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Putative Role of Respiratory Muscle
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Respiratory/inspiratory muscle training (RMT/IMT) has been proposed to improve the
endurance performance of athletes in normoxia. In recent years, due to the increased
use of hypoxic training method among athletes, the RMT applicability has also been
tested as a method to minimize adverse effects since hyperventilation may cause
respiratory muscle fatigue during prolonged exercise in hypoxia. We performed a review
in order to determine factors potentially affecting the change in endurance performance
in hypoxia after RMT in healthy subjects. A comprehensive search was done in the
electronic databases MEDLINE and Google Scholar including keywords: “RMT/IMT,”
and/or “endurance performance,” and/or “altitude” and/or “hypoxia.” Seven appropriate
studies were found until April 2018. Analysis of the studies showed that two RMT
methods were used in the protocols: respiratory muscle endurance (RME) (isocapnic
hyperpnea: commonly 10–30

′

, 3–5 d/week) in three of the seven studies, and respiratory
muscle strength (RMS) (Powerbreathe device: commonly 2 × 30 reps at 50% MIP
(maximal inspiratory pressure), 5–7 d/week) in the remaining four studies. The duration of
the protocols ranged from 4 to 8 weeks, and it was found in synthesis that during exercise
in hypoxia, RMT promoted (1) reduced respiratory muscle fatigue, (2) delayed respiratory
muscle metaboreflex activation, (3) better maintenance of SaO2 and blood flow to
locomotor muscles. In general, no increases of maximal oxygen uptake (VO2max) were
described. Ventilatory function improvements (maximal inspiratory pressure) achieved
by using RMT fostered the capacity to adapt to hypoxia and minimized the impact of
respiratory stress during the acclimatization stage in comparison with placebo/sham.
In conclusion, RMT was found to elicit general positive effects mainly on respiratory
efficiency and breathing patterns, lower dyspneic perceptions and improved physical
performance in conditions of hypoxia. Thus, this method is recommended to be used as
a pre-exposure tool for strengthening respiratory muscles and minimizing the adverse
effects caused by hypoxia related hyperventilation. Future studies will assess these
effects in elite athletes.

Keywords: respiratorymuscles, physical performance, training,muscle endurance, respiratory exercises, hypoxia,

adaptation

5

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/journals/physiology#editorial-board
https://www.frontiersin.org/journals/physiology#editorial-board
https://www.frontiersin.org/journals/physiology#editorial-board
https://www.frontiersin.org/journals/physiology#editorial-board
https://doi.org/10.3389/fphys.2018.01970
http://crossmark.crossref.org/dialog/?doi=10.3389/fphys.2018.01970&domain=pdf&date_stamp=2019-01-15
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles
https://creativecommons.org/licenses/by/4.0/
mailto:jesusalvarez80@hotmail.com
https://doi.org/10.3389/fphys.2018.01970
https://www.frontiersin.org/articles/10.3389/fphys.2018.01970/full
http://loop.frontiersin.org/people/502741/overview
http://loop.frontiersin.org/people/496276/overview
http://loop.frontiersin.org/people/654670/overview
http://loop.frontiersin.org/people/267186/overview


Álvarez-Herms et al. Respiratory to Improve Performance in Hypoxia

INTRODUCTION

Early studies on the influence of specific respiratory muscle
training (RMT) upon exercise in healthy adults in normoxia
provide convincing evidence supporting the ergogenic effect on
endurance performance (Markov et al., 2001; Stuessi et al., 2001;
Volianitis et al., 2001; Romer et al., 2002a,b; Johnson et al.,
2007). However, there are also some studies being more cautious
of beneficial RMT effects (Morgan et al., 1987; Fairbarn et al.,
1991; Hanel and Secher, 1991) on physical performance. Despite
controversy, the avoidance of respiratory muscle fatigue and
its systemic and perceptual repercussions may play a crucial
role in the health and physical performance. In addition, RMT
effects upon improving blood redistribution to limb locomotor
muscles during heavy exercise (McConnell and Romer, 2004) are
of utmost importance for endurance physical activities. During
recent years it has also been postulated that RMT could be able
to reduce premature fatigue of respiratory muscles subjected to
maximal demand in moderately/highly trained athletes as well
as climbers exposed to hypoxia (Verges et al., 2010). Moreover,
preliminary results indicate favorable RMT effects in normoxia
on endurance and strength of respiratory muscles, and delayed
onset of the respiratory metaboreflex (Dempsey et al., 2006),
lactate accumulation (Verges et al., 2010), hipoxemia (Downey
et al., 2007), and sympathetic activation (McConnell and Romer,
2004). Ideally, these positive responses would be beneficial as an
enhancer procedure of the respiratory muscles prior to exposure
or competition in hypoxia or at altitude (Downey et al., 2007;
Esposito et al., 2010).

Human lowlanders have a normal and programmed
physiological response to hypoxia involving different genetic,
cellular and systemic regulation (Dempsey and Morgan,
2015). Initially, the decrease of arterial oxygen partial pressure
reflexively activates the response of arterial chemoreceptors
inducing an increase in the ventilatory response via neural
systems (Schoene, 2001). The deficient oxygenation of the blood
is known as “hypoxemia” and may be induced by physical
exercise (Romer et al., 2006), exposure to hypoxia (Romer
et al., 2006) or several types of diseases (San Martin et al.,
2017). As a consequence of hyperventilation, metabolic changes
(Katayama et al., 2010) as well as altered neural responses
(Kayser, 2003) and/or peripheral fatigue mechanism alterations
may occur (Kayser et al., 1994). Each individual exhibits a
different level of sensitivity to hypoxia, some responding
more pronounced than others, with the latter suffering from
higher levels of hypoxemia (Chapman and Emery, 1999)
and dyspnea (Amann et al., 2006) during (sub)maximal
exercise. Related to pronounced hyperventilation or dyspnea
during intense exercise in hypoxia, respiratory muscles may
become fatigued and the accumulation of metabolites in
these muscles activates phrenic afferents thereby increasing
sympathetic vasoconstrictor activity in the working skeletal
muscles (Harms, 2007). This response is called respiratory
muscle metaboreflex (Di Prampero, 1985). Witt et al. (2007)
demonstrated in healthy subjects that RMT resulted in a
delayed activation of this reflex during exercise in normoxia
associated with reduced cardiovascular responsiveness and

improved exercise performance. It seems conceivable that RMT
should even more beneficially affect exercise performance in
hypoxia.

Compared to normoxia (Witt et al., 2007), RMT might be
more important in hypoxia due to the particular challenge to
the respiratory muscles. Generally, Di Prampero (1985) and Di
Prampero and Ferretti (1990) described four stages in which
VO2max limitations can occur in both hypoxia and normoxia in
the respiratory process: (1) ventilatory, between the environment
and the alveoli; (2) pulmonary, between the alveoli and the blood;
(3) circulatory, between arterial blood andmuscle capillaries; and
(4) peripherally, between muscle capillaries and mitochondria.
In conditions of hypoxia, the physiological adjustments triggered
in stages 1 and 2 cannot be compensated by equivalent changes
in stages 3 and 4, as they can in conditions of normoxia.
Therefore, although ventilatory function could be relatively well-
preserved, this is not able to fully compensate the PaO2/SaO2

decrease with an existing impairment of the alveolar-capillary
oxygen diffusion capacity (Powers et al., 1989; Di Prampero
and Ferretti, 1990). Consequently, distinct hyperventilation may
occur due to the activation of chemoreceptors (Bernardi et al.,
2006). Hyperventilation in hypoxic environment may seriously
provoke inspiratory muscle fatigue because muscles work at a
shorter than optimal length and at a faster shortening velocity
(Dempsey et al., 2008). This effect seems to be due to the lack of
adaptation because highlanders for example, have blunted (rather
than enhanced) hypoxic chemosensitivity at both rest (Lahiri
et al., 1970) and during exercise (Dempsey et al., 1972). These
people show only minimal hyperventilation during exercise, but
they preserve their PaO2 and SaO2 at about the same level as
observed in considerably hyperventilating lowlanders (Dempsey
et al., 1972). In addition, women are more likely to suffer from
a limitation in expiratory flow during exercise likely due to their
smaller lung volumes and narrower respiratory tract diameters
for a given lung volume (Martin et al., 1987). However, in three
studies which included women (see Supplementary Table 1) no
difference for the respiratory muscle function and performance
was reported. Age may also impact on this process because
aging leads to a loss in tissue elasticity, thereby resulting in
a reduction in the maximal flow volume loop and higher
ventilation proportions in the dead space at rest and during
exercise (Dempsey et al., 2008). All studies included in this study
involved subjects aged below 50 years.

At maximal exercise (above 85% of VO2max) (Harms et al.,
1997) and during exercise in hypoxia (Downey et al., 2007),
activation of the respiratory muscle metaboreflex causes reflex
vasoconstriction of the locomotor muscles (Witt et al., 2007;
Romer and Polkey, 2008). This is considered as an adaptive
mechanism to safeguard pulmonary function and respiratory
muscle perfusion in conditions of maximal physiological
demand, finally ensuring appropriate oxygenation of the brain
and heart (Seals, 2001). During maximal exercise and even
submaximal exercise in hypoxia, RMT has been shown to
effectively attenuate this reflex (Illi et al., 2012) and to
increase blood flow to the locomotor muscles (McConnell
and Romer, 2004). This adaptive response helps to lower
the perception of exertion in conditions of dyspnea (Romer
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et al., 2002b) and improves respiratory muscle efficiency
(Salazar-Martínez et al., 2017).

Why Could the Use of RMT Be Useful in
Athletes and Climbers Exposed to High
Altitude/Hypoxia?
Nowadays, the popularity of hypoxic exposure/training methods
has grown exponentially among endurance athletes and climbers
who aim to improve physical endurance performance (Álvarez-
Herms et al., 2015) and intend to induce the acclimatization
process (Ricart et al., 2000; Levine and Stray-Gundersen, 2001).
Despite some benefits of hypoxic methods on endurance
performance (Bailey et al., 1998;Millet et al., 2010), the individual
response to these conditions (Mazzeo, 2008) requires caution
when performing such interventions. The hypoxic environment
per se promotes higher psychophysiological stress in comparison
with normoxia, thereby increasing the risks of maladaptive
responses in athletes or even that of altitude sickness in climbers
(Richalet et al., 2012; Dempsey and Morgan, 2015). These
responses are somewhat different between the type of hypoxic
exposure [hypobaric (HH) or normobaric (NH)] (Millet et al.,
2010). It seems that HH induces an even higher level of stress and
adaptation at different physiologic levels: ventilation (Savourey
et al., 2003), fluid balance (Loeppky et al., 2005), metabolism
(Kayser, 2009), and performance (Bonetti and Hopkins, 2009).

When lowlanders are exposed to either hypoxic condition,
the key—the initial/decisive—mechanisms inducing
adaptive physiological changes are hyperventilation and
hemoconcentration (Bernardi et al., 2001b; Xing et al., 2008),
challenging the respiratory and cardiovascular systems. The
excess of hyperventilation means a markedly increased work of
breathing (Flenley et al., 1979), as well as increased susceptibility
to expiratory flow limitation, leading to hyperinflation and
severe dyspneic sensations (Bernardi et al., 2006). The energy
cost of breathing in hypoxia (Babcock et al., 1995) increases
exponentially in comparison to normoxia, and amounts to 15–
30% of total maximal oxygen uptake (Bassett and Howley, 2000)
and 14–16% of total cardiac output (Downey et al., 2007). Under
these circumstances, the same activity performed in hypoxia
increases the respiratory muscle stress and promotes faster
fatigue in comparison normoxia. Consequently, respiratory
muscle fatigue in hypoxia represents a limiting factor of physical
performance (Vogiatzis et al., 2007; Verges et al., 2010) in
athletes and climbers.

In order to minimize impairment of exercise performance
during hypoxia exposure, the process of acclimatization is
required to promote physiological adjustments of the respiratory,
cardiovascular, hematologic, metabolic, and neural systems
(Green et al., 1992; Lyons et al., 1995; Nummela and Rusko,
2000; Ricart et al., 2000; Levine and Stray-Gundersen, 2001;
Dempsey et al., 2014). Under these conditions, subjects are
commonly advised to follow various recommendations: (1)
to rest adequately, (2) to optimize nutrition and hydration,
(3) iron intake and, (4) to perform only moderate physical
activity. Recently, the inclusion of RMT has been proposed
as a preparatory method to enhance the respiratory muscle

efficiency 4–6 weeks before athletes and climbers are exposed
to hypoxia/altitude (Downey et al., 2007; Esposito et al., 2010;
Lomax, 2010; Helfer et al., 2016; Lomax et al., 2017; Salazar-
Martínez et al., 2017).

The aim of this review is to provide, (1) a brief description
of the respiratory function during hypoxic exposure, (2) a brief
description of the techniques of RMT, (3) an overview of the
published literature pertaining to the effect of RMT upon exercise
performance in hypoxia, (4) an insight into putative mechanisms
underlying the ergogenic effects, and (5) suggestion for future
investigations.

METHOD

A literature search was done in the electronic databases PubMed
andGoogle Scholar using the keywords: “Respiratory/Inspiratory
muscle training” AND “endurance performance” AND “hypoxia”
OR “altitude”. Articles were selected according to the following
criteria: published at any time before 18 April 2018; interventions
in healthy active or sedentary people with hypoxic exposure;
protocols including a control group (sham or placebo) or
not; studies assessing exercise performance (pre- vs. post-
intervention); and protocols based on specific respiratory
muscle strengthening exercises. The following items were
excluded: literature reviews; conference presentations; short
communications and papers; references of book chapters or
whole books; and articles not written in English. Due to the small
number of studies published in the field, some criteria such as age,
gender, residence altitude, or weight were not considered. All the
data and methodological variables of the selected articles were
initially recorded and analyzed by the first author and further
discussed with co-authors.

RESULTS

Effects of RMT on Exercise Performance in
Hypoxia
All of the cross-sectional studies discussed here (see
Supplementary Table 1) demonstrated that RMT could bean
useful tool for improving ventilatory efficiency and delaying
the onset of premature fatigue during exercise in conditions
of hypoxia (Downey et al., 2007; Esposito et al., 2010; Lomax,
2010; Helfer et al., 2016; Lomax et al., 2017; Salazar-Martínez
et al., 2017). Only Esposito et al. (2010) were somewhat cautious
with the benefits of RMT for physical performance in hypoxia.
They showed that after RMT, ventilatory parameters were
improved (>12% expired volume, >13% alveolar ventilation,
>75% MIP, increased pulmonary function, static and dynamic
volumes, and alveolar-arterial gradient) during hypoxia.
However, submaximal cycling performance was not significantly
enhanced. Study findings regarding the effects of RMT upon
endurance performance in hypoxia remain scarce in comparison
with the large number of investigations performed in normoxic
conditions (Illi et al., 2012). In normoxia, most of the studies
suggested to be useful for improvement of respiratory muscle
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efficiency (static and dynamic) and endurance performance (Illi
et al., 2012).

Characteristics like the type of sport, physical fitness of
subjects, type and duration of exercise (constant or intermittent
exercise) and gender/age may be relevant for the comparability
of published results. Supplementary Table 1 summarizes general
results of studies on RMT and hypoxia.

Types of RMT Protocols
Two RMT protocols have been described in the studies
included in this review: (1) Respiratory muscle strength (RMS)
training (resistive load on inspiration); and (2) Respiratory
muscle endurance (RME) training (resistive load on both
expiration and inspiration at the same time) (ventilatory
isocapnic hyperpnea). RMS includes high-force and low-velocity
contractions, generating maximal muscle pressure capacity on
inspiration and expiration against resistance (Leith and Bradley,
1976). In contrast, RME consists of high-velocity low-resistance
contractions, mainly stimulating the expiratory muscles (Leith
and Bradley, 1976). It has not been determined whether one
method is more valid than the other, because their applicability
in both hypoxia and normoxia depends on several aspects (Illi
et al., 2012): (1) sport type (the athlete’s biomechanical position
during action) and respiratory muscle demand in the active
position; (2) exertion time; (3) exertion modality (constant or
gradual/intermittent); and (4) exercise intensity. The findings
from studies in normoxia have shown that RMT with isocapnic
hyperpnea (RME) is more useful for preventing respiratory
muscle fatigue (Johnson et al., 1993), while the use of devices
to improve RMS (Powerbreathe) is more useful for intermittent
exercises (Romer et al., 2002a). Of the studies included in the
present work, three focused on RME and four on RMS. In both
cases, it was found that specific aspects of their training stimulus
had improved: RME, respiratory muscle endurance and RMS,
respiratory muscle strength—maximal inspiratory power. The
protocols usually described are similar in all studies included in
this review: for respiratory muscle endurance (RME; isocapnic
hyperpnea: 10–30′ during 3–5 days per week) and respiratory
muscle strength (RMS; always employing Powerbreathe devices:
2 × 30 repetitions per day for 5–7 days per week at 50% of
maximal inspiratory pressure). Commonly both protocols were
performed during 4 weeks.

Ventilatory Function During Hypoxia After
RMT
In lowlanders exposed to hypoxia, the respiratory mechanical
demand rapidly increases during the acclimatization process,
especially during exercise intensities above 70% (Fitting, 1991).
The rising hypoxic ventilatory response (HVR) helps to perform
aerobic work at altitude (West, 2000). The fact that each subject
may respond differently to hypoxia is of particular interest
because one subject will benefit more from the RMT than
another.

All included studies analyzing RMT effects demonstrated
some positive change in pulmonary function in hypoxia
(see Supplementary Table 1). However, in some cases no
direct translation of these changes was shown into exercise

improvement. The considerable capacity of the respiratory
muscles to adapt to training can be observed by the significant
increase in maximal inspiratory power (MIP) after stimuli such
as exercise training (Coast et al., 1990), RMT (Illi et al., 2012),
and also exposure to hypoxia (Babcock et al., 1995). MIP
means inspiratory muscle strength, a useful measure to diagnose
pulmonary impairment or improvement (Coast et al., 1990).
Studies analyzing the effect of RMT on MIP in hypoxia found
positive changes when RMS and RME was the aim of the training
protocol (Illi et al., 2012). Such changes may well represent broad
improvements in exercise performance and health in sedentary
and physically active subjects as well (Volianitis et al., 2001;
Johnson et al., 2007; Tong et al., 2008), albeit less so than
in highly-trained subjects (Coast et al., 1990). Lomax (2010)
and Lomax et al. (2017) showed, compared to the control
group, improved MIP (∼15%) and minute ventilation (21%) in
hypoxia within the RMS training group (using Powerbreathe).
However, maximal expiratory power (MEP) did not change
in either group. Downey et al. (2007) also demonstrated a
24.5% improvement of MIP with an equivalent increase in RMS
(25%). In the same study, six of the seven assessed subjects had
improved their respiratory muscle fatigue endurance capacity
and time to fatigue. This aspect is important because, after
exercise in hypoxia, MIP decreases proportionally to respiratory
muscle fatigue (up to 17%) (Downey et al., 2007). In the
study by Salazar-Martínez et al. (2017), the authors suggest that
improved MIP could positively alter respiratory patterns during
exercise in hypoxia without significantly increasing the minute
volume/CO2 volume gradient curve. These authors reported an
increase of ∼28% MIP in hypoxia with a RME protocol. In
concordance with Esposito et al. (2010) and Salazar-Martínez
et al. (2017) also assumed improved alveolar-ventilation and the
alveolar-arterial gradient in hypoxia after RME. In concordance,
Bernardi et al. (2006) demonstrated higher ventilatory efficiency
and “optimized” breathing patterns in Mount Everest and K2
climbers ascending without oxygen compared to those needing
oxygen. Lomax et al. (2017) showed lowered minute ventilation,
CO2 volume and SaO2, in those with improved MIP thereby
improving ventilatory efficiency during constant exercise in
hypoxia (cycling). It is to highlight that such changes in MIP
were only observed in the RMT groups but not in the control
groups. Conversely, Esposito et al. (2010) reported after a RMS
protocol (without control group) improved MIP by around 50%,
but there were no changes in exercise performance. The effects
of RMT on MIP in normoxia are similar, although values are
lower (10–18%) in rowing (Volianitis et al., 2001) and cycling
(Romer et al., 2002b). MIP measurement is highly relevant to
assess the respiratory efficiency after different RMT protocols;
however, there seems not to be a direct relation with better
exercise performance neither in normoxia nor hypoxia.

VO2max and SaO2
When ascending to high altitude, the partial pressure of
oxygen (PO2) falls and hypoxemia develops within minutes
of arrival. To limit the drop in the arterial oxygen content,
cardiac output is elevated through sympathetic activation and
alveolar ventilation is increased due to stimulation of peripheral

Frontiers in Physiology | www.frontiersin.org 4 January 2019 | Volume 9 | Article 19708

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Álvarez-Herms et al. Respiratory to Improve Performance in Hypoxia

chemoreceptors (San Martin et al., 2017). Nevertheless, aerobic
exercise capacity decreases (Saunders et al., 2009), related to
both a decrease in arterial oxygen content and a limitation in
maximal cardiac output (Fulco et al., 1998). Poor ventilatory
efficiency has to be compensated by hyperventilation to maintain
appropriate SaO2 levels (Rusko et al., 2004; Burtscher et al.,
2006) but sometimes leading to respiratory muscle fatigue. In
addition, the decrease in maximal cardiac output at altitude
has been explained by the combined effects of decreased blood
volume, hypocapnia, increased viscosity of the blood, autonomic
nervous system changes, and/or depressed myocardial function
(Wagner, 2000). An additional factor might be a limitation in
right ventricular flow output secondary to hypoxic pulmonary
hypertension. Actually, an improvement in maximal workload
and maximal oxygen uptake (VO2max) together with a decrease
in pulmonary artery pressure (PAP) was reported after the intake
of medication as sildenafil or dexamethasone in hypoxic healthy
volunteers (Ghofrani et al., 2004). However, improved exercise
capacity in these studies could not unequivocally be ascribed
to associated inhibition of hypoxic pulmonary vasoconstriction,
because of additional effects including a variable improvement in
arterial oxygen content (Richalet et al., 2005). Alveolar hypoxia
promotes the adaptive vasomotor response defined as hypoxic
pulmonary vasocontriction (HPV), which redistributes blood
to optimally ventilated lung segments by an active process
of vasocontriction, particularly involving the small, muscular
“resistance” pulmonary arteries (Moudgil et al., 2005). HPV
may be disadvantageous in global hypoxia due to a substantial
increase in pulmonary vascular resistance and pulmonary arterial
pressure (Bärtsch and Gibbs, 2007). Genetic adaptation may
favor highlanders to have lower pulmonary arterial pressure
in hypoxia compared with lowlanders (Stuber et al., 2008).
However, HPV is significantly improved by hyperventilation
(Bindslev et al., 1985). Taking into account that hyperventilation
in hypoxia promote respiratory muscle fatigue and premature
decrease in exercise performance, RMT could be an useful tool
to minimize the effects of HPV in hypoxia during acclimatization
phases and or during maximal physical effort. At the same time,
RMT may also favor a more efficient breathing pattern, thereby
improving the level of alveolar ventilation and maintaining SaO2

values (Bernardi et al., 2006). RMT has been demonstrated
to be effective in reducing breathing rate (and elevating tidal
volume) at sea level (Bernardi et al., 2014) and at altitude as well
(Keyl et al., 2003). Indirectly, slower breathing reduces the HVR
(Bernardi et al., 2001a) and diminishes the heart rate response
and systemic blood pressure at altitude. Lower ventilatory needs
and sympathetic activation could help to maintain exercise
capacity at extreme altitudes (Somers et al., 1991). Long term
adaptive breathing patterns are found in professional endurance
athletes which are highly efficient, since tidal volume don’t seem
to reach a plateau at high exercise intensities (Luciá et al.,
1999). In contrast, normal healthy humans increase minute
ventilation by higher breathing frequencies with tidal volume
showing a plateau or even a slight decrease (Martin and Weil,
1979; Clark et al., 1983). Witt et al. (2007) suggested that
respiratory muscles do not limit maximal oxygen uptake when
they are well trained, but would promote a more efficient

gas exchange (better ventilation-perfusion and alveolar-capillary
exchange) (Salazar-Martínez et al., 2017). Consequently, delayed
sensation of dyspnea and an attenuation of the respiratorymuscle
metaboreflex will occur. Salazar-Martínez et al. (2017) and
Esposito et al. (2010) specifically suggested improve ventilation-
perfusion and alveolar-arterial gradient in hypoxia after RMT
(RMS). RMT has not be shown to be directly effective in
improving parameters such as stroke volume, cardiac output or
VO2max in either normoxia (Edwards et al., 2008) or hypoxia
(Downey et al., 2007; Esposito et al., 2010; Salazar-Martínez
et al., 2017). However, Keramidas et al. (2011) (combining
RMT with aerobic exercise) and Lomax et al. (2017) showed
slight improvements in VO2max during exercise in hypoxia.
Interestingly, by strengthening the respiratory muscles with
RMT, the oxygen cost in those muscles seem proportionally to
decrease, thereby enabling greater oxygen availability for the
locomotor muscles and improving motor recruitment via the
central nervous system (Edwards and Walker, 2009). Salazar-
Martínez et al. (2017) noted that subjects who showed a lower
O2 cost for the same increase in minute ventilation were
those who performed better in cycling time trials. In contrast,
Esposito et al. (2010) reported, during maximal exercise in
hypoxia, decreased post-RMT VO2max (−23%) and maximal
power (Watts) (−20%) compared to normoxia. Although two
studies found improved VO2max in hypoxia after RMT, it remains
uncertain whether RMT does really provide direct benefits
on aerobic capacity and maximal performance in hypoxia/at
altitude.

Of the seven studies analyzed (see Supplementary Table 1),
only one (Esposito et al., 2010) did not report beneficial
post-RMT changes in SaO2. Moreover, these improvements
were demonstrated after RMT during exercise at moderate
(3,000m) (Kleinsasser et al., 2004) as well as high altitudes
(>5,000m) (Lomax, 2010). The mechanisms promoting a
post-RMT rise of SaO2 in hypoxia are not fully understood.
However, different hypotheses have been proposed, such as
alterations in pulmonary capillary red blood cell transit time
and/or improvement in the ventilation-perfusion relationship
(Bender et al., 1989; Lomax et al., 2017). In this regard, Lomax
et al. (2017) reported that post-RMT ventilatory efficiency
improved (SaO2/minute volume ratio) during exercise in
hypoxia, indicating less ventilatory needs to maintain a certain
SaO2 level. Downey et al. found a post-RMT increase in
pulmonary diffusion capacity (23%) as the cause for improved
SaO2 (Downey et al., 2007). These changes globally would
modify the inputs perceived by the peripheral chemoreceptors
and in turn, proportionally reduce minute ventilation (Downey
et al., 2007) thereby triggering a lower perception of dyspnea
and sympathetic activation (Amann et al., 2006). This is
an important aspect, since in conditions of hypoxic or
maximal exercise the inspiratory muscles work at around
90% of their available capacity to generate pressure (Aaron
et al., 1992). In athletes and mountaineers, the potential to
perceive respiratory discomfort and fatigue to a lesser extent
represents an important element in order to better tolerate the
environmental conditions and maintain exercise performance
(Noakes, 2000; Noakes et al., 2005).
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Metabolic Acidosis and Metaboreflex
The increased anaerobic metabolism induced by exercise
in hypoxia consequently increase the level of circulating
metabolites, e.g., lactate and hydrogen ions, in active muscles
(including the respiratory muscles). In response to this metabolic
acidosis, the fall of arterial pH is constrained by the magnitude
of the compensatory hyperventilation (Rausch et al., 1991).
Oren et al. (1981) demonstrated that enhanced ventilatory drive
resulting from metabolic acidosis also accelerated the ventilatory
kinetics during subthreshold square-wave exercise. It has been
shown that RMT upregulates monocarboxylate transporters 1
(MCT1) and 4 (MCT4) (McConnell and Sharpe, 2005) and the
removal of lactate and hydrogen ions from respiratory muscle
fibers (McConnell and Sharpe, 2005; Brown et al., 2012). In
normoxia, post-RMT lactate levels are reduced during moderate-
to-high-intensity exercise (Illi et al., 2012). Moreover, improved
tolerance to acidosis after RMTmay contribute to the attenuation
of the metaboreflex and reduce premature fatigue occurring
during exercise in hypoxia (Witt et al., 2007). Taken together,
the metabolic efficiency after RMT may improve the control of
blood gases and pH homeostasis during prolonged and intensive
exercise in any environmental condition (Lucia et al., 2001).

The connection between muscle contraction and
cardiorespiratory responses is evident from the known activation
in the discharge frequency of metabosensitive group III/IV,
muscle afferents projecting to the cardiorespiratory control
centers in the CNS (Amann and Kayser, 2009). This “exercise
pressor reflex” (the feedback component) plays, next to central
command (the feedforward component) (Waldrop et al., 2011),
a key role in the neural control mechanisms determining the
proper cardiorespiratory response to exercise. The metaboreflex
originating from respiratory muscles attenuate blood flow
to the working limb muscles in favor of respiratory muscles
(Hansen et al., 2000). Metaboreflex attenuation with the use of
RMT is currently a method achieving a broad consensus in the
scientific literature. It supports the application of this method
to improve respiratory and exercise performance (González-
Montesinos et al., 2012). RMT improves clearance capacity and
tolerance of lactate and hydrogen-ion levels, especially of the
respiratory muscles (McConnell and Sharpe, 2005; Johnson
et al., 2007; Brown et al., 2012). In conditions of normoxia,
this aspect has been described as a positive one for improving
recovery during high-intensity intermittent exercises (Brown
et al., 2010) with a constant load and of a time-trial nature
(Johnson et al., 2007), increasing the length of time to exhaustion
(Gething et al., 2004), regardless of gender (Guenette et al.,
2006). In addition, it helps to improve metabolic thresholds
and training paces in stable lactate conditions (Brown et al.,
2012). In hypoxia, greater respiratory muscle fatigue increases
the energy cost of the respiratory process, thereby increasing
competition for blood redistribution and decreasing exercise
capacity. Thus, strengthening the respiratory muscles directly
contributes to a delayed onset of respiratory muscle fatigue by
attenuating the onset of reflex vasoconstriction (Harms et al.,
1997, 1998; Romer et al., 2006). Debevec and Mekjavic (2012)
demonstrated that after four intermittent normobaric exposures
(sessions) VE and SpO2 (+5%) increased during exercise in

hypoxia without affecting high intensity endurance performance.
However, the increased exercise ventilation did not result in
a significant alteration of the regional cerebral and muscle
oxygenation pattern or regional blood volume redistribution
from the working leg to the respiratory muscles during hypoxic
exercise.

Perceptive Discomfort of Dyspnea
Loading and unloading of the respiratory muscles during intense
exercise have substantial effects on the perception of both
respiratory and limb effort (Suzuki et al., 1995; Nicola et al.,
2016). The increased central motor command to the locomotor
and to the respiratory muscles may be directly perceived via
central corollary discharge as an increased sense of muscle
effort (Gandevia, 1988). Furthermore, discomfort of limb and
respiratory muscles may also arise from the periphery via
activation of muscle type IV afferents as muscle metabolites
accumulate with the onset of fatigue (Harms et al., 2000).
Increasing respiratory muscle work is related to increasing
respiratory discomfort (O’Donnell et al., 1999) associated with
impaired physical performance (Harms et al., 2000). Due to
higher demand of blood flow to the respiratory muscles in
hypoxia, benefits argued from RMT may be of interest to reduce
perceptive dyscomfort. Although nearly all studies indicate in
some way the lower effort perception during exercise in hypoxia
after RMT, only Downey et al. (2007) presented data on the
ratings of effort perception and dyspneic sensations (p < 0.05),
which were significantly decreased in the RMT group.

Discussion
This review provides evidence for RMT to be an effective
stimulus for improving strength and endurance (with RME or
RMS protocols, see Supplementary Table 1) of the respiratory
muscles. These adaptive responses contribute to improved
ventilatory function/efficiency very likely translating into exercise
performance improvements in normoxia and particularly in
hypoxia (Illi et al., 2012; Sales et al., 2016). Thus, it seems
evident that RMT has the potential to minimize at least some of
the limiting factors related to the respiratory system occurring
during training/competition at altitude/in hypoxia. Expected
benefits may include, (1) delayed onset of premature fatigue,
(2) delayed respiratory muscle metaboreflex onset/activation,
(3) improved clearance and tolerance to anaerobic metabolite
products, (4) decreased perception of dyspnea, (5) increased
SaO2 values, and (6) more favorable blood redistribution to
the locomotor muscles. Both normal trained persons and elite
athletes may benefit from RMT. Particularly in some diseases as
obesity, the main pathophysiological mechanisms involved in the
impairment of the uptake and management of oxygen include
a heightened demand for ventilation, increased work related
to breathing, respiratory muscle inefficiency, and diminished
respiratory compliance (Parameswaran et al., 2006). Causes for
these respiratory abnormalities in obesity include a decrease in
total respiratory system compliance, (1) decreased chest wall
compliance due to the accumulation of fat in and around
the ribs, the diaphragm, and the abdomen (Naimark and
Cherniack, 1960). As BMI increases (particularly in morbidly
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obese individuals), there is evidence of a reduction in expiratory
flow and a decrease in forced expiratory volume in 1 second and
forced vital capacity (Jaoude et al., 2012). In these conditions,
RMT could also be an important tool to improve respiratory
muscle function and exercise performance.

