAI-1), thereby contributing to a prothrombotic state and to

atherosclerotic plaque rupture and it also induces the synthesis of

aldosterone which activates mineralocorticoid receptors

enhancing inflammation, fibrosis, and endothelial damage. In

contrast to Ang II, Ang-(1-7) has vasodilator and anti-fibrotic

actions. Ang II binds to Ang II type I and type II receptors (AT1R

and AT2R) (Wakahara et al., 2007; Arendse et al., 2019). The

plasma Ang II levels increase under hypoxic conditions

(Zakheim et al., 1976). Carotid body chemoreceptors, which

act as the first gate for detecting a rapid change in oxygen

tension and composition in the arterial blood, respond to

hypoxia by stimulating ventilation activity through the

afferent sinus nerve (Leung et al., 2000; Fung et al., 2002;

Fung, 2014) and to Ang II through AT1R (Allen, 1998; Fung

et al., 2002). Moreover, elevated ACE1 mRNA expression and

ACE1 activity in the carotid body are linked to hypoxia (Lam

et al., 2004). Both ACE1 and Ang II play roles in hypoxia-induced

pulmonary hypertension and vascular remodeling (Morrell et al.,

1995; Morrell et al., 2005). Finally, the RAS imbalance determines

the clinical outcome of COVID-19 (Devaux et al., 2020; Rysz

et al., 2021). Due to the interdependence between the virus and

RAS, it should be questioned whether there is a link between

hypoxia and the RAS pathway.

HIF-1α and renin-angiotensin system
regulation

One aspect of high-altitude hypoxia that is relevant to

COVID-19 is variations in ACE2 tissue expression and Ang II

plasma concentration. Ang II contributes to hypoxia through

AT1R or AT2R signaling (Munzenmaier and Greene, 1996; Wolf

et al., 2004). In a rat model, AT1R expression was doubled after

4 weeks of chronic hypoxia, leading to enhanced carotid body

sensitivity to Ang II (Leung et al., 2000). Another study

demonstrated that foetal hypoxia increases cardiac AT2R

expression (Xue et al., 2011). In healthy humans exposed to

isocapnic intermittent hypoxia, a significant increase in SaO2 was

observed which could be abolished by treatment with Losartan,

suggesting a role for AT1R (Foster et al., 2010). Interestingly, we

previously reported that COVID-19 patients have increased

concentrations of plasma Ang II and modulation of ACE2

(Osman et al., 2021). The higher expression of Ang II should

lead to worsening hypoxia (Figure 3). Transcription of

ACE1 mRNA is up-regulated in pulmonary artery smooth

muscle cells during hypoxia along with activation of HIF-1α,
while ACE2 mRNA increased during the early stage of hypoxia

only (Zhang et al., 2009). However, this conclusion remains the

subject of debate (Hampl et al., 2015; Oarhe et al., 2015; Joshi

et al., 2019). Moreover, HIF-1α was found to be activated in

alveolar type 2 cells (target for SARS-CoV-2), during acute lung

injuries (McClendon et al., 2017) while Ang II-induced renal

injury requires activation of HIF-1α (Zhu et al., 2011).

It has been speculated that hypoxia-induced HIF-1α
upregulates the metalloproteinase ADAM17, which can cleave

ACE2 (Serebrovska et al., 2020). More recently, it has been

demonstrated that hypoxia, as well as treatment with a PHD

inhibitor reduces ACE2 expression and inhibits SARS-CoV-

2 entry in the human lung epithelial cells via an HIF-1α
dependent pathway (Wing et al., 2021). Hypoxia was found to

decrease the cell surface levels of heparan sulfate required for

SARS-CoV-2 attachment by reducing the expression of

syndecan-1 and syndecan-3 (Prieto-Fernandez et al., 2021).

