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Abstract

In some subjects, high-altitude hypobaric hypoxia leads to high-altitude pulmonary hypertension. The threshold for the diagnosis of
high-altitude pulmonary hypertension is a mean pulmonary artery pressure of 30 mmHg, even though for general pulmonary
hypertension is >25mmHg. High-altitude pulmonary hypertension has been associated with high hematocrit findings (chronic
mountain sickness), and although these are two separate entities, they have a synergistic effect that should be considered. In recent
years, a new condition associated with high altitude was described in South America named long-term chronic intermittent hypoxia
and has appeared in individuals who commute to work at high altitude but live and rest at sea level. In this review, we discuss the
initial epidemiological pattern from the early studies done in Chile, the clinical presentation and possible molecular mechanism and

a discussion of the potential management of this condition.
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Introduction

It is estimated that more than 140 million people worldwide
currently live or work at an altitude over 2500 m," and the
sequelae associated with this exposure represent a substan-
tial public health burden.

Exposure to hypobaric hypoxia is accompanied by sev-
eral changes in humans, with the most relevant changes
occurring in the cardiopulmonary circuit, particularly in
the right circuit.> Moreover, in some individuals, these
changes can lead to pathological disorders. The main recog-
nized altitude disorders are acute mountain sickness and its
variations, such as acute cerebral edema, high-altitude pul-
monary edema (HAPE), high-altitude pulmonary hyperten-
sion (HAPH), and chronic mountain sickness (CMS).*

Similarly, the type of exposure to high altitude is usually
classified or determined according to the duration of expos-
ure. Thus, people who live permanently at high altitude
(high-altitude residents) are considered to be exposed to
chronic hypoxia, while people who visit high altitudes for
hours or days for either leisure or work on a single occasion

are considered to be exposed to acute hypoxia, and people
who are exposed to high altitude for short periods are con-
sidered to be exposed to intermittent hypoxia. There are
many types of models of intermittent or chronic intermittent
hypoxia, and the classification and comparison of these
models is confusing and misleading in experimental
models and humans. Currently, a new type of hypoxia
exposure that has appeared during the last 20 years must
be added to these traditional types of exposure. In this type
of exposure, subjects commute in shifts, spending their
working days (ranging from 7 to 15 days) at altitudes
higher than 3000m and spending their resting periods at
sea level (same days). They maintain this system for years.
This particular condition was first recognized in South
America, particularly in Chile, where mining and a variety
of jobs related to frontier surveillance and civil support have
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led to settlements around these locations. This exposure has
been termed long-term chronic intermittent exposure (ori-
ginally called the Chilean miners’ model); it is completely
different from other types of chronic intermittent exposure,
such as training or obstructive sleep apnea.”® In Chile
alone, this type of exposure affects approximately 100,000
individuals.’

This review mainly aims to provide an overview of
HAPH in chronic and long-term chronic intermittent hyp-
oxia in terms of its epidemiological, clinical, and molecular
features.

High-altitude pulmonary hypertension

HAPH is classified as WHO Group 3.6 pulmonary hyper-
tension in the general pulmonary hypertension classifica-
tion.”!® A cut-off point of >25mmHg was established for
all types of pulmonary hypertension.'' However, the defin-
ition of an altitude cut-off point has been a matter of dis-
cussion for years and was finally settled by an international
consensus,* providing a guideline for categorizing HAPH.
Therefore, the key hallmark of HAPH is a mean pulmonary
artery pressure (mPAP) of >30 mmHg, measured at altitude
and at rest, in individuals without chronic obstructive lung
disease or chronic cardiac disease.* This condition is
observed in subjects who are chronically exposed to hypo-
baric hypoxia due to hypoxic pulmonary vasoconstriction
and subsequent vascular structural remodeling.>'*'3

Epidemiology of HAPE and HAPH

HAPE is a high-altitude disorder which occurs during the
first day of acute exposure to hypoxia. It is a consequence of
acute pulmonary hypertension along with impaired alveolar
clearance, which manifests as uneven pulmonary patches of
pulmonary edema that, if not treated, can lead to death.'*!?
Its prevalence varies but may range from 1% to 14%,'? and
the average prevalence was reported to be 4%.'° There is no
Chilean national registry for chronic intermittent hypoxia
exposure, but according to a survey of emergency depart-
ments in northern Chile, HAPE is a very rare entity that
does not account for more than two to four cases per year.
Therefore, we will focus this review on a major entity,
HAPH.