Of the analyzed studies in this review only Downey et al.
(2007) assessed exercise performance on a treadmill whereas the
others used cycle ergometry. This aspect is important because
the cycling position has been described as highly stressful for
the respiratory muscles promoting premature fatigue (Romer
et al., 2002b; Johnson et al., 2007; Hellyer et al., 2015). It
is also relevant to note that the hypoxic conditions used in
these studies (FiO2 of 11–16, see Supplementary Table 1) were
slightly higher in comparison with the common altitude used
for training/exposure of athletes (between 1,800 and 2,800m).
A delay in the onset of premature fatigue in hypoxia is the
key point described in post-RMT improvement of exercise
performance (Babcock et al., 1995; Gudjonsdottir et al., 2001;
Downey et al., 2007). This may be primarily explained by a
reduced respiratory muscle metaboreflex after RMT (Romer
et al., 2006). During endurance exercise at a constant pace,
Helfer et al. (2016) and Keramidas et al. (2011) demonstrated
increased exercise time in hypoxia post RMT (44 and 36%
at 75 and 80% of VO2max) when compared to the control
group. The delayed onset of fatigue was partly attributed to
the attenuation of reflex vasoconstriction of the locomotor
muscles and a decrease in metabolite accumulation (Leddy et al.,
2007).

Breathing during exercise in hypoxia (FiO2 equal to 0.15) is
associated with increased energy costs (20–30%) when compared
to normoxia (Babcock et al., 1995), thereby more likely causing
respiratory muscle fatigue (Verges et al., 2010). Downey et al.
(2007) also confirmed 20–30% higher ventilatory demands in
hypoxia compared to normoxia (FiO2: 0.14). Hyperventilation
is one of the factors contributing to the more pronounced
perception of fatigue and dyspnea (Morgan et al., 1987; Fairbarn
et al., 1991). Lomax et al. (2017) proposed hyperventilation
during exposure to hypoxia as an useful adaptive response to
promote improved inspiratory muscle efficiency and cycling
performance. Associated with the improved respiratory efficiency
after RMT, blood flow to the locomotor muscles seems to
be better maintained (Harms et al., 1997; McConnell and
Romer, 2004), thereby reducing the sensation of peripheral
fatigue (Suzuki et al., 1995; Volianitis et al., 2001; Romer
et al., 2002b; Edwards et al., 2008). Although perceived exertion
is extremely important for exercise performance in hypoxia
(Álvarez-Herms et al., 2016), it has not been received much
attention. The perception of exertion is connected with the
afferent feedback from lung receptors to respiratory control
centers in the brain, which may influence performance capacity
depending on the positive or negative interpretation (Noakes,
2004). RMT helps to integrate this sensory feedback and to
expand the ranges of tolerance to exertion (St Clair Gibson
et al., 2006). In addition, RME has been reported to provide
benefits by improving processing speed and working memory
during exercise at altitude vs. placebo/control (Quackenbush

et al., 2016). Summarizing these findings, RMT has the potential
to improve exercise performance in hypoxia and should therefore
be considered as part of the preparation for training or competing
at altitude. Based on the relevant studies available, RMT protocols
should be based on cycles of five sessions a week for 4–
8 weeks of RMS (30–40 reps/d) or RME (20–30

′

at 50%
MIP).

LIMITATIONS OF THE STUDY

It has to be pointed out, that studies currently published
about RMT and hypoxia were a small number, subjects and/or
conditions are dissimilar and did not assess elite athletes. In
the included studies only the one by Salazar-Martínez et al.
(2017) considered amateur cyclists. The remaining investigations
included sedentary or physically active subjects with a large
capacity to improve their exercise and ventilatory function.
In this respect, and unlike to studies conducted in normoxia
[cycling (Sonetti et al., 2001; Romer et al., 2002b; Holm et al.,
2004) and rowing (Volianitis et al., 2001; Wells et al., 2005)],
we encountered limitations in extrapolating the results to elite
athletes or high-altitude climbers. Methods used to assess post-
RMT changes (respiratory muscle strength vs. endurance) in
respiratory and exercise performance were not homogeneous
and consequently, findings varied markedly. Thus, future studies
should assess individual RMT effects in well-trained athletes
and professional climbers using standardized RMT protocols
and performance tests. No study was aimed to compare the
hypoxic type of exposure (HH or NH) and consequences of
respiratory muscle function after RMT. For instance, Savourey
et al. (2003) found that HH leads to more pronounced
hypoxemia, hypocapnia, blood alkalosis and a lower SaO2

in comparison to NH. Despite these differences in adaptive
responses, the possibility that RMT would more effectively help
to maintain exercise performance in HH than NH has not been
evaluated.

CONCLUSIONS

In conclusion, RMT potentially represents an appropriate
method to improve respiratory and exercise performance
in hypoxia/altitude. RMT effects may include (1) reduced
respiratory muscle fatigue, (2) delayed respiratory muscle
metaboreflex activation, (3) better maintenance of SaO2 and
blood flow to locomotor muscles. However, RMT effects on
exercise performance at altitude/in hypoxia in elite athletes
have to be established, especially considering individual needs
depending on baseline characteristics, type of sport and hypoxic
environmental conditions (HH or NH).
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Supplementary Table 1 | Summary of the studies included in the revision:
Respiratory muscle training and performance in hypoxia. RMT, respiratory muscle
training; VO2max, maximal oxygen uptake; resp/d, respirations per day; MIP,
maximal inspiratory pressure; MVV, maximal volume ventilation; TT, time trial; N/A,
not available; FiO2, inspired fraction of oxygen; n, number of participants; SpO2,
peripheral blood oxygen saturation; VE, expired minute volume; RER, respiratory
exchange ratio; RAW, total airway resistences; VT, tidal volume; PPO, peak power
output; TT, time trial; VEmax, maximal minute ventilation; WTTmean, mean of watts
during time trial; W/kg, watts per kilogram; FVC, forced vital capacity; FEV1,
forced expired volume in the first second; PEF, peak expiratory flow; VC, vital
capacity; ERV, expiratory reserve volume; RV, residual volume; HR, heart rate;
cmH2O, centimeters of water; VCO2, carbon dioxide volume; HRmax, maximal
heart rate; HH, hypobaric hypoxia; NH, normobaric hypoxia.
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Since little is known concerning the psychological, cognitive, and neurophysiological
factors that are involved in and important for phases of prolonged breath-holding (pBH)
in freedivers, the present study uses electroencephalography (EEG) to investigate event-
related neurocognitive markers during pBH of experienced freedivers that regularly
train pBH. The purpose was to determine whether the well-known neurophysiological
modulations elicited by hypoxic and hypercapnic conditions can also be detected
during pBH induced hypoxic hypercapnia. Ten experienced free-divers (all male, aged
35.10 ± 7.89 years) were asked to hold their breath twice for 4 min per instance. During
the first pBH, a checker board reversal task was presented and in the second four-
min pBH phase a classical visual oddball paradigm was performed. A visual evoked
potential (VEP) as an index of early visual processing (i.e., latencies and amplitudes of
N75, P100, and N145) and the latency and amplitude of a P300 component (visual
oddball paradigm) as an index of cognitive processing were investigated. In a counter-
balanced cross-over design, all tasks were once performed during normal breathing (B),
and once during pBH. All components were then compared between an early pBH (0–
2 min) and a later pBH stage (2–4 min) and with the same time phases without pBH
(i.e., during normal breathing). Statistical analyses using analyses of variance (ANOVA)
revealed that comparisons between B and pBH yielded no significant changes either in
the amplitude and latency of the VEP or in the P300. This indicates that neurocognitive
markers, whether in an early visual processing stream or at a later cognitive processing
stage, were not affected by pBH in experienced free-divers.

Keywords: hypoxemia, hypercapnia, ERP, electroencephalography, apnoea diving, P300, VEP

INTRODUCTION

Freediving is a specialized underwater activity which is being performed by more and more
people, be it for competitive, or recreational purposes. Freediving frequently requires the
human body to approach the individual limit in breath-holding (BH), necessitating special
adapting mechanisms, including extreme responses. Maximal BH is not only determined by
physiological but also by a series of psychological factors and thus is often described as
a unique, psycho-physiological state (Schagatay, 2009; Laurino et al., 2012; Steinberg et al.,
2017). However, despite the various psychological factors that determine maximal BH-time,
the bulk of past and ongoing research focuses on the physiological aspects of the respiratory,
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circulatory, and metabolic processes (Ferretti, 2001; Bain et al.,
2018b; Fitz-Clarke, 2018), with special emphasis either on
fundamental cardiovascular dynamics and processes or on the
pathophysiological aspects (Lindholm and Lundgren, 2009).
Consequently, it is well known that as soon as humans stop
breathing, a series of physiological reactions occur (Foster and
Sheel, 2005; Lindholm and Lundgren, 2009; Fagoni et al., 2015;
Sivieri et al., 2015; Eichhorn et al., 2016; Fitz-Clarke, 2018), and
all of them are most probably involved in maintaining oxygen
supply to sensitive regions such as the brain and the heart
and also protecting against hypercapnia (Foster and Sheel, 2005;
Joulia et al., 2009). Hypercapnia (i.e., increases in carbon dioxide
levels) additionally elicits asphyxia sensation, which also induces
additional physiological responses and adaptation mechanisms
such as reduced ventilatory responses in breath-hold divers
(Davis et al., 1987; Grassi et al., 1994; Foster and Sheel, 2005).
Some of those physiological studies additionally draw attention
specifically to the brain [e.g., cerebral blood flow (CBF)] and
indicate that blood oxygen saturation decreases (i.e., hypoxia)
and blood carbon dioxide increases (i.e., hypercapnia) over the
course of prolonged BH (pBH), eventually also affecting the brain
(Palada et al., 2007; Dujic et al., 2013; Willie et al., 2015; Bain et al.,
2015, 2016, 2017, 2018a).

Due to this emphasis on the cardiovascular system, little
is known regarding the unique mental state and associated
electrical brain activity from a neurophysiological and cognitive-
psychological perspective, even though it has been argued that
there are several other aspects related to prolonged pBH that
might be worth studying (Schagatay, 2009; Laurino et al.,
2012; Steinberg et al., 2017). pBH requires cognitive top-down
control to actively inhibit the increasing drive of the respiratory
system due to air hunger, maintain BH and focus on the
task goal (i.e., motivation) by simultaneously staying maximally
relaxed or move as efficiently as possible (i.e., limiting energy
consumption). Some of these functions are interrelated with
physiological mechanisms such as the interoceptive awareness of
homeostatic changes (Liotti et al., 2001; Craig, 2002; Steinberg
et al., 2017). Thus, pBH performance up to the individual limit
requires strong emotional self-regulatory components, which
is a factor that is potentially reflected in a lateralised cortical
processing (i.e., stronger left prefrontal activity at the end of
a 4 min long pBH phase), as observed in our recent study
using electroencephalographic (EEG) measurements (Steinberg
et al., 2017). Except for a few other studies using EEG to
measure general brain activity patterns and emotional responses
(Menicucci et al., 2014; Ratmanova et al., 2016; Steinberg et al.,
2017), almost nothing is known about how higher level cortical
processing and neuro-electrical activity is affected by pBH,
possibly due to the limitations of measuring such aspects within
a short time frame during pBH phases.

However, neuro-electrical measurements in hypoxia,
hypercapnia or hyperoxia have observed changes in the
frequency spectra of the EEG or magnetoencephalography
(MEG) (Meyer and Waltz, 1960; Kraaier et al., 1988; van der
Worp et al., 1991; Ozaki et al., 1995; Bloch-Salisbury et al., 2000;
Halpern et al., 2003; Papadelis et al., 2007; Tsarouchas et al.,
2008; Hall et al., 2011; Thesen et al., 2012; Sheng et al., 2017),

while it is thought that hypercapnia compared to hypoxia has
a stronger effect on oscillatory activity (Wang et al., 2015). In
EEG based event-related potential (ERP) studies, as an example,
Tsarouchas et al. (2008) found modulations in the ERPs while
performing visuo-cognitive tasks (go/no-go paradigm) of the
EEG during moderate hypobaric hypoxia. Several other hypoxia
studies show that early visual functions within the occipital lobe
of the brain, especially, are sensitive to hypoxia (e.g., Kobrick,
1983; Fowler et al., 1993; Fowler and Nathoo, 1997), for example,
as evidenced in already decreased visual evoked potential (VEP)
amplitudes at high altitudes of 4300 m (Forster et al., 1975;
Singh et al., 2004). It was also experimentally observed that a
portion of the deficits in higher cognitive processing was due to
such early visual impairments (Fowler et al., 1993; Fowler and
Nathoo, 1997). One ERP study in humans breathing elevated
CO2 concentration revealed no effects on N1, P2, or P3 in an
auditory signal-detection task in moderate hypercapnia and this
did not cause any change in cognitive function (Bloch-Salisbury
et al., 2000). A more recent MEG based study with 5% CO2
breathing clearly found decreases in neural activity, as indicated
by reduced ERP amplitudes and increased latencies in early
visual and late cognitive processing streams (Thesen et al., 2012).

Here, we report an experiment to obtain brain-electrical
neurocognitive markers, and more specifically ERP, by EEG
during two pBH phases of 4 min in experienced free-divers
while they perform a classical checker board task to elicit
transient VEPs and a visual oddball paradigm to elicit the well-
known P300 (i.e., a positive EEG deflection occurring around
300 ms after stimulus onset) component in the brain. VEP and
P300 provide insights into early visual processing within the
occipital lobe and higher cognitive processing in parietal and
frontal brain areas (Kok, 2001; Odom et al., 2010). As both
markers are sensitive to changes in blood gas compositions,
here we questioned whether ERP modulations can be observed
during phases of pBH in experienced freedivers compared to
phases of normal breathing. Besides case reports (Schellart and
Reits, 1999), and another ERP study on emotional task-evoked
responses (Menicucci et al., 2014), such neurocognitive markers
(ERPs) have never been systematically recorded during pBH
phases even though they might provide new insights about
perceptual and central cognitive processing during the unique
psycho-physiological state of pBH. Using such a task-evoked
activity approach and measuring changes in the brain dynamics
at a high temporal resolution might also allow the detection of
even subtle changes in electrophysiological mechanisms evoked
by pBH induced hypoxic hypercapnia (Tsarouchas et al., 2008).

MATERIALS AND METHODS

Participants
Ten right-handed, healthy and well-trained male freedivers
(35.10 ± 7.89 years) participated in this study. Freedivers were
only included in this study if they were able to hold their breath
for at least 5 min. Maximum static BH duration ranged between
317 and 451 s, with a mean of 368.8 ± 39.87 s, and self-stated
apnoea training frequency ranged between two to five times per
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week. Prior to the experiment, all participants were informed
of the purpose of the study and signed an informed consent
form. The test protocol followed the Helsinki declaration and was
approved by the ethics committee of the Deutsche Gesellschaft
für Psychologie.

EEG, Heart Rate and Arterial Oxygen
Saturation Measurements
Electroencephalography was recorded (BrainVision Recorder 1.2
Brain Products, Germany) at a sampling rate of 1000 Hz (notch
filter at 50 Hz) by a portable actiCAP system (Brain Products)
equipped with 32 active Ag/AgCl electrodes and caps that were
adapted to individual head size. EEG data was recorded according
to the international 10:10 system at electrode sites Fp1, Fp2,
F7, F3, Fz, F4, F8, FC5, FC1, FC2, FC6, T7, C3, Cz, C4, T8,
CP5, CP1, CP2, CP6, P7, P3, Pz, P4, O1, Oz, and O2. Vertical
and horizontal electrooculograms (EOG) were measured by two
additional electrodes beside and above the right eye to detect
eye movements. The reference electrode was placed at the nose
tip and the ground electrode at AFz. A1 and A2 electrodes at
the ears were used for subsequent re-referencing during offline
processing. Impedance was maintained below 5 kOhm by using
SuperViscTM electrode gel filled in each electrode (EASYCAP
GmbH, Germany) for conductivity. A digitalized pulse oximeter
(CMS60D, Contec, China) positioned on the left index finger
was used to monitor arterial oxygen saturation (SpO2) and heart
rate (HR).

Experimental Tasks: Visual Oddball and
Checker Board Reversal Task
Due to the evidence that even mild hypoxia and hypercapnia
can be detected by neuro-electrical measures and are sensitive
to hypoxic and hypercapnia states (cf. Introduction), we
investigated whether this is the case for pBH (i.e., 4 min), and
to this end, we selected freedivers as participants that were
capable of at least 5 min of maximum BH. They were asked
to perform dry pBH tasks while performing a checker board
task (i.e., eliciting a VEP) and an Oddball task (i.e., eliciting
a P300). Due to the main measure being EEG, we explicitly
did not measure individual maximal BH phases as this would
result in EEG data with much noise due to movement artifacts
coming from increases in involuntary breathing movements
at the end of maximal BH. By dividing the BH phase into
an early and a late BH phase, we investigated whether the
unique psycho-physiological state provoked by the pBH time-
dependent increases in psychological and physiological demands
affects visual and cognitive processing. Additionally, we also
exploratory questioned whether the expected short and mild
hypoxic hypercapnia state (i.e., “only” 4-min of BH) at a
prolonged phase of BH does sufficiently propagate to the visual
system, in so far that it can be detected by changes in VEPs
in the occipital lobe as measured by EEG. In order to also
observe if such deficits (if any) in the visual system propagate to
later cognitive processes or whether cognitive functions and later
evoked potentials (i.e., P300) are affected independently of any
visual system deficits, we let the same divers perform a second

4 min BH while they performed a visual oddball paradigm (i.e.,
eliciting the P300 component). We chose both these tasks because
of the potential sensitivity to hypoxia and hypercapnia and due
to the possibility of getting reliable and valid EEG data in a very
short time frame with a comparable number of stimuli in each
phase.

Oddball Task
A visual oddball paradigm was applied. The task consists of
presenting a series of repetitive stimuli of one shape along smaller
number of deviant stimuli to which the participant must usually
react fast and accurately by pressing a button. Those target stimuli
(i.e., the deviant stimuli) elicit the prominent ERP P300, which is
characterized as a peak in the amplitude following about 300 ms
after stimulus onset, and represents a component frequently
used in the past in order to analyze cognitive processing on a
neurophysiological level (review in Kok, 2001). The latency of
the P300 component has frequently been associated with task
difficulty and timing of mental processes, and the amplitude
is most often used as an index of processing intensity (Kok,
2001). The inherent task demands of the oddball task require
active cognitive processes from a participant, and the elicited
P300 waveform represents a kind of real-time marker for
constantly updating working memory and focused attention (Iv
et al., 2010). Thus, P300 gives valuable insight into cognitive
processing efficiency and can serve as a neurobiological marker
for pathophysiological mechanisms (Polich, 1998, 2004). The
oddball task included a presentation on a computer screen of
target stimuli (2 × 2 cm) to which the participants had to react
as quickly as possible by pressing a button on the keyboard using
the right index finger (Figure 1). Non-targets were red circles that
were larger in size (3 × 3 cm) than the target squares and required
no response. Each stimulus was presented for 500 ms and was
preceded by a fixation cross and inter-stimulus interval between
1100 and 1500 ms. The entire task lasted 4 min and included
180 stimuli, of which 60 stimuli were targets and 120 non-targets
(i.e., 33.3% probability), all presented randomly. Our subsequent,
predefined ERP analysis separated each task into blocks of similar
length by dividing the 4-min BH (or normal breathing period,
see below) into a first, 2-min phase with no substantial decrease
in blood oxygenation and a second phase (2–4 min) in which
a decline in oxygen saturation was expected. To maintain a
counterbalanced and constant volume of stimuli between these
two phases, the algorithm of the software guaranteed that 90
stimuli (30 targets and 60 non-targets) were presented within the
first 2 min and the other 90 stimuli (30 targets and 60 non-targets)
were presented in the last 2 min.

Checker Board Task
Transient visually evoked potentials were elicited by a classical
white and black checker board reversal task (Figure 1). This
pattern-reversal VEPs as used in the present approach, include
a clinically effective complex consisting of three peaks N1, P1,
and N2 (deflections at about 75, 100 and 145 ms after pattern
reversal). It is thought that the N1 and P1 are processed in striate
brain areas, while N2 is thought to be located in the extrastriate
visual cortex and thus is an index of functional visual processing
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FIGURE 1 | Schematic overview of the experimental tasks, setup, and procedure. The drawing on the left shows the participant performing the oddball task and the
right side drawing the checker board task. More details regarding each task, procedure, and the order of tasks are provided in the text.

FIGURE 2 | Heart rate (HR) and oxygen saturation in B and BH. Depicted are the oxygen saturation and HR responses to sustained breath-holding and normal
breathing, measured once during the oddball task (A,C) and obtained once in the checker board task (B,D). Values represent the arithmetic means and error bars
represent the corresponding standard deviations. Statistical analysis is presented in the text.
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and integrity (Seki et al., 1996; Brecelj et al., 2002). The checker
(squared checkers) board task was presented on the screen which
changed its pattern (i.e., from black to white squares and vice
versa) at a rate of 2 Hz, so that two pattern reversals appeared
in 1 s. A red fixation dot was presented in the middle of the
screen at the corner of four checks. Following standard clinical
recommendations, the eye-to-screen distance was 1000 mm and
stimulus field size 48 min of arc (Odom et al., 2010). This kind
of pattern reversal task elicits three typical deflections in the EEG
signals at the occipital lobe. With latency variations depending
on factors such as luminance and pattern contrast, a first negative
deflection usually occurs around 75 ms (N75), a positive at 100 ms
(P100) and a second negative at 145 ms (N145) (Odom et al.,
2010). Three phases of the same checker board reversals, each
lasting exactly 1 min (i.e., 120 checker reversals), were presented
during the 4 min. The first 1-min phase started directly after the
BH start, followed by 30 s rest; a second 1-min checker phase,
again 30 s of rest, and finally a last 1-min checker phase until the
end of BH. Rest phases were included in order to draw attention
to the fixation point, since 4-min of constant checker reversals
would be too demanding.

The “Presentation” (Neurobehavioral System R©, United States)
software was used, for stimulus programming and presentation.
For synchronization of stimuli and EEG, TTL input signals
were sent by the software, indicating the task start, the exact
time of stimulus onset, kind of stimulus, end of the first 2 min
and participant’s response onset (i.e., button press for the target
stimuli in the oddball task). In the software code of the checker
board task, the TTL signal to the EEG was sent at the reversal

FIGURE 3 | Event-related potentials in the oddball task. The amplitude of the
event-related potential P300 evolution for the midline of the brain, including
the Oz, Pz, Cz, and Fz electrodes (grand average across all participants). For
each electrode position the two conditions with the two phases (0–2 and
2–4 min) are contrasted.

command. Due to the screen’s refreshing rate (i.e., the pattern
reversal appeared one refreshed screen later), a constant time
delay of 16–17 ms was included in the EEG signal, thus provoking
a constant delay of VEPs latencies.

Experimental Procedure
The first task in this experiment was for the participant to hold
their breath for 4 min without any parallel task or visual stimuli
on a screen and with eyes open. This resting pBH measure was
used to analyze brain oscillatory modulations in the course of the
BH compared to resting (no BH, i.e., normal breathing) condition
performed with eyes open prior to BH. Data analysis of this
task has already been presented in another publication and is
therefore not reported here (Steinberg et al., 2017). However,
the data presented here is based on the same 10 freedivers
and followed another approach (brain oscillations) such as this
data being presented in a separate publication. Since this task
was performed before the oddball and checker board tasks, no
significant carry-over effects are expected, except possible short-
term effects in terms of BH capability.

A computer screen on a table was positioned 100 cm from the
participants’ faces, while they were seated in a chair (Figure 1).
They were asked to reduce body and head movements during
all EEG measures. All participants were allowed to individually
prepare (exhausting hyperventilation was restricted, no time
limit) for the BH phase, during which no EEG registrations
were made. In total, participants were requested to hold their
breath three times for 4 min each, the first for resting measures
(brain oscillations analysis, see Steinberg et al., 2017), the second
for the oddball task and the third for the checker board task.
Both the oddball and the checker tasks were performed once in
BH and once under normal breathing (B), and the order was
counterbalanced across participants. The start of each task was
self-initiated by an acoustic signal (finger tap).

By neglecting inter-individual BH capacities, we limited the
BH time to 4 min for all freedivers for several reasons: (1)
we wanted to analyze a comparable amount of stimuli for all
participants, for each phase of BH and task in order to avoid
strong inter-subject variability in terms of BH times and stimuli
presented, which could influence the ERPs; (2) due to the BH
ability of 5 min of every freediver, we were certain that all of
them would be able to complete the full duration of stimuli
presentation; (3) as discussed in greater detail in our previous
publication and in “Experimental Tasks: Visual Oddball and
Checker Board Reversal Task,” our approach limited the intrusion
of muscular artifacts in the EEG due to strong diaphragm
contraction during the final phase of pBH as reported previously
(Ratmanova et al., 2016).

Data Processing
After re-referencing EEG data to the arithmetic mean of both
ear lobes (A1 and A2), the data were further pre-processed
with Butterworth Zero Phase Filters by employing a high-cut-
off filter at 50 Hz and low-cut-off filter at 0.5 Hz (24dB/oct). Eye
movement corrections were performed by the Gratton and Coles
method (Gratton et al., 1983). Lastly, any remaining artifacts were
removed utilizing a semiautomatic raw data inspection tool by
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setting the maximum allowed gradient voltage step at 50 µV/ms,
the maximal allowed differences of values in intervals at 100 µV
and allowed amplitudes at ±100 µV and visual evaluation.
Only segments containing no artifacts were included for further
processing.

Electroencephalography recordings during the oddball task
were first segmented in time intervals beginning 100 ms before
stimulus onset till up to 500 ms after the onset of the target
stimulus. Baseline correction to −100–0 ms of stimulus onset
was performed. After averaging either across the first 2 min or

FIGURE 4 | P300 amplitude and latencies. (A) Interaction plot showing the peak amplitude for each condition and phase for the midline electrodes. (B) Interaction
plot showing the latency for each condition and phase for the midline electrodes. Statistics are explained in the text. Values represent the arithmetic means and error
bars represent the corresponding standard deviations.
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FIGURE 5 | Reaction times for the oddball task. Interaction plot showing the
reaction times to target stimuli for each condition and phase. Values represent
the arithmetic means and error bars represent the corresponding standard
deviations.

across the last 2 min, we searched for the latency and the P300
peak amplitude for each electrode in a time frame from 250 to
450 ms using an automatic procedure and visually inspected the
peaks. Grand averages across all participants were computed for
each block (i.e., first two and last 2 min), each electrode and once
for the BH and once for the B condition. The latencies in ms and
amplitudes in µV for the two phases (BH and B) were exported
for further statistical analysis, but only for Fz, Cz, Pz, and Oz
electrodes.

Electroencephalography recordings for the VEPs were also
segmented in time intervals from −100 ms of checker reversal
onset till up to 300 ms after reversal onset. After correcting for
baseline (−100–0 ms of reversal onset), averages were computed
separately for the first, second and third VEP phases. After visual
inspection of the VEPs, an automatic procedure for detecting
the maximal amplitude and the corresponding latency was
performed once for the negative N75 (60–120 ms), the positive
P100 (121–150 ms) and for the second negative N145 (151–
200 ms) component of the VEP. Grand averages were calculated
across participants for each VEP phase and for each condition
(BH and B), and latencies and amplitudes were exported for
the Oz electrode for further statistical analysis. Since O1 and
O2 electrodes showed the same VEPs across the BH phases and
conditions (see Results section), only Oz statistical analysis is
presented here.

Heart rate and Oxygen saturation values were calculated at the
beginning of BH after the BH preparation (t0), at one (t1), two
(t2), three (t3), and four (t4) minutes by taking the mean value
of 5 s before and after the respective points of time. Reaction
times to the target stimuli were averaged for each phase and
each condition after removing reaction times above 1000 ms
and below 100 ms. In summary, ERP data are presented for
the oddball task, the first phase being from the start to 2 min
(0–2 min) and the second phase being from two to four min (2–
4 min). VEP data will be presented according to the three stimuli
presentation phases of start to 1 min (VEP-1), 1.5 to 2.5 min
(VEP-2) and from 3 min to 4 min (VEP-3).

FIGURE 6 | Visual evoked potentials (VEPs) in the checker board task. The
amplitudes of the VEPs’ evolution for the occipital lobe at O1, Oz, and O2
(grand average across all participants) are displayed. For each electrode
position the two conditions with the three phases of checker board
presentation (VEP-1, VEP-2, and VEP-3) are contrasted.

Statistical Analysis
Heart rate and Oxygen saturation were each subjected to a 2 × 5
ANOVA with repeated measures on the factor Condition (B and
BH) and Time (t0, t1, t2, t3, and t4) separately for the oddball
task and the checker board task. For both amplitude and latency
of the P300 component elicited by the oddball task, 2 × 2 × 4
ANOVAs were calculated including the within factors Condition
(B and BH), Phase (0–2 min and 2–4 min) and Electrode position
(Oz, Pz, Cz, and Fz). Reaction time was also subjected to the same
ANOVA by excluding the electrode position factor (i.e., 2-way
instead of 3-way). Amplitudes and latencies of VEPs over the Oz
electrode were analyzed separately for all three components (N75,
P100, and N145) by using 2x3 ANOVAs including the within
factors Condition (B and BH) and the factor Phase (VEP-1, VEP-
2, and VEP-3). In case of significant main effects, Bonferroni-
corrected pairwise comparisons were performed to detect the
exact loci of significant changes between the factors. Wherever
sphericity was violated, Greenhouse-Geisser-adjusted values were
reported and p-values below the 5% threshold were considered
statistically significant. Effect sizes were estimated according to
Cohen (1988) by partial eta-squares (ηp

2), where ηp
2 > 0.01

indicates a small effect, ηp
2 > 0.06 indicates a medium effect and

ηp
2 > 0.14 indicates a large effect.

RESULTS

Oxygenation and Heart Rate Evolution
Oxygen saturation evolution over time in the oddball
task differed between the two conditions [F(1,9) = 6.07;

Frontiers in Physiology | www.frontiersin.org 7 February 2019 | Volume 10 | Article 6922

https://www.frontiersin.org/journals/Physiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/Physiology#articles


fphys-10-00069 February 4, 2019 Time: 16:1 # 8

Steinberg and Doppelmayr Neurocognitive Markers During Breath-Holding

p < 0.05; ηp
2 = 0.42] and decreased during the BH time

[F(1.3,11.7) = 6.07; p < 0.001; ηp
2 = 0.65]. The significant

interaction [F(1.1,10.3) = 6.07; p < 0.01; ηp
2 = 0.53] between

condition∗time revealed that only in the BH condition did a
decrease in SpO2 occur (see Figure 2A). Bonferroni-corrected
pair-wise comparisons further indicate that this decrease started
between 2 and 3 min of BH, since SpO2 at both 3 and 4 min was
significantly lower compared to the start of BH (p < 0.05), with
SpO2 further decreasing between 3 and 4 min of BH (p < 0.05).
Exactly the same observation was found in the checker board
task with significant condition [F(1,9) = 5.42; p < 0.05;
ηp

2 = 0.37], time [F(1.1,10.0) = 13.01; p < 0.01; ηp
2 = 0.59]

and condition∗time interaction [F(1.4,13.1) = 16.81; p < 0.001;
ηp

2 = 0.65] effects (see Figure 2B). Post hoc comparison again
showed that both 3 min and 4 min of BH were significantly
lower than at BH start (both p < 0.05). However, although
a further decrease is visible in the figure, there was no clear,
significant difference in SpO2 between 3 and 4 min of BH
(p = 0.10).

As depicted in Figure 2C, HR during the oddball task was
also different between the two conditions [F(1,9) = 24.68;
p < 0.001; ηp

2 = 0.73] and decreased over the time of
B and BH [F(2.1,19.4) = 7.98; p < 0.01; ηp

2 = 0.47].
However, the decrease was not different between B and
BH, as indicated by a non-significant interaction effect
between condition∗time [F(1.5,13.6) = 0.28; p > 0.05;
ηp

2 = 0.03]. Pair-wise comparison revealed that the
decrease was due to the significant difference between
0 and 1 min (p < 0.05). Again, the same HR evolution
was found during the checker board task with significant
condition [F(1,9) = 10.20; p < 0.05; ηp

2 = 0.56] and time
[F(1.8,14.6) = 16.76; p < 0.01; ηp

2 = 0.48] effects, but no
significant interaction [F(1.7,14.0) = 2.5; p > 0.05; ηp

2 = 0.24]
effect (see Figure 2D). However, Bonferroni-corrected pairwise
comparison could detect no clear, significant differences between
the single HR measures over time (between 0 and 1 min;
p = 0.052).

Oddball Task: P300 and Reaction Time
As depicted in Figure 3, the P300 component reached its positive
maximum shortly before 400 ms after stimulus onset, which is
highest in the Pz electrode position. However, as depicted in
Figures 3, 4A, the amplitudes were not systematically different
with respect to condition (B or BH) or the phase (0–2 and 2–
4 min). This result is confirmed by the 2 × 2 × 4 ANOVA
for the amplitude, which detected no significant difference
between condition, phase and no significant condition∗phase
interaction effects (all p > 0.05, see Figures 3, 4). As expected,
only a significant electrode effect [F(1.1,10.3) = 3.6; p < 0.05;
ηp

2 = 0.26] was observed, indicating a higher amplitude for
the Pz electrode position. The 2 × 2 × 4 ANOVA including
the latencies as the dependent variable revealed a significant
condition effect [F(1,9) = 7.7; p < 0.05; ηp

2 = 0.46], indicating
overall that latencies were increased in the BH compared to
the B condition (see Figure 4B). As visible in Figure 4B,
one could assume that latencies, especially in the second

BH phase (i.e., 2–4 min), were increased across the whole
brain. However, post hoc tests did not confirm this visible
pattern (all p > 0.05), and there were no other main or
condition∗phase interaction effects of the 2 × 2 × 4 ANOVA (all
p > 0.05).