Although ethnic polymorphisms in ACE2 are documented

(Benetti et al., 2020; Cao et al., 2020; Othman et al., 2020;

Suryamohan et al., 2021), it is not known whether there are

specific variants to people living at high altitude. The same hold

for ACE1 polymorphism (Marshall et al., 2002; Harrap et al.,

2003; Gupta et al., 2009; Yamamoto et al., 2021).

Hypoxia-inducible factor and
vascular inflammation

Ang II induces HIF-1α which activates the expression of

vasoconstrictor endothelin-1 in vascular endothelial cells

(Semenza, 2000b). HIF-1α also controls the expression of

erythropoietin which regulates blood oxygen (Maxwell et al.,

1993). Finally, HIF-1α regulates the expression of dozen of genes

(Figure 4), including heme oxygenase-1, angiogenic factor

vascular endothelial growth factor (VEGF), and VEGF

receptor FLT-1. (Crews, 1998; Semenza, 2000b; Lee et al.,

2004; Gaber et al., 2005). HIF-1α induced expression of the

VEGF gene requires the histone acetyl transferase coactivators

p300 and p160 steroid receptor coactivator 3 (SRC-3) (Wang

et al., 2010). The B-cell lymphoma (bcl)-2 protein also regulates
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HIF-1α-mediated expression of VEGF in hypoxic conditions by

acting on HIF-1α stabilization through a mechanism that

involves the BH4 domain of bcl-2 (Trisciuoglio et al., 2011).

The HIF-1 binding site is located at approximately -1 kbp in the

VEGF promoter and a drug such as the tyrosine kinase inhibitor

gefitinib decreases VEGF mRNA expression by down-regulating

HIF-1α expression (Pore et al., 2006). VEGF was reported to be

activated through HIF-1α after viral infection (Ripoli et al., 2010;

McFarlane et al., 2011), leading to increase in vascular

permeability (Colgan et al., 2020). Vascular permeability

allows the extravasation of plasma proteins that form a

primitive scaffold for migrating endothelial cells (Zimna and

Kurpisz, 2015). Endothelial dysfunction may participate to the

increased myogenic tone of resistance arteries through the

activation of the RAS, endothelin-1, catecholamines, and

growth factors production, leading to vasoconstriction,

increase of blood pressure, vascular remodeling and then to a

risk of artherosclerosis (Gallo et al., 2022b). Since vascular

leakage could lead to septic shock, several HIF-1α-regulated
genes have been associated with the protection of vascular

barrier function during hypoxia, (Mahabeleshwar et al., 2012)

thereby counterbalancing the adverse effects of VEGF.

In addition, AT1R blocking decreases the VEGF

expression induced by Ang II in peripheral blood

mononuclear cells (Takahashi et al., 2005). Patients with

COVID-19 often develop shortness of breath and dyspnoea

which triggers local hypoxia and induces HIF-1α activation

and VEGF production (Cao, 2021). Hypoxia is associated with

an up-regulation in VEGF mRNA expression while

ACE2 mRNA expression is upregulated under 2% hypoxia

at 6 hours and down-regulated at 48 h (Imperio et al., 2021).

Thus, hypoxia acutely enhances ACE2 but chronically reduces

ACE2 and TMPRSS2, and this should lead to decreased

susceptibility to SARS-CoV-2 in people living in conditions

where oxygen is limited. Ang II behaves as a mediator of

oxidative stress, in which reactive oxygen species (ROS) are

important signaling intermediates in several signal

transduction pathways such as vascular remodeling

(Duprez, 2006). Vascular inflammation induced by Ang II

is mainly mediated by AT1R associated with an increased

FIGURE 3
Schematic representation of the functioning of the renin-angiotensin system under normal conditions and during SARS-CoV-2 infection. The
left panel illustrates the fact that ACE2 converts Ang II into Ang(1-7). Ang-(1-7) exhibits vasodilatory, anti-proliferative, and anti-inflammatory effects
via the G protein-coupled receptor called Mas-1. The right panel illustrates the possible dysfunction of signals when SARS-CoV-2 is attached to its
ACE2 receptor. Under this condition Ang(1-7) is no longer synthetised, Ang II accumulates and binds AT1R, leading to HIF-1α induction.
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production of ROS via the NADPH oxidase (Griendling et al.,

1994; Rajagopalan et al., 1996; Dandona et al., 2003).