Determining the actual prevalence of HAPH in chronic
high-altitude residents is a difficult task because of the vari-
ations between different populations and the different meth-
ods used to measure mPAP.'>'"” However, the compiled
information for HAPH shows that its prevalence is 18%
in the Kyrgyz population,'® while in other populations,
such as those in South America, HAPH has been estimated
to affect between 5% and 18% of the exposed population
and to be more common in males than in females."” In
natives of the Spiti Valley in India, the prevalence of
HAPH was reported as 3.23%.2° In China, HAPH affects
mainly Han individuals who migrate to the high plateau.'’

A consistent prevalence has been difficult to establish; even
Ge and Helun?' do not mention any prevalence for HAPH.
However, Neupane and Swenson'? estimated that the preva-
lence is approximately 8%. Additionally, several studies
have suggested that HAPH is somewhat more prevalent in
people who were not born and raised at high altitude but
who come to live at high altitude later in life.'? Interestingly,
two recent publications raised some doubts about the actual
prevalence of a pathological mean systolic PAP for defining
HAPH at rest in individuals with or without CMS; a sys-
tematic review performed by Soria et al.** investigated
mostly healthy male Andeans (Aymaras and Quechuas)
who were high-altitude residents with CMS using mean sys-
tolic PAP, and posteriorly in the editorial by Naeije,”* he
recalculated the mPAP. Soria et al.** concluded that HAPH
is less common than previously expected at rest but frequent
during daily activities.”*** However, according to Naeije,*
this provocative finding must be reconciled with further ana-
lysis and validation.

Given this disparity, to obtain an epidemiological refer-
ence, a consensus was reached in 2005, in which the general
prevalence of HAPH was estimated to be between 10% and
15%.% In addition, genetic adaptation has been demon-
strated in some populations, such as Tibetans, in whom
HAPH is almost nonexistent.?**>

Interestingly, the prevalence of HAPH during long-term
chronic intermittent exposure has yet to be definitively
determined. However, reports from Chile revealed an esti-
mated prevalence of 9% in lowlanders’ (Table 1).

Clinical presentation

The clinical presentation of individuals suffering from
HAPH is not different from that of individuals suffering

Table |. Prevalence of high-altitude pulmonary hypertension around
the world and according to different types of exposure.

Exposure Prevalence
type (%) Population Source
Chronic
5-18 Kirgyz Aldashev et al.'®
5-18 South America Mirrakhimov and Strohl'®
32 Spiti, India Negi et al.?°
Il Colorado Robinson et al.2
8 Qinhai-Tibet Neupane and Swenson,'?
Le6n-Velarde et al.*
10-15 Aymaras
Intermittent
9 Chile Brito et al.”
Acute Incidence
4 Overall Maggiorini'®

HAPE: high-altitude pulmonary edema.
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from any other type of pulmonary arterial hypertension: its
features range from asymptomatic in some individuals to
exertional dyspnea in the early stages, followed by general
fatigue, intolerance to exercise, chest pain, mental alter-
ations, dizziness, syncope, and ultimately cor pulmo-
nale.'>!"1926 Different mPAPs are found depending on
altitude, and individual variations should be considered’;
in addition, the potential contributory role of sleep apnea
in HAPH, either central or obstructive, cannot be ignored,
since the former is rather common and the latter is aggra-
vated at high altitude.?’

Functional capacity impairments (determined according
to the New York Heart Association (NYHA) Functional
Classification criteria and®® the six-minute walking test)
are observed in people with HAPH, but there is still some
disagreement.” In some individuals and in some geographic
locations, such as Colorado (USA), this type of hyperten-
sion does not seem to affect functional capacity.” This
observation was described by Grover’® as a “paradox of
HAPH.” Moreover, a study performed in Kyrgyz high-
landers demonstrated a modest reduction in exercise cap-
acity.”” This led to the introduction of the concept of
“pulmonary vascular reserve” instead of merely ‘“‘exercise
capacity.”’>"%? Pulmonary vascular reserve is a concept
that was introduced by some authors to explain why some
patients with pulmonary hypertension have an increased
aerobic exercise capacity. Therefore, ““pulmonary vascular
reserve” is defined as a combination of decreased pulmonary
vascular reserve and increased lung diffusion capacity for
nitric oxide that would allow for superior aerobic exercise
capacity at a lower ventilatory cost at sea level and at high
altitude.®'