A significant condition∗phase interaction effect [F(1,9) = 8.04;
p < 0.05; ηp

2 = 0.47] of a 2 × 2 ANOVA using participants’
reaction time to the target stimuli shows increased reactions
(i.e., decreased performance) in the second phase of the
BH, while response time decreased in the normal breathing
condition (see Figure 5). However, even though Figure 5
indicates that overall reaction times were slower during normal
breathing compared to BH even in the second phase (2–
4 min), the condition effect was only significant as a trend
[F(1,9) = 3.99; p = 0.07; ηp

2 = 0.30], and no phase effect occurred
(p > 0.05).

Checker Board Reversal Task: VEP –
N75, P100, and N145
As depicted in Figures 6, 7, the VEPs at O1, Oz, and O2 were
very similar with respect to condition and phase. Accordingly, no
statistical significance was found in the Oz amplitude of any of
the three VEP components (N75, P100, and N145) in the 2 × 3
ANOVAs (all p > 0.05). The same holds true for the latencies
since no strong differences can be detected in the VEP plots (see
Figure 6). Consequently, ANOVAs of the latencies in the Oz
electrode for N75, P100, and N145 could detect no significant
main effect or any condition∗phase interactions (all p > 0.05).

DISCUSSION

This experiment recorded for the first time EEG based neuro-
cognitive responses in humans to extended breath-holding
phases. No significant change either in early visual processing
or in neurocognitive markers was measurable during pBH, in
trained freedivers. Neither were the amplitudes and latencies of
the VEP and the P300 component differently affected between a
normal breathing and a breath-holding condition nor was there
any difference between an early BH phase and a late BH phase.
Thus, the changed oxygen saturation and hypercapnia state
elicited by 4 min of BH did not lead to any obvious impairment
of the cognitive and visual processing stages.

The results confirm earlier case reports in which Schellart
and Reits (1999) performed a pilot study measuring EEG
and MEG during pBH of only two subjects, while recording
and analyzing VEPs and P300. The results are also in
agreement with one EEG-based study which could not detect
significant changes in spectral power analysis (Ratmanova
et al., 2016). However, they are in contrast to other EEG-
based studies that were able to detect changes in neuronal
emotional (Menicucci et al., 2014) processing (ERPs) and
brain oscillations (Steinberg et al., 2017) due to pBH. The
latter study observed changes in the alpha band of the EEG
(but no differences in the other frequency bands) and a
lateralised modulations in the alpha band (i.e., a stronger
left frontal activity indexed by a frontal alpha asymmetry),
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FIGURE 7 | Amplitudes and latencies for the VEPs N75, P100, and N145. (A) Interaction plot showing the peak amplitude for each condition and phase for the Oz
electrode. (B) Interaction plot showing the latency for each condition and phase for the Oz electrode. Statistics are explained in the text. Values represent the
arithmetic means and error bars represent the corresponding standard deviations.

possibly reflecting the processing of the unique psycho-
physiological state, including air-hunger, motivation, self-control
and cognitive inhibition (c.f. Steinberg et al., 2017). Thus,
these two controversial patterns points toward independent
mechanisms: despite apnoea induced modulations in brain
oscillation (Steinberg et al., 2017), measured with no competing
activity, pBH had no influence in processing of visual information
indexed by VEPs or in attention to cognitive tasks, as
indexed by the non-affected P300 component in the present
approach.

However, the results contradict other hypoxia studies that
have consistently found detrimental effects on several cognitive
functions for both short and long-term hypoxia (Virués-
Ortega et al., 2004, 2006; de Aquino Lemos et al., 2012;
Ochi et al., 2018). The results are also in contrast to those
hypoxia studies that studied VEP and the P300 component in
the EEG, as all such studies have shown that even mild-to-
moderate levels of hypoxia modulate the amplitude of VEPs
(Forster et al., 1975; Singh et al., 2004) and the latency and
the amplitude of the P300 component (Tsarouchas et al.,
2008). All those studies attributed the modulations in task-
evoked brain activity to the effects of hypoxia, indicating
that electrophysiological measures are a sensitive tool to
detect detrimental central processing, in the absence of strong
behavioral deficits (Tsarouchas et al., 2008). All three studies were
performed with a comparable hypoxia level since both the Singh
et al. (2004) as well as the Forster et al. (1975) studies were
performed in a hypobaric condition comparable with 4300 m
altitude and the Tsarouchas et al. (2008) study at an altitude of
4752 m.

However, those studies are not directly comparable to
the pBH, as pBH phases include fast and transient changes
in blood gas consumptions and respective effects on the
brain along different experimental settings (e.g., hypobaric
hypoxia). Tests performed in moderate hypoxic conditions
were conducted usually after a time delay between the
normoxic condition and the hypoxic state (e.g., 5 min in
the Tsarouchas et al., 2008 study) or at real altitude, as in
the Singh et al. (2004) study. Thus, while SpO2 values in
these studies were at a lower constant level for a sufficient
time to propagate to the brain, they are transient in BH
and are also concomitant with transient increases in CO2
(Ferretti, 2001). In the later BH phase (2–4min) of the oddball
task in the present study, the mean SpO2 decreased from
97.4% at BH 2 min to 93.3% at BH 3 min to 85.7% at
4 min. In contrast, in the Tsarouchas et al. (2008) study,
the mean SpO2 was consistently (i.e., across all task stimuli
and thus ERPs not affected by transient levels) lower at
81.52%. Thus, a limitation of our approach is the collapse of
stimuli responses after 2 min BH, which might have led to
no changes being detectable due to the low hypoxemic state
within the brain at this BH phase. It is important to consider,
however, that these results of unimpaired brain functions
indexed by P300 may only account for experienced freedivers
as there is substantial evidence that apnoea training-induced
adaptation mechanisms increase oxygen supply to the brain
in response to pBH (e.g., Schagatay et al., 2000; Ostrowski
et al., 2012; Vestergaard and Larsson, 2017), a mechanism
which may not be present in freediving novices or non-
divers.
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The same argument might also account for the VEP, although
the VEP-3 phase was measured between 3 and 4 min of BH;
nonetheless, no detrimental effects have been observed, probably
also due to the insufficient time available for the hypoxic state to
propagate to the occipital lobe of the brain and to provoke any
detrimental effects on early visual processing (i.e., mean SpO2
at 3 min of BH was 94.8 and 88.5 at 4 min of BH). Singh et al.
(2004) found effects on VEPs at high altitude when measured at
4300 m, but that the effects were not considerable at 3200 m.
Bearing in mind a review across different hypoxia studies by
Virués-Ortega et al. (2004), according to which an altitude of
4700 m corresponds to a mean SpO2 of 87%, one might argue
that the saturation level beginning from BH 3-min (85.7%) in
the Oddball task is comparable to that at a high altitude of
about 4700 m, which might in turn provoke hypoxia-related
deficits.

However, as pBH-induced blood oxygenation decrease is
quite short-lived, it is possible that no strong hypoxemic state
can be elicited for up to 4 min of BH that provokes any
deficit in brain functions. Since we measured SaO2 only at
the periphery—a clear limitation of our approach—and due
to several brain protecting mechanisms increasing oxygenation
supply via modulations of CBF, a firm conclusion cannot be
drawn without further physiological measures such as near
infrared spectroscopy of the brain or CBF measures (Dujic et al.,
2009, 2013; Eichhorn et al., 2015; Bain et al., 2016, 2018a) in
combination with longer BH duration (i.e., longer and more
constant hypoxemic conditions). Additionally, our results are
in contrast to one recent hypercapnia study with MEG and in
agreement to another using EEG (Bloch-Salisbury et al., 2000;
Thesen et al., 2012). The first measured comparable ERPs during
hypercapnia and reported depressed neural activity across the
whole cortex and modulated ERPs (Thesen et al., 2012). The latter
study could not find any deficit in cognitive processing and in
ERPs in hypercapnia (Bloch-Salisbury et al., 2000). Due to these
controversial findings along the problematic comparison to the
BH-induced hypercapnia state, no firm conclusion can be derived
from those findings.

Another interesting finding was the interaction between
condition and phase for the response to the oddball stimuli
(i.e., the response time for button press when the target stimuli
appeared). At the first 2 min phase, reaction times were higher
(i.e., slower) in the B condition and lower (i.e., faster) in
the BH condition. Then in the second phase of the task (2–
4 min), freedivers’ RTs increased in BH and decreased in
B, although in both conditions they were comparatively fast.
Thus, this pattern points toward different attentional resources
allocated to task completion in BH compared to B, and not
to hypoxic hypercapnia induced decrease in processing speed.
This interpretation agrees with the unaffected P300 latency
and amplitude. Therefore, decreased performance in late BH
compared to early BH might be attributed to a special kind
of dual-tasking situation, since it could well be that attention
may be distributed between the processing of all the factors
necessary for pBH (c.f. Steinberg et al., 2017) and attention to
the visual oddball stimuli, which was not detectable by ERP
measures. A dissociation between ERP and associated responses

is not a new finding because it is well known from mental
chronometry research that changes in RT need not necessarily
correlate with the neurophysiological correlate, since the P300
latency does not involve all the factors that contribute to RT
(McCarthy and Donchin, 1981). More specifically, the P300
can be described as a kind of real-time index of voluntary
attention and requires active information updating in the
working memory and the decision making process reflects a
“response-related stage” (Polich, 2000; Iv et al., 2010). Thereby,
the amplitude of the P300 is an intensity measure of resources
that are spent to the allocation of attention (Wickens et al.,
1983) and the latency of the P300 is thought to reflect the
speed of stimulus classification (Kutas et al., 1977; McCarthy
and Donchin, 1981). These distinct processes are thought
to be independent of behavioral response times (Verleger,
1997; Ila and Polich, 1999). Therefore, although speculative,
those different allocation of attentional resources during the
unique BH induced dual-task situation compared to B influence
those processing stages that are not reflected in the P300
waveform but in the slowing down of RT in a later BH
phase.

As this study was the first with the goal to measure neuro-
electrical responses and cognitive processes during BH of
extended length, it has some limitations. Two major limitations
are of central relevance that need to be considered when
interpreting the study. The first is the duration of BH, which
was “only” 4 min. This result implied limited changes in
blood gas consumption that could have propagated to the
brain since stronger changes have been observed in other
studies with longer durations of BH up to the individual
limit. Second, and interrelated to the first limitation, is the
collapsing of data between 2 and 4 min (in the oddball
task) or 3–4 min (in the checker board task) as this
procedure might have additional blurred any effects in a
later BH phase considering the transient nature of blood
gas composition during the time course of pBH. Combining
these limitations, we cannot yet exclude that brain functions
and ERPs are impaired in BH duration at about 4 min or
slightly extending 4 min. Further limitations are the lack of
additional physiological measures, inclusion of a relatively low
number of participants and using a predefined time of BH
instead of using individual BH capacity. Thus, our results
may not be necessarily transferable to all real freediving
activities, especially when they involve significant changes in
the hydrostatic pressure level (i.e., deep diving). In turn, our
data, results and deduced conclusions, although obtained not
during water-immersion, may be most valid for disciplines
involving static freediving without any significant pressure
changes.

CONCLUSION

Despite the fact that pBH requires several unique psycho-
physiological processes involving cardiovascular functions that
mitigate oxygen supply decreases in sensitive organs, self-control,
motivation, and cognitively inhibiting respiratory musculature,
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no significant changes can be detected in brain electrical
responses measured by neuro-cognitive EEG markers (VEP
and P300) in experienced free-divers. Whether the lack of
changes is due to the capacity of the brain to respond
successfully to the hypoxic hypercapnia state during long
BH phases or because of limitations in the possibility of
reliable measurement of neurocognitive markers at the very
end of an apnoea phase needs further investigation in
elite apnoea divers, by adding combined physiological and
neurophysiological measures along longer BH phases. Given the
adaptation mechanisms of freedivers obtained due to training,
the assumption of intact brain functions in breath-holding of
up to 4 min may only account for the majority of active
freedivers, but not for non-divers, freediving novices or elite
freedivers performing BHs that regularly extend 4 min or in
those disciplines involving changes in the hydrostatic pressure
level.
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Glutamatergic Receptors Modulate
Normoxic but Not Hypoxic Ventilation
and Metabolism in Naked Mole Rats
Yvonne A. Dzal1,2†, Allison Seow1†, Lisa G. Borecky3, Danielle Chung1, Sharn K. G. Gill3,
William K. Milsom1 and Matthew E. Pamenter1,3,4*

1 Department of Zoology, University of British Columbia, Vancouver, BC, Canada, 2 Department of Biology, Centre for Forest
Interdisciplinary Research, University of Winnipeg, Winnipeg, MB, Canada, 3 Department of Biology, University of Ottawa,
Ottawa, ON, Canada, 4 University of Ottawa Brain and Mind Research Institute, Ottawa, ON, Canada

Naked mole rats (Heterocephalus glaber) are among the most hypoxia-tolerant
mammals, but their physiological responses to acute and chronic sustained hypoxia
(CSH), and the molecular underpinnings of these responses, are poorly understood.
In the present study we evaluated the acute hypoxic ventilatory response and the
occurrence of ventilatory acclimatization to hypoxia following CSH exposure (8–10 days
in 8% O2) of naked mole rats. We also investigated the role of excitatory glutamatergic
signaling in the control of ventilation and metabolism in these conditions. Animals
acclimated to normoxia (control) or CSH and then exposed to acute hypoxia (7% O2

for 1 h) exhibited elevated tidal volume (VT), but decreased breathing frequency (fR).
As a result, total ventilation (V̇E) remained unchanged. Conversely, VT was lower in
CSH animals relative to controls, suggesting that there is ventilatory plasticity following
acclimatization to chronic hypoxia. Both control and CSH-acclimated naked mole rats
exhibited similar 60–65% decreases in O2 consumption rate during acute hypoxia,
and as a result their air convection requirement (ACR) increased ∼2.4 to 3-fold.
Glutamatergic receptor inhibition decreased fR, V̇E, and the rate of O2 consumption in
normoxia but did not alter these ventilatory or metabolic responses to acute hypoxia
in either the control or CSH groups. Taken together, these findings indicate that
ventilatory acclimatization to hypoxia is atypical in naked mole rats, and glutamatergic
signaling is not involved in their hypoxic ventilatory or metabolic responses to acute or
chronic hypoxia.

Keywords: ventilatory acclimatization to hypoxia, AMPA receptor, NMDA receptor, hypoxic ventilatory response,
hypoxic metabolic response

Abbreviations: ACR, air convection requirement; AMPAR, α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
receptor; CNQX, cyanquixaline (6-cyano-7-nitroquinoxaline-2,3-dione); CNS, central nervous system; CSH, chronic
sustained hypoxia; fR, breathing frequency; MK-801, dizocilpine; NMDAR, N-methyl-D-aspartate receptor; NTS, nucleus
of the solitary tract (nucleus tractus solitarius); PaO2, partial pressure of arterial oxygen; V̇E, minute ventilation; V̇CO2, rate of
carbon dioxide production; V̇O2, oxygen consumption rate; VT, tidal volume.
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INTRODUCTION

For most adult mammals, the hypoxic ventilatory response
consists of a reflex increase in ventilation (V̇E) that occurs in
response to the detection of decreased arterial O2 tension (PaO2)
by peripheral chemoreceptors (Powell et al., 1998; Dzal et al.,
2015; Pamenter and Powell, 2016). Furthermore, with chronic
sustained hypoxia (CSH) of days to months, additional time-
dependent increases in V̇E occur that further improve PaO2.
This secondary increase is termed ventilatory acclimatization to
hypoxia and persists transiently after the removal of hypoxic
stimulation, indicating plasticity within the ventilatory control
circuits (Aaron and Powell, 1993; Hupperets et al., 2004). In adult
mammals, two mechanisms have been identified that contribute
to ventilatory acclimatization to hypoxia: (1) the sensitivity of
carotid body arterial chemoreceptors to O2 increases, and (2) the
central nervous system (CNS) responsiveness to afferent inputs
from the carotid bodies increase (i.e., secondary gain) (Bisgard
and Neubauer, 1995; Dwinell and Powell, 1999; Wilkinson et al.,
2010; Kumar and Prabhakar, 2012).

In the CNS, carotid body afferent neurons project to
the nucleus tractus solitarii (NTS) in the brainstem (Lipski
et al., 1977; Housley and Sinclair, 1988). The secondary
gain within the CNS is primarily mediated by increased
phosphorylation of glutamatergic α-amino-3-hydroxy-5-methyl-
4-isoxazolepropionic acid and N-methyl-D-aspartate receptors
(AMPARs and NMDARs, respectively) within the NTS (Connelly
et al., 1992; Vardhan et al., 1993; Zhang and Mifflin, 1993;
Mizusawa et al., 1994; Soto-Arape et al., 1995; Ohtake et al., 1998;
Haibara et al., 1999; Reid and Powell, 2005; Braga et al., 2007; El
Hasnaoui-Saadani et al., 2007; Pamenter et al., 2014a,c, 2015b).
Collectively, these studies strongly support a primary role for
excitatory glutamatergic signaling in mediating the acute hypoxic
ventilatory response, as well as ventilatory acclimatization to
hypoxia following CSH in adult mammals.

Conversely, decreases of V̇E are typically observed during
steady state acute hypoxic conditions in neonatal mammals
(Mortola et al., 1989; Mortola, 1999). This response is primarily
mediated by inhibitory adenosinergic signaling (Elnazir et al.,
1996; Johansson et al., 2001). The falls in V̇E with acute hypoxic
exposure in neonates are often associated with corresponding
falls in O2 consumption rates (V̇O2) of a greater magnitude
(Teppema and Dahan, 2010).

Recently, we demonstrated that adult naked mole rats
(Heterocephalus glaber) present a neotenic phenotype in their
ventilatory response to both acute hypoxia and to CSH.
Specifically, V̇E decreased ∼70% in adult naked mole rats in
acute hypoxia (7% O2) and this acute decrease was mediated
by an increase in inhibitory adenosinergic signaling (Pamenter
et al., 2014b, 2015a). In addition, naked mole rats also decreased
V̇O2 by >70 in 7% O2 (Pamenter et al., 2014b, 2015a,
2018a), and decreased behavioral activity in acute hypoxia
(Ilacqua et al., 2017; Houlahan et al., 2018; Kirby et al., 2018).
Furthermore, we found that naked mole rats did not exhibit
any ventilatory plasticity following 8–10 days of acclimation to
CSH (8% O2) (Chung et al., 2016), suggesting an absence of
ventilatory acclimatization to hypoxia. Given the predominant

role for glutamatergic signaling in the acute hypoxic ventilatory
response and ventilatory acclimatization to hypoxia in other adult
mammals, this lack of plasticity in naked mole rats implies a
lack of involvement of glutamatergic signaling in ventilatory
responses to hypoxia in this species, which would be a unique
response amongst adult mammals.

Naked mole rats are the most hypoxia-tolerant mammal
presently identified and tolerate minutes of complete anoxia,
hours at 3% O2, and days to weeks at 8% O2 (Pamenter et al.,
2015a, 2018b; Chung et al., 2016; Park et al., 2017). Adult naked
mole rats express NMDARs, but with subunit compositions
that are more typical of neonatal rodents than that of adults
(Peterson et al., 2012). Furthermore, naked mole rat nervous cells
demonstrate a very protracted developmental period and retain a
neonatal phenotype well into adulthood (Penz et al., 2015). Given
this developmental phenotype, the lack of ventilatory plasticity
(i.e., ventilatory acclimatization to hypoxia), and our earlier
findings of a primary role for adenosine in mediating the acute
decline in ventilation in response to hypoxia, we hypothesized
that the ventilatory response of naked mole rats is mediated
primarily by neonate-like molecular signaling pathways. Thus,
we predicted that glutamatergic signaling would not play an
important role in the ventilatory responses to acute hypoxia or
CSH in adult naked mole rats. Specifically, we predicted that
antagonists of AMPARs or NMDARs would not have an impact
on the naked mole rat hypoxic ventilatory response. To test
our hypothesis, we exposed naked mole rats to 8–10 days of
normoxia (control) or CSH and then examined their ventilatory
and metabolic responses to an acute hypoxic challenge (7% O2 for
1 h), before and after glutamate receptor manipulation or sham
injections of saline.

MATERIALS AND METHODS

Animals
Naked mole rats were group-housed in interconnected multi-
cage systems at 30◦C and 21% O2 in 70% humidity with a
12L:12D light cycle. Animals were fed fresh tubers, vegetables,
fruit and Pronutro cereal supplement ad libitum. Animals
were not fasted prior to experimental trials. All experimental
procedures were approved by the University of Ottawa or
the University of British Columbia Animal Care Committees
in accordance with the Animals for Research Act and by
the Canadian Council on Animal Care. All experiments were
performed during daylight hours in the middle of the animals’
12L:12D light cycle when the animals were awake and active.
Naked mole rats that are housed within colony systems, as are
our experimental animals, do not exhibit circadian rhythmicity
of general locomotor activity (Riccio and Goldman, 2000b),
and exhibit inconsistent rhythmicity of body temperature and
metabolic rate (Riccio and Goldman, 2000a); significant changes
in these latter parameters were only reported in animals
during the nocturnal phase of their circadian cycle with no
significant changes observed during the daylight period of this
cycle. Therefore, we our results should not be confounded
by circadian rhythms. We examined physiological responses
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to environmental hypoxia in non-breeding naked mole rats.
Non-breeding (subordinate) naked mole rats do not undergo
sexual development or express sexual hormones and thus we
did not take sex into consideration when evaluating our results
(Holmes et al., 2009).

Whole-Body Plethysmography and
Respirometry
Seventy-five adult, male and female naked mole rats, weighing
44.0 ± 1.5 g (mean ± SEM) were individually placed,
unrestrained, inside a 450 ml Plexiglas experimental chamber
(the animal chamber), which was in turn placed into an
environmental chamber held at ∼29◦C. The temperature of
the animal chamber was recorded continuously throughout
the experiment using multiple iButtons that recorded ambient
temperature at a frequency of one measurement per minute
(Maxim Integrate, Chandler, CA, United States). Body
temperature was measured every 10 min from subcutaneous
radio frequency identification (RFID) microchips using a RFID
reader (Destron Fearing, Dallas, TX, United States). In normoxia
and at an ambient temperature of ∼29.0◦C, the naked mole rat
body temperature was 32.0 ± 0.2◦C (data not shown). During
acute hypoxia (1 h in 7% O2), body temperature decreased
to 30.5 ± 0.2◦C, consistent with recent measurements from
our laboratory (Ilacqua et al., 2017; Kirby et al., 2018). Body
temperature of CSH animals in normoxia was not different from
that of control animals (32.4 ± 0.4◦C, data not shown). Finally,
body temperature was not altered by sham or drug injections in
control or CSH animals.

Animals were provided with a thin layer of bedding on
the floor of the experimental chambers. The animal chamber
was sealed and constantly ventilated with gas mixtures, set to
the desired fractional gas composition by calibrated rotameters
(Praxair, Mississauga, ON, CA, United States). The advantage of
this open-flow system is that it prevents the depletion of O2 and
accumulation of metabolic CO2 by flushing the animal chamber
with fresh gas, and it allows for continuous and simultaneous
monitoring of metabolic and ventilatory variables. Inflowing
gas was provided at a flow rate of 110 ml/min, as assessed
by a calibrated mass flow meter (Alicat Scientific, Tuscon, AZ,
United States). The analyzers were calibrated prior to each trial
with 20.95% O2, 1.5% CO2, balance N2, and with 100% N2
gas mixes. During experimentation, animal breathing caused
pressure fluctuations due to humidity and warmth of air in
each expired breath, which were compared to the pressure
of an identical reference chamber. Continuous monitoring of
pressure differences between these two chambers by a differential
pressure transducer (Validyne, Northridge, CA, United States),
connected between the animal and reference chamber, allowed
detection of breaths.

Oxygen consumption and CO2 production (V̇CO2) rates were
measured by analyzing the outflowing composition of gas by
a Sable Systems FC-10 O2 analyzer and a Sable Systems CA-
10 CO2 analyzer, respectively, and comparing outflowing gas
concentrations to inflowing gas concentrations. The V̇O2 was
calculated from the product of the constant airflow through the

chamber and the difference between the inflow and outflow in
the fractional concentration of O2. The V̇CO2 was calculated
from the product of the constant airflow through the chamber
and the difference between the outflow and inflow in the
fractional concentration of CO2. All metabolic variables are
reported at STPD.

Respiratory frequency (fR) was determined by counting V̇E-
induced pressure oscillations, whereas VT was determined by
integrating expiratory flow and then calculated using the method
described by Drorbaugh and Fenn modified for open-flow
plethysmography by Jacky (Drorbaugh and Fenn, 1955; Jacky,
1978). Pressure calibrations were performed prior to trials to
determine VT by injecting and withdrawing a known volume
(0.2, 0.3, and 0.4 ml) into the experimental chamber at a
rate similar to the respiration rate of the animal. Ventilation
was calculated as the product of fR and VT. All ventilatory
measurements were selected when animals were resting and are
reported at body temperature and pressure, saturated (BTPS).

Air Convection Requirement, O2 Delivery
and Lung O2 Extraction
The air convection requirement (ACR) for O2 (ACRO2; the
quotient of V̇E and V̇O2), the ACR for CO2 (ACRCO2; the
quotient of V̇E and V̇CO2), O2 delivery, and lung O2 extraction
were calculated from ventilatory and metabolic measurements.
Oxygen delivery to the lungs was calculated as ventilation
multiplied by the fractional concentration of O2 in inspired air.
The percent of O2 extracted from each breath was calculated by
dividing V̇O2 by V̇E, multiplied by the fractional concentration
of O2 in inspired air and multiplying that by 100.

Experimental Design and Pharmacology
Control and CSH animals were transferred to the animal
chamber under normoxic conditions and baseline recordings
were obtained for 1 h. Next, animals were removed from the
chamber and received ∼400 µL intraperitoneal injections of
0.9% NaCl saline alone (sham), dizocilpine (MK-801; 0.15 mg ·
kg−1), or cyanquixaline (6-cyano-7-nitroquinoxaline-2, 3-dione;
CNQX; 5 mg · kg−1). Animals were then placed back in the
animal chamber and V̇E, V̇O2, V̇CO2, and body temperature were
monitored for 1 h to assess the effect of the injection. Next, the
inflowing gas composition was switched to 7% O2 (hypoxia) and
these physiological variables were measured for 1 h. Following
experimentation, animals were allowed to recover in normoxia
and then returned to their colonies. CNQX and MK-801 were
purchased from Sigma-Aldrich (St Louis, MO, United States).

Data Collection and Statistical Analysis
All signals (body temperature, incurrent and excurrent O2
and CO2 concentrations, and the V̇E -induced pressure
signal) were amplified, filtered, recorded and analyzed using
PowerLab data acquisition hardware and LabChart software
(AD Instruments Pty Ltd., Colorado Springs, CO, United States).
From the recorded signals, and calculated dependent variables,
we determined average: body temperature, V̇O2, V̇CO2, fR, VT,
V̇E, ACRO2, ACRCO2, O2 delivery and lung O2 extraction, for
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the last 10–15 min of each O2 exposure (21% O2 pre-injection,
21% O2 post-injection, and 7% O2 post-injection) to ensure
animals reached a steady state. Inflowing gas concentrations were
measured before and after each O2 exposure.

Statistical analyses were performed using R (R Core Team,
2017). We used linear mixed effects models (lme4 and lsmeans
package; Bates et al., 2015; Lenth, 2016) to account for
repeated sampling of the same individual with changes in O2
exposure, with individual treated as a random effect. When
visual inspection of residuals, and q-q plots revealed deviations
from the assumptions of linear mixed effects models (normality,
homogeneity of variances, linearity, and independence), we log
transformed the dependent variable. We entered acclimation
group (control or CSH), drug treatment (sham or drug), level of
inspired O2 (21% O2 or 7% O2), and body mass as fixed effects
in our initial models. We tested all 2- and 3-way interactions of
acclimation group, drug treatment, and level of inspired O2. We
did not remove any terms from our models given the importance
of all independent variables and interactions to our research
objectives. When interaction terms were significant the data were
separated and analyzed independently using a one-way ANOVA,
followed by a Tukey-Holm post hoc analysis to determine
differences between acclimation group, drug treatment, level of
inspired O2, and to correct for multiple pairwise comparisons. All
results are presented as mean ± SD, with statistical significance
set as p < 0.05. Results from statistical tests are included in the
attached supplemental table (Supplementary Table S1).

RESULTS

Naked Mole Rats Exhibit a Relative
Hypoxic Ventilatory Response to Acute
Hypoxia Masked by a Robust Hypoxic
Metabolic Response
Our first objective was to revaluate the acute hypoxic ventilatory
response of naked mole rats exposed to acute hypoxia using

body temperature measurements obtained non-invasively from
awake and freely behaving animals. Sham injections had no effect
on any ventilatory or metabolic variable examined from control
animals (Figures 1–3, open circles; n = 12; note: all statistical test
results are included in Supplementary Table S1). Acute hypoxia
did not elicit a significant change in V̇E (Figure 1A), although
the components of V̇E (fR and VT) changed significantly, but in
opposite directions from one another. Specifically, and relative
to pre-injection normoxic controls, fR was 26% lower in acute
hypoxia (Figure 1B), whereas VT was 73% higher (Figure 1C).

On the other hand, acute hypoxia elicited a robust hypoxic
metabolic response. Relative to values obtained in normoxic
control animals, V̇O2 and V̇CO2 were reduced by 62 and 57%,
respectively in acute hypoxia (Figures 2A,B). Control naked mole
rats exhibited a consistent shift in their respiratory exchange
ratio (RER) from 0.82 in normoxia to 0.97 in acute hypoxia
(Figure 2C), indicating the occurrence of a metabolic fuel switch
toward a greater reliance on carbohydrate metabolism.

Although control naked mole rats did not exhibit a significant
change in absolute V̇E when breathing acute hypoxia, as a result
of their robust metabolic rate depression, their ACR increased
∼3-fold (Figures 3A,B), indicative of a relative hyperventilation.
Despite this, O2 delivery was significantly reduced by 56% during
acute hypoxia (Figure 3C), and lung O2 extraction from the
inspired air was unchanged (Figure 3D).

Naked Mole Rats Exhibit Ventilatory but
Not Metabolic Plasticity Following
Chronic Sustained Hypoxic Exposure
Next, we examined the effect of 8–10 days of CSH on naked
mole rat V̇E and metabolism. Ventilatory acclimatization, when
it occurs, remains transiently for days when animals are returned
to breathing normoxic gas mixtures. In naked mole rats, we
found a significant effect of chronic acclimation in hypoxia on
V̇E; however, V̇E was not significantly different in CSH animals
breathing normoxic gas mixtures 1 h post-CSH compared to
control animals (Figure 1A). Breathing frequency was not

FIGURE 1 | Ventilatory responses to acute hypoxia of naked mole rats acclimated to normoxia or chronic sustained hypoxia (CSH). (A–C) Summaries of total minute
ventilation (V̇E; A); breathing frequency (fR; B), and tidal volume (VT; C) from naked mole rats exposed to 21% O2, before and after sham intraperitoneal saline
injections, and subsequent exposure to acute hypoxia (7% O2). Data are presented as mean ± SD. Numbers in parenthesis indicate n values. ∗ Indicate significant
difference in acute hypoxia from normoxic controls. † Indicate significant difference between sham-treated animals acclimated in chronic hypoxia (CSH) vs. normoxia;
P < 0.05.
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FIGURE 2 | Naked mole rats exhibit a robust metabolic response to acute hypoxia that is not different between animals acclimated to normoxia or chronic sustained
hypoxia (CSH). (A–C) Summaries of O2 consumption rate (V̇O2; A); CO2 production rate (V̇CO2; B), and the respiratory exchange ratio (RER; C) from naked mole rats
exposed to 21% O2, before and after sham intraperitoneal saline injections, and subsequent exposure to acute hypoxia (7% O2). Data are presented as mean ± SD.
Numbers in parenthesis indicate n values. ∗ Indicate significant difference in acute hypoxia from normoxic controls. P < 0.05.

FIGURE 3 | Naked mole rats exhibit a relative hypoxic ventilatory response. (A–D) Summaries of the air convection requirement to O2 (ACRO2; A); the air convection
requirement to CO2 (ACRCO2; B), the rate of O2 delivery (DO2; C), and the O2 extraction percentage (EO2%; D) from naked mole rats exposed to 21% O2, before
and after sham intraperitoneal saline injections, and subsequent exposure to acute hypoxia (7% O2). Data are presented as mean ± SD. Numbers in parenthesis
indicate n values. ∗ Indicate significant difference in acute hypoxia from normoxic controls. † Indicate significant difference between sham-treated animals acclimated
in chronic hypoxia (CSH) vs. normoxia; P < 0.05.

different between control and CSH animals (Figure 1B); however,
VT was ∼35% lower in CSH animals relative to control animals
when breathing normoxic gas (Figure 1C), indicating that some

degree of ventilatory remodeling occurred during CSH in this
species, albeit in the opposite direction of that which occurs in
all other mammalian adults.
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FIGURE 4 | Inhibition of glutamatergic receptors modifies ventilation in normoxia but not in acute hypoxia in naked mole rats. (A–F) Summaries of total minute
ventilation (V̇E; A,D); breathing frequency (fR; B,E), tidal volume (VT; C,F) from naked mole rats exposed to 21% O2, before and after intraperitoneal injections of the
AMPAR antagonist 6-cyano-7-nitroquinoxaline-2,3-dione; (CNQX; 5 mg · kg−1 A–C) or the NMDAR antagonist dizocilpine (MK-801; 0.15 mg · kg−1; D–F), and
subsequent exposure to acute hypoxia (7% O2). Data are presented as mean ± SD. Numbers in parenthesis indicate n values. ∗ Indicate significant difference in
acute hypoxia from normoxic controls. † Indicate significant difference between drug-treated animals acclimated in chronic hypoxia (CSH) vs. normoxia. ‡ Indicate
significant difference between pre- and post-injection groups; P < 0.05.