Hypoxia-inducible factor regulates
antiviral and pro-inflammatory
responses

Beside regulating ACE2 expression and RAS, HIF-1α has also

been reported to regulate type 1 interferon (IFN) antiviral response

and the production of cytokines (Nizet and Johnson, 2009; Jahani

et al., 2020). The innate immune response against viruses is

triggered by the recognition of pathogen-associated molecular

patterns through different receptors including Toll-like receptors

(TLRs) which are proteins on the cell membrane or within

endosomes, nucleotide-binding and oligomerization domain

(NOD)-like receptors which are cytoplasmic sensors, and

retinoic acid inducible gene I (RIG-I) which are cytosolic

helicases (Chen et al., 2009). Each TLR has its own specificity

(Lester and Li, 2014). TLR3 sense single stranded RNA (ssRNA)

viruses, double stranded RNA (dsRNA) viruses, and DNA viruses.

SARS-CoV-2, a positive-sense RNA virus, can be sensed both as

ssRNA and as dsRNA (produced during its replication), leading to

the activation of IFN regulatory factor (IRFs). The activation of IRFs

results in homo-, or hetero-dimerization of IRF-3 and/or IRF-7 and

their subsequent translocation to the nucleus where they bind to

IFN promoters. Under normoxic conditions the alarmin

HMGB1 activates IRF-5, IRF-3 and NF-κB in monocytes leading

to expression of IFN and inflammatory cytokines but, surprisingly,

under hypoxic conditions monocytes fail to produce IFN through

repression of IFR-5 by HIF-1 α (Santos and Andrade, 2017; Peng

et al., 2021). At lowO2 concentration, theHIF-1α increase promotes

FIGURE 4
Genes upregulated by HIF “master regulator”. The consensus DNA sequence for HIF-1α/HIF-1β binding is common formany genes upregulated
during hypoxia. Representative list of genes upregulated by HIF, however this list is not exhaustive and grows continuously. It is worth noting that
several genes involved in the renin-angiotensin system, in the development and functioning of the vascular system (whichmodulate vascular tone or
promote angiogenesis) and in erythropoiesis, belong to this list. HIF-1α is also known to upregulate TRP-A1 and p35srj. The p35srj protein is an
alternatively spliced isoform of MRG1 which inhibits HIF-1 transactivation by blocking the HIF-1α/p300 interaction.
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cell phagocytic activity and stimulates pro-inflammatory cytokines

synthesis (Colgan et al., 2020). The role of HIF-1α in the induction

of cytokines production at the site of inflammation was previously

reported for patients with severe H1N1 viral pneumonia (Guo et al.,

2017). Similarly, severe COVID-19 is characterized by lung injury as

result of high levels of inflammatory cytokines (Fan et al., 2018;

Huang et al., 2020; Boumaza et al., 2021). Upon SARS-CoV-

2 infection, the viral ORF3a induces mitochondrial damage and

the generation of oxygen species activates HIF-1α enhancing SARS-
CoV-2 infection and inflammatory responses (Tian et al., 2021).

Anti-SARS-CoV-2 properties of
curcumin through anti-HIF-1α
function

Ethnobotanical studies reported that food and spices have a

symbolic value among the hinduistically-influenced ethnic

groups of Nepal and they constitute an integral part of

traditional medicine. The perennial herb Curcuma longa

belonging to Zingiberaceae, is an important spice in Dal, the

most frequently eaten dish of lentils in rural Nepal. Tumeric (an

orange-yellow crystalline powder insoluble in water), is also used

in the composition of Causa Limena, a traditional Peruvian dish.