Strikingly, in some studies performed on subjects who
have spent more than 10 years working intermittently at
high altitude, no alteration in functional capacity was
found (NYHA level I). Similarly, these workers at high alti-
tude have been shown to exhibit prompt acclimation with-
out exercise capacity impairment.”** The role of hypoxia
dose in this model has not yet been defined; however, it
has been seen in rats that at the morphologic* and molecu-
lar levels, hypoxia dose could play a role. Therefore, it can
be hypothesized that spending several days at sea level could
play a role in long-term chronic intermittent hypoxia, since
during intermittent exposure, the mechanisms and morpho-
logical changes are repeatedly turned on and off.*® Another
hypothesis is that under long-term chronic intermittent hyp-
oxia, the time spent at sea level could buffer the effects of
hypoxia. Importantly, HAPH can be reversed when individ-
uals return to live at sea level for a prolonged time.>’

Main concepts in acclimatization at altitude
and physiopathology in HAPH
Individuals exposed to high altitude respond to a low envir-

onmental partial pressure of oxygen by ultimately develop-
ing hypoxemia. The hypoxic stress responses observed in

these individuals can be summarized as increases in ventila-
tion (hypoxic ventilation response), cardiac output, and
hemoglobin concentration. Concurrently, there is a reduc-
tion in the diffusive barriers between the lungs and tissue
capillaries.'”> Moreover, at the cellular level, there are
changes in capillary and mitochondrial density as well as
metabolic efficiency.?®

Most of these responses are elicited by the stabilization of
hypoxia-inducible factors (HIFs). In an oxygenated envir-
onment, HIF subunits are hydroxylated at proline residues
through prolyl hydroxylases (PHDs), and these subunits are
destroyed by E3 ubiquitin ligase through the von Hippel-
Lindau protein complex.*' The activity of PHDs is regulated
by oxygen bioavailability; therefore, under hypoxic stress,
the activity of PHD proteins is diminished, and thus, HIF
proteins can induce the transcription of several genes, as
discussed below.™

The first response of the pulmonary circulation to alveo-
lar hypoxia is to redistribute the flow in the lung paren-
chyma to better oxygenated areas.'>*? This phenomenon
is termed hypoxic pulmonary vasoconstriction (HPV) and
was originally described by von Euler and Lijestrand in
cats.” HPV serves to optimize ventilation-perfusion match-
ing in focal hypoxia and thereby enhances pulmonary gas
exchange. When the bioavailability of oxygen is globally
reduced, HPV induces general pulmonary vasoconstriction,
which may lead to a rapid and reversible increase in mPAP,
and under long-term chronic or intermittent hypobaric hyp-
oxia, this process may trigger pulmonary hypertension,
impair exercise capacity, and cause right heart failure and
pulmonary edema.*?

As mentioned above, the cardinal transcription factor
involved in the control of oxygen-regulated genes such as
HIF-1a is stabilized under hypoxic conditions and regulates
many cellular responses that control hypoxia-induced pul-
monary artery vasoconstriction in numerous cell lines.**
This notion is supported by a recent study that showed that
the cell-specific deletion of HIF-la suppressed hypoxia-
induced pulmonary hypertension and the progression of
pulmonary arterial remodeling.*’

However, an imbalance among factors such as endothe-
lial vasoconstrictors, vasodilators, reactive oxygen species,
other molecules (e.g., insulin, asymmetric dimethylarginine
(ADMA)), susceptibility, and genetic factors is clearly the
cornerstone at the molecular level.”*%4°

As has commonly been observed in the clinical setting,
most responses are physiologically useful; however, in some
cases, these beneficial responses are excessive and can be the
source of a pathological response. The main examples of
such cases are exaggerated polycythemia or CMS under
chronic hypoxia and HPV leading to HAPH'? (Fig. 1).