Interestingly, when breathing acute hypoxic gas, CSH animals
exhibited a similar (29%) decrease in fR and increase (47%)
in VT, compared to control animals (Figures 1B,C). In this
case, however, the net effect was that absolute V̇E in CSH
animals breathing acute hypoxia was significantly higher than
in normoxia. Conversely, acclimation to CSH had no significant
effect on V̇O2 or V̇CO2 in normoxia or on the hypoxic metabolic
response, which were similar in magnitude to those of control
animals (Figures 2A,B). However, due to small but insignificant
changes in V̇O2 and V̇CO2, the RER of CSH-acclimated animals
breathing normoxia was significantly lower than that of control
animals, magnifying the hypoxic increase in the RER (Figure 2C).

Due to the smaller increase in VT (and thus V̇E) in CSH
animals, the ACR of CSH-acclimated naked mole rats was also
slightly smaller than that of control animals in acute hypoxia
(Figures 3A,B). However, the net change in the ACR with
hypoxia was similar between these groups (Figures 3A,B). The
differences in ventilation between treatment groups resulted in
a reduction in the rate of O2 delivery in CSH animals that was
significant during acute hypoxic exposure but not in normoxia
(Figure 3C). Conversely, the lung O2 extraction from the air was
∼1.5 to 2-fold higher in CSH animals in both normoxia and acute
hypoxia (Figure 3D).

Glutamate Receptors Contribute to the
Regulation of Ventilation and Metabolism
in Normoxia but Not Hypoxia
We next explored the potential role for excitatory glutamate
receptor signaling in mediating the acute hypoxic ventilatory
response and ventilatory acclimatization to hypoxia. Unlike sham
injections (Figures 1–3), blockade of AMPARs with CNQX
reduced V̇E immediately following drug injection in normoxia
in both groups [Figure 4A; n = 13 for control + CNQX
(closed circles) and 8 for CSH + CNQX (closed squares);
note, sham injections are shown in gray for reference]. These
changes were due to a combination of mostly non-significant
reductions in both fR and VT following CNQX injection, in both
control and CSH groups (Figures 4B,C); only the reduction in
fR in control animals was significant. NMDAR blockade with
MK801 also significantly reduced V̇E but only in control animals
[Figures 4D–F; n = 7 for control+MK801 (closed circles) and 6
for CSH+MK801 (closed squares)].

When animals in each group were then exposed to acute
hypoxia, we did not observe any significant effects of either drug
treatment (CNQX or MK801) on any ventilatory variable; the
hypoxic changes in fR and VT in both groups were similar in
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FIGURE 5 | Inhibition of glutamatergic receptors modifies metabolic rate in normoxia but does not affect metabolic responses to acute hypoxia in naked mole rats.
(A–D) Summaries of O2 consumption rate (V̇O2; A,C); and CO2 production rate (V̇CO2; B,D) from naked mole rats exposed to 21% O2, before and after
intraperitoneal injections of the AMPAR antagonist 6-cyano-7-nitroquinoxaline-2,3-dione; (CNQX; 5 mg · kg−1; A,B) or the NMDAR antagonist dizocilpine (MK-801;
0.15 mg · kg−1; C,D), and subsequent exposure to acute hypoxia (7% O2). Data are presented as mean ± SD. Numbers in parenthesis indicate n values. ∗ Indicate
significant difference in acute hypoxia from normoxic controls. † Indicate significant difference between drug-treated animals acclimated in chronic hypoxia (CSH) vs.
normoxia. ‡ Indicate significant difference between pre- and post-injection groups; P < 0.05.

magnitude to those of the control animals. However, while VT
was still reduced in the CSH group relative to the control group
in both CNQX- and MK801-treated animals in both normoxia
and acute hypoxia, the difference was no longer significant.

Metabolic rate (i.e., V̇O2 and V̇CO2) was also reduced
following injection of either CNQX or MK801 in both control
and CSH groups during normoxia, although this effect was
only significant in the CNQX-treated animals (Figures 5A–D).
However, neither CNQX nor MK801 treatment affected the
acute hypoxic metabolic response in either group. Finally,
glutamate receptor inhibition had little effect on the ACRO2
and ACRCO2 during acute hypoxia in either control or CSH
group (Figure 6).

DISCUSSION

In the present study we set out to re-evaluate the acute
hypoxic ventilatory response and the occurrence of ventilatory
acclimatization to chronic hypoxia in naked mole rats using

more accurate body temperature measurements than in previous
studies. We also investigated the potential role of excitatory
glutamatergic signaling in the hypoxic ventilatory response
with and without acclimation to CSH. Our study yielded four
important findings. First, with the incorporation of more accurate
body temperature measurements in our calculations of VT, we
report that naked mole rats do not reduce V̇E when acutely
breathing hypoxic gas following acclimation to CSH. They do not
increase V̇E either, but, breathing patterns are altered by acute
hypoxia such that fR decreases and VT increases in an offsetting
fashion, and V̇E remains unchanged. Second, naked mole rats
exhibit a robust hypoxic metabolic response, and as a result,
they hyperventilate (i.e., express a relative hypoxic ventilatory
response, as indicated by an increase in their ACR). Third, naked
mole rats exhibit an atypical form of ventilatory acclimatization
to hypoxia in which levels of VT and V̇E decrease following CSH,
while metabolism is not affected by acclimation to CSH. Finally,
glutamatergic inhibition reduces V̇E through a decrease in fR, and
also reduces metabolic rate in normoxia in both control and CSH
groups. However, this intervention does not influence ventilatory
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FIGURE 6 | Inhibition of glutamatergic receptors does not enhance the hypoxic ventilatory response of naked mole rats breathing acute hypoxia. (A–D) Summaries
of the air convection requirement to O2 (ACRO2; A,C); the air convection requirement to CO2 (ACRCO2; B,D), from naked mole rats exposed to 21% O2, before and
after intraperitoneal injections of the AMPAR antagonist 6-cyano-7-nitroquinoxaline-2,3-dione; (CNQX; 5 mg · kg−1; A,B) or the NMDAR antagonist dizocilpine
(MK-801; 0.15 mg · kg−1, C,D), and subsequent exposure to acute hypoxia (7% O2). Data are presented as mean ± SD. Numbers in parenthesis indicate n values.
∗ Indicate significant difference in acute hypoxia from normoxic controls. † Indicate significant difference between drug-treated animals acclimated in chronic hypoxia
(CSH) vs. normoxia; P < 0.05.

or metabolic responses to acute hypoxia in either the control or
CSH group. To our knowledge, a lack of a role for glutamatergic
signaling in mediating the hypoxic ventilatory response is unique
among adult mammals.

Effects of Hypoxic Changes in Body
Temperature Measurements on
Tidal Volume Calculations
Our earlier studies and those from other laboratories reported
that naked mole rats do not exhibit a significant decrease in body
temperature in response to acute hypoxic or anoxic exposure
(Nathaniel et al., 2012; Pamenter et al., 2015a; Chung et al., 2016;
Park et al., 2017). It now appears that the body temperature
measurements in these studies were confounded, likely by heat
transfer during the experimental handling of awake animals
to measure rectal temperature (in our own studies), or the
use of anesthetics (in studies from other laboratories), which
reduce brown adipose tissue thermogenesis (Tatsumi et al.,
2004; Zhang et al., 2013). We recently reported that awake,
freely behaving naked mole rats rapidly reduce their body

temperature during acute hypoxia (Ilacqua et al., 2017; Kirby
et al., 2018), and reconfirm this finding here. In the present
study, at an ambient temperature of 29.0◦C, body temperature
decreased from 32.0 ± 0.2 to 30.5 ± 0.2◦C in acute hypoxia.
Relative to most other adult mammals, naked mole rats are poor
thermoregulators and have a resting body temperature that is
typically 1–2◦C above ambient temperature when held near their
thermoneutral zone (31–34◦C) (Buffenstein and Yahav, 1991;
Yahav and Buffenstein, 1991). While this does not leave much
room for body temperature to fall, the decrease measured here
is important. Accurate measurements of body temperature are
critical to the calculation of VT and therefore V̇E when using
barometric plethysmography (Mortola and Frappell, 1998, 2013).
When we use the body temperature values from the present study
in our calculations of VT, we find that relative to pre-injection
normoxic controls, fR is 26% lower in acute hypoxia (Figure 1B),
whereas VT is 73% higher (Figure 1C), while acute hypoxia does
not elicit a significant change in V̇E (Figure 1A). If we do not
correct for the small fall in body temperature, we see a smaller
increase in VT, and the same fall in V̇E reported in earlier studies
(data not shown).
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Acute Hypoxia Alters Breathing Pattern
but Not Total Ventilation While Chronic
Sustained Hypoxia Reduces Total
Ventilation
A central finding of our study is that CSH significantly reduces
VT and V̇E in naked mole rats. This was surprising given
that most adult mammals exhibit an increase in V̇E after CSH
(Pamenter and Powell, 2016), not a decrease. In all other adult
mammals, the manifestation of ventilatory acclimatization to
hypoxia is driven by a combination of increased sensitivity to
inspired O2 at the carotid bodies and to afferent excitatory
glutamatergic signals at the synaptic connections with the
carotid sinus nerve within the NTS (i.e., CNS gain; Kumar
and Prabhakar, 2012; Pamenter and Powell, 2016). While the
reverse phenotype seen in adult naked mole rats may represent
upregulation of inhibitory neurotransmission at the carotid body
or the NTS, or both, it may also reflect the observed lack of
involvement of excitatory glutamatergic signaling in the hypoxic
ventilatory response (see below). Regardless, in both control and
CSH animals, acute hypoxia alters breathing pattern (a reduction
in fR and an increase in VT) but not V̇E.

The Relative Hypoxic Ventilatory
Response Is Driven Entirely by a
Robust Hypoxic Metabolic Response
We observe that control naked mole rats undergo a robust
decrease in their V̇O2 during acute hypoxia of ∼65% relative to
normoxic values. This change is consistent with measurements in
similarly treated naked mole rats [65% (Chung et al., 2016) and
70% (Pamenter et al., 2015a)] Robust metabolic rate depression
during acute hypoxia is a hallmark response of neonatal rodents
(Bonora et al., 1984; Mortola et al., 1989; Mortola, 2004). In
neonatal rodents, the hypoxia-mediated fall in metabolic rate is
primarily due to a switching off of non-shivering thermogenesis
(Mortola, 1999). Naked mole rats are poor thermoregulators but
they do possess brown adipose tissue (Daly et al., 1997), and in
light of the neotenic changes in breathing pattern and metabolism
we see during acute hypoxia in this study, it is conceivable
that shutting down brown adipose tissue-mediated non-shivering
thermogenesis may play a role in the hypoxic decreases in both
V̇O2 and body temperature.

Naked mole rats also exhibit a fuel switch toward increased
reliance on carbohydrates with acute hypoxia. This response is
similar to that observed from other hypoxia-adapted rodents,
including murine species that live at high altitudes (Schippers
et al., 2012). The ATP yield per mole of O2 catabolized is 15–30%
higher when derived from carbohydrates than from lipids (due
to the higher energetic costs of breaking high energy bonds in
lipids) and thus a greater reliance on carbohydrate fuels would
increase energetic efficiency during acute hypoxia. This strategy
would be particularly useful in naked mole rats because they likely
experience hypoxia transiently during intense exercise and when
resting (e.g., when digging tunnels or sleeping, respectively) and
thus would have opportunities to replenish carbohydrate stores
while in more normoxic regions of their burrows. It is in these

normoxic regions that they rely more heavily on lipid energy
stores (as indicated from our normoxic RER calculations). In
CSH animals we observe a greater reliance on lipids, suggesting
that some form of metabolic remodeling occurs during CSH.
Endogenous carbohydrate stores are unlikely to be sufficient
to sustain metabolic needs during prolonged hypoxia, likely
leading to the reversal in fuel use compared to what is seen in
acute hypoxia.

Glutamatergic Receptors Are Not
Involved in the Naked Mole Rat’s
Hypoxic Ventilatory Response
We report that glutamatergic receptor inhibition reduces
ventilation and metabolic rate in normoxia but does not
impact the acute hypoxic ventilatory response or ventilatory
acclimatization to hypoxia. These findings were surprising
because excitatory glutamatergic signaling is the primary
neurotransmission pathway that underlies the acute hypoxic
ventilatory response and ventilatory acclimatization to hypoxia
in most other adult mammalian species (Pamenter and Powell,
2016). Conversely, in neonatal rodents a biphasic hypoxic
ventilatory response is observed that is primarily mediated by
inhibitory adenosinergic signaling (Elnazir et al., 1996; Johansson
et al., 2001). We have previously demonstrated that the acute
hypoxic ventilatory response of naked mole rats is also mediated
by inhibitory adenosinergic signaling (Pamenter et al., 2015a).
It is important to note that naked mole rats do express NMDARs
within their CNS (Peterson et al., 2012); however, our current
study indicates that these receptors are not involved in the
hypoxic ventilatory response. This finding is consistent with
the lack of a significant increase in V̇E under any hypoxic
condition in naked mole rats, which indicates a potential deficit
of function in excitatory signaling mechanisms related to the
control of breathing.

Study Limitations
The fact that we observe effects of CNQX and MK801
on breathing and metabolic rate in normoxia suggests that
these drugs and the concentrations we employed in our
study are efficacious in this species. However, glutamatergic
receptor antagonists were injected intraperitoneally and thus
their specificity of action must be interpreted with caution.
Unfortunately, the anatomy of naked mole rats, and specifically
the location of large muscle masses on the top of the cranium,
which are critical for eating, digging, and other social functions
within the colony, makes stereotaxic implantation of permanent
cannulas that target the respiratory brainstem detrimental to the
health and sociability of this species. However, intraperitoneal
injections of these same pharmacological agents have been used
previously in numerous studies in mice and rats to evaluate
a wide variety of physiological and behavioral responses (for
example: Velisek et al., 1995; Mead and Stephens, 1999; Berrino
et al., 2003; Murschall and Hauber, 2005; Reid and Powell,
2005; McGuire et al., 2008; Jeon et al., 2017; Xiang et al., 2018).
This large body of literature in which these drugs impacted
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physiological function following intraperitoneal injection (as in
our study) indicates that these agents successfully cross the blood
brain barrier to interact with AMPARs and NMDARs, which are
not found outside of the CNS. Importantly, a handful of studies
have successfully utilized intraperitoneal injections of MK801
to investigate the role of NMDARs in the hypoxic ventilatory
responses of rats (Reid and Powell, 2005; McGuire et al., 2008),
and these results have been subsequently supported by similar
findings using microinjection techniques targeted specifically
to respiratory brainstem regions (Pamenter et al., 2014a). It is
also important to note when either AMPARs or NMDARs were
antagonized in isolation, the other glutamatergic receptors that
was not targeted may have compensated to some degree, although
the impact of this is difficult to predict.

CONCLUSION

In the present study we demonstrate that naked mole rats
do not alter V̇E in response to acute hypoxia but nonetheless
mount a relative hypoxic ventilatory response, as indicated by
an increase in their ACR, mediated by a robust depression
of V̇O2. There is debate regarding the degree to which naked
mole rats experience hypoxia in their day to day lives, with a
recent study indicating that their burrows are not particularly
hypoxic (Holtze et al., 2018). However, measurements in this
study were limited to tunnel regions near recent burrow openings
and naked mole rats likely do experience significant periods
of hypoxia at their metabolic extremes: both within their
crowded and poorly ventilated nest chambers while sleeping
and resting, and when working at their aerobic limit to
dig and chew through densely packed soils. We speculate
that the lack of a net ventilatory response to acute hypoxia
represents an adaptation to regular exposures to intermittent
and variable periods of hypoxia, and effectively results in
a smoothed ventilatory phenotype in variable burrow O2
conditions. The apparent lack of a role for glutamatergic
signaling in the naked mole rat ventilatory response to acute
or chronic hypoxia is consistent with this speculation because
repeated or prolonged activation of glutamatergic pathways is

typically associated with synaptic plasticity and sustained changes
in the sensitivity of an organism to environmental stimuli
(i.e., ventilatory acclimatization to hypoxia), which would be
undesirable and energetically expensive for an organism that
frequently experiences variable levels of hypoxia while engaging
in highly divergent activity states.
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Glucocorticoid receptor (GR) signaling is critical for development and function of the
heart. Our previous study demonstrated that gestational hypoxia induced epigenetic
repression of the GR gene in the developing heart. The present study aims to determine
that the alterations of promoter methylation level and epigenetic repression of the GR
gene in the developing heart in response to maternal hypoxia is sustained in adult
offspring and potential gender differences in the programming of GR gene. Pregnant
rats were treated with 10.5% O2 from gestational day 15 (E15) to 21 (E21). Hearts were
isolated from 5-month-old male and female offspring with the developing stage being
equivalent to 18-year-old human. GR mRNA and protein abundance was determined
with real time qRT-PCR and Western blot. GR gene promoter methylation and binding of
transcription factors were measured with methylated DNA immunoprecipitation (MeDIP)
and Chromatin immunoprecipitation (ChIP). The results showed that antenatal hypoxia
significantly decreased the expression of GR mRNA and protein in the hearts of adult
male offspring, but not in females, which is ascribed to the differential changes of
alternative exon1 mRNA variants of GR gene in male and female hearts in response to
prenatal hypoxia. In addition, the downregulation of GR expression in the male heart was
correlated with increased methylation levels of CpG dinucleotides in promoters of exon
14, 15, 16, 17, and 110, which resulted in a decrease in the binding of their transcription
factors. Thus, the study reveals that antenatal hypoxia results in a reprogramming
and long-term change in GR gene expression in the heart by hypermethylation of GR
promoter in a sex-differential pattern, which provides a novel mechanism regarding the
increased vulnerability of heart later in life with exposure of prenatal hypoxia.

Keywords: hypoxia, glucocorticoid receptor, programming, heart, DNA methylation, sex

INTRODUCTION

Numerous human and animal studies have shown that prenatal and early neonatal environments
change developmental trajectories of the heart and contribute to the individual life-long health
problems such as cardiology disorders (Barker, 2004; Gluckman and Hanson, 2004; Dasinger
and Alexander, 2016; Morton et al., 2016). Hypoxia is one of the most common consequences
in complicated pregnancy (Hutter et al., 2010; Giussani and Davidge, 2013). The clinical signs
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include insufficient uterine blood flow, increased placental
vascular resistance, reduced umbilical cord blood flow and
decreased oxygen level. In clinical practice, anemia or increased
fetal oxygen consumption may lead to fetal hypoxia. The fetus
is able to make a series of adaption to hypoxia challenge,
which helps to ensure its survival. However, this “developmental
plasticity” may cause health problems in adulthood (Nathanielsz,
2006). Indeed, the theory of developmental origin of health
and disease (DOHaD) proposes that vulnerabilities of human
to chronic maladies, to some extent, depend on physiological
changes in the womb in response to environmental changes
during the prenatal period (McMillen and Robinson, 2005).
There is a common notion that intrauterine hypoxia can
induce long term “stress response” (Giussani et al., 2014;
Ramamoorthy and Cidlowski, 2016). Recent progress has been
made in demonstrating the cardiovascular disorder in adult
offspring following prenatal hypoxia. Rook et al. (2014) reported
that fetal programming induced by prenatal hypoxia led to
increased sympathetic activity in the central nervous system
and hypertension in middle-age rats. A study from Camm
et al. (2011) using rodents suggested that prenatal hypoxia was
linked to the insulin resistance in adult offspring. We also
determined that prenatal hypoxia increased the susceptibility of
adult offspring to cardiac ischemia/reperfusion injury in rats,
which was associated with a decreased expression of PKCε, a
cardiac protective gene. Mechanistically, further study revealed
that promoter hypermethylation of PKC gene was the primary
mechanism responsible for the downregulation PKC gene in
rat heart after prenatal hypoxia, which was reversed by DNA
methylation inhibitors (Patterson and Zhang, 2010).

In addition to PKC gene, glucocorticoid profoundly affects the
development and maturity of the cardiovascular system (Waffarn
and Davis, 2012; Xiong and Zhang, 2013; Xiong et al., 2016).
This hormone exerts its functions by activation of glucocorticoid
receptor (GR, NR3C1) (Oakley and Cidlowski, 2015). Altered
GR signal system is associated with cardiovascular diseases
(Seremak-Mrozikiewicz et al., 2014). It has been determined
that GR pathway is programmed in response to prenatal
adverse environments, and such programming changes have been
observed in adulthood (Speirs et al., 2004; Hadoke et al., 2009;
Giussani and Davidge, 2013; Bellisario et al., 2015; Caldwell et al.,
2015; Anwar et al., 2016). All of this evidence suggests that
GR plays a key role in heart development and functions, and
the GR reprogramming in the early stage of life may affect the
health in adulthood (McCormick et al., 2000; Reynolds, 2013;
Rog-Zielinska et al., 2013). It has been documented that the
changes in DNA methylation levels of GR gene play an important
role in regulating the effect of glucocorticoid in fetal growth,
tissue development and blood pressure. Our previous study
demonstrated that prenatal hypoxia suppressed the expression
of GR gene via promoter hypermethylation in the developing
heart, ultimately leading to the development of ischemia-sensitive
phenotype in offspring (Xiong et al., 2016). However, whether
reprogramming of GR in the developing heart could continue
into adulthood remains unknown.

In the present study, we investigated the epigenetic regulation
of GR gene in the heart of adult offspring in response to prenatal

hypoxia. We found that prenatal hypoxia significantly decreased
the expression of GR in the hearts of adult male offspring, but not
females. Furthermore, the downregulation of GR gene in the male
heart was correlated with increased methylation levels of CpG
dinucleotides in alternative promoters of exon 1 and decreased
the binding of transcription factors CREB and SP1 to promoters
of exon 14, 15, 16, 17, and 110. The present study sought to
explore the mechanistic link between prenatal hypoxia and the
GR reprogramming in adult offspring in rats.

MATERIALS AND METHODS

Experimental Animals
Time-dated pregnant Sprague-Dawley rats were purchased from
Charles River Laboratories (Portage, MI, United States). Pregnant
rats were randomly divided into normoxic (21% O2) and hypoxic
(10.5% O2) group from E15 to E21 as previously described
(Xiong et al., 2016). When offspring grow to 5 months old,
rats were anesthetized with isoflurane (5% for induction, 2% for
maintenance) in oxygen (2 L/min for induction, 1 L/min for
maintenance) and hearts were removed. The left ventricle of the
heart was isolated, immediately frozen in liquid nitrogen, and
stored at −80◦C until analysis. About 10 dams were used for this
study. Each experiment group included offspring from at least
two litters. To avoid the potential effect of litter size on the result,
only the litters with 8–10 pups were used. All procedures and
protocols were approved by Institutional Animal Care and Use
Committee of Loma Linda University. All experiments followed
the guidelines of the National Institutes of Health Guide for the
Care and Use of Laboratory Animals.

Western Blot
Heart tissue was extracted for protein using RIPA lysis
buffer (Life Technologies, Carlsbad, CA, United States) and
proteinase inhibitors cocktail (Pierce Biotechnology, Rockford,
IL, United States). Protein concentrations were measured
using the BCA kit (Pierce). Samples with equal amounts
of proteins were separated by SDS-PAGE and transferred
onto Immobilon-P membranes (Millipore Corporation, Billerica,
MA, United States). After blocking with 5% non-fat milk
in TBS (blocking buffer) for 2 h at room temperature,
membranes were then incubated with primary antibodies against
GR (1:1000; sc-1002; Santa Cruz Biotechnology, Santa Cruz,
CA, United States) or β-actin (1:6000; A5316; Sigma-Aldrich,
St. Louis, MO, United States) in blocking buffer at 4◦C
overnight followed by secondary antibody (1:4000; Santa Cruz
Biotechnology) for 1 h at room temperature. The bands were
visualized using Amersham ECLTM Western Blotting Detection
Reagents (GE Healthcare, United States), and the blots were
exposed to Hyperfilm. The results were analyzed using the
Kodak ID image analysis software. GR protein abundance was
normalized to β-actin.

Real-Time RT-PCR
TRIzol reagent (Life Technologies) was used for isolating heart
tissue RNA. SuperScript First-Strand Synthesis Kit was used for
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reverse transcription reaction (Life Technologies). Primers used
were listed in Table 1. A real-time PCR reaction mixture was
25 µl. The following PCR program on iQ SYBR Green Supermix
(Bio-Rad, Hercules, CA, United States) was used: 95◦C 10 min,
1 cycle, 95◦C 15 s, 60◦C 30 s, 72◦C 30 s, 40 cycles, and 72◦C
10 min, 1 cycle. PCR was conducted in triplicates and averaged
threshold cycle numbers were accepted for each sample. The
specificity was examined using 3% agarose gel with 5 µl products
from each reaction.

Methylated DNA Immunoprecipitation
(MeDIP)
Methylated DNA Immunoprecipitation assay was performed
with the MeDIP kit (Active Motif) following the manufacturer’s
instructions. Briefly, genomic DNA was extracted from heart
tissue and purified by standard procedures. Genomic DNA
was sheared through sonication to produce random fragments
between 200 to 1,000 bp. DNA fragments were denatured at
95◦C in order to yield single stranded DNA fragments and
incubated with the 5-mC antibody to precipitate DNA containing
5-mC, which was captured by the magnetic beads. The 5-mC
antibody pull-down DNA and input DNA were then purified with
phenol/chloroform extraction and subjected to quantitative real-
time PCR analysis. Sequence of primers flanking the appropriate
GR promoters was listed in Table 1.

TABLE 1 | Primer sequences.

Forward Reverse

exon1.4 AAGCAACACCGTA
ACACCTT

AGAAGCAGCAG
CCACTGA

exon1.5 CATGCAACTTC
CTCCGAGT

exon1.7 GGAGCCTGGGAGAA
GAGAAA

exon1.11 GCCGCAGAGAAC
TCAACAG

exon1.10 CACGCCGACTT
GTTTATC

TCTGCTGCTTG
GAATCTG

exon1.6 ACCTGG CGG CAC
GCG AGT

GCAGCCACTGAGG
GCGAAGA

exon1.9 GTCAGTGCCTGG
AGCCCGAG

AGCAGCCACTGA
GGGCGAAG

GR AGGTCTGAAGAGCC
AAGAGTTA

TGGAAGCAGTAGGTAA
GGAGAT

actin TCAGGTCATCACT
ATCGGCAAT

ACTGTGTTGGCAT
AGAGGTCTT

GR-IP-1.4 AAAGAACGACTC
GGGTTTGA

CTCTGCCTGACC
TCTTGGAG

GR-IP-1.5 ACAGCTGGACG
GAGCTAAAA

CCCGAATCTTGA
CATTTGCT

GR-IP-1.6 GGGTTCTGCTTT
GCAACTTC

GAGAGGGTCAGC
GCATACAT

GR-IP-1.7 GACACACTTCG
CGCAACTC

CACCCAAGGAACGA
GAAAAA

GR-IP-1.10 GGGACGGATTCTA
AGTGGGT

AGATAAACAAGT
CGGCGTGC

FIGURE 1 | Maternal hypoxia decreased the expression of GR protein and
mRNA. Left ventricle of hearts was isolated from 5-month-old male and
female offspring exposed to normoxia or hypoxia from E15 to E21. (A) GR
mRNA abundance was determined by quantitative real-time RT-PCR. (B) GR
protein abundance was determined using Western Blot analysis. Data are
mean ± SEM, n = 4–5 (∗p < 0.05, hypoxia vs. control).

Chromatin Immunoprecipitation (ChIP)
Chromatin Immunoprecipitation assay was performed using
the Chip-IT Express Kit (Active Motif) as previously described
(13, 26). Briefly, tissues were minced and protein-DNA
complexes were fixed with 1.5% formaldehyde. Tissues were then
homogenized in lysis buffer (10 µg/mL Leupeptin, 10 µg/mL
Aprotinin, and 1 mM PMSF) on ice. Samples were sonicated to
shear chromatin to an average length between 200 and 1,000 bp.
After incubation with antibodies against CREB (binding site
at – 4408 and – 3896) (#4820; Cell Signaling, Danvers, MA,
United States) or Sp1 (binding site at – 3425 and – 3034)
(39058; Active Motif), magnetic beads (50 µl) were added
into the samples. Crosslinking was then reversed using a salt
solution and proteins were digested with proteinase K. The
antibody-pulled chromatin extracts were then subjected to real-
time quantitative PCR analysis using two primers that flank the
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predicted transcription factor binding sites at GR promoters, as
described above in MeDIP (Xiong et al., 2016).

Statistical Analysis
Statistical analysis was performed with repeated-measures
ANOVA (MANOVA) followed by Tukey post hoc test or Student’s
t-test (unpaired, 2-tailed), where appropriate. All data were
expressed as means ± SEM, and statistical significance was
set at p < 0.05. Statistical analyses were performed using
GraphPad Prism software.

RESULTS

Prenatal Hypoxia Sex-Differentially
Regulated GR Expression in the Heart of
Adult Offspring
The effect of prenatal hypoxia on GR expression in the heart
was detected in male and female adult offspring. The abundance
of cardiac GR mRNA and protein was significantly decreased in
male adult offspring, but not females, with exposure of prenatal
hypoxia, as compared to normoxic controls (Figures 1A,B).
This data suggests that prenatal hypoxia causes a sex-differential
regulation of GR expression in the hearts of adult offspring.

Prenatal Hypoxia Sex-Differentially
Altered GR Alternative Exon 1 mRNA
Variants in the Hearts of Adult Offspring
Considering that GR total mRNA consists of transcripts
containing multiple exon1 variants, we further determined the
effect of prenatal hypoxia on the transcriptions of GR variants.
Since GR exon11−3 was not expressed in the heart (McCormick
et al., 2000), our following experiments focused on the proximal
exon 14−11. Quantitative RT-PCR was carried out using primers
designed to amplify specific transcripts containing GR exon 14 to
exon 111. For each set of primers, forward primers were located
in the exon1, while reverse primers were located in the common
exon 2 region. The result showed that transcripts of exon 14, 15,
16, 17, and 110 were significantly decreased in the heart of male
adult offspring with exposure of prenatal hypoxia. Among all
exon 1 mRNA variants, the 14, 17, 19, and 111 containing mRNA
is predominantly expressed in the heart of adult males (Figure 2).

Prenatal Hypoxia Increased the
Promoter Methylation Levels of GR
Alternative Exon 1 mRNA Variants in the
Hearts of Male Offspring
Our previous study has determined that prenatal stress affects
GR gene expression through hypermethylation of GR promoter
(Xiong et al., 2016). Therefore, we next determined the effect of
prenatal hypoxia on the methylation levels of the GR promoter
14, 15, 16, 17, and 110 by precipitation of methylated DNA and
subsequent PCR analysis in the heart of adult males. As shown
in Figure 3, the general methylation levels of promoter 14, 15, 16,

17, and 110 were significantly increased in adult males exposed to
prenatal hypoxia, as compared to normoxic control.

Prenatal Hypoxia Decreased the Binding
of Transcription Factors to GR
Alternative Exon 1 Variant Promoters
The regulating region of GR gene is embedded in a CpG island
with many CpGs that could potentially be methylated. Multiple
putative transcription factor binding sites with CpGs were found
at the GR promoter, including CREB (cAMP response element-
binding proteins) response elements and Sp1 binding sites. To
investigate the in vivo effect of hypoxia-caused hyper-methylation
in GR regulation, the binding of CREB to GR promoter 14 and 15,
and the binding of Sp1 to promoter 16, 17, and 110 were further
determined in the male offspring heart by ChIP assay. As shown
in Figure 4, prenatal hypoxia significantly decreased the binding
of CREB to GR promoter 14 and 15, as well as reduced the binding
of Sp1 to promoter 16, 17, and 110.

DISCUSSION

Our previous study has determined that prenatal hypoxia results
in downregulation of GR expression mainly via promoter
hypermethylation in the developing heart. In the present study,
we found that the expression of GR was significantly reduced
in the heart of adult offspring exposed to prenatal hypoxia and
the downregulation of GR gene showed a sex-differential pattern.
Moreover, we determined that epigenetic modification was the
major mechanism in regulating GR expression in response to
prenatal hypoxia by showing increased methylation of CpG
dinucleotides in the GR promoters of exon 14, 15, 16, 17, and
110, which caused the decrease of transcription factor binding
activities. This study advances our understanding of the role
of GR reprogramming in the development of ischemic-sensitive
phenotype in the heart of adulthood.

Maternal stress has been increasingly recognized for its
important contribution to the development and progression of
cardiac diseases in later life. The hypothalamic-pituitary-adrenal
axis (HPA) is activated in response to stress, and then results in
the release of glucocorticoids from the adrenal gland (Waffarn
and Davis, 2012; Xiong and Zhang, 2013; Xiong et al., 2016).
As the primary stress hormone in humans, glucocorticoids act
on numerous target tissues to regulate a plethora of biological
processes. The physiological and pharmacological actions of
glucocorticoids are mediated by GR, a member of the nuclear
receptor super family of ligand-dependent transcription factors
(Leonard et al., 2005; Turecki and Meaney, 2016; Vitellius
et al., 2016). A recent study using transgenic mice revealed
that GR signaling was critical for the normal development and
functions of the heart (Oakley et al., 2013). Moreover, GR
in peripheral tissue plays a critical role in the development
of chronic diseases (Inoue et al., 2016; John et al., 2016;
Kaya et al., 2016; Lee et al., 2016). We have determined that
GR downregulation promotes the development of ischemic-
sensitive phenotype in the developing heart, leading to increased
vulnerability of the heart in offspring to ischemia/reperfusion
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FIGURE 2 | Effects of prenatal hypoxia on the expression of GR exon 1 variants in the hearts of adult male and female offspring. Up panel, diagrammatic
representation of GR gene structure. The mRNA abundance of GR exon 1 variants of the 5-month-old male was determined by quantitative real-time RT-PCR. Data
are mean ± SEM, n = 5 (∗p < 0.05, hypoxia vs. control).