Beside its used as a dietary spice, the active ingredient of the

turmeric rhizome, curcumin (diferuloylmethane) (Lin, 2007;

Zhou et al., 2011), is also marketed for its anti-inflammatory

properties. Moreover, Curcuma longa is known to be used in

Nepal in medicinal prescriptions for ‘purification of the blood

(Eigner and Schilz, 1999). It has been established that high

altitude associated chronic hypobaric hypoxia induces skeletal

muscle atrophy and that curcumin has muscle sparing effects and

enhances muscle mass (Chaudhary et al., 2018), which can also

encourage local consumption of tumeric. This raise questions

about whether the curcumin-rich diet of people living at high

altitudes may influence their susceptibility to COVID-19.

Numerous compounds derived from medicinal plants have

been investigated in the search for antiviral action against SARS-

CoV-2. Curcumin has been described as having antiviral,

antiplatelet, antioxidant, antibacterial, and anti-inflammatory

properties which could be beneficial to COVID-19 patients

(Paciello et al., 2020; Rattis et al., 2021). In a model of acute

lung injury, treatment with curcumin was reported to increase

PaO2, to decrease pulmonary oedema and to improve lung

function (Cheng et al., 2018). At the molecular level, among

other antiviral mechanisms (Rattis et al., 2021), curcumin has

been reported to show high affinity for both SARS-CoV-2 spike

(S) glycoprotein and its cellular receptor, ACE2 and to bind

TMPRSS2, suggesting a capacity to block viral attachment to

target cells (Maurya et al., 2020; Motohashi et al., 2020;

Shanmugarajan et al., 2020). Curcumin is also thought to

interfere with endosomal acidification, an essential step in the

SARS-CoV-2 replication cycle (Vishvakarma et al., 2011).

Moreover, curcumin is thought to inhibit ACE1 activity (Abd

Allah and Gomaa, 2015), thereby preventing the production of

Ang II. Interestingly clinical studies reported reduction of fever,

cough, and dyspnea in COVID-19 patients receiving

nanoencapsulated curcumin (Hassaniazad et al., 2020;

Tahmasebi et al., 2020; Valizadeh et al., 2020; Ahmadi et al.,

2021; Pawar et al., 2021; Saber-Moghaddam et al., 2021; Trigo-

Gutierrez et al., 2021). At the onset of the COVID-19 pandemia,

the French agency for health safety (ANSES) warned about using

curcumin during COVID-19 due to the potential risks of

reducing the immune defenses in an infectious context

(referral number 2020-SA-0045 published on 10 April, 2020).

In addition warning letters from the U.S. Food and Drug

Administration (FDA) were published with regards to the use

of curcumin-containing products for COVID-19 treatment

(https://www.fda.gov/inspections-compliance-enforcement-

and-criminal-investigations/compliance-actions-and-activities/

warning-letters). However, curcumin is largely used in countries

such as India without any noticeable side effects.

Pharmacokinetic data has shown that curcumin undergoes

rapid metabolism with glucuronidation and sulfation in the

liver and excretion in the feces, which leads to its poor

systemic bioavailability. Several synthetic curcumin analogs

have been designed to overcome these drawbacks and gain

efficiency while reducing toxicity (Vyas et al., 2013;

Chainoglou and Hadjipavlou-Litina, 2019; Shimizu et al., 2020).

In addition, it is interesting to note that a growing body of

evidence indicates that curcumin prevents hypoxia-induced

upregulation of HIF-1α (Bae et al., 2006; Bahrami et al., 2018;

Ouyang et al., 2019; Moulin et al., 2020; Sarighieh et al., 2020).