Molecular mechanisms involved

During the HPV process, several mechanisms are activated
in consecutive phases. Studies have suggested that the first
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Fig. 1. A proposed scheme of events and factors involved in the development of high-altitude pulmonary hypertension; body mass index; partial
pressure of O,; mean pulmonary artery pressure. *Notably, excessive erythrocytosis has not been demonstrated to play a role in long term

chronic intermittent hypoxia.

phase is calcium-dependent smooth muscle cell (SMC) con-
traction followed by the escalation of numerous other mech-
anisms that act in SMCs.”* 2

At the SMC level, the intracellular calcium concentration
is increased mainly via the hypoxia-induced inhibition of
potassium channels, which leads to membrane depolariza-
tion and induces the activation of L-type calcium channels.
Additionally, another source of calcium is the sarcoplasmic
reticulum, which leads to a subsequent additional influx
through stored-operated calcium channels (SOCCs) and
receptor-operated calcium channels (ROCCs), which are
formed by several proteins, including transient receptor
potential channels (TRPCs), Orai, acid-sensing ion channels
(ASICs), and stromal interaction molecule (Stim).*®->

Interestingly, the expression of subunits of these proteins
(Orai, TRPC, Stim, and ASIC) depends on the time of
exposure to hypoxia. Since, in SMCs of the distal pulmon-
ary arteries, under acute exposure to hypoxia, SOCC and
ROCC are crucial for the HPV process through proteins
such as Stiml and 2, TRPCI and 6, and TRPV4; however,
under conditions of chronic hypoxia, SOCC are overex-
pressed in the pulmonary vasculature through proteins
such as Orail and 2, TRPCI and 6, Stiml and 2, and
ASIC1.%%> Furthermore, recent studies have shown that
under the condition of chronic hypoxia, the expression of
specific Orail channels, TRPC6 and Stim1, plays a predom-
inant role in the regulation of pulmonary hypertension, and
their expression might be modulated by hydrogen peroxide
(H,0,) production.”*> In addition, recent studies have also
shown that under chronic hypoxia, TRPCI and 6, Orai2,
and Stim2 could be regulated by HIF-10.4¢-3%-%

We hypothesize that many of these proteins might be
related to long-term chronic intermittent hypobaric
hypoxia-induced HAPH because there is little information
on this particular condition, which seems to involve both

acute and chronic responses. Therefore, further studies are
needed.

Other molecular pathways are also involved in HPV since
the endothelium generates several vasoactive mediators that
act on the surrounding vascular SMCs.*> These molecules
include nitric oxide (NO) and prostacyclin, which act as
vasodilators, and endothelin-1 (ET-1), which acts as a
vasoconstrictor.>’

It is important to highlight that ET-1 presents dual activ-
ity since it can activate vasoconstriction via endothelin A
receptor (ET4) binding or activate the vasodilator pathway
by binding to the endothelin B receptor (ETg), which leads
to NO release.>® However, studies have shown that the vaso-
constrictor and pro-remodeling effects of ET-1 are triggered
in SMCs, while vasodilation and anti-remodeling effects are
observed in the endothelium. This is supported by studies
(both in vitro and in vivo) in which treatment with a dual
ET, and ETg blocker (macitentan) and a selective ETpg
receptor antagonist (BQ788) prevented the pro-proliferative
phenotype, perfusion, remodeling, and hemodynamic effects
in Sugen/hypoxic rats, suggesting that under hypoxic condi-
tions, vasoconstriction and remodeling are predominant at
the pulmonary artery SMC level.*

However, it is important to highlight the effect of maci-
tentan administration on cardiac tissue, specifically on
increasing perfusion of the right ventricle and microvessels
and improving cardiac output and systolic pressure and
function.*

The vasoconstrictor molecule ET-1 has a promoter that is
highly responsive to hypoxia, which is associated with HIF-
1, as shown by a study in which ET-1 was found to possess a
binding site for HIF-1 at the 118-bp position.’® A scheme
with the main molecular pathways involved the develop-
ment of HAPH is shown in Fig. 2. Additionally, studies
have shown that under chronic hypoxia, ET-1 can be
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Fig. 2. A proposed scheme for high-altitude pulmonary hypertension progression and some of its mechanisms in the pulmonary vasculature;
endothelin-1; reactive oxygen species; hypoxia-inducible factor-1a; nitric oxid; and interleukin | and 6.

modulated by HIF-la-induced TRPCI and 6, Orai2 and
Stim?D, 46:35.:56

NO activity seems to play a critical role in the develop-
ment of HPV and subsequent HAPH since it has been
demonstrated that at higher altitudes, the NO pathway is
impaired. Studies have shown that both chronic and long-
term intermittent hypobaric hypoxia lead to a notable
increase in superoxide radicals, which can impair and
decrease NO bioavailability.**-*%" Conversely, Tibetan
high-altitude residents, who are genetically adapted to
high altitude, have been shown to release more NO than
do lowlanders.®!