FIGURE 3 | DNA methylation levels of GR exon 1 promoters in the hearts of male adult offspring. Methylation of promoter region of GR exon 14, 15, 16, 17, and 110

in the heart was determined by MeDIP. F, forward primer, R, reverse primer. Data are mean ± SEM, n = 5 (∗p < 0.05, hypoxia vs. control).
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FIGURE 4 | Effects of prenatal hypoxia on the binding of CREB and Sp1 to GR exon 1 promoters in the hearts of male adult offspring. Up panel, diagrammatic
representation of the putative transcription factor binding sites at GR promoter and the relative location of primer set. Binding of CREB and Sp1 to GR promoter was
determined by ChIP assay. Data are mean ± SEM, n = 5 (∗p < 0.05, hypoxia vs. control).

injury (Inoue et al., 2016). Following this study, the present
study further demonstrated that GR protein and mRNA levels
were decreased in the heart of adult offspring following prenatal
hypoxia. Moreover, repression of the GR gene in adult offspring
was through a gender-difference pattern showing a significant
downregulation of GR expression in male adult offspring, but
not females. This finding is in consistence with the notion
that females and males showed different response in the
pathophysiology of cardiovascular diseases (Regitz-Zagrosek,
2006; Ostadal et al., 2009), and the heart of females had
higher tolerance to cardiac injury following ischemia/reperfusion
insult than males (Murphy and Steenbergen, 2007). It has been
documented that female sex hormone estrogen may play a key
role in the sex-differential response to cardiac injury, which has
been reported to reduce the risk of ischemic heart disease and
provide cardioprotective effect in myocardial ischemia (Giardina,
2000; Ross and Howlett, 2012). However, as a key hormone
in response to stress, glucocorticoids also protected against
myocardial ischemia/reperfusion injury (Filep, 2014). Thus, our
finding provided a new mechanism in explaining the sex-
differential resistance to heart insult.

We next focused on the expression of GR gene by targeting
exon 1 promoter, which has multiple alternatives responsible
for GR expression in response to fetal hypoxia. McCormick
et al. (2000) demonstrated that GR exon 1s were differentially
expressed at variant levels in tissues of adult rats. Among the
relatively abundant GR exon 1s, exon 110 was found to be
accounting for at least half of total GR transcripts while exon

16 contributed about 10–20% of total GR mRNA in the adult
heart. Our previous study has detected the expression of all
proximal GR exon 1s, except for exon 18, in the near term fetal
rat heart after prenatal hypoxia, and found a significant decrease
of GR exon 14, 15, 16, and 17 transcripts, leading to reduced GR
levels in the fetal heart (Xiong et al., 2016). In the present study,
using real-time PCR that is both sensitive and quantitative, we
found that prenatal hypoxia deferentially altered GR alternative
exon1 mRNA variants in adult male offspring. Compared with
the normoxia, the expression of exon 14, 15, 16, 17, and 110 was
significantly decreased while other exon1S were unchanged in the
heart of male offspring with prenatal hypoxia, which was similar
to the expression of exon1s in the fetal heart (Xiong et al., 2016).
As for which exon1 form(s) make the major contribution remains
elusive, and further study will be needed to investigate the role of
the alternative GR promoters in this process.

Epigenetic gene regulation, especially the cluster (islands) of
methylated cytosine, guanine, dinucleotide (CpG), established
in embryogenesis and shortly after birth, plays an important
role in the stability of specific gene silencing (Deaton and Bird,
2011). Many gene promoter regions containing several CpG
dinucleotide are usually affected by changes of methylation.
The functional consequences of promoter methylation on
transcriptional regulation have been extensively documented
including GR (Deaton and Bird, 2011; Xiong et al., 2016).
The proximal CpG islands of GR gene, which located
about 5 Kb upstream of the GR exon 2, was found to
be highly structured and conserved in human and rodents
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(McCormick et al., 2000). This CpG-rich region encodes multiple
alternative first exons that show remarkable similarity between
human and rats (Nunez and Vedeckis, 2002; Turner and
Muller, 2005; Turner et al., 2006, 2014). The role of epigenetic
mechanisms, especially DNA methylation, in the regulation of
GR expression by intrauterine hypoxia, and the methylation at
promoter 14, 15, 16, 17 in newborn heart has been suggested in
our previous study (Xiong et al., 2016). In the present study,
we further determined methylation levels of critical CpGs in
GR promoter by using an anti-mC antibody that specifically
recognizes the methylated cytosine, and the general methylation
level of each promoter was determined. In addition to promoter
14, 15, 16, 17, we found that the methylation levels of promoter
110 were increased in the heart of adult male offspring. This
data demonstrated that the epigenetic regulation of GR was
shown to be highly continuity from newborn to adulthood after
prenatal hypoxia. Since the distance between adjacent alternative
promoters are very short, MeDIP may just reflect a general
methylation level changes of alternative promoters of GR exon
1, but may not specify alternative promoters. However, the
result of transcription factor binding assay by ChIP showed
that maternal hypoxia significantly decreased transcription factor
binding at the promoters of exon 14, 15, 16, 17, and 110,
providing support for the increased methylation level at these
specific locations.

It has been documented that multiple transcription factor
binding sites with CpG-rich regions locate at the GR promoter,
and alternations of DNA methylation level determine GR
expression (Suehiro et al., 2004; Turner et al., 2014; Xiong et al.,
2016). We have determined transcription factor binding sites of
GR promoter exon 1s, including CREs binding sites at promoter

14, 15, and Sp1 binding sites at promoter 16, 17, 110. Hypoxia
induced CpG hypermethylation at those sites contributed to
the decreased binding of transcription factors to the structure
of GR gene in fetal heart (Xiong et al., 2016). In the present
study, we found that prenatal hypoxia increased the methylation
of promoter exon14−7, 110 in adult male offspring, disturbing
transcription factor Sp1 binding to exon14, 15, and CRE binding
to exon16, 17, 110, resulting in reduced GR gene expression.

In summary, in the present study we revealed that prenatal
hypoxia resulted in sex-differential GR gene suppression by
promoter hypermethylation in the heart of adult offspring. Our
previous study has determined that prenatal hypoxia induced GR
repression in the developing heart. This study further establish
the mechanistic link between prenatal hypoxia and epigenetic
regulation of GR expression in adult offspring in rats. Thus, our
finding highlighted the critical role of GR not only in developing
heart after birth, but also in the hearts of adults.
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INTRODUCTION

In this Opinion, adaptations to hypoxia are examined during the short time domains of breath
holds from three accomplished diving animals: northern elephant seals (Mirounga angustirostris),
California sea lions (Zalophus californianus), and emperor penguins (Aptenodytes forsteri). Review
of dive behavior, oxygen (O2) storage, and arterial blood O2 profiles during dives reveals that
the elephant seal undergoes the most frequent and extreme hypoxemia. Exceptional breath hold
durations, routine hypoxemia, established research protocols, and accessibility to the animals make
the elephant seal stand out for physiological investigation and evaluation of biochemical/molecular
adaptations in hypoxemic tolerance, protection against re-perfusion injury, and O2 transport
during dives.

The northern elephant seal and southern elephant seal (M. leonina) are the premier pinniped
divers (Le Boeuf et al., 1988; Hindell et al., 1991, 1992; Hassrick et al., 2010; Robinson et al., 2012).
During several month-long trips to sea, these animals spend 80–90% of their time underwater,
perform routine dives of 20–30min duration to average depths >400m, have short inter-dive
surface intervals that average two min, and typically gain about one kg d−1 in body mass.

In contrast to elephant seals, California sea lions only spend about 30% of their time
at sea diving (Feldkamp et al., 1989). Most dives are <100m in depth and between 1 and
4min in duration (McDonald and Ponganis, 2013; Tift et al., 2017). However, dependent on
geographic location, climate variability, and prey distribution, these sea lions can regularly
perform 10-min dives to 400–500m, with the current longest reported dive of 16min
(Melin et al., 2008; McHuron et al., 2016, 2018).

Emperor penguins are the premier avian divers; they exploit the entire water column to
depths >500m. Shallower dives are up to 5–6min in duration while deep dives are about
10min (Kooyman and Kooyman, 1995; Kirkwood and Robertson, 1997; Sato et al., 2011). The
longest dive documented by a continuous dive profile in an emperor penguin is 27.6min. During
foraging trips to sea, emperor penguins spent about 31% of their time resting on the sea ice
(Watanabe et al., 2012).
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O2 STORES: MAGNITUDE, DISTRIBUTION
AND UTILIZATION

Themagnitude and distribution of respiratory, blood, andmuscle
O2 stores are dependent on diving lung volume, blood volume,
hemoglobin (Hb) concentration, muscle mass, myoglobin (Mb)
concentration, and the quantity of extractable O2 from each
store (i.e., reduction in Hb saturation during a dive). As recently
reviewed (Ponganis, 2015), total body O2 stores have been
estimated at 94, 55, and 68ml O2 kg−1 body mass for elephant
seals, California sea lions, and emperor penguins, respectively.
The distribution of these stores varies considerably with 68, 39,
and 31% in the blood, 28, 48, and 36% in muscle, and 4, 13, and
33% in the respiratory system of elephant seals, California sea
lions, and emperor penguins, respectively.

The cardiovascular dive response (the decrease in heart rate
(bradycardia) and increase in peripheral vascular resistance
associated with a breath hold) and pulmonary gas exchange
play a critical role in blood O2 utilization and arterial
partial pressure of O2 (PO2) profiles during dives. Heart
rate is a primary determinant of pulmonary blood flow and,
consequently, extraction of O2 from the lung. Vasoconstriction
and redistribution of peripheral blood flow which accompany the
bradycardia result in a decreased blood O2 extraction by tissue,
thus slowing the depletion rate of the blood O2 store (Irving et al.,
1941; Valtin, 1973; Lutz et al., 1975; Kvietys and Granger, 1982).
Elephant seals, California sea lions, and emperor penguins all
display variability in the degree of diving bradycardia which can
be dependent on the depth and nature of a given dive (Andrews
et al., 1997; Meir et al., 2008; McDonald and Ponganis, 2014;
Wright et al., 2014).

Cessation of gas exchange at depth due to alveolar collapse
(100% pulmonary shunt) also affects arterial oxygenation
patterns during dives in marine mammals (Kooyman et al.,
1970, 1973a; Kooyman and Sinnett, 1979, 1982; Falke et al.,
1985; Fahlman et al., 2009, 2017; McDonald and Ponganis,
2012). In penguins, it is unclear if gas exchange ceases at
depth (Kooyman et al., 1973b).

ARTERIAL PO2 AND HEMOGLOBIN
SATURATION PROFILES DURING DIVES

Arterial PO2 profiles and calculated Hb saturation profiles have
been obtained during dives of these three species (Figure 1) with
use of intravascular PO2 electrodes, backpack bio-loggers, and
O2-Hb dissociation curves on free-diving animals (Meir and
Ponganis, 2009; Meir et al., 2009; McDonald and Ponganis, 2012,
2013; Tift et al., 2017, 2018). Among these three elite divers, it is
the elephant seal that experiences routine and extreme arterial
hypoxemia with arterial Hb saturations below 80% for ∼80%
of dive durations (Figure 1). Although hypoxemia likely occurs
in the other two species, it is notable that their arterial Hb
saturations can remain above 90% for almost 90% of the dive
duration (Figure 1). In sea lions and penguins, the maintenance
of high arterial Hb saturations throughout much of the dive
are attributable, at least in part, to (a) diving on inspiration not

expiration (Sato et al., 2002; Fahlman et al., 2008; McDonald
and Ponganis, 2012; Tift et al., 2017), (b) larger respiratory
fraction of total O2 stores, and (c) maintenance of gas exchange
at deeper depths.

The elephant seal also experiences significant arterial Hb
desaturation during its spontaneous, frequent sleep apneas on
land (Stockard et al., 2007). All these studies reveal that elephant
seals encounter hypoxemia far more often in their life cycle than
either California sea lions or emperor penguins. Based upon the
Krogh Principle (Krebs, 1975), elephant seals are ideal models for
investigation of the physiological and biochemical mechanisms
of hypoxemic tolerance in divers.

CEREBRAL HYPOXEMIC PROTECTION

In general, there are three factors in seals that contribute
to enhanced brain O2 delivery during breath holds: (a) high
Hb concentrations, (b) hypercarbia (leading to decreased Hb-
O2 affinity and an increase in cerebral blood flow, and (c)
increased brain capillary density (Kerem and Elsner, 1973). In
addition, selective brain cooling and potential cerebro-protection
can occur via arterio-venous shunting in the foreflippers with
brain temperature declines of 3–4◦C during 15-min forced
submersions (Blix et al., 2010). Some notable biochemical and
molecular adaptations in the seal brain include: (a) a 3-fold
elevation in brain glycogen, (b) normal lactate dehydrogenase
(LDH) activity with >70% LDH 1 and 2 isoenzymes (lactate
oxidation), primarily located in glial cells, (c) increased gene
expression of S100B (a stress protein with calcium binding
activity), clustrin (an extracellular chaperone molecule), and
most glycolytic enzymes, but decreased expression of pyruvate
dehydrogenase, and (d) normal neuroglobin and cytochrome
oxidase gene expression, but, in contrast to terrestrial mammals,
located in glial cells (Mitz et al., 2009; Schneuer et al., 2012;
Czech-Damal et al., 2014; Fabrizius et al., 2016; Hoff et al.,
2016, 2017). The ability to study elephant seals during their
voluntary sleep apnea events, which can include routine ten-
min breath holds even inside an NMR scanner (Ponganis et al.,
2008), make them ideal model organisms to investigate metabolic
rate, glucose consumption, and blood flow in brain and muscle
with advanced scanning techniques, such as functional magnetic
resonance imaging, positron emission tomography, and near-
infrared diffuse correlation spectroscopy (Ridgway et al., 2006;
Smith et al., 2013; Shang et al., 2017).

AVOIDANCE OF RE-PERFUSION INJURY

Re-perfusion injury occurs when O2-rich blood returns to
previously ischemic and hypoxic tissues, and is often associated
with reactive oxygen species (ROS) generation, intracellular
calcium accumulation, and inflammation (Powers and Jackson,
2008). In the seal heart, although a 10-fold elevation in glycogen
content may provide a large glycolytic energy store and prevent
intracellular calcium accumulation during ischemia/hypoxemia,
an impressive 25-fold elevation in glutathione content should
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FIGURE 1 | Arterial partial pressure of oxygen (PO2) and hemoglobin (Hb) saturation profiles in elephant seals, California sea lions and emperor penguins. Depth and

PO2 profiles are depicted for each species in the upper panel. The shape of the arterial PO2 profiles of individual dives are dependent on the magnitude and

distribution of O2 stores in each animal, depth of dive, and on multiple factors within a dive, including heart rate, lung O2 extraction, peripheral O2 delivery (i.e., the

intensity of the dive response), lung or air sac volume and compression with depth, and the depth at which pulmonary gas exchange ceases in mammals (alveolar

collapse, i.e., 100% pulmonary shunt). Shaded areas indicate dives; time scale is different for each species. In the lower panel, Hb saturation profiles for a single dive

in each species were constructed with their respective O2-Hb dissociation curves and an arterial PO2 profile. In elephant seals, arterial Hb saturation is below 80% for

most of the dive. In contrast arterial Hb saturations in sea lions and emperor penguins remain above 90% for most of the dive. Time scale is percentage of time of total

dive duration. Adapted from prior publications (Meir and Ponganis, 2009; Meir et al., 2009; McDonald and Ponganis, 2012, 2013).

also enhance the potential for scavenging of ROS during re-
perfusion (Henden et al., 2004; Vázquez-Medina et al., 2007).
Significant elevations in glutathione content were also found
in seal kidney, lung, and muscle. In all tissues, enzymes
associated with the recycling of glutathione were elevated. In
addition to enhanced scavenging of ROS, it has also been
found that the whole blood inflammatory response of seals on
exposure to a potent endotoxin (lipopolysaccharide—LPS) is
significantly blunted (Bagchi et al., 2018). Interleukin-6 cytokine
production in blood was 50–500 times lower in elephant seals
and Weddell seals (Leptonychotes weddellii) than in humans.
Lastly, endogenous carbon monoxide (CO) levels are high in
these two species with carboxyhemoglobin levels as high as
10% in elephant seals (Pugh, 1959; Tift et al., 2014). Such high
CO levels raise the possibility that CO may play a role in
the prevention of inflammatory responses during re-perfusion.
Exposure to moderate levels of exogenous CO has shown
to exhibit potent anti-inflammatory effects (Motterlini and
Otterbein, 2010). Again, elephant seals represent ideal models

for further investigation in re-perfusion injury avoidance and the
physiological role of endogenous CO, with established protocols
in place to examine tissue stress responses and collect serial blood
samples during voluntary breath-holds (Stockard et al., 2007;
Vazquez-Medina et al., 2011a,b; Tift et al., 2013, 2014).

O2 TRANSPORT: HEMOBLOBIN
O2 AFFINITY

Although the presence of carboxyhemoglobin should decrease
the start-of-dive blood O2 store of the elephant seal, the
increased Hb-O2 affinity induced by the presence of CO may be
beneficial for O2 delivery during dives. Increased Hb-O2 affinity
is advantageous during severe hypoxia because it promotes O2

uptake from the lung and increases the O2 content of blood at
a given arterial PO2. The Hb-O2 affinity is increased in penguins
and in a variety of mammals and birds adapted to live in hypoxic
environments or at high altitude (Milsom et al., 1973; Black
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and Tenney, 1980; Weber, 2007; Meir and Ponganis, 2009; Storz
et al., 2010; Storz, 2016; Weber et al., 2017). In many pinnipeds,
including elephant seals, the Hb-O2 affinity is not known to be
high; their P50 values (PO2 at 50% Hb saturation: low values =
high Hb-O2 affinity) were 25–30mm Hg (3.3–4.0 kPa) which
resemble values seen in hypoxia intolerant species (Lenfant et al.,
1969, 1970; Qvist et al., 1981; Meir et al., 2009; McDonald and
Ponganis, 2013). However, in several species of cetaceans, high
Hb-O2 affinities have been reported, with P50 values ranging from
19 to 25mm Hg (2.5–3.3 kPa) (Horvath et al., 1968; Dhindsa
et al., 1974; Vedvick and Itano, 1976). In the manatee, the
P50 was near 16mm Hg (2.1 kPa) (White et al., 1976; Farmer
et al., 1979). The lack of a relative increase in Hb-O2 affinity of
pinnipeds in contrast to that in other divers (penguins, cetaceans,
manatees) warrants further investigation of carboxyhemoglobin
levels, blood O2 contents, O2-Hb binding characteristics in the
presence vs. absence of CO, and blood-to-tissue O2 transfer. The
elephant seal is ideal with its high CO values, long dives and
sleep apneas, its established research/blood sampling protocols
(translocation studies at sea and sleep apnea studies on land), and
its accessibility for research (Stockard et al., 2007; Ponganis et al.,
2008; Meir et al., 2009; Tift et al., 2013).

CONCLUSIONS

Elephant seals, sea lions, and emperor penguins are all highly
adapted to perform remarkable dives. However, it is the elephant

seal that undergoes the most frequent and extreme arterial
hypoxemia due to its continuous dive behavior and sleep apneas
on land. These factors, in addition to (a) extensive knowledge of
biochemical and molecular adaptations to hypoxia in seals, (b)
established sleep apnea and dive research protocols, and (c) its
accessibility on the California coast make the elephant seal stand
out for investigation of time domains of hypoxia adaptation in
diving animals.
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INTRODUCTION

I have been fortunate to participate in two major physiological research expeditions to extreme
altitude. The first was the Silver Hut expedition in 1960–1961 during which a group of physiologists
spent several months at the very high altitude of 5,800m (19,000 ft), and we measured the
physiological changes that occurred over this long period. Additional studies were made up to
7,830m. (25,700 ft). The overall purpose was to determine the mechanisms by which people who
normally live near sea level respond to severe hypoxia over an extended period.

The second expedition was the American Medical Research Expedition to Everest which
occurred in 1981. Here the physiological aim was very different. The objective was to obtain the
first human physiological data on the summit of Mount Everest (8,848m, 29,028 ft) in order to
clarify how people who normally live at sea level can survive the extreme hypoxia of the highest
point in the world.

SILVER HUT EXPEDITION

This was the brain-child of Sir Edmund Hillary who, together with Tenzing Norgay, was the first
person to reach the summit of Mt Everest seven years before. Hillary had collaborated with Griffith
Pugh, a high-altitude physiologist, on this first ascent of Everest, and both men were intensely
interested in the acclimatization process that enables people from near sea level to climb to very
high altitudes.

My particular interest was the diffusing capacity of the lung. It had been suggested by Barcroft
(1925) that exercise at high altitude would result in arterial hypoxemia because of diffusion
limitation across the blood-gas barrier. To test this, we arranged for the expedition members
to work at their maximal capacity on a cycle ergometer, and we measured the arterial oxygen
saturation using a newly available ear oximeter (West et al., 1962). We found that there was in
fact a marked fall in the arterial oxygen saturation in spite of the increase in the alveolar PO2 as
the work level was raised. This was strong evidence of diffusion limitation under these conditions
of severe hypoxia. Duplicate measurements on myself showed an oxygen saturation of only 33% at
maximum exercise which reflected very severe hypoxemia.

We also measured the diffusing capacity for carbon monoxide over the course of the expedition
and showed that this hardly changed (West, 1962). The small increase could be explained by the
polycythemia which developed. The conclusion was that the characteristics of the blood gas barrier
were not altered by prolonged exposure to severe hypoxia. This was the first clear demonstration of
diffusion limitation of oxygen transfer by the lung during severe exercise at very high altitude.

Later in the expedition, measurements were made of the maximal oxygen uptake during exercise
at the extremely high altitude of 7,440m (24,400 ft) (Pugh et al., 1964). Extrapolation of these data
to the altitude of the Everest summit suggested that it would be impossible to reach the summit
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without supplementary oxygen. Blood studies showed marked
polycythemia in the subjects living at an altitude of 5,800m.
The mean hemoglobin concentrations and hematocrits were 19.6
g/dl and 55.8%, respectively. There was evidence that the initial
increase in hematocrit was mainly caused by loss of plasma
volume, but later there was a large increase in red cell mass. The
electrocardiogram of people living at 5,800m showed marked
right ventricular hypertrophy, and in some tracings there was
inversion of the T waves in the chest leads, presumably indicating
severe myocardial hypoxia (Milledge, 1963). Measurements of
neuropsychometric function were made using card sorting, and
it was found that the rate of sorting was reduced but that with
increased concentration the subjects could sort without errors.
There was a severe, relentless weight loss in all themembers of the
expedition while living at 5,800m with the rate being between 0.5
and 1.5 Kg/week. The general impression was that it would not
be possible for people to live indefinitely at this very high altitude
(Pugh, 1962).

AMERICAN MEDICAL RESEARCH
EXPEDITION TO EVEREST

As noted above, the aim of this expedition was to clarify how
humans can tolerate the hypoxia of the highest altitude in
the world. Remarkably, a few months before the expedition
took place, two European climbers reached the summit of
Mount Everest for the first time without using supplementary
oxygen. This feat astonishedmany physiologists, and raisedmany
questions about how it could be done.

The research program was very extensive, and only a brief
summary can be given here. Measurements weremade at the base
camp, altitude 5,400m (17,700 ft), and the advanced base camp,
altitude 6,300m (20,700 ft), and at the highest camp 8,050m
(26,400 ft). We also hoped to get some measurements on the
Everest summit although this was very ambitious. In fact, when
we looked back on the six expeditions prior to our own, not one
of them reached the summit. If the weather is bad, forget it, and
a critical factor is whether sufficient members of the expedition
remain fit enough in spite of the extreme altitude.

At the base camp, we measured the ventilatory response to
hypoxia, that is the extent to which breathing increases when
the subject is exposed to a low inspired oxygen mixture. The
results were striking. It turned out that the climber who got to
the summit first had the highest response, the one who got to the
summit second had the next highest response, and the climber
who got to the summit third had the third highest response
(Schoene et al., 1984). This must be partly by chance but it
certainly suggested that there was a link between the extent to
which climbers increase their ventilation, and their tolerance to
extreme altitude. The reason for this will become clearer below.

A large number of studies were carried out at the advanced
base camp but only one, a neuropsychometric study, will be
summarized here. It is well-known that the brain and central
nervous system are very sensitive to hypoxia. For example, if
somebody falls into a swimming pool and is rescued 5 or 10min
later, he may be successfully revived but the central nervous

system never completely recovers. It was therefore not surprising
that we could show changes in measurements such as short-term
memory and manipulative skill (as determined from a finger
tapping test) at the very high altitudes. This was not unexpected.
However, when the expedition returned to near sea level, it was
found that two of the measurements remained abnormal. These
were the short-termmemory and the finger tapping test (Townes
et al., 1984). It was therefore clear that anybody returning from
these extreme altitudes is likely to have some residual impairment
of the central nervous system. We were one of the first groups to
show this but it has been confirmed many times since.

Some of the most interesting findings were those from the
summit. We had designed and built a special device that enabled
the climber to collect the last expired gas after a maximal
expiration, that is an alveolar gas sample. Over 34 samples
including four from the summit were brought back to UC San
Diego in gas tight cans. When the alveolar PCO2 was plotted
against the barometric pressure which fell as altitude increased, it
was found that the PCO2 on the summit was 7–8mmHg. This was
an almost unbelievably low value since the sea level value is about
40mm Hg. This extremely low value emphasizes the enormous
increase in alveolar ventilation that is necessary at these extreme
altitudes (West et al., 1983).

When both the alveolar PO2 and PCO2 were plotted against
barometric pressure, and interesting picture emerged (Figure 1).
Both the PO2 and the PCO2 fell as the altitude increased. The fall
in PO2 occurred because of the reduction in the air around the
climber as a result of the reduction in barometric pressure. The
fall in the PCO2 was caused only by the climber’s hyperventilation.
It transpired that when the altitude exceeded about 7000m, there
was no further fall in the alveolar PO2. The figure shows that
this is defended at a level of about 35mm Hg. In other words, in
order to survive at these enormous altitudes, you need to mount
an alveolar ventilation that will drive the PCO2 down to around
8 mmHg and thus preserve the alveolar PO2 at the very low
but viable level of about 35mm Hg. This explains why in the
measurements of the ventilatory response to hypoxia referred
to earlier, there was a correlation between the magnitude of the
response and the tolerance of the climber to extreme altitude.
If you are not able to mount a degree of hyperventilation that
is sufficient to drive the alveolar PCO2 down to about 7–8mm
Hg you cannot maintain a viable level of PO2 in the alveolar
gas. Thus, extreme hyperventilation is one of the most important
features of the physiological response to extremely high altitude.

The extremely low alveolar PCO2 prompts the question
of what happened to the arterial pH. It is reasonable to
assume that the arterial and alveolar PCO2 are the same.
Fortunately, two of the climbers took venous blood from
each other on the morning after their successful climb to
the summit, and the base excess values could therefore
be measured. When these values were entered into the
Henderson-Hasselbalch equation, the resulting arterial pH
was between 7.7 and 7.8. This is an extreme degree of
respiratory alkalosis.

An interesting question is why the kidney did not eliminate
bicarbonate to develop a metabolic compensation for this
extreme alkalosis and thus move the pH closer to normal.
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FIGURE 1 | Values of the PO2 and PCO2 in the alveolar gas of climbers as

they ascend from sea level (top right) to the Everest summit (bottom left). The

PO2 falls because of the reduction in barometric pressure. The PCO2 falls

because of the increasing alveolar ventilation. Above an altitude corresponding

to a PCO2 of about 20mm Hg (about 7000m), there is no further fall in the

PO2. In other words, this is defended at about 35 mmHg. This can only be

done if the PCO2 is continually reduced further by extreme hyperventilation as

the altitude rises. Modified from Rahn and Otis (1949) and West et al. (1983).

This is the usual response if a respiratory alkalosis is
generated, for example, by hyperventilation as sometimes occurs
during hysteria. The reason for the absence of metabolic
compensation is not completely understood, but a possibility
is that these climbers were probably severely volume-depleted.
This is a common feature of going to high altitude and,
for example, the climbers who were staying at the advanced
base camp at 6300m showed evidence of chronic volume
depletion. One responsible factor at extreme altitude is
presumably the enormous hyperventilation, but thirst is impaired
as well.

The physiological consequences of the severe alkalosis
are interesting. Other studies have shown that an increased
oxygen affinity of hemoglobin increases survival in a hypoxic
environment. Many years ago, it was shown that mammals
such as the vicuña and llama in the South American Andes

have an increased oxygen affinity (that is they had left -shifted
oxygen dissociation curve) compared with mammals living at sea
level (Hall, 1937). Thus, climbers at very high altitude have the
same response.

It is also true that if you look generally throughout the animal
kingdom at organisms that live in an hypoxic environment,
many of them have developed an increased oxygen affinity
of the hemoglobin. One of the best examples is the human
fetus that, because of a difference in the amino acid sequence
of the hemoglobin, has a marked increase in oxygen affinity
with P50 of about 19mm Hg compared with that of about
27 for an adult. The human fetus has severe hypoxemia by
adult standards with a PO2 in the descending aorta of about
22mm Hg which is even lower than that of a climber on
the Everest summit. It is fascinating indeed that the successful
climber has the advantage of an increased oxygen affinity of
the hemoglobin. This assists in the loading of oxygen in the
pulmonary capillary. It could be argued that it also interferes
with the unloading of oxygen in the periphery of the body,
but studies have shown that the advantage of loading in the
lung is greater than the disadvantage in unloading in the
peripheral tissues.

An interesting question is what is the maximal oxygen
consumption of a climber on the summit. As indicated earlier,
previous measurements made at extreme altitude during the
Silver Hut expedition suggested that all the oxygen available
on the summit would be required for the basal oxygen
update, that is to keep the heart pumping and the brain
active. It was impossible to put a cycle ergometer on the
summit. However, we took climbers who were very well
acclimatized and had them pedal maximally at an altitude
of 6300m while breathing 14% oxygen. This gave them the
same inspired PO2 as on the summit. The oxygen uptake
level under these conditions was about 1 L/min which
is a miserably low maximal oxygen consumption, and is
equivalent to somebody walking slowly on the level. However,
it is apparently just sufficient to enable a climber to reach
the summit.
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Background: Acute mountain sickness (AMS) is a crucial public health problem for high
altitude travelers. Discriminating individuals who are not developing (AMS resistance,
AMS−) from developing AMS (AMS susceptibility, AMS+) at baseline would be vital
for disease prevention. Salivary microRNAs (miRNAs) have emerged as promising non-
invasive biomarkers for various diseases. Thus, the aim of our study was to identify
the potential roles of salivary miRNAs in identifying AMS− individuals pre-exposed to
high altitude. Moreover, as hypoxia is the triggering factor for AMS, present study also
explored the association between cerebral tissue oxygenation indices (TOI) and AMS
development after exposed to high altitude, which was the complementary aim.

Methods: In this study, 124 healthy men were recruited, and were exposed at
simulated high altitude of 4,500 m. Salivary miR-134-3p and miR-15b-5p were
measured at baseline (200 m). AMS was diagnosed based on Lake Louise Scoring
System at 4,500 m. The measurements of physiological parameters were recorded at
both the altitudes.

Results: Salivary miR-134-3p and miR-15b-5p were significantly up-regulated in AMS−
individuals as compared to the AMS+ (p < 0.05). In addition, the combination of these
miRNAs generated a high power for discriminating the AMS− from AMS+ at baseline
(AUC: 0.811, 95% CI: 0.731−0.876, p < 0.001). Moreover, the value of cerebral TOIs at
4,500 m were significantly higher in AMS− individuals, compared to AMS+ (p < 0.01).

Conclusion: Our study reveals for the first time that salivary miR-134-3p and miR-
15b-5p can be used as non-invasive biomarkers for predicting AMS− individuals pre-
exposed to high altitude.

Keywords: hypoxia, high altitude, acute mountain sickness, saliva, microRNA, cerebral tissue oxygenation
indices, predictor
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INTRODUCTION

Acute mountain sickness (AMS) is a prevalent disease among
travelers exposed to high altitudes of >2,500 m and presents
as a combination of several symptoms, such as headache,
dizziness, gastrointestinal symptoms, and fatigue (Roach et al.,
2018). The incidence of this disease varies from 16 to 100%,
and depends on several factors, such as the speed of ascent,
altitude, and individual predisposition (Gaillard et al., 2004;
MacInnis et al., 2013; McDevitt et al., 2014; Waeber et al.,
2015; Roach et al., 2018). The severe forms of AMS can lead
to high altitude cerebral edema in the travelers, having life-
threatening consequences (Bartsch and Swenson, 2013; Liu
et al., 2017a; Meier et al., 2017). Indeed, AMS has become
a crucial public health problem owing to a significant rise in
the number of travelers ascending per year (MacInnis et al.,
2013; Gonggalanzi et al., 2016, 2017). As such, discriminating
individuals who are not developing (AMS resistance, AMS−)
from developing AMS (AMS susceptibility, AMS+) pre-exposed
to high altitudes would be vital for disease prevention. Presently,
the knowledge on AMS resistance and susceptibility is limited to
some physiological parameters and gene polymorphisms (Zhou
et al., 2004; Koehle et al., 2010; Cochand et al., 2011; Karinen
et al., 2012; Kovtun and Voevoda, 2013; Luo et al., 2014; MacInnis
and Koehle, 2016; Bailey and Ogoh, 2017; Sutherland et al., 2017;
Yasukochi et al., 2018). However, due to the low sensitivity and
specificity, their clinical applications are limited (Ding et al.,
2011; Song et al., 2013). Thus, there is an unmet need to find
a convenient and efficient biomarker for identifying AMS−
individuals at baseline.