Finally, curcumin is considered a natural p300 histone

acetyltransferase inhibitor (Sunagawa et al., 2011), likely

inhibiting the functional transcription complex HIF-1/CBP-p300

(Figure 5). Deepening the molecular mechanism of action of

curcumin on HIF could promote the development of effective

candidates for SARS-CoV-2 therapy. Preventing transactivation

of HIF-1α by peptide inhibitors of HIF-1/CBP-p300 interaction

(previously shown to suppress tumor growth) (Kung et al., 2001;

Qin et al., 2021) or other compounds with similar effects (Freedman

et al., 2002; Jayatunga et al., 2015), could be interesting to test in

order to evaluate their possible benefit in the treatment of COVID-

19. Alternatively, Bousquet and others have recently proposed that

fermented vegetables and spices such as curcumin act as activators

of the nuclear transcription factor erythroid-derived 2 like 2 factor

(Nrf2) and Transient Receptor Potential Ankyrin 1 and Vanillin 1

(TRPA1-V1) channels and may help as complementary treatments

in the control of COVID-19 symptoms (such as cough and

respiratory symptoms) (Bousquet et al., 2022). Because patients

experienced a very rapid (less than 5 min) improvement of some of

the symptoms after taking curcumin, Bousquet and others

hypothesized that the mechanism of action of this natural

compound could be a transient desensitization of TRPA1-V1

channels (Bousquet et al., 2021).

Frontiers in Physiology frontiersin.org09

Devaux and Raoult 10.3389/fphys.2022.960308

https://www.fda.gov/inspections-compliance-enforcement-and-criminal-investigations/compliance-actions-and-activities/warning-letters
https://www.fda.gov/inspections-compliance-enforcement-and-criminal-investigations/compliance-actions-and-activities/warning-letters
https://www.fda.gov/inspections-compliance-enforcement-and-criminal-investigations/compliance-actions-and-activities/warning-letters
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2022.960308


Negative feedback loop on HIF-1α
Under normoxic conditions the cytoplasmic form of Nrf2 (a

605 amino acids protein) is associated with the Kelch-like ECH-

associated protein 1 (Keap1). Under hypoxic conditions and upon

excessive ROS production, oxidation of several cysteines on

Keap1 interrupts Nrf2-Keap1 interaction and leads to

Nrf2 nuclear translocation. In the nucleus, Nrf2 forms

heterodimers with small MAF (sMAF) proteins and binds to

regulatory antioxidant response element (ARE), and CBP/

p300 through interaction with the NEH4 and NEH5 domain

thereby inducing the transcription of plethora of genes. Among

these genes several encode products playing important role in the

survival of cell such as antioxidant genes including thioredoxin

(TRX1), peroxiredoxin-1 (PRDX1), sulfiredoxin-1 (SRXN1),

glutathione peroxidase (GPx), glutathione S transferase (GST),

superoxide dismutase (SOD), heme oxygenase-1 (HO-1), or

detoxification enzymes such as NADPH quinone oxidoreductase

1 (NQO1), and ferritin. The coordinate action of Nrf2 target genes

bring back the cell to redox homeostasis (Kobayashi et al., 2016;