Interestingly, although a higher hematocrit might con-
tribute to HPV, it has also been reported that deoxygenated
red cells release ATP, which activates endothelial cell NO
production via purinergic receptor binding®* and thus pro-
motes vasodilation.’® This latter observation deserves fur-
ther research.

Working at high altitude under chronic
intermittent hypoxia and HAPH

Very little information is available about HAPH during
exposure to long-term chronic intermittent hypobaric hyp-
oxia at high altitude, mainly because this is a new epidemio-
logical and biological condition that has been recognized for
fewer than 20 years. Its main features, determined over time,
can be summarized as follows: it has a prevalence of 9%, it
is similar to chronic hypoxia, it exhibits cardiac and pul-
monary vasculature remodeling that manifests as a certain
degree of right ventricular hypertrophy and vascular
remodeling, and it is associated with preservation of the
left ventricular ejection fraction and right ventricular func-
tion, almost normal pulmonary vascular resistance, and a
lack of functional repercussions or impairment of work cap-
acity.”®® Notably, excessive erythrocytosis, which plays a
role in the development of HAPH, is rare in this

condition.” This latter phenomenon may be a consequence
of shifting in the model because, in this model, every mech-
anism can be turned on and turned off according to expos-
ure to hypoxia.*® Additionally, some risk or conditioning
factors, such as insulin resistance, overweight, and elevated
ADMA, have been demonstrated to be associated with this
condition.” In addition, this working condition poses a
burden for worker safety programs and epidemiological
surveillance.®*

Experimental work has demonstrated that vascular
remodeling and right ventricular hypertrophy®® as well as
oxidative and nitrosative stress*>®® play roles in this condi-
tion. Additionally, endothelial dysfunction,®® alteration of
the coagulation—fibrinolysis system and a decrease in myo-
cardial contractility®’ have been demonstrated. Finally, all
morphological changes that occur in affected individuals
and/or animals are similar to but manifest to a lesser
extent than those found in chronic hypoxia”® (Fig. 3).
Further validation is required to determine whether the dif-
ference between this condition and chronic hypoxia is due to
the commuting system.”%*

Treatment

There is no definite and suitable treatment for HAPH
caused by chronic and intermittent hypoxia. The obvious
treatment is to bring the patient to sea level since this
course of action has been demonstrated to lead to an
almost full reversion over time.>” However, the cost asso-
ciated with bringing residents, mining workers, or other pro-
fessionals away from their work place, with regard for social
and economic implications, may be insurmountable and
prevent this measure from being considered. Several trials
of drug monotherapy for pulmonary arterial hypertension
have been conducted and have included calcium channel
blockers, ET-1 receptor antagonists, phosphodiesterase
type 5 inhibitors, prostacyclin analogs, inositol triphosphate
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Fig. 3. Scheme showing differences in pulmonary vasculature remodeling between chronic intermittent hypoxia and chronic hypoxia.

(Reproduced with permission from Brito et al.®®)

agonists,!’ and acetazolamide.'”'” However, none of
these drugs have been used for the long-term treatment of
HAPH.

As both Neupane and Swenson'? and Basnyat and
Murdoch® proposed, treatment should be focused on the
prevention of risk factors, such as sleep disorders and
disorders that provoke low nocturnal arterial oxygen satur-
ation. In fact, the use of oxygen in dormitories for long-term
chronic intermittent hypoxia in workers is strongly sup-
ported by the literature and by West.”

2

Conclusion and future perspectives

In summary, HAPH is a disease that occurs as a result of
hypoxemia due to high-altitude exposure. It affects a por-
tion of individuals who either live or work intermittently at
high altitudes. Although its prevalence has been estimated to
be rather low and variable, the large number of people
exposed to this condition poses an important disease
burden and represents a public health concern. Further
measures need to be taken to ameliorate its impact and
prevalence. We emphasize that this new condition, which
results from the exposure to high altitudes in work shifts
and exposure to sea level for rest in lowlanders for days
and long term, also merits further study.

There are some courses of action that should be taken to
reduce the burden of this disease, and future avenues for
research are clear. Among the more important steps,
researchers should 1) establish a national registry for
HAPH, 2) determine and assess early biomarkers, 3) revisit
a cut-off point for mPAP that designates physiological
versus pathological status, and 4) obtain a more in-depth
understanding of the molecular mechanisms involved in this
process, identify reliable and effective targets for HAPH,
and attempt to reduce the impact of alterations or patholo-
gies that contribute to increases mPAP.
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