MicroRNA (miRNA) are 21∼23-nucleotide long, single-
stranded, non-coding RNA, which are an important class of gene-
modulators for various physiological and disease processes, such
as cell cycle, growth, development, differentiation, apoptosis, and
inflammatory response (Zhou et al., 2016; Wang et al., 2017). In
the recent years, miRNA has been found to be stably expressed
in saliva, thus being proven as a convenient and non-invasive
biomarker for cancer, Sjögren’s syndrome, concussion symptoms,
and aging (Weber et al., 2010; Xie et al., 2013, 2015; Machida
et al., 2015; Alhasan et al., 2016; Greither et al., 2017; Johnson
et al., 2018). Importantly, our recent study on plasma miRNA
array has demonstrated that 16 miRNAs were up-regulated and
15 were down-regulated in AMS− individuals at baseline (Liu
et al., 2017b). Specifically, our pilot study involved the evaluation
of the salivary expression levels of the five topmost up-regulated
miRNAs, which led to the identification of miR-134-3p and
miR-15b-5p as abundantly expressed in both whole saliva and
its supernatant.

Based on these findings, we hypothesized that salivary
miR-134-3p and miR-15b-5p may aid in discriminating
between AMS− and AMS+. Therefore, the aims of the
present study were to examine whether salivary miR-134-
3p and miR-15b-5p could be identified as non-invasive
biomarkers for predicting AMS− individuals at baseline,
and to evaluate their discriminatory powers. Moreover,
as hypoxia is the triggering factor for AMS, the present
study also explored the association between cerebral tissue

oxygenation indices (TOI) and AMS development after exposed
to high altitude.

MATERIALS AND METHODS

Participants
Participants were recruited according to the inclusion and
exclusion criteria. The inclusion criteria involved healthy
individuals, without primary residence at an elevation of
≥1,000 m. Exclusion criteria were listed as follows: individuals
with history of travel to an elevation of >2,500 m in the last
2 years, cardio-cerebrovascular diseases, respiratory diseases,
kidney diseases, liver diseases, and neuropsychological diseases.
In total, 124 healthy Chinese men aged 20–23 years were
recruited in the present study.

This study protocol was approved by the Third Military
Medical University Ethics Committee, China, meeting with the
requirements of the Declaration of Helsinki, and all individuals
signed informed consent forms before entry.

Study Procedures
Following the methods of previous studies (Burtscher et al.,
2014; Broessner et al., 2016), all participants were exposed at
the simulated high altitude of 4,500 m [hypobaric chamber
(Feng Lei, Guizhou, China), temperature: 23–25◦C, humidity:
23–27%] for 12 h [the time of ascending from baseline (200 m)
to 4,500 m is 40 min]. At baseline (8:00 a.m.), blood sample,
saliva sample, demographic data, and physiological parameters
were collected from the participants. After a 12 h-exposure
at 4,500 m (8:40 p.m.), the participants were subjected to
diagnosis of AMS, measurement of physiological parameters, and
collection of blood sample (Figure 1). During the investigation,
participants were provided with the same diet (no coffee,
tea, or alcohol drinks), and required to avoid strenuous
physical activity. Security assurances, accompanying physicians,
immediate evacuation, and medical treatment were available.

Clinical Data Collection and AMS
Diagnosis
At baseline, a self-reported questionnaire was used to record
the demographic data (i.e., age, body mass index [BMI],
smoking, and drinking history). After the 12 h-exposure at
4,500 m, our accompanying physicians evaluated the AMS
of individuals. It was assessed based on Lake Louise Scoring
System, which comprises a questionnaire and a scorecard that
determine severity (Roach et al., 2018). As per the diagnostic
criteria, the score was calculated as a combination of headache,
dizziness, fatigue, and gastrointestinal symptoms (Roach et al.,
2018). Finally, the participants with headache and a score ≥3
points, were diagnosed with AMS (AMS+). Participants who
had no headache or a score <3 were classified as AMS−,
i.e., without AMS.

Physiological Measurements
The basic physiological parameters, including heart rate (HR),
pulse oxygen saturation (SpO2), diastolic blood pressure (DBP),
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FIGURE 1 | Trial flow diagram. AMS+, participant with acute mountain sickness (AMS); AMS–, participant without AMS; qRT-PCR, quantitative reverse-transcription
polymerase chain reaction; LLS, Lake Louise Score; BP, blood pressure; HR, heart rate; SpO2, pulse oxygen saturation; TOI, tissue oxygenation indices.

and systolic blood pressure (SBP), were measured by our
accompanying doctors with a sphygmomanometer (HEM-6200,
OMRON, China) and a pulse oximeter (NONIN-9550, Nonin
Onyx, United States). Cerebral TOI for the left and right
brain were measured using continuous wave near-infrared
spectroscopy (NIRO-200NX, Hamamatsu Photonics, Japan). In
detail, two sensors were attached to each participant, one on
the left and the other on the right forehead (approximately
2.5 cm above the eyebrows) and held gently with a double-
sided tape. The sampling frequency and time duration were
50 Hz and 5 min, respectively. TOI was computed using
a spatially resolved spectroscopy algorithm and defined as
oxygenated hemoglobin as a percentage of total hemoglobin,
which represents the mixed oxygenation level of the cerebral
compartments. Finally, the mean value of TOI within 5 min was
used in the present study. The participants rested for 30 min
before the evaluation. In total, our tests have been conducted
at baseline (8:00 a.m.) and at 4,500 m (8:40 p.m.), separately.

Moreover, all the instruments were validated by a medical
device engineer.

Samples Collection and White Blood Cell
Count Measurements
At baseline, up to 5 mL of saliva sample was obtained in
a 50-mL centrifuge tube from each individual. In order to
stimulate glandular salivary flow, the cotton swab with 2%
citric acid solution was provided, which is used to touch
the bilateral posterior lateral surfaces of the tongue (5 s
every 30 s) (Xie et al., 2013). Then, a total of 2 mL of
saliva was removed from the tube as whole saliva sample.
The remaining 3 mL of saliva sample was centrifuged at a
speed of 3,000 × g for 15 min under 4◦C, to spin down
the exfoliated cells. After that, the supernatant was further
centrifuged (12,000 × g, 10 min, 4◦C) to completely remove
the cellular components. Finally, the samples (whole saliva
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and supernatant saliva) were aliquoted into RNase/DNase free
Eppendorf tubes and stored at −80◦C until assay. Based on
the previous methods of Xie et al. (2013, 2015), using citric
acid in cotton swab can stimulate glandular salivary flow, but
does not alter the results. At baseline and after the exposure
at 4,500 m, venous blood samples were collected from the
participants by qualified nurses using EDTA-coated tubes and
standard procedures. The blood samples were stored at 4◦C until
further testing. Then, the white blood cell count (WBC) was
analyzed using the AU-2700 analyzers (Olympus, Tokyo, Japan)
and commercial reagents.

RNA Extraction and qRT-PCR Assay
Before RNA was isolated from the whole saliva or supernatant
saliva samples, 3.5 µl of the working solution of synthetic
Caenorhabditis elegans miRNA, cel-miR-39 (Qiagen,
Valencia, CA, United States), was added as a control. Then,
similar to a previous study (Gao et al., 2014), miRNeasy
extraction kit (Qiagen, Valencia, CA, United States) was
used to isolate the total RNA from samples based on the
instruction of the manufacturer. For qRT-PCR assay, the
Bulge-LoopTM miRNA qRT-PCR Starter Kit (including

TABLE 1 | Characteristics of participants.

AMS+ (75) AMS− (49) p value

Demographic data

Age (year)

Mean 21.44 ± 0.66 21.55 ± 0.78 0.664

Range 20–23 20–23

BMI (kg/m2) 22.43 ± 2.72 22.27 ± 1.86 0.500

Smoker (yes) 50 (66.7%) 32 (65.3%) 0.888

Drinker (yes) 57 (76.0%) 38 (77.5%) 0.843

AMS severity

LLS 5.57 ± 2.08 1.69 ± 0.98 <0.001∗∗∗

AMS+, participant with acute mountain sickness (AMS); AMS−, participant without
AMS; BMI, body mass index; LLS, Lake Louise Score. ∗∗∗Means LLS are
significantly different between AMS+ and AMS− groups at 4,500 m with p
value < 0.001. Data was expressed as means ± standard deviations.

primers) (Ribobio, Guangzhou, China) was used for
reverse transcription and iQTM5 Real-Time PCR Detection
System (Bio-Rid, United States) was used for performing
quantitative real-time PCR. Data was analyzed according to the
2−1CT method.

MIRNA Target Computational Analysis
In order to explore the biological functions of miR-134-
3p and miR-15b-5p, we predicted the target genes of
these miRNAs by employing microT-CDS v5.0, which
is the new version of the microserver and has been
significantly enhanced with an improved target prediction
algorithm (Vlachos et al., 2012; Paraskevopoulou et al.,
2013; Alhasan et al., 2016). Then, these target genes
were enriched into gene ontology (GO) biological
processes using the software DIANA-miRPath v3.0
(Vlachos et al., 2015).

Statistical Analysis
Shapiro–Wilk’s test was used for calculating the normality of
all data. Then, the normally distributed data was expressed
as mean ± standard deviation, while the non-normally
distribution was expressed as median (interquartile range).
For the normally distributed data, the independent t-test
was used to compare the differences whereas for the non-
normally distributed data, the Mann–Whitney U test was
employed. Spearman’s correlation and Pearson’s correlation
were carried out for analyzing relationships between the
AMS severity and variables. Univariate logistic regression
was used to identify the protectors for AMS. Then, a
multivariant logistic regression with enter method was
used to confirm independent protectors. Receiver operating
characteristic (ROC) curve was applied for each miRNA and
the combination. Areas under the ROC curve (AUC) and
95% confidence interval (CI) were calculated to evaluate
the power of miRNAs for distinguishing AMS− from
AMS+ groups. Statistical analyses were performed with
IBM SPSS Statistics 19 (SPSS, Chicago, IL, United States),
and MedCalc Statistical Software version 15.4 (MedCalc

TABLE 2 | Difference of physiological parameters between AMS+ and AMS− groups.

AMS+ AMS−

Baseline 4,500 m Baseline 4,500 m

SBP (mmHg) 118.67 ± 9.50 115.01 ± 13.78 118.32 ± 10.15 116.73 ± 10.90

DBP (mmHg) 70.78 ± 7.45 68.17 ± 11.05 70.79 ± 7.46 72.00 ± 8.15

HR (beat/min) 66.98 ± 9.50 89.03 ± 11.49 66.14 ± 8.59 86.67 ± 12.98

SpO2 (%) 98.04 ± 1.13 80.05 ± 6.66 98.32 ± 0.90 82.71 ± 5.69∗

Left brain TOI (%) 72.35 ± 4.36 60.90 ± 5.13 71.47 ± 4.58 63.43 ± 4.89∗∗

Right brain TOI (%) 72.21 ± 4.98 60.39 ± 4.50 70.67 ± 5.27 62.02 ± 4.06∗∗

Average brain TOI (%) 72.00 ± 5.50 60.65 ± 4.52 71.07 ± 4.04 62.72 ± 3.84∗∗

AMS+, participant with acute mountain sickness (AMS); AMS−, participant without AMS; BP, blood pressure; SBP, systolic BP; DBP, diastolic BP; HR, heart rate; SpO2,
pulse oxygen saturation; TOI, tissue oxygenation indices. ∗Means parameters are significantly different between AMS+ and AMS− groups at 4,500 m with p value < 0.05;
∗∗Means parameters are significantly different between AMS+ and AMS− groups at 4,500 m with p value < 0.01.
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Software bvba, Ostend, Belgium). p < 0.05 was considered
statistically significant.

RESULTS

Demographic Data and Clinical
Characteristics of Participants
In the present study, the incidence of AMS is 60.5% (75 out
of 124). There was no significant difference between AMS+
and AMS− groups in age (21.44 ± 0.66 vs. 21.55 ± 0.78,
p = 0.664), BMI (22.43 ± 2.72 vs. 22.27 ± 1.86, p = 0.500),
smoking (66.7 vs. 65.3%, p = 0.888), and drinking rate
(76.0 vs. 77.5%, p = 0.843). Moreover, in comparison
with the AMS− group, the AMS+ group had higher LLS
(5.57 ± 2.08 vs. 1.69 ± 0.98, p < 0.001, Table 1). For all
baseline parameters, there was no significant difference between
the two groups. Regarding the physiological parameters at
4,500 m, SpO2 and the cerebral TOIs, were significantly
higher in AMS− group, as compared to the AMS+ group (all
p < 0.05, Table 2).

Differences in Salivary miR-134-3p and
miR-15b-5p Between AMS+ and AMS−
Groups
Upon employing cel-miR-39 as the normalization control, the
results of qRT-PCR assay revealed that miR-134-3p (p < 0.001)
and miR-15b-5p (p < 0.05) of whole saliva (W-miR-134-
3p and W-miR-15b-5p) were significantly up-regulated in the
AMS− group as compared to the AMS+ group. Similarly,
miR-134-3p and miR-15b-5p of supernatant saliva (S-miR-134-
3p and S-miR-15b-5p) were also significantly up-regulated (all
p < 0.001, Figure 2).

Salivary MiRNA Signature for
Discriminating AMS− From AMS+
Individuals
Receiver operating characteristic curves were computed to
evaluate the power of miRNAs for discriminating AMS− from
AMS+ individuals. The AUC of W-miR-134-3p, W-miR-15b-5p,
S-miR-134-3p, and S-miR-15b-5p was 0.747, 0.601, 0.767, and
0.703, respectively (Figures 3A–D).

To improve the accuracy of identification, we performed
ROC curves for the combination of S-miR-134-3p and
S-miR-15b-5p, using logistic regression analysis. Notably,
the combination resulted in a robustly increased AUC
(0.811), leading to a unique signature for identifying AMS−
individuals (Figure 4).

Salivary miR-134-3p and miR-15b-5p as
Protectors for AMS Development
The univariate logistic regression analyses revealed that higher
expression levels of W-miR-15b-5p, S-miR-15b-5p, and the
combination (S-miR-134-3p + S-miR-15b-5p) were protectors
for AMS development (all p < 0.05). Furthermore, multivariate

FIGURE 2 | Salivary miR-134-3p and miR-15b-5p were different between
acute mountain sickness (AMS+) and non-acute mountain sickness (AMS–)
groups. These miRNAs were significantly down-regulated in AMS+ group
(n = 75) compared with AMS– group (n = 49). A non-parametric test
(Mann–Whitney U test) was employed to compare miRNAs in these two
independent groups. Data was expressed as median (interquartile range). The
expression level of W-miR-134-3p, S-miR-134-3p and S-miR-15b-5p were
significantly different between AMS+ and AMS– groups at baseline with p
value < 0.01. The expression level of W-miR-15b-5p were significantly
different between AMS+ and AMS– groups at baseline with p value < 0.05.
S-miR-134-3p: miR-134-3p of supernatant saliva; S-miR-15b-5p:
miR-15b-5p of supernatant saliva; W-miR-134-3p: miR-134-3p of whole
saliva; W-miR-15b-5p: miR-15b-5p of whole saliva.

logistic regression analyses showed that higher expression levels
of S-miR-15b-5p at baseline were independent protectors for
AMS (all p < 0.05, Table 3). Moreover, higher expression levels
of W-miR-134-3p, S-miR-134-3p might be possible protectors for
AMS, which need to be studied in the future.

Biological Process Regulated by
miR-134-3p and miR-15b-5p
The GO enrichment analysis exhibited that miR-134-
3p and miR-15b-5p could regulate biological processes
associated with the inflammatory response, such as the
innate immune response (GO:0045087), toll-like receptor
10 signaling pathway (GO:0034166), toll-like receptor
TLR1:TLR2 signaling pathway (GO:0038123), toll-like
receptor TLR6:TLR2 signaling pathway (GO:0038124),
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FIGURE 3 | ROC curve analysis for salivary miRNAs to discriminate AMS– from AMS+ groups. (A) ROC curve analysis for W-miR-134-3p. (B) ROC curve analysis
for W-miR-15b-5p. (C) ROC curve analysis for S-miR-134-3p. (D) ROC curve analysis for S-miR-15b-5p. AUC, area under curve; CI, confidence interval.

toll-like receptor 5 signaling pathway (GO:0034146),
toll-like receptor 9 signaling pathway (GO:0034162), toll-
like receptor 2 signaling pathway (GO:0034134), toll-like
receptor 4 signaling pathway (GO:0034142), TRIF-dependent
toll-like receptor signaling pathway (GO:0035666), MyD88-
independent toll-like receptor signaling pathway (GO:0002756),
toll-like receptor 3 signaling pathway (GO:0034138),
and stress-activated MAPK cascade (GO:0051403)
(Supplementary Table 1).

DISCUSSION

This is the first study, so far, to report that (i) salivary miR-134-
3p and miR-15b-5p were significantly up-regulated in AMS−
individuals at baseline; (ii) both salivary miR-134-3p and miR-
15b-5p served as non-invasive biomarkers for discriminating
AMS− from AMS+ individuals pre-exposed to high altitudes;

and (iii) AMS− individuals were featured with higher value
of cerebral TOIs.

Nowadays, the biological relevance of miRNAs in body fluid
circulation is regarded as a global, hormone-like functional
molecule, which might regulate gene expression across tissues
(Turchinovich et al., 2013; Yamakuchi and Hashiguchi, 2018).
Here, we found that the expression values of salivary miR-134-
3p and miR-15b-5p in the AMS− individuals, were significantly
higher in the AMS− than the AMS+ individuals. Their target
genes were enriched in toll-like receptor signaling pathway
and stress-activated MAPK pathway, which are major signaling
pathways for modulating inflammation (Mohan and Gupta,
2018; Koga et al., 2019).

Previous studies affirm that increased vascular permeability
due to hypoxia-induced inflammation is involved in the
pathophysiology of AMS development (Julian et al., 2011; Boos
et al., 2016; Luks et al., 2017). Recently, our study found that
the concentration of inflammatory cytokines, including IL-1β,
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FIGURE 4 | ROC curve analysis for the combination of S-miR-134-3p and
S-miR-15b-5p to discriminate AMS– from AMS+ groups. AUC, area under
curve; CI, confidence interval.

IL-6, and TNF-α, are positively correlated to AMS severity (Song
et al., 2016). Moreover, another important point to note from
our recent study regarding transcriptome analysis is that immune
and inflammatory responses are overrepresented in AMS+
individuals, but not in AMS− (Liu et al., 2017a). Intriguingly,
dexamethasone, the first line treatment for AMS, has proven to
be quite effective in producing an anti-inflammatory response
via inhibiting toll-like receptor signaling pathway and stress-
activated MAPK pathway (Chuang et al., 2017; Speer et al.,
2018). In this regard, the higher expression value of miR-134-3p
and miR-15b-5p in AMS− individuals suppresses the expression
of genes involved in toll-like receptor signaling pathway and
stress-activated MAPK pathway post-transcriptionally, and in
turn repress inflammatory response. Thus, the dampened
inflammatory response via miRNAs may be a biological factor

of AMS− individuals who reveal a higher expression level of
miR-134-3p and miR-15b-5p.

The immune system is a highly regulated system to several
extrinsic factors including environmental stress (Muhie et al.,
2013). The concept that hypoxia can induce inflammation
has also gained credence in some recent studies (Eltzschig
and Carmeliet, 2011). Our group has also revealed recently
that hypoxia could exacerbate the inflammatory response via
stimulating toll-like receptor four signaling pathway in rats (Wu
et al., 2018). Consistently, several studies in mice have also
proposed that hypoxia-induced inflammatory response could
result in an enhanced vascular permeability, which is associated
with the pathophysiology of AMS development (Singh et al.,
2016; Zhou et al., 2017; Gong et al., 2018). Interestingly, the
present study revealed that the AMS− individuals presented with
less severe hypoxemia (higher SpO2 and cerebral TOIs) than the
AMS+ individuals at high altitude, which was consisted with
previous studies (Basnyat, 2014; Guo et al., 2014; Mandolesi
et al., 2014; Harrison et al., 2016; Leichtfried et al., 2016). Taken
together, hypoxia could be a driver of the inflammatory response,
the less severe hypoxemia and the higher expression level of miR-
134-3p and miR-15b-5p could alleviate inflammatory response in
synergy, thus contributing to AMS prevention.

Limitations
We demonstrated for the first time, two novel non-invasive
salivary miRNAs for identifying AMS− individuals. However,
only the young Chinese men were included in this study because
they are a part of the population that most frequently travels to
high altitudes. Moreover, AMS was diagnosed in the hypobaric
chamber, and the rate of ascent was faster than that for a
regular travel to high-altitude regions, which may lead to a
higher disease incidence. In addition, our participants were all
slim, which perhaps could have skewed the results. Therefore,
further investigations in high altitude regions, larger sample sizes,
different genders, age, race, and BMI, should be studied to affirm
the results obtained.

TABLE 3 | Univariate and multivariate logistic regression for salivary miRNAs at baseline (n = 124).

95% CI

Risk factors β-coefficient Odds ratio Lower Upper p value

Univariate logistic regression

W-miR-134-3p −0.009 0.991 0.985 0.996 0.001∗∗

W-miR-15b-5p −0.123 0.884 0.790 0.989 0.032∗

S-miR-134-3p −0.007 0.993 0.990 0.996 <0.001∗∗∗

S-miR-15b-3p −1.090 0.336 0.162 0.699 0.004∗∗

Combination −5.447 0.004 0.001 0.032 <0.001∗∗∗

Multivariate logistic regression

W-miR-134-3p −0.006 0.994 0.988 0.999 0.044∗

S-miR-134-3p −0.006 0.994 0.991 0.998 0.001∗∗

S-miR-15b-3p −1.029 0.357 0.149 0.856 0.021∗

CI, confidence interval; S-miR-134-3p, miR-134-3p of supernatant saliva; S-miR-15b-5p, miR-15b-5p of supernatant saliva; W-miR-134-3p, miR-134-3p of whole saliva;
W-miR-15b-5p, miR-15b-5p of whole saliva. Combination: S-miR-134-3p+ S-miR-15b-5p. For univariate and multivariate logistic regression, the dependent variable is
AMS development (1 = AMS+, 0 = AMS−). ∗p value < 0.05; ∗∗p value < 0.01; ∗∗∗p value < 0.001.
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CONCLUSION

In this study, we report for the first time, two non-invasive
biomarkers, salivary miR-134-3p and miR-15b-5p, for identifying
AMS− individuals pre-exposed to high altitudes. Furthermore,
the combination of miR-134-3p and miR-15b-5p may hold a great
promise in becoming an important non-invasive tool for AMS
prevention in the future.

DATA AVAILABILITY

All datasets generated for this study are included in the
manuscript and/or the Supplementary Files.

ETHICS STATEMENT

This study was carried out in accordance with the
recommendations of the Third Military Medical University
Ethics Committee, with written informed consent from all
subjects. This study protocol was approved by the Third Military
Medical University Ethics Committee, China, meeting with the
requirements of the Declaration of Helsinki, and all individuals
signed informed consent forms before entry.

AUTHOR CONTRIBUTIONS

YG conceived and designed the study. HD and XK oversaw
the laboratory analyses. HH provided the overall supervision of

the study and drafted the manuscript. GX, PL, and BS did the
statistical analysis and contributed the laboratory experiments.
JZ, EZ, HD, and XK contributed to sample and data collections.
All authors contributed to the interpretation of results, critical
revision of the manuscript, and approved the final manuscript.
YG is the guarantor.

FUNDING

This work was supported by the Key Projects in the Military
Science & Technology (AWS14L005 and AWS16J023), and the
Research Project of Science & Technology Commission of the
Military Commission of PLA (17-163-12-ZT-002-125-01).

ACKNOWLEDGMENTS

We would like to thank the volunteers for their participation. We
are grateful to licensed practical nurses (Ms. Yuan-yuan Ma, Ms.
Jing-jing Fu, Ms. He Dong, and Ms. Lei Lei), for their help to
collective blood and saliva sample. We also thank Dr. Qing Wu,
Dr. Hao-qi Yao, Dr. Wen-ting Shu, and Dr. Yu Wang for their
help to prepare the sample.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fphys.
2019.00898/full#supplementary-material

REFERENCES
Alhasan, A. H., Scott, A. W., Wu, J. J., Feng, G., Meeks, J. J., Thaxton, C. S., et al.

(2016). Circulating microRNA signature for the diagnosis of very high-risk
prostate cancer. Proc. Natl. Acad. Sci. U.S.A. 113, 10655–10660. doi: 10.1073/
pnas.1611596113

Bailey, D. M., and Ogoh, S. (2017). Heterogeneous regulation of cerebral blood flow
in hypoxia; implications for dynamic cerebral autoregulation and susceptibility
to acute mountain sickness. Exp. Physiol. 102:383. doi: 10.1113/EP086144

Bartsch, P., and Swenson, E. R. (2013). Clinical practice: acute high-altitude
illnesses. N. Engl. J. Med. 368, 2294–2302. doi: 10.1056/NEJMcp1214870

Basnyat, B. (2014). Pro: pulse oximetry is useful in predicting acute mountain
sickness. High Alt. Med. Biol. 15, 440–441. doi: 10.1089/ham.2014.1045

Boos, C. J., Woods, D. R., Varias, A., Biscocho, S., Heseltine, P., and Mellor, A. J.
(2016). High altitude and acute mountain sickness and changes in circulating
endothelin-1, interleukin-6, and interleukin-17a. High Alt. Med. Biol. 17, 25–31.
doi: 10.1089/ham.2015.0098

Broessner, G., Rohregger, J., Wille, M., Lackner, P., Ndayisaba, J. P., and Burtscher,
M. (2016). Hypoxia triggers high-altitude headache with migraine features: a
prospective trial. Cephalalgia 36, 765–771. doi: 10.1177/0333102415610876

Burtscher, M., Wille, M., Menz, V., Faulhaber, M., and Gatterer, H. (2014).
Symptom progression in acute mountain sickness during a 12-hour exposure
to normobaric hypoxia equivalent to 4500 m. High Alt. Med. Biol. 15, 446–451.
doi: 10.1089/ham.2014.1039

Chuang, T. Y., Cheng, A. J., Chen, I. T., Lan, T. Y., Huang, I. H., Shiau, C. W.,
et al. (2017). Suppression of LPS-induced inflammatory responses by the
hydroxyl groups of dexamethasone. Oncotarget 8, 49735–49748. doi: 10.18632/
oncotarget.17683

Cochand, N. J., Wild, M., Brugniaux, J. V., Davies, P. J., Evans, K. A., Wise, R. G.,
et al. (2011). Sea-level assessment of dynamic cerebral autoregulation predicts
susceptibility to acute mountain sickness at high altitude. Stroke 42, 3628–3630.
doi: 10.1161/STROKEAHA.111.621714

Ding, H., Liu, Q., Hua, M., Ding, M., Du, H., Zhang, W., et al. (2011).
Polymorphisms of hypoxia-related genes in subjects susceptible to acute
mountain sickness. Respiration 81, 236–241. doi: 10.1159/000322850

Eltzschig, H. K., and Carmeliet, P. (2011). Hypoxia and inflammation. N. Engl. J.
Med. 364, 656–665. doi: 10.1056/NEJMra0910283

Gaillard, S., Dellasanta, P., Loutan, L., and Kayser, B. (2004). Awareness,
prevalence, medication use, and risk factors of acute mountain sickness in
tourists trekking around the Annapurnas in Nepal: a 12-year follow-up. High
Alt. Med. Biol. 5, 410–419. doi: 10.1089/ham.2004.5.410

Gao, S., Chen, L. Y., Wang, P., Liu, L. M., and Chen, Z. (2014). MicroRNA
expression in salivary supernatant of patients with pancreatic cancer and its
relationship with ZHENG. Biomed. Res. Int. 2014:756347. doi: 10.1155/2014/
756347

Gong, G., Yin, L., Yuan, L., Sui, D., Sun, Y., Fu, H., et al. (2018). Ganglioside
GM1 protects against high altitude cerebral edema in rats by suppressing the
oxidative stress and inflammatory response via the PI3K/AKT-Nrf2 pathway.
Mol. Immunol. 95, 91–98. doi: 10.1016/j.molimm.2018.02.001

Gonggalanzi, Labasangzhu, Bjertness, E., Wu, T., Stigum, H., and Nafstad, P. et al.
(2017). Acute mountain sickness, arterial oxygen saturation and heart rate
among Tibetan students who reascend to Lhasa after 7 years at low altitude:
a prospective cohort study. BMJ Open 7:e016460. doi: 10.1136/bmjopen-2017-
016460

Gonggalanzi, Labasangzhu, Nafstad, P., Stigum, H., Wu, T., and Haldorsen, O. D.
et al. (2016). Acute mountain sickness among tourists visiting the high-altitude

Frontiers in Physiology | www.frontiersin.org 8 July 2019 | Volume 10 | Article 89866

https://www.frontiersin.org/articles/10.3389/fphys.2019.00898/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphys.2019.00898/full#supplementary-material
https://doi.org/10.1073/pnas.1611596113
https://doi.org/10.1073/pnas.1611596113
https://doi.org/10.1113/EP086144
https://doi.org/10.1056/NEJMcp1214870
https://doi.org/10.1089/ham.2014.1045
https://doi.org/10.1089/ham.2015.0098
https://doi.org/10.1177/0333102415610876
https://doi.org/10.1089/ham.2014.1039
https://doi.org/10.18632/oncotarget.17683
https://doi.org/10.18632/oncotarget.17683
https://doi.org/10.1161/STROKEAHA.111.621714
https://doi.org/10.1159/000322850
https://doi.org/10.1056/NEJMra0910283
https://doi.org/10.1089/ham.2004.5.410
https://doi.org/10.1155/2014/756347
https://doi.org/10.1155/2014/756347
https://doi.org/10.1016/j.molimm.2018.02.001
https://doi.org/10.1136/bmjopen-2017-016460
https://doi.org/10.1136/bmjopen-2017-016460
https://www.frontiersin.org/journals/physiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-10-00898 July 12, 2019 Time: 15:37 # 9

Huang et al. Salivary MicroRNAs for Predicting Non-AMS

city of Lhasa at 3658 m above sea level: a cross-sectional study. Arch. Public
Health 74:23. doi: 10.1186/s13690-016-0134-z

Greither, T., Vorwerk, F., Kappler, M., Bache, M., Taubert, H., Kuhnt, T., et al.
(2017). Salivary miR-93 and miR-200a as post-radiotherapy biomarkers in head
and neck squamous cell carcinoma. Oncol. Rep. 38, 1268–1275. doi: 10.3892/or.
2017.5764

Guo, G., Zhu, G., Sun, W., Yin, C., Ren, X., Wang, T., et al. (2014). Association
of arterial oxygen saturation and acute mountain sickness susceptibility: a
meta-analysis. Cell Biochem. Biophys. 70, 1427–1432. doi: 10.1007/s12013-014-
0076-4

Harrison, M. F., Anderson, P. J., Johnson, J. B., Richert, M., Miller, A. D., and
Johnson, B. D. (2016). Acute mountain sickness symptom severity at the south
pole: the influence of self-selected prophylaxis with acetazolamide. PLoS One
11:e0148206. doi: 10.1371/journal.pone.0148206

Johnson, J. J., Loeffert, A. C., Stokes, J., Olympia, R. P., Bramley, H., and Hicks, S. D.
(2018). Association of salivary microRNA changes with prolonged concussion
symptoms. JAMA Pediatr. 172, 65–73. doi: 10.1001/jamapediatrics.2017.3884

Julian, C. G., Subudhi, A. W., Wilson, M. J., Dimmen, A. C., Pecha, T., and
Roach, R. C. (2011). Acute mountain sickness, inflammation, and permeability:
new insights from a blood biomarker study. J. Appl. Physiol. 111, 392–399.
doi: 10.1152/japplphysiol.00391.2011

Karinen, H. M., Uusitalo, A., Vaha-Ypya, H., Kahonen, M., Peltonen, J. E., Stein,
P. K., et al. (2012). Heart rate variability changes at 2400 m altitude predicts
acute mountain sickness on further ascent at 3000-4300 m altitudes. Front.
Physiol. 3:336. doi: 10.3389/fphys.2012.00336

Koehle, M. S., Guenette, J. A., and Warburton, D. E. (2010). Oximetry, heart rate
variability, and the diagnosis of mild-to-moderate acute mountain sickness.
Eur. J. Emerg. Med. 17, 119–122. doi: 10.1097/MEJ.0b013e32832fa099

Koga, Y., Tsurumaki, H., Aoki-Saito, H., Sato, M., Yatomi, M., Takehara, K., et al.
(2019). Roles of cyclic AMP response element binding activation in the ERK1/2
and p38 MAPK signalling pathway in central nervous system, cardiovascular
system, osteoclast differentiation and mucin and cytokine production. Int. J.
Mol. Sci. 20:E1346. doi: 10.3390/ijms20061346

Kovtun, L. T., and Voevoda, M. I. (2013). Susceptibility to hypoxia and breathing
control changes after short-term cold exposures. Int. J. Circumpolar Health
72:21574. doi: 10.3402/ijch.v72i0.21574

Leichtfried, V., Basic, D., Burtscher, M., Gothe, R. M., Siebert, U., and
Schobersberger, W. (2016). Diagnosis and prediction of the occurrence of
acute mountain sickness measuring oxygen saturation–independent of absolute
altitude? Sleep Breath. 20, 435–442. doi: 10.1007/s11325-015-1195-x

Liu, B., Chen, J., Zhang, L., Gao, Y., Cui, J., Zhang, E., et al. (2017a). IL-10
dysregulation in acute mountain sickness revealed by transcriptome analysis.
Front. Immunol. 8:628. doi: 10.3389/fimmu.2017.00628