Jeddi et al., 2017; Toh and Warfel, 2017). It has been assumed that

ROS are produced by an NADPH oxidase that reduces O2 to

superoxide anion which is subsequently converted to hydrogen

peroxide (H2O2) by SOD triggering the reduction of ROS levels

leading to HIF-1 modulation. Nrf2 also binds to an ARE sequence

located approximately 30 kilobases upstream ofHIF1A upregulating

the production of HIF-1α (Lacher et al., 2018). An alternative

pathway of HIF-1α activation by Nrf2 is likely through TRX1

(Hawkins et al., 2016). However, under specific conditions

Nrf2 levels can also be decreased during hypoxia leading to

decreased activity of HIF-1α (Potteti et al., 2021). Nrf2 also

regulates the coordinated expression of cytoprotective genes,

FIGURE 5
Schematic diagram illustrating six of the potential curcumin targets during SARS-CoV-2 infection of susceptible cells with a specific focus on:
Left: viral entry pathway (right panel, targets 1–3) and, Right: Ang II induced hypoxia pathway (left panel, targets 4–6). Regarding the viral entry
pathway, curcumin prevents the binding of the SARS-CoV-2 S protein to the ACE2 receptor by binding to both proteins (1,2). In addition, curcumin
prevents endosomal acidification required for the initiation of viral replication (3). Regarding the Ang II pathway, curcumin inhibit ACE1 (4), thus
preventing the accumulation of Ang II. Moreover, curcumin prevents hypoxia-induced HIF1-α upregulation (5) and p300 acetyl transferase activity
within the HIF1-α/β/CBP-p300 complex (6). Upper left, chemical structure of curcumin (diferuloylmethane). Effects of curcumin on Trp ion channels
such as TrpA1 and TrpV1, have also been reported (not shown). ACE: Angiotensin converting enzyme; Ang: Angiotensin; AT1R: Ang II type I receptor;
CBP/p300: Histone acetyltransferases CREB Binding Protein (CBP)/p300; IRF: Interferon regulatory factor; MDA: Melanoma differentiation-
associated gene; MVAs: Mitochondrial antiviral-signal protein; RIG: Retinoic acid inducible gene; TMPRSS2: Transmembrane serine protease two;
TLR: Toll like receptor; TRAF: Tumour necrosis factor receptor-associated factor; TRIF: TIR-domain-containing adapter-inducing interferon.
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including HO-1 which protects cells from oxidative stress

(Deshmukh et al., 2017). In contrast, HO-1 was also found to

play an important role in mediating the proangiogenic effects of

stromal cell-derived factor 1 (SDF-1) through CXCR4 7-

transmembrane receptor signalling (Deshane et al., 2007).

Finally, Nrf2 blocks the transcription of proinflammatory

cytokines (Kobayashi et al., 2016). Nrf2 was reported to auto-

regulate its expression by binding to ARE-like elements present

in the proximal region of the Nrf2 promoter and to be negatively

regulated by BACH1 that dimerizes with sMAF (Shaw and

Chattopadhyay, 2019).

In addition, HIF-1αwas reported to activate the transcription of
p35srj. This protein, also called CBP/p300 interacting transactivator

with an ED-rich tail 2 (CITED2), is an alternatively spliced isoform

of the melanocyte-spepcific gene related gene 1 (MRG1)

chromodomain-containing protein which inhibits HIF-1

transactivation by blocking the HIF-1α/p300 interaction

(Bhattacharya et al., 1999). CITED2 is induced during hypoxia

and is competing with NAD of HIF-1α for binding to the

CH1 domain of p300 (Yoon et al., 2011). Moreover, the prolyl

hydrolase PHD2 is upregulated by hypoxia and its downstream

promoter contains a functional hypoxia-responsive cis-regulatory

element HRE, thus limiting HIF-1α signaling (Metzen et al., 2005;

Fong and Takeda, 2008). Finally, in addition to inducing

hyperacetylation of histones by targeting histone deacetylases

(HDACs), histone deacetylase inhibitors (HDAIs) such as

geldanamycin or apicidin have been found to be potent

inhibitors of HIF function possibly through the HIF-1α ligand,

Hsp90, or through acetylation of the HIF-CAD domain (aa 786-

826) (Liang et al., 2006; Kim et al., 2007).

Discussion

Large variations in susceptibility to SARS-CoV-2 infection

and severity of COVID-19 across the world may have multiple

underlying causes, including environmental and genetic factors

(Frutos et al., 2020; Gautret et al., 2020; Haug et al., 2020;

Ioannidis, 2020; Fricke-Galindo and Falfan-Valencia, 2021).

The question was recently asked as to whether living in high-

altitude regions might protect against COVID-19 (Arias-Reyes

et al., 2020; Pun et al., 2020). By critically examining the influence

of chronic hypoxia on susceptibility to and severity of COVID-

19, the question can be redirected as to the role that the HIF-1α
molecule plays on SARS-CoV-2.