Liu, B., Huang, H., Wu, G., Xu, G., Sun, B. D., Zhang, E. L., et al. (2017b).
A Signature of circulating microRNAs predicts the susceptibility of acute
mountain sickness. Front. Physiol. 8:55. doi: 10.3389/fphys.2017.00055

Luks, A. M., Swenson, E. R., and Bartsch, P. (2017). Acute high-altitude sickness.
Eur. Respir. Rev. 26:160096. doi: 10.1183/16000617.0096-2016

Luo, Y., Wang, Y., Lu, H., and Gao, Y. (2014). ‘Ome’ on the range: update on high-
altitude acclimatization/adaptation and disease. Mol. Biosyst. 10, 2748–2755.
doi: 10.1039/c4mb00119b

Machida, T., Tomofuji, T., Ekuni, D., Maruyama, T., Yoneda, T., Kawabata, Y.,
et al. (2015). MicroRNAs in salivary exosome as potential biomarkers of aging.
Int. J. Mol. Sci. 16, 21294–21309. doi: 10.3390/ijms160921294

MacInnis, M. J., Carter, E. A., Freeman, M. G., Pandit, B. P., Siwakoti, A., Subedi,
A., et al. (2013). A prospective epidemiological study of acute mountain sickness
in nepalese pilgrims ascending to high altitude (4380 m). PLoS One 8:e75644.
doi: 10.1371/journal.pone.0075644

MacInnis, M. J., and Koehle, M. S. (2016). Evidence for and against genetic
predispositions to acute and chronic altitude illnesses. High Alt. Med. Biol. 17,
281–293. doi: 10.1089/ham.2016.0024

Mandolesi, G., Avancini, G., Bartesaghi, M., Bernardi, E., Pomidori, L., and Cogo,
A. (2014). Long-term monitoring of oxygen saturation at altitude can be
useful in predicting the subsequent development of moderate-to-severe acute
mountain sickness. Wilderness Environ. Med. 25, 384–391. doi: 10.1016/j.wem.
2014.04.015

McDevitt, M., McIntosh, S. E., Rodway, G., Peelay, J., Adams, D. L., and Kayser,
B. (2014). Risk determinants of acute mountain sickness in trekkers in the

Nepali Himalaya: a 24-year follow-up. Wilderness Environ. Med. 25, 152–159.
doi: 10.1016/j.wem.2013.12.027

Meier, D., Collet, T. H., Locatelli, I., Cornuz, J., Kayser, B., Simel, D. L., et al.
(2017). Does this patient have acute mountain sickness?: the rational clinical
examination systematic review. JAMA 318, 1810–1819. doi: 10.1001/jama.2017.
16192

Mohan, S., and Gupta, D. (2018). Crosstalk of toll-like receptors signaling and
Nrf2 pathway for regulation of inflammation. Biomed. Pharmacother. 108,
1866–1878. doi: 10.1016/j.biopha.2018.10.019

Muhie, S., Hammamieh, R., Cummings, C., Yang, D., and Jett, M. (2013).
Transcriptome characterization of immune suppression from battlefield-like
stress. Genes Immun. 14, 19–34. doi: 10.1038/gene.2012.49

Paraskevopoulou, M. D., Georgakilas, G., Kostoulas, N., Vlachos, I. S., Vergoulis,
T., Reczko, M., et al. (2013). DIANA-microT web server v5.0: service integration
into miRNA functional analysis workflows. Nucleic Acids Res. 41, W169–W173.
doi: 10.1093/nar/gkt393

Roach, R. C., Hackett, P. H., Oelz, O., Bartsch, P., Luks, A. M., MacInnis, M. J., et al.
(2018). The 2018 lake louise acute mountain sickness score. High Alt. Med. Biol.
19, 4–6. doi: 10.1089/ham.2017.0164

Singh, D. P., Nimker, C., Paliwal, P., and Bansal, A. (2016). Ethyl 3,4-
dihydroxybenzoate (EDHB): a prolyl hydroxylase inhibitor attenuates acute
hypobaric hypoxia mediated vascular leakage in brain. J. Physiol. Sci. 66,
315–326. doi: 10.1007/s12576-015-0429-9

Song, H., Ke, T., Luo, W. J., and Chen, J. Y. (2013). Non-high altitude methods for
rapid screening of susceptibility to acute mountain sickness. BMC Public Health
13:902. doi: 10.1186/1471-2458-13-902

Song, T. T., Bi, Y. H., Gao, Y. Q., Huang, R., Hao, K., Xu, G., et al. (2016).
Systemic pro-inflammatory response facilitates the development of cerebral
edema during short hypoxia. J. Neuroinflammation 13:63. doi: 10.1186/s12974-
016-0528-4

Speer, E. M., Dowling, D. J., Xu, J., Ozog, L. S., Mathew, J. A., Chander, A., et al.
(2018). Pentoxifylline, dexamethasone and azithromycin demonstrate distinct
age-dependent and synergistic inhibition of TLR- and inflammasome-mediated
cytokine production in human newborn and adult blood in vitro. PLoS One
13:e0196352. doi: 10.1371/journal.pone.0196352

Sutherland, A., Freer, J., Evans, L., Dolci, A., Crotti, M., and Macdonald, J. H.
(2017). MEDEX 2015: heart rate variability predicts development of acute
mountain sickness. High Alt. Med. Biol. 18, 199–208. doi: 10.1089/ham.2016.
0145

Turchinovich, A., Samatov, T. R., Tonevitsky, A. G., and Burwinkel, B. (2013).
Circulating miRNAs: cell-cell communication function? Front. Genet. 4:119.
doi: 10.3389/fgene.2013.00119

Vlachos, I. S., Kostoulas, N., Vergoulis, T., Georgakilas, G., Reczko, M., Maragkakis,
M., et al. (2012). DIANA miRPath v.2.0: investigating the combinatorial effect
of microRNAs in pathways. Nucleic Acids Res. 40, W498–W504. doi: 10.1093/
nar/gks494

Vlachos, I. S., Zagganas, K., Paraskevopoulou, M. D., Georgakilas, G., Karagkouni,
D., Vergoulis, T., et al. (2015). DIANA-miRPath v3.0: deciphering microRNA
function with experimental support. Nucleic Acids Res. 43, W460–W466. doi:
10.1093/nar/gkv403

Waeber, B., Kayser, B., Dumont, L., Lysakowski, C., Tramer, M. R., and Elia,
N. (2015). Impact of study design on reported incidences of acute mountain
sickness: a systematic review. High Alt. Med. Biol. 16, 204–215. doi: 10.1089/
ham.2015.0022

Wang, Y., Yang, Z., and Le, W. (2017). Tiny but mighty: promising roles of
microRNAs in the diagnosis and treatment of parkinson’s disease. Neurosci.
Bull. 33, 543–551. doi: 10.1007/s12264-017-0160-z

Weber, J. A., Baxter, D. H., Zhang, S., Huang, D. Y., Huang, K. H., Lee, M. J., et al.
(2010). The microRNA spectrum in 12 body fluids. Clin. Chem. 56, 1733–1741.
doi: 10.1373/clinchem.2010.147405

Wu, G., Xu, G., Chen, D. W., Gao, W. X., Xiong, J. Q., Shen, H. Y., et al. (2018).
Hypoxia exacerbates inflammatory acute lung injury via the toll-like receptor 4
signaling pathway. Front. Immunol. 9:1667. doi: 10.3389/fimmu.2018.01667

Xie, Z., Chen, G., Zhang, X., Li, D., Huang, J., Yang, C., et al. (2013). Salivary
microRNAs as promising biomarkers for detection of esophageal cancer. PLoS
One 8:e57502. doi: 10.1371/journal.pone.0057502

Xie, Z., Yin, X., Gong, B., Nie, W., Wu, B., Zhang, X., et al. (2015). Salivary
microRNAs show potential as a noninvasive biomarker for detecting resectable

Frontiers in Physiology | www.frontiersin.org 9 July 2019 | Volume 10 | Article 89867

https://doi.org/10.1186/s13690-016-0134-z
https://doi.org/10.3892/or.2017.5764
https://doi.org/10.3892/or.2017.5764
https://doi.org/10.1007/s12013-014-0076-4
https://doi.org/10.1007/s12013-014-0076-4
https://doi.org/10.1371/journal.pone.0148206
https://doi.org/10.1001/jamapediatrics.2017.3884
https://doi.org/10.1152/japplphysiol.00391.2011
https://doi.org/10.3389/fphys.2012.00336
https://doi.org/10.1097/MEJ.0b013e32832fa099
https://doi.org/10.3390/ijms20061346
https://doi.org/10.3402/ijch.v72i0.21574
https://doi.org/10.1007/s11325-015-1195-x
https://doi.org/10.3389/fimmu.2017.00628
https://doi.org/10.3389/fphys.2017.00055
https://doi.org/10.1183/16000617.0096-2016
https://doi.org/10.1039/c4mb00119b
https://doi.org/10.3390/ijms160921294
https://doi.org/10.1371/journal.pone.0075644
https://doi.org/10.1089/ham.2016.0024
https://doi.org/10.1016/j.wem.2014.04.015
https://doi.org/10.1016/j.wem.2014.04.015
https://doi.org/10.1016/j.wem.2013.12.027
https://doi.org/10.1001/jama.2017.16192
https://doi.org/10.1001/jama.2017.16192
https://doi.org/10.1016/j.biopha.2018.10.019
https://doi.org/10.1038/gene.2012.49
https://doi.org/10.1093/nar/gkt393
https://doi.org/10.1089/ham.2017.0164
https://doi.org/10.1007/s12576-015-0429-9
https://doi.org/10.1186/1471-2458-13-902
https://doi.org/10.1186/s12974-016-0528-4
https://doi.org/10.1186/s12974-016-0528-4
https://doi.org/10.1371/journal.pone.0196352
https://doi.org/10.1089/ham.2016.0145
https://doi.org/10.1089/ham.2016.0145
https://doi.org/10.3389/fgene.2013.00119
https://doi.org/10.1093/nar/gks494
https://doi.org/10.1093/nar/gks494
https://doi.org/10.1093/nar/gkv403
https://doi.org/10.1093/nar/gkv403
https://doi.org/10.1089/ham.2015.0022
https://doi.org/10.1089/ham.2015.0022
https://doi.org/10.1007/s12264-017-0160-z
https://doi.org/10.1373/clinchem.2010.147405
https://doi.org/10.3389/fimmu.2018.01667
https://doi.org/10.1371/journal.pone.0057502
https://www.frontiersin.org/journals/physiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-10-00898 July 12, 2019 Time: 15:37 # 10

Huang et al. Salivary MicroRNAs for Predicting Non-AMS

pancreatic cancer. Cancer Prev. Res. 8, 165–173. doi: 10.1158/1940-6207.CAPR-
14-0192

Yamakuchi, M., and Hashiguchi, T. (2018). Endothelial cell aging:
how miRNAs contribute? J. Clin. Med. 7:170. doi: 10.3390/jcm70
70170

Yasukochi, Y., Nishimura, T., Motoi, M., and Watanuki, S. (2018). Association
of EGLN1 genetic polymorphisms with SpO2 responses to acute hypobaric
hypoxia in a Japanese cohort. J. Physiol. Anthropol. 37:9. doi: 10.1186/s40101-
018-0169-7

Zhou, Q., Gao, Y., and Huang, Q. (2004). Predictive effect of lung functional
determination of the population susceptible to acute mountain sickness. Med.
J. Natl. Defending Forces in Northwest China 25, 13–15.

Zhou, S., Ding, F., and Gu, X. (2016). Non-coding RNAs as emerging regulators
of neural injury responses and regeneration. Neurosci. Bull. 32, 253–264. doi:
10.1007/s12264-016-0028-7

Zhou, Y., Huang, X., Zhao, T., Qiao, M., Zhao, X., Zhao, M., et al. (2017). Hypoxia
augments LPS-induced inflammation and triggers high altitude cerebral edema
in mice. Brain Behav. Immun. 64, 266–275. doi: 10.1016/j.bbi.2017.04.013

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2019 Huang, Dong, Zhang, Ke, Li, Zhang, Xu, Sun and Gao. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Physiology | www.frontiersin.org 10 July 2019 | Volume 10 | Article 89868

https://doi.org/10.1158/1940-6207.CAPR-14-0192
https://doi.org/10.1158/1940-6207.CAPR-14-0192
https://doi.org/10.3390/jcm7070170
https://doi.org/10.3390/jcm7070170
https://doi.org/10.1186/s40101-018-0169-7
https://doi.org/10.1186/s40101-018-0169-7
https://doi.org/10.1007/s12264-016-0028-7
https://doi.org/10.1007/s12264-016-0028-7
https://doi.org/10.1016/j.bbi.2017.04.013
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/physiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


1 July 2019 | Volume 10 | Article 690

ORIGINAL RESEARCH

doi: 10.3389/fgene.2019.00690
published: 30 July 2019

Frontiers in Genetics | www.frontiersin.org

Edited by: 
Guo-Bo Chen,  

Zhejiang Provincial People’s Hospital, 
China

Reviewed by: 
Zhihong Zhu,  

University of Queensland, Australia 
Lide Han,  

Vanderbilt University Medical Center, 
United States

*Correspondence: 
Jean-Paul Richalet 

richalet@univ-paris13.fr

Specialty section: 
This article was submitted to 
Evolutionary and Population 

Genetics,  
a section of the journal  

Frontiers in Genetics

Received: 08 March 2019
Accepted: 02 July 2019
Published: 30 July 2019

Citation: 
Gazal S, Espinoza JR, Austerlitz F, 

Marchant D, Macarlupu JL, 
Rodriguez J, Ju-Preciado H, 
Rivera-Chira M, Hermine O, 

Leon-Velarde F, Villafuerte FC, 
Richalet J-P and Gouya L (2019) 

The Genetic Architecture of Chronic 
Mountain Sickness in Peru.  

Front. Genet. 10:690.  
doi: 10.3389/fgene.2019.00690

The Genetic Architecture of Chronic 
Mountain Sickness in Peru
Steven Gazal 1,2,3,4, Jose R. Espinoza 5, Frédéric Austerlitz 6, Dominique Marchant 7, 
Jose Luis Macarlupu 8, Jorge Rodriguez 5, Hugo Ju-Preciado 8, Maria Rivera-Chira 8, 
Olivier Hermine 9,10, Fabiola Leon-Velarde 8, Francisco C. Villafuerte 8, Jean-Paul Richalet 7,10* 
and Laurent Gouya 10,11

1 Department of Epidemiology, Harvard T.H. Chan School of Public Health, Boston, MA, United States, 2 Program in 
Medical and Population Genetics, Broad Institute of MIT and Harvard, Cambridge, MA, United States, 3 INSERM, Infection, 
Antimicrobials, Modelling, Evolution (IAME), UMR 1137, Paris, France, 4 Plateforme de génomique constitutionnelle du GHU 
Nord, Assistance Publique des Hôpitaux de Paris (APHP), Hôpital Bichat, Paris, France, 5 Laboratorio de Biotecnología 
Molecular-LID, Departamento de Ciencias Celulares y Moleculares, Universidad Peruana Cayetano Heredia, Lima, Perú,  
6 UMR CNRS 7206 Eco-Anthropologie et Ethnobiologie, Musée de l’Homme, Paris, France, 7 Université Paris 13, Sorbonne 
Paris Cité, INSERM UMR 1272 Hypoxie et Poumon, Bobigny, France, 8 Laboratorio de Fisiología Comparada/Fisiología de 
Adaptación a la Altura-LID, Departamento de Ciencias Biológicas y Fisiológicas, Universidad Peruana Cayetano Heredia, 
Lima, Perú, 9 Université Paris Descartes, Institut National de la Santé et de la Recherche Médicale Unité 1163, Centre 
National de la Recherche Scientifique, Equipes de Recherche Labellisées 8254, Institut Imagine, Paris, France, 10 Laboratoire 
d’Excellence, Globule Rouge-Excellence, Paris, France, 11 Université Paris Diderot, INSERM U1149, Hème, fer et pathologies 
inflammatoires, Assistance Publique des Hôpitaux de Paris (APHP), Hôpital Louis Mourier, Paris, France

Chronic mountain sickness (CMS) is a pathological condition resulting from chronic 
exposure to high-altitude hypoxia. While its prevalence is high in native Andeans (>10%), 
little is known about the genetic architecture of this disease. Here, we performed the largest 
genome-wide association study (GWAS) of CMS (166 CMS patients and 146 controls 
living at 4,380 m in Peru) to detect genetic variants associated with CMS. We highlighted 
four new candidate loci, including the first CMS-associated variant reaching GWAS 
statistical significance (rs7304081; P = 4.58 × 10−9). By looking at differentially expressed 
genes between CMS patients and controls around these four loci, we suggested AEBP2, 
CAST, and MCTP2 as candidate CMS causal genes. None of the candidate loci were 
under strong natural selection, consistent with the observation that CMS affects fitness 
mainly after the reproductive years. Overall, our results reveal new insights on the genetic 
architecture of CMS and do not provide evidence that CMS-associated variants are linked 
to a strong ongoing adaptation to high altitude.

Keywords: chronic mountain sickness (CMS), GWAS—genome-wide association study, high altitude adaptation, 
natural selection, Monge’s disease

INTRODUCTION

Chronic mountain sickness (CMS), or Monge’s disease, is a pathological condition resulting from 
chronic exposure to hypoxia at high altitude. The syndrome is characterized by an excessive number 
of red blood cells associated with a high blood hemoglobin concentration ([Hb]), hypoxemia, 
and, in some cases, pulmonary hypertension. Clinical signs include headache, fatigue, sleep 
disturbances, dyspnea, digestive complaints, and high risk of thrombotic events. The disease may 
appear during early adulthood, and turn into a highly prevalent condition mainly in men over 40 
years old and in post-menopausal women. The clinical status becomes progressively incapacitating 
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with cardiovascular complications, leading to social exclusion 
and psychological degradation (León-Velarde et al., 2003; León-
Velarde et al., 2005; Richalet et al., 2008; Espinoza et al., 2014; 
Villafuerte and Corante, 2016). CMS shows a unique worldwide 
prevalence pattern in native high-altitude dwellers. Indeed, 
while the prevalence of the disease is particularly high in the 
Peruvian Andes where more than 10% in the adult population 
living above 2,500  m may suffer from this condition (León-
Velarde et al., 1994), the disease has not been described in the 
Ethiopian population living on the East African high-altitude 
plateau (Appenzeller et al., 2006) and is only found occasionally 
in Tibetans (Xing et al., 2008).

Little is known about the genetic architecture of CMS in 
Andean populations. We expect that this architecture is mainly 
driven by common genetic variants due to both the strong 
genetic component of [Hb] at high altitude (heritability greater 
than 0.8 in both Tibetan and Bolivian populations) (Beall et al., 
1998) and the high prevalence (León-Velarde et al., 1994). Recent 
genetic studies highlighted CMS candidate genes in native 
Andeans (Appenzeller et al., 2006; Zhou et al., 2013; Espinoza 
et al., 2014; Stobdan et al., 2017), but limited sample sizes due to 
the challenge of research participant recruitment have prevented 
the investigation of CMS architecture at the genome-wide scale.

A separate question that would help to design CMS genetic 
studies is why the prevalence of CMS is so high in native 
Andeans and so low in native Tibetans and native Ethiopians. As 
there is strong evidence of genetic adaptation to high altitude in 
Tibetan and Ethiopian populations (Beall et al., 2010; Simonson 
et al., 2010; Yi et al., 2010; Xu et al., 2011; Alkorta-Aranburu 
et al., 2012; Huerta-Sánchez et al., 2013; Huerta-Sánchez et 
al., 2014), the first (and mainly) investigated hypothesis is that 
adaptation to high altitude in Andeans is still ongoing (Zhou et 
al., 2013; Ronen et al., 2014), and that protective genetic variants 
under positive selection have not yet reached their optimum 
frequency. In fact, archeological evidence for human presence 
in the Andes extends back to around 14,000 years (Rademaker 
et al., 2014), while the Tibetan Plateau was probably inhabited 
more than 30,000 years ago (Dambricourt Malassé and Gaillard, 
2011). In the case of high-altitude native Tibetans, one variant 
of EPAS1 (Endothelial PAS Domain Protein 1) is associated 
with red blood cell abundance and has an allele frequency close 
to 90%, against 10% in Han Chinese (Beall et al., 2010; Yi et al., 
2010). A high fraction (17.8%) of Han Chinese males migrating 
to the Qinghai-Tibet plateau develop CMS (Jiang et al., 2014); 
however, CMS is much less frequent in native Tibetans (Mejia 
et al., 2005), suggesting a link between adaptation to high 
altitude and the prevalence of CMS. Under this first hypothesis, 
we thus assume a strong effect of genetic variants on CMS 
phenotype; several studies have proposed CMS candidate 
genes by contrasting allele frequencies in CMS and controls 
in regions under positive selection (Zhou et al., 2013; Stobdan 
et al., 2017). A second and non-exclusive hypothesis would be 
that Andeans were on their way to be adapted to high altitude, 
but recent (400 years) admixture with European populations 
re-introgressed in the population lowlander genetic variants 
that are non-adapted to high altitude, and thus could increase 
one’s risk for CMS. Higher CMS prevalence in men of European 

descent in the Andes reinforces this second hypothesis (Monge, 
1943; Ergueta et al., 1971; Mejia et al., 2005). Finally, a third 
hypothesis would be that high CMS prevalence in Andes is a 
consequence of the different process of functional adaptation 
observed in Tibetans and Andeans (Beall, 2007), as the Tibetan 
process of high-altitude adaptation, limiting [Hb] increase 
through mainly an adaptation of the hypoxia-inducible factor 
(HIF) pathway, is also protective of CMS, while the Andean 
process is not. Indeed, CMS is mainly a late-onset disease 
where most of the known deleterious conditions occur after the 
reproductive period (20–25 years is usually considered as the 
peak of the reproductive period) and therefore may be under 
moderate selection. We thus might not expect a strong link 
between variants that are (or have been) under adaptation and 
the ones that increase one’s risk for CMS.

We cannot discard the hypothesis that physiological 
acquired factors, rather than genetic variants, are relevant 
to the development of CMS. In fact, CMS patients have an 
slightly increased body mass index, more frequent sleep apneas, 
and alteration in chemosensitivity; all of these factors lead to 
decreased ventilation, hypoxemia, and increased erythropoiesis 
(León-Velarde et  al., 2005; Richalet et al., 2008; Villafuerte 
and Corante, 2016). Polycythemia, by itself, may also reduce 
ventilation, leading to a vicious circle reinforcing polycythemia 
(Villafuerte et al., 2007).

To understand the genetic architecture of CMS in the Andes 
and the population genetic forces shaping it, we conducted 
the largest genome-wide association study (GWAS) of this 
disease by successfully genotyping on extremely dense single 
nucleotide polymorphism (SNP) chips 166 CMS patients and 
146 healthy subjects living at Cerro de Pasco in Peru (altitude: 
4,380 m) where CMS prevalence is around 15% (León-
Velarde et al., 1994). First, we discovered the first genome-
wide significant variant of CMS (rs7304081) and identified 
three other candidate variants (rs75810402, rs7832232, and 
rs7168430). We measured gene expression in peripheral blood 
under hypoxia condition for 71 unrelated patients to suggest 
potential causal genes around our GWAS candidate loci and 
to bring additional evidence for some previously reported 
CMS candidate genes. Finally, we performed various tests 
of selection at the whole-genome scale and an admixture 
mapping and found no signal shared with the association 
analysis, favoring our third hypothesis that CMS risk variants 
are not under current adaptation.

MATERIAL AND METHODS

Patients and Controls
The study population was composed of 387 residents of the city 
of Cerro de Pasco (4,380 m, Peru). They were all high-altitude 
native of Quechua ancestry, as is most of the population of Cerro 
de Pasco. Only male individuals with residence longer than 6 
months in Cerro de Pasco were recruited in the study. Individuals 
were not enrolled in the study if they had any other chronic 
disease or smoking habit (≥5 cigarettes per day). The study was 
approved by the Institutional Ethics Committee of Universidad 
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Peruana Cayetano Heredia. All participants were enrolled in the 
study after signing an informed consent.

Clinical and Physiological Profile of the 
Population
A complete clinical evaluation was made, and CMS clinical 
score calculated. CMS score is based on the following symptoms: 
breathlessness, sleep disturbance, cyanosis, paresthesia, 
headache, and tinnitus (León-Velarde et al., 2005). The score 
included hematocrit ≥ 63% cutoff and clinical symptoms (León-
Velarde et al., 2005). In the subset of patients that passed quality 
control (i.e., patients with no duplicated genetic data and with 
an appropriate genotype call rate; see below), 166 were CMS 
patients (46.8 ± 13.4 years old) and 146 were healthy controls 
of similar age (43.0 ± 13.1 years old). None of the subjects 
had been traveling for more than 1 month at low altitude in 
the preceding 6 months, and none were recently working in 
mining facilities. The evaluation of pulmonary function was 
performed before inclusion to exclude subjects with pulmonary 
diseases. Forced vital capacity (FVC) and forced expired 
volume in one second (FEV1) were measured by spirometry 
(Microloop Spirometer, MicroMedical Ltd., Rochester, UK). 
All values were within normal limits corrected for age, sex, and 
height. Blood was drawn from an antecubital vein. Hematocrit 
was evaluated by microcentrifugation (Microcentrifuge IEC, 
Thermo Electron, Waltham, MA), and pulse O2 saturation was 
measured by transcutaneous oximetry (Nellcor N-595, Nellcor, 
Pleasanton, CA, USA). 12-lead electrocardiography (EKG) was 
performed, and usual markers of coronary disease, conduction, 
or rhythm disorders were looked for. Indirect signs of 
pulmonary hypertension were detected through right ventricular 
hypertrophy [RVH: right axis deviation ≥120°, tall R wave in V1 
plus persistent precordial S waves (R-V1 + S − V5 > 10.5 mm)]. 
Systemic arterial pressure was measured by sphygmomanometry 
after a 15-min rest in supine position. A quality of life score, 
adapted and validated to Spanish language, assessed through a 
form, was completed by the patients under the supervision of a 
physician (Mezzich et al., 2000).

DNA Extraction, Genotyping, and Quality 
Control
A blood sample was drawn from 387 participants. Frozen blood 
tubes were delivered to the laboratory. Leukocytes DNA was 
extracted by a salting out procedure (Sambrook et al., 1989). 
DNA was quantified and qualified with NanoDrop™ 2000 
(260/280 ≥ 2.0; 260/230 ≥ 1.8) and stored at −20°C until use. 
All individuals were genotyped on Affymetrix array (4,363,966 
SNPs). We first removed duplicated individuals and kept 
individuals with a genotype call rate ≥95%. Then, we removed 
SNPs with missingness greater than 5%. We restricted to SNPs on 
autosomes and the X chromosome with a minor allele frequency 
(MAF) >5%. These quality control steps resulted in a sample of 
312 individuals (166 CMS patients and 146 controls) genotyped 
on 1,288,119 SNPs; most of the removed samples were due to 
duplicates, and most of the removed SNPs were due to our high 

MAF threshold. For further analyses requiring a set of unrelated 
individuals, we created a set of 267 unrelated individuals 
(143 CMS patients and 124 controls) with a genomic kinship 
coefficient lower than 1/16. Kinship coefficients were estimated 
using PLINK (Purcell et al., 2007) using option –genome on a 
pruned dataset [PLINK option –indep-pairwise 50 5 0.50, as 
recommended by Anderson et al. (Anderson et al., 2010)].

Population Structure
To study the structure of our sample, we used both the Human 
Genome Diversity (HGDP-CEPH) panel (Cann et al., 2002) 
and the 1000 genomes project (1000G) panel (1000 Genomes 
Project Consortium, 2010; 1000 Genomes Project Consortium, 
2012; Auton et al., 2015). The HGDP-CEPH panel genotyped 
942 unrelated individuals from 52 populations from seven 
geographic regions (including Native American populations). 
Phase 3 of 1000G panel sequenced 2,504 unrelated individuals 
from 26 populations from five geographic regions (including 
European populations and a Peruvian population from Lima). 
We merged our initial dataset and these two reference panels by 
selecting common markers in autosomes with the same alleles 
in each dataset. We then kept markers that were polymorphic 
(MAF > 1% in each HGDP-CEPH region, and MAF >1% in each 
1000G region) and that respected Hardy–Weinberg equilibrium 
(P value > 10−5 in our dataset, and in each HGDP-CEPH and 
1000G region). After these steps, 133,649 SNPs remained. This 
set of SNPs was only used for population structure analyses and 
admixture analyses (see below).

Principal component analysis (PCA) was performed using 
PLINK. We first pruned the previous dataset to remove sites 
in linkage disequilibrium (still using PLINK option –indep-
pairwise 50 5 0.50) and projected our 312 individuals on the 
3,446 individuals of HGDP-CEPH and 1000G panels.

The genome-wide proportion of European and Native 
American ancestries of individuals from our dataset was estimated 
with the software Admixture (Alexander et al., 2009). To construct 
a Native American reference ancestral population, we first run 
Admixture unsupervised clustering algorithm with the default 
options and K = 2 ancestral population on the 64 Americans 
individuals of HGDP-CEPH panel and the 503 Europeans of 
1000G panel (Figure S1A). The 21 American individuals that 
have been inferred as entirely coming from the first ancestral 
population were included in the Native American reference 
ancestral population (these individuals come from Karitiana 
and Surui populations). The 21 European individuals having 
the highest proportion of the genome coming from the second 
ancestral population were included in the European reference 
ancestral population in order to have two reference ancestral 
populations of the same size. The genome-wide proportion of 
European and Native American ancestries of our individuals was 
then estimated using Admixture supervised clustering algorithm 
and these two reference ancestral populations. Each Admixture 
analysis was performed after a pruning of the data as recommended 
by Admixture authors (using PLINK option –indep-pairwise 
50 5 0.10). We note that because we used a supervised analysis, 
admixture results are not influenced by the relatedness in the 
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sample. The genome-wide proportion of European ancestry was 
compared between unrelated CMS patients and controls using 
a logistic regression with age and batch effect as covariates. We 
also performed non-parametric tests but found no statistical 
significance between CMS patients and controls (not shown). 
We note that we did not investigate African admixture due to 
negligible proportion of African ancestry in our samples (not 
shown); we also note that in an Admixture unsupervised analysis 
of our dataset, K = 2 reached the best predictive accuracy in 
cross validation analysis among K = 2, 3, and 4 (0.594, 0.604, and  
0.614, respectively).

We did not investigate Denisovan admixture, for which an 
EPAS1 haplotype has been shown to be associated with high-
altitude adaptation in Tibet (Huerta-Sánchez et al., 2014), due 
to the overall limited proportion of Denisovan admixture in 
Native Americans (Sankararaman et al., 2016) and to the absence 
of this haplotype in our sample after performing imputation. 
Indeed, only one individual carried the Denisovan variant of 
rs115321619, and the other four SNPS (rs73926263, rs73926264, 
rs73926265, and rs55981512) were monomorphic for the non-
Denisovan variant in our sample [these five variants have 
been imputed using all sequenced individuals from Phase 3 of 
1000G panel and by following IMPUTE2 (Howie et al., 2009; 
Howie et al., 2012) best practices by pre-phasing the data using 
SHAPEIT2 (Delaneau et al., 2013)].

Association Analysis
We tested, under an additive model, the association between 
each of the 1,288,119 genotyped SNP and CMS. A preliminary 
association power analysis was performed using the QUANTO 
software (Gauderman and Morrison, 2009). Specifically, we 
computed for different allele frequencies (ranging from 5% to 
50% with a step of 5%) and different significance thresholds (5 × 
10−8, 10−5, and 10−4). We computed the genetic effect that we can 
detect with a power of 90% and the power to detect a genetic effect 
of 2.0, 2.5, and 3.0. To take into account the structure and the 
relatedness of our sample, we performed an association analysis 
using the standard linear mixed model implemented in GEMMA 
software (Zhou and Stephens, 2012). Relationships between 
individuals were estimated using a centered relatedness matrix. 
{We note that we did not computed individual allele frequencies 
based on individual European and Native American admixture 
of each individual (as performed in Moltke et al., 2014) due to 
i) our relative small sample size of Native American individuals 
(N = 21) and ii) the low level of European admixture in our dataset 
(11.30 ± 6.15%; median = 9.54). Genotypes, age, and the batch 
effect were modeled as fixed effects, while relatedness was treated 
as a random effect. We did not use body mass index (BMI), right 
ventricular hypertrophy (RVH), and oxygen saturation (SaO2) 
as covariates (also associated with CMS, see Results), as there is 
no evidence that they are cause or consequence of the disease 
(instead, we performed association analyses for every candidate 
SNPs for all these phenotypes in order to better understand 
the SNP causality with these three phenotypes). Significance of 
each SNP was determined through a likelihood ratio test. We 
defined SNPs with a P value < 10−5 as candidate. When multiple 

candidate SNPs were in the same region, we only reported the top 
SNP with the smallest P value. We performed conditional analyses 
to verify that the significance of the surrounding candidate SNPs 
is due to linkage disequilibrium with the top SNP. Regression 
coefficients from the linear mixed model (and corresponding 
95% confidence intervals) were converted to odds ratio for easier 
interpretation as proposed by Lloyd-Jones et al. (Lloyd-Jones et 
al., 2018). To compute the proportion of the variance explained 
by the most associated SNP (rs7304081), we performed a logistic 
regression (adjusted on age and batch effect) on the subset of 
267 unrelated individuals, computed the proportion of variance 
explained on the observed scale as its chi square statistics divided 
by the sample size, and converted this number from the observed 
scale to the liability scale using the formula of Lee et al. (Lee et al., 
2011). To investigate potential higher signal around candidate 
regions, we imputed variants using all sequenced individuals from 
Phase 3 of 1000G panel (see previous paragraph). As imputation 
results have to be read carefully (Cerro de Pasco population is not 
represented in the imputation reference panel and/or might have 
experienced recent adaptation), we did not report them in the 
main version of the manuscript.