Molecular arguments have been accumulated in vitro suggesting

that chronic hypoxia could modulate the genes involved in cell

susceptibility to SARS-CoV-2, such as ACE2. Under chronic

hypoxia ACE1 expression is upregulated by HIF-1α in human

pulmonary artery smooth muscle cells while ACE2 expression is

markedly decreased (Osman et al., 2021). HIF-1α was also reported
to be able to inhibit the SARS-CoV-2 infection of lung epithelial cells

by reducing ACE2 expression (Prieto-Fernandez et al., 2021; Wing

et al., 2021). This leads to the hypothesis that hypoxia could have a

beneficial effect on themolecular crosstalk that regulates the severity

of COVID-19 through HIF-1α. Moreover, an association of

rs11549465 variant of HIF-1α with COVID-19 susceptibility has

been reported (Das et al., 2021). If hypoxia reduces the capacity of

SARS-CoV-2 to attach and enter target cells, in contrast activation

of HIF-1α may reduce antiviral immune defenses and exacerbate

pro-inflammatory responses and thrombosis which are detrimental

to people infected with SARS-CoV-2. The results reported in the

literature are dependent on the duration of hypoxia, the cell type

selected for in vitro experiment, and the tissues and organs (e.g.,

lungs, kidneys) chosen. This highlights the fact that gene regulation

by HIF-1α is a complex patchwork of signaling pathways with

sometimes opposite effects.

Although fully adapted for signaling pathway characterization,

the in vitro cellular model should be used with caution when

extrapolating to biological processes in the context of an organ

or an individual. In humans, SARS-CoV-2 pathogenesis start with

the interaction of the viral spike with ACE2 and TMPRSS2 on the

surface of type II alveolar cells (lung). Following infection, a

functional defect in ACE2 leads to the accumulation of Ang II.

Interestingly, for ACE1 which catalyses the proteolysis of Ang I to

form Ang II, an ACE1 47-bp insertion/deletion (I/D)

polymorphism has been associated with SaO2 among Peruvian,

with I/I allele individuals showing higher SaO2 compared to I/D and

D/D individuals (Bigham et al., 2008; Simonson et al., 2010). Ang II-

induced hypoxia activates HIF-1α in macrophages triggering

IFR5 and IFR3 repression and the reduction of IFN. Activation

of HIF-1α in epithelial cells aggravates the defect in the

ACE2 production. At the same time, HIF-1α activation leads to

overproduction of proinflammatory cytokines and aVEGF-induced

vascular leakage in endothelial capillary cells. In the kidneys,

hypoxia leads to cell apoptosis, fibrosis of the kidney and loss of

peritubular capillaries (kidneys) (Nangaku and Fujita, 2008).

Inhibition of PHD by hypoxia downregulates the vascular

expression of the Ang II receptor highlighting the existence of

feedback loop of regulation (Matsuura et al., 2011). Interestingly, the

EGLN1 gene (PHD2) shows evidence of positive selection in both

Tibetans and Andeans of rs186996510 and rs12097901alleles

(Bigham et al., 2010; Bhandari et al., 2017). Moreover, in

preclinical chronic mountain sickness, an hypermethylation of

EGLN1 has been reported to diminish PHD2 expression and

thereby enable transcription of HIF-1α (Julian, 2017). In

contrast, a NO synthase three G894T polymorphism is

associated with the lower expression of HIF-1α (Armenis et al.,

2021). Hypoxia also induces Col-I mRNA expression and collagen

synthesis in human lung fibroblasts which can be blocked by AT1R

and AT2R inhibitors (Liu et al., 2013).

Until further investigations take place, data regarding the lower

incidence and/or morbidity of SARS-CoV-2 in populations living at

high altitudes must be considered speculative. However, hypoxia

could be beneficial in reducing virus binding and entry into cells,

while being detrimental to the outcome of patients once infected
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with SARS-CoV-2. These different issues appear to be orchestrated

through HIF-1α regulation. A better understanding of the

mechanisms of HIF-1α stabilization/degradation and molecular

crosstalk between HIF-1α and other cellular proteins will likely

suggest new targets and new therapeutic strategies that may help to

overcome COVID-19.
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