Gene Expression Analyses
Gene expression was measured for candidate genes in a subset 
of 71 unrelated individuals (30 CMS patients and 41 controls) 
using RNA extracted from whole blood under hypoxia condition 
(PAXgen; Becton Dickinson). We manually selected candidate 
gene around the four candidate regions (based on known 
function of genes and by giving a higher emphasis to the region 
containing the genome-wide significant SNP). We also selected 10 
additional genes reported in other studies as CMS candidate genes 
or genes being under adaptation to high altitude. Blood samples 
were withdrawn in PAXgen tubes and immediately frozen until 
analyses. After extraction, an RNA quality control was performed 
on Fragment Analyzer (AATI) with the RNA kit (DNF-471) to 
check the integrity of the RNA profile and to estimate the RNA 
concentration. A Reverse Transcription reaction was performed 
for each sample in 20 µl, according the conditions of the High 
Fidelity Reverse Transcription kit (Applied Biosystems). qPCRs 
were performed on the Biomark (Fluidigm) in a microfluidic 
multiplex 96.96 dynamic array chip according to the Fluidigm 
Advanced Development Protocol with EvaGreen (PN 100 – 1208 
B1). One chip was used to quantify all transcripts. A 14-cycle 
preamplification reaction was performed for each sample in 10 
µl by pooling 48 primer pairs (final concentration, 50 nM), 3.3 
µl cDNA, and 5 µl 2X PreAmp Master Mix (Applied Biosystems) 
according to Applied Biosystems conditions. For each individual 
assay, 5 µl 10X Assay Mix containing 9 µM forward primer, 9 
µM reverse primer, and 1X Assay Loading Reagent was loaded 
into one of the Assay Inlets on the chip. The following solution 
(5 µl) was loaded in sample inlets: 1.25 µl Preamplified sample 
previously diluted in low TE Buffer, 2.5 µl 2X Taqman Gene 
Expression Master Mix (Applied Biosystems), 0.25 µl 20X DNA 
Binding Dye Sample Loading Reagent (Fluidigm, PN 100-0388), 
0.25 µl 20X EvaGreen (Biotium), and 0.75 µl low TE Buffer. The 
Biomark’s default cycling program was used to amplify fragments. 
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All experiments were done in four replicates. CT values were 
obtained using BioMark Gene Expression Data Analysis version 
3.0.2 according to Fluidigm’s recommendations for EvaGreen 
Gene Expression. Gene expression was normalized using HMBS 
(hydroxymethylbilane synthase) and GAPDH (glyceraldehyde-3-
phosphate dehydrogenase) as reference. Expression levels were log 
transformed. We compared the expression between CMS patients 
and controls using a logistic regression with age as a covariate.

Detection of Recent Positive Selection
Selection tests were performed on the subset of 124 unrelated 
controls. For all SNPs with a MAF above 5% in the whole sample, 
we first computed, using the selscan program (Szpiech and 
Hernandez, 2014), the iHS (Voight et al., 2006) and nSL (Ferrer-
Admetlla et al., 2014) indices, which are haplotypic tests that take 
high values in the case of recent positive selection on a given SNP. 
For each iHS (resp. nSL) statistic, a P value was computed as the 
proportion of SNPs in the sample having a lower or equal index.

Pathway Analysis
To assess the overall evidence of association between hypoxia-
inducible factor (HIF) pathway and CMS and natural selection, 
we retained 345 autosomal genes in the nine Gene Ontology 
(GO) categories retained by Simonson et al. (Simonson et al., 
2010): detection of oxygen (GO:0003032), nitric oxide metabolic 
process (GO:0046209), oxygen sensor activity (GO:0019826), 
oxygen binding (GO:0019825), oxygen transport (GO:0015671), 
oxygen carrier activity (GO:0005344), response to hypoxia 
(GO:0001666), response to oxygen levels (GO:0070482), and 
vasodilation (GO:0042311). For each gene and each study (i.e., 
CMS GWAS, iHS, and nSL), we retained the minimal P value 
inside the gene body. We also replicated our analyses by retaining 
the minimal P value in +/−20 kb and +/−50 kb windows around 
the genes to include regulatory variants. We next computed 
association enrichment using two complementary gene set 
analyses. First, we executed an over-representation analysis 
that calculates the proportion of genes in the pathway having a 
P value less than 0.05 (results were also replicated using a 0.01 
threshold). This approach has been widely and successfully used 
for pathway analysis; see Holmans (Holmans, 2010) for a review. 
Second, to take into account all the genes P values, we performed 
the original Fisher product method (Fischer, 1932), which has 
been demonstrated to be powerful under different simulation 
scenarios (Fridley et al., 2010). P values for these methods were 
computed using 5,000 permutations that randomly shift genome 
annotations (Cabrera et al., 2012). We note that the aim of this 
approach is to compare SNPs in the HIF-pathway to other SNPs 
with similar LD structure and clustering; the aim of this approach 
is not to compare HIF-pathway to other pathways.

Admixture Mapping
In order to investigate the role of European genomes on our 
phenotypes, we performed admixture mapping to test if 
chromosomal segments inherited from European populations  
were associated with CMS. Inference of chromosomal segments 

ancestry was performed using RFMix (Maples et al., 2013) with 
two reference ancestral haplotype populations, obtained by phasing 
Americans individuals of the HGDP-CEPH and Europeans of 
1000G panels with SHAPEIT2 (Delaneau et al., 2013). Selecting 
the 21 Native American and 21 European samples used previously 
overestimated European local admixture estimations (data not 
shown). We thus used haplotypes from all the 64 American 
individuals of HGDP-CEPH panel and the 503 Europeans of 
1000G panel in the reference ancestral haplotype populations. 
Averaging the European admixture proportion estimated at each 
marker by RFMix gave similar values to the genome-wide European 
admixture proportion estimated previously by the Admixture 
software (correlation = 0.98; Figure S1B), validating our approach.

For each individual, and for each of the 133,649 SNPs common 
to the HGDP-CEPH and 1000G data, we obtained an average 
number of alleles of European origin (between 0 and 2) deduced 
from forward-backward RFMix output probabilities. GEMMA 
was then used to test the association of these probabilities with 
the different phenotypes, by using the same covariates as in 
the association analyses. Finally, to merge admixture-mapping 
results with association results, we interpolated linearly –log10 of 
the P values for SNPs that were not present in the 133,649 SNPs 
used for the analysis.

RESULTS

Phenotypic Description of the Sample
The study population was composed of 387 residents of the city 
of Cerro de Pasco (4,380 m, Peru). After quality control, we 
retained 166 CMS patients and 146 controls (312 total genotyped 
individuals). Clinical and physiological data of these patients are 
presented in Table 1. CMS patients have similar age as controls 
(see also Figure S2). CMS cases showed higher body weight and 
body mass index (Figure S3A). By construction, hematocrit 
and CMS clinical score are significantly higher within cases. 
Moreover, cases show lower resting SaO2 (Figure S3B) and 
higher heart rate, but no significantly different systemic arterial 
pressures. Cases frequently show electrocardiographic signs of 
right ventricular hypertrophy. Also, cases showed slightly less 
frequent trips to sea level. The overall Quality of Life score as well 
as the physical and psychological/emotional well-being items are 
not significantly different between cases and controls.

Genetic Population Structure
To study the proportion of European genome present in our data, 
we first projected our 312 individuals with Quechua ancestry on 
the HGDP-CEPH (942 unrelated individuals from 52 populations, 
including European and Native American populations) and 
1000 Genomes (1000G; 2,504 unrelated individuals from 26 
populations, including European populations and a Peruvian 
population from Lima) panels (Figures 1A, B). PCA results show 
that our individuals are close to the cluster of Native Americans 
of HGDP-CEPH panel and to the Peruvian from Lima of 1000G, 
but spreading toward the European cluster. We then computed 
the proportion of European ancestries for all individuals by 
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TABLE 1 | Clinical and physiological variables in chronic mountain sickness patients (CMS) and controls (CTRL).

Variable N (CMS/CTRL) CMS CTRL P-value

Age (years) 166/146 46.8 ± 13.4 43.0 ± 13.1 NS
Body weight (kg) 166/146 68.8 ± 9.2 64.9 ± 8.7 0.001
Height (cm) 166/146 162.6 ± 5.9 163.0 ± 5.9 NS
Body mass index (kg/m2) 166/146 26.1 ± 3.3 24.4 ± 2.7  <0.001
Hematocrit (%) 166/146 67.2 ± 3.8 52.0 ± 3.2  <0.001
SpO2 (%) 166/146 85.3 ± 5.2 89.7 ± 4.8  <0.001
Heart rate (b/min) 165/144 72.1 ± 11.3 67.6 ± 9.2  <0.001
Systolic BP (mmHg) 164/144 116.3 ± 15.2 115.4 ± 13.6 NS
Diastolic BP (mmHg) 164/144 76.9 ± 10.3 76.0 ± 10.1 NS
CMS clinical score 164/144 6.8 ± 3.6 2.2 ± 2.1  <0.001
RVH 166/146 120 (72%) 61 (42%)  <0.001
Smoking habit (0–4 cig./day) 141/100 26 (18%) 21 (21%) NS
Alcohol use 141/101 64 (45%) 52 (51%) NS
Birth at high altitude 165/146 157 (95%) 136 (93%) NS
Parents from high altitude 166/146 159 (96%) 138 (95%) NS
Frequent trips to sea level 140/101 77 (55%) 72 (71%) 0.009
Past history of work in mine 166/146 23 (14%) 12 (8%) NS
Physical well being 94/56 6.2 ± 1.9 6.7 ± 2.0 NS
Psychological/emotional well being 94/55 6.6 ± 2.0 7.1 ± 1.8 NS
Overall Quality of Life score 94/55 68.8 ± 15.1 70.5 ± 12.7 NS

SpO2, arterial oxygen saturation; BP, blood pressure; RVH, right ventricular hypertrophy. Results presented are mean ± standard deviation or n (%). P values were computed using 
logistic regressions on 267 unrelated individuals (143 CMS and 124 controls), adjusting for batch effect for quantitative and qualitative variables. NS, non-significant.

FIGURE 1 | Genome-wide structure of Cerro de Pasco population. (A,B) Projection of the 312 individuals (small black points) on Human Genome Diversity (HGDP-
CEPH) (color open points) and 1000G (color close points) panels. Peruvian from Lima (PEL) of the 1000G panel are represented with pink points. (C) Admixture 
proportions of European and Native American ancestries for the 312 individuals. These proportions were estimated from 21 Native American of HGDP-CEPH panel 
and 21 European from 1000G panel. Each vertical line represents an individual. (D) Mean European admixture proportions (and quantiles) in unrelated CMS patients 
and controls.
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using a Native American and European sample as reference 
ancestry populations (Figure 1C; see Methods). Around half of 
the individuals (160 individuals) have less than 10% European 
ancestry, while 20% showed more than 15% European ancestry 
(58 individuals, including 28 individuals with more than 20%). 
The proportion of European admixture in unrelated CMS cases 
(11.59 ± 6.37%; median = 10.25) tended to be higher than in 
unrelated controls (10.96 ± 5.89%; median = 9.09); however, this 
difference was not significant (P = 0.73; Figure 1D).

Genome-Wide Association Study
We then performed a genome-wide association study on the CMS 
status (Figure 2, Table 2, and Table S1). Relatedness, inbreeding, 
and population structure were taken into account through a 
linear mixed model, with age and batch effect used as a covariate 
with a fixed effect. A preliminary power study showed that our 
sample size was underpowered at the conventional genome-wide 
significance threshold of 5 × 10−8 but had a reasonable power 
(≥60%) to detect very common variants (MAF ≥20%) with odd 
ratios of 2.5 when considering a discovery threshold  of 10−5 
(Figure S4). We note that this effect is on the order of magnitude 
of the strongest allele frequency differences observed in samples 
with 7K Hans and 3K Tibetans, including the variants of EPAS1 
and EGLN1 (Egl-9 Family Hypoxia Inducible Factor 1) genes 
(Yang et al., 2017). Nevertheless, we found one genome-wide 

significant SNP on chromosome 12 (rs7304081, OR = 2.52, 95% 
CI [1.85; 3.48], P = 4.58 × 10−9). We note the large effect size of this 
SNP (OR = 2.52, significant association consistent with our power 
study) especially due to its high frequency in the population (57% 
in CMS and 34% in controls), which explains 13% of the trait 
variance. We also found three other independent candidate loci 
with P < 10−5 on chromosomes 5 (rs75810402, OR = 0.28, 95% 
CI [0.13;0.50], P = 7.37 × 10−6), 8 (rs7832232, OR = 2.16, 95% CI 
[1.56;3.04], P = 2.63 × 10−6), and 15 (rs7168430, OR = 2.23, 95% 
CI [1.57;3.24], P = 6.48 × 10−6). Imputation around these loci 
did not reveal new significant information (Figures S5–S8), and 
conditional analyses did not reveal independent signal in these 
four candidate regions (Figure S9).

Next, we also investigated if these four variants were associated 
with body mass index (BMI), right ventricular hypertrophy 
(RVH), and pulse oxygen saturation (SpO2), as these phenotypes 
are risk factor of CMS (Table 1). For rs7304081 and rs7832232, 
the CMS risk alleles were associated with increased BMI (P = 
8.86 × 10−3 and P = 7.78 × 10−3, respectively); for rs7832232, 
the CMS risk allele was associated with RVH risk (P = 0.025); 
and for rs75810402 and rs7168430, the CMS risk alleles were 
associated with decreased SpO2 (P = 9.15 × 10−3 and P = 3.25 × 
10−4, respectively). As a consequence, adjusting for BMI, RVH, 
and SpO2 decreased the significance of the CMS association with 
all the candidates (P between 5.48 × 10−7 and 4.68 × 10−3), except 
for rs7832232. All association results are presented in Table S2. 

FIGURE 2 | Genome-wide association results. Dashed red line represents the discovery threshold for selection of candidate SNPs (P < 10−5).

TABLE 2 | Characteristics of main loci associated to chronic mountain sickness (CMS) disease.

Variant Chr Position 
(hg19)

Alleles1 OR [95% CI] P GWAS Nearest 
genes2

Candidate 
gene3

f 
CMS

f 
CTRL

f 
PEL

P 
iHS

P 
NSL

rs75810402 5 96,747,224 G/A 3.57 [2.00; 7.69] 7.37 × 10−6 RIOK2, 
LINC01340

CAST 0.96 0.87 0.96 0.33 0.29

rs7832232 8 38,469,303 G/A 2.16 [1.56; 3.04] 2.63 × 10−6 RNF5P1, 
TACC1

– 0.42 0.24 0.34 0.96 0.85

rs7304081 12 19,561,543 A/C 2.52 [1.85; 3.48] 4.58 × 10−9 PLEKHA5, 
AEBP2

AEBP2 0.57 0.34 0.44 0.99 0.94

rs7168430 15 94,349,452 G/A 2.23 [1.57; 3.24] 6.48 × 10−6 RGM1, MCTP2 MCTP2 0.38 0.22 0.32 0.91 0.75

Chr, chromosome; OR, odd ratio of the minor allele; CI, confidence interval; P, P value; f, allele frequency of the risk allele; CMS, chronic mountain sickness patients; CTRL, 
controls; PEL, Peruvian from Lima; RIOK2, serine/threonine-protein kinase 2; LINC01340, long intergenic non-protein coding RNA 1340; CAST, calpastatin; RNF5P1, ring finger 
protein 5 pseudogene 1; TACC1, transforming acidic coiled-coil containing protein 1; PLEKHA5, pleckstrin homology domain containing A5; AEBP2, adipocyte enhancer-binding 
protein; RGMA, repulsive guidance molecule BMP co-receptor A; MCTP2, multiple C2 and transmembrane domain containing 2.
1 risk/protective allele in our sample, ancestral allele in bold. 2 the previous and following genes around the variant (none of the variants fall inside a gene); 3 candidate gene based 
on expression analyses.
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We note that we did not observe more significant results when 
looking at pleiotropic effects in imputed SNPs in regions 
surrounding these four variants (Figures S10–S12). Finally, the 
three candidate variants rs75810402, rs7832232, and rs7304081, 
BMI, and SpO2 are still significant after conditioning on each 
other (P < 0.05/6; rs7168430 is not significant due to its high 
association with SpO2; Table S3), indicating that each provides 
independent information relating to CMS.

We performed RNA quantification extracted from whole 
blood for seven manually selected candidate genes around the 
genome-wide significant SNP of chromosome 12 (rs7304081) on 
71 unrelated individuals of our study (30 cases and 41 controls). 
The only gene with a significant difference of RNA expression 
between cases and controls (at the level P < 0.05, no correction 
for multiple testing) was the closest gene AEBP2 (adipocyte 
enhancer-binding protein; P = 0.038), with lower expression 
levels in cases than in controls (Figure 3 and Table S4). Within 
the 71 individuals, we also found that the number of risk variants 
was associated with a decrease in RNA expression (P = 0.042). 
We also performed RNA quantification for manually selected 
candidate genes around other candidate loci and found a 
significantly different expression in CMS cases and controls 
for genes MCTP2 (multiple C2 and transmembrane domain 
containing; close to rs7168430; lower expression levels in cases 
than in controls; P = 0.003) and CAST (calpastatin; close to 
rs75810402; lower expression levels in cases than in controls; 
P = 0.029).

Finally, we performed expression analyses on 10 additional 
genes reported in other studies as CMS candidate genes or genes 
being under adaptation to high altitude [as reported in studies 
(Appenzeller et al., 2006; Xing et al., 2008; Bigham et al., 2010; 
Simonson et al., 2010; Peng et al., 2011; Xu et al., 2011; Buroker 
et al., 2012; Zhou et al., 2013; Espinoza et al., 2014; Udpa et al., 
2014); see Tables S4 and S5]. We found significantly different 
expression (P < 0.05) in CMS for three CMS candidate genes: 
SENP1 (sentrin-specific protease 1) (Zhou et al., 2013), ATM 
(ATM serine/threonine kinase) (Appenzeller et al., 2006), and 

VEGFA (vascular endothelial growth factor A) (Buroker et al., 
2012; Espinoza et al., 2014) (Figure S13). We did not observe 
significantly different expression for genes described as being 
under adaptation to high altitude (Table S4), even if we observed 
non-significant but small P values for EPAS1 (Simonson et al., 
2010; Yi et al., 2010; Peng et al., 2011; Xu et al., 2011) and EGLN1 
(Bigham et al., 2010; Peng et al., 2011; Xu et al., 2011) genes (P = 
0.06 for both genes).

Relationship Between GWAS, Selection 
Tests, and Admixture Mapping
We then merged our association results with signals of natural 
selection. We first computed on 124 unrelated controls two 
haplotypic tests of recent positive selection, iHS (Voight et al., 
2006) and nSL (Ferrer-Admetlla et al., 2014). We observed strong 
and consistent genome-wide iHS and nSL selection signals 
(Figure S14). Interestingly, we found enrichment of nSL statistics 
within genes of the hypoxia-inducible factor (HIF) pathway (345 
autosomal genes, P between 0.002 and 0.022 using different 
gene-set analyses; see Table S6), consistent with adaptation to 
high altitude acting on the genes of this pathway (Bigham et al., 
2010; Simonson et al., 2010; Foll et al., 2014). Despite this signal 
of adaptation to high altitude, no strong iHS and nSL signals 
were shared with the association analysis (Figures 4A, B and 
Table S1), and we found no enrichment of GWAS signal within 
the HIF pathway (Table S6). Our four candidate variants also 
did not present strong iHS and nSL signals in their surrounding 
regions (Table 2 and Figure S15). However, we note that for three 
out of these four variants, the risk alleles are the ancestral alleles, 
and all risk variants have a lower frequency in controls than in 
1000G Peruvian population from Lima, but a higher frequency 
in CMS patients than in this Peruvian population (Table 2). If we 
assume that 1000G Peruvians are lowlanders with low Quechan 
ancestry, these observations suggest some selective pressure on 
these variants, but no strong ongoing adaptation as previously 
hypothesized (see Discussion).

FIGURE 3 | Gene expression in peripheral blood under hypoxia condition in CMS cases and controls around candidate loci. P values indicate the difference of 
level of expression in CMS cases (red) and controls (blue). Expression values were clustered into genotypes for representation purposes; note that for rs7304081, 
heterozygous genotypes AC were clustered with CC in controls and AA in cases.
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Since we observed a tendency to have a higher proportion of 
European admixture in our cases (Figure 1D), we also performed 
admixture mapping to test if regions of the genome have an 
excess of European genome in cases. Here again, we found no 
strong signal shared with the association analysis (Figure 4C and 
Table S1).

Finally, we took advantage of our large GWAS dataset to 
investigate association and selection results around 21 CMS 
candidate genes or genes under adaptation to high altitude [as 
reported in studies (Appenzeller et al., 2006; Xing et al., 2008; 
Bigham et al., 2010; Simonson et al., 2010; Peng et al., 2011; Xu 
et al., 2011; Buroker et al., 2012; Zhou et al., 2013; Eichstaedt et 
al., 2014; Espinoza et al., 2014; Udpa et al., 2014; Crawford et 
al., 2017; Stobdan et al., 2017); see Table S5 and Figure S16]. 
We confirmed strong signal of recent positive selection (P < 10−5) 
in a 1-Mb window around the genes SENP1 (Zhou et al., 2013), 
ANP32D (acidic nuclear phosphoprotein 32 family member D) 
(Zhou et al., 2013), and PYGM (glycogen phosphorylase muscle 
associated) (Crawford et al., 2017) and moderate signal (P < 10−3) 
around the genes TBX5 (T-Box 5) and SH2B1 (Src homology 
2 B adaptor protein 1) (Crawford et al., 2017). However, none 
of these signals contained evidence of association with CMS 
(Figure S16). Finally, we did not replicate the selection signal 
around the EGLN1 gene (Bigham et al., 2010; Peng et al., 2011; 
Xu et al., 2011), considered as being the main gene under positive 
selection in both Tibetan and Andean native populations, as 
well as selection and association signals around SGK3 (serum/
glucocorticoid regulated kinase family member 3), COPS5 
(COP9 signalosome subunit 5), PRDM1 (PR/SET domain 1), 
IFT122 (intraflagellar transport 122) (Stobdan et al., 2017), 
BRINP3 (bone morphogenetic protein/retinoic acid inducible 
neural-specific 3), and NOS2 (nitric oxide synthase 2) (Crawford 
et al., 2017).

DISCUSSION

In this study, we performed the largest GWAS on CMS. We 
highlighted four new candidate loci, including the first CMS-
associated variant reaching GWAS statistical significance 
(rs7304081; P = 4.58 × 10−9). By looking at differentially expressed 

genes between CMS patients and controls, we suggested AEBP2, 
CAST, and MCTP2 as potential causal genes, and bring additional 
evidence for CMS candidate genes, including HIF pathway genes 
SENP1 (Zhou et al., 2013) and VEGFA (Buroker et al., 2012; 
Espinoza et al., 2014), as well as ATM (Appenzeller et al., 2006). 
None of our candidate loci were under strong natural selection, 
consistent with the observation that CMS affects fitness mainly 
after the reproductive years (León-Velarde et al., 1993); in our 
population of CMS patients, only 13% were below 30 years old 
(Figure S2). Genes from the HIF-pathway were enriched for 
signals of natural selection but not in CMS variants, suggesting 
that adaptation to high altitude through the HIF-pathway did 
not impact CMS genetic architecture. While we confirmed 
a strong signal of recent positive selection around the genes 
SENP1, ANP32D (Zhou et al., 2013), and PYGM, TBX5, and 
SH2B1 (Crawford et al., 2017), we did not replicate selection 
signals from other studies; this suggests either a differential 
selection in other Andean populations or potential false positives 
in reported genes associated with adaptation to high altitude in 
the Andes (note that our sample size, N = 124 for selection scan, 
outperformed those from previous studies). Overall, our results 
reveal new insights on the genetic architecture of CMS and do 
not provide evidence that CMS-associated variants are linked 
to a strong ongoing adaptation to high altitude, suggesting that 
Andeans present a functional adaptation to high altitude similar 
to low-altitude dwellers, rather than high-altitude dwellers from 
East Africa or Tibet where the prevalence of CMS is low. It might 
be interesting to note that CMS patients travel less frequently to 
sea level (Table 1). However, it is unlikely that short trips (less 
than 1 week) to low altitude might prevent the development of 
CMS. Moreover, decreased mobility might also be a consequence 
of the disease.

The adaptive correlation between [Hb], arterial oxygen 
saturation, and high-altitude hypoxia has been widely studied and 
differs in pattern between native Tibetan, Ethiopian, and Andean 
populations. Indeed, [Hb] in native Tibetans and Ethiopians 
responds to high altitude to a lower extent than Andeans (Beall 
and Reichsman, 1984; Beall, 2006). Tibetans and Ethiopians 
living at 3,500–4,000 m show [Hb] similar to what is observed 
in populations living at sea level but with arterial hypoxemia in 
Tibetans and normoxemia in Ethiopians. [Hb] increases at higher 

FIGURE 4 | Cross-results of association signals with selection scans and admixture mapping. We compared GWAS signals with the iHS (A) and nSL (B) tests of 
recent positive selection and European admixture mapping (C).
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altitudes in Tibetans, highlighting that the hypoxic pathway is still 
functional. In contrast, in Andean highlanders living at the same 
altitude, mean hemoglobin concentration is higher and arterial 
oxygen saturation is reduced compared to sea level populations 
(Beall and Reichsman, 1984; Beall et al., 1998; Beall, 2006). CMS, 
characterized by excessive erythrocytosis leading to reduced life 
expectancy, is quite common in Andean native populations and 
in lowlanders living at high altitude but is rarely observed in 
Tibetans. This shows the prominent role of [Hb] in adaptation 
to high altitude and a better adaptation of Tibetans to altitude 
than Andeans (Zhang et al., 2017). Interestingly, although mean 
[Hb] appears highly different between these populations, the 
heritability of this trait is quite high with 0.86 in Tibetans and 
0.87 in Bolivians (Beall et al., 1998). The common finding that 
86–87% of [Hb] is attributable to genetic factors in contrast to 
the large difference in [Hb] among populations suggests that 
different alleles influence the hematological response to high 
altitude.

Our study includes both subjects with pathological or normal 
[Hb] in response to altitude hypoxia, sampled from the same 
population in one of the highest cities in the world (Cerro de 
Pasco; 4,380m); this maximizes the chance of discovering the 
genetic determinants involved. Here, we aimed to decipher 
the genetic basis underlying the risk of CMS in Andeans and 
whether this risk is linked to Andean adaptation to altitude. 
We set up a research protocol based on three non-exclusive 
hypotheses: i) CMS could be the consequence of an incomplete 
adaptation to altitude due to shorter exposure to altitude (at the 
population level) when compared to Tibetans or Ethiopians, ii) 
the population history of Andeans, with migrations between 
high and low altitude regions and ancient and recent population 
admixture, could have reduced adaptation to altitude, iii) and 
finally, clinical frame of CMS is mainly independent from 
altitude adaptation. We set up the largest GWAS study on altitude 
adaption in Andean with 166 CMS patients and 146 healthy 
subjects. Our genomic analyses of adaptation to high altitude in 
Andeans resulted in several important observations that shed a 
new light on the biology and population processes involved that 
are discussed in detail below.

First, only one SNP, rs7304081, in chromosome 12 close to 
AEBP2 reached the genome-wide statistical significance threshold; 
the ancestral lowlander allele rs7304081-C is overrepresented in 
CMS patients. AEBP2 is the only differentially expressed gene 
in peripheral whole blood between CMS patients and controls. 
AEBP2 is an epigenetic regulator for neural crest cells but has 
never been implicated before in hypoxia/altitude adaptation 
processes (Kim et al., 2011). At a discovery threshold of 10−5, 
three additional SNPs were detected, rs75810402, rs7832232, and 
rs7168430. Close to rs75810402 on chromosome 5 is CAST and 
close to rs7168430 on chromosome 15 is MCTP2, two candidate 
genes also suggested using expression data. Calpastatin, the 
protein encoded by CAST, has an inhibiting effect on calpain and 
has been evoked in the progression of pulmonary hypertension 
(Wan et al., 2016). MCTP2 has been associated with bodyfat levels 
and obesity (Bouchard et al., 2007). At this point, it is important 
to recall the pathophysiological hypotheses concerning CMS: 
depressed ventilation, especially during sleep (aggravated by sleep 

apnea and overweight), severe hypoxemia, increased secretion 
of erythropoietin, and excessive erythrocytosis (Richalet et 
al., 2008; Villafuerte and Corante, 2016); CMS is sometimes 
associated with pulmonary hypertension due to chronic hypoxic 
remodeling of the pulmonary vasculature (León-Velarde et 
al., 1994). Interestingly, the differential expression of CAST 
and MCTP2, found in the present study, could be linked with 
two pathological phenotypes, pulmonary hypertension and 
overweight, both of which associated with CMS, as shown in the 
present study. Only a prospective study starting early in age would 
determine if overweight and obesity are cause or consequence of 
CMS. In fact, a vicious circle may develop with hypoventilation, 
hypoxemia, polycythemia, CMS, inactivity, and obesity.

Overall, we did not observe any correlation between the 
strongest signals of association, natural selection, and excess of 
European admixture (Figure 4). Nevertheless, all the risk alleles 
of our candidate variants have a lower allele frequency than in 
lowlanders from Lima, suggesting some selective pressure on 
these variants, but no strong ongoing adaptation as previously 
hypothesized. We also observed that genes from HIF-pathway 
were enriched in signals of natural selection but not in CMS-
associated variants (Table S6), suggesting that adaptation to 
high altitude through the HIF-pathway did not impact the 
genetic architecture of CMS. Several studies with conflicting 
results identified loci under strong positive selection in Andeans 
(Bigham et al., 2010; Zhou et al., 2013; Foll et al., 2014; Fehren-
Schmitz and Georges, 2016; Crawford et al., 2017), and some 
of these loci (SENP1, ANP32D, and PYGM) appear also under 
positive selection in our study but remain independent of 
CMS phenotype. Convergent adaptation between Tibetans and 
Andeans has been reported by Bigham et al. (Bigham et al., 
2010) and Foll et al. (Foll et al., 2014) and particularly highlights 
the response to hypoxia and the role of EPAS1 and EGLN1 in 
adaptation to altitude. It remains nevertheless striking that 
EPAS1 and EGLN1 have been reported in the literature as 
modulators of [Hb] only in Tibetans. Broadly, it appears that 
the physiological mechanisms of adaptation to altitude-induced 
hypoxemia differ between Tibetans [lowlander [Hb], high blood 
flow, high resting ventilation and hypoxic ventilatory response 
(Beall, 2007), and high NOS activity (Erzurum et al., 2007)] and 
Andeans [high [Hb] and hypoxemia (Beall, 2007)], suggesting 
that convergent adaptation, based on a functional point of view, 
does not shape adaptation to hypoxemia in both populations. 
We failed to show common genome-wide significant association 
or discovery signals between our Andean CMS GWAS study and 
the selection studies, including intragenic EPAS1- and EGLN1-
SNPs. Although the largest ever presented for CMS (and high-
altitude populations in the Andes), our sample size remains 
small relative to classical GWAS. Despite this limitation, the 
power of our study is large enough to detect modulating variants 
in EPAS1 and EGLN1 with the same frequency difference as 
measured between Tibetan and Han populations (Figure S4). 
These striking results may be due to the low power of our cohort 
to detect association but may reflect that adaptation to altitude in 
Andeans is still ongoing, subject to specific population history, 
or acting mainly on [Hb]. The evidence that [Hb] is higher in 
non-CMS Andean population when compared to Tibetans 
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living at the same altitude demonstrates that either adaptation 
is still incomplete or that [Hb] is subject to balanced selection 
in this population. Alleles increasing [Hb] could be beneficial 
in youth especially in women of reproductive age living at high 
altitude, while it could impair fitness in the elderly but with a 
lower evolutionary cost.

Second, we thus postulated that the population history of 
Andeans might have influenced the selection hallmark of high 
altitude on genome. Consistent with the absence of selection 
on EPAS1, the five SNPs of the Denisovan haplotype under 
selection in Tibetans (Huerta-Sánchez et al., 2014) were 
absent in our cohorts. Whether this haplotype was initially 
present in early settlements of Native Americans remains 
to be established. Another important population admixture 
situation could have impaired the process of adaptation to high 
altitude. Native Americans experienced a strong population 
bottleneck coincident with European immigration in the 
16th century. Based on a mitochondrial DNA study, O’Fallon 
and Fehren-Schmitz (O’Fallon and Fehren-Schmitz, 2011) 
demonstrated that some 500 years before present, female 
population effective size was reduced by ~50%, suggesting that 
population admixture with lowlander European population 
may have reduced the process of adaptation to altitude. In 
fact, we observed a tendency to a higher admixture level in 
CMS when compared to control subjects. Another important 
point influencing selection with respect to altitude is the 
difference in the duration of the selection pressure, 25–30,000 
years in Tibetans while only 10,000 years in Andeans. 
Moreover, most CMS symptoms occur in adult maturity, far 
after reproductive age (20–25 years old is usually considered 
as the peak of the reproductive period), and thus may expose 
CMS to a weak selection pressure. To illustrate the impact of 
population history in adaptation to hypoxia, a recent paper 
(Zhang et al., 2018) reported that previous studies about high-
altitude adaptation in Tibetans were mainly conducted on the 
Dbus-Gtsang and Amdo Tibetans living in the Qinghai-Tibet 
plateau area. A third Tibetan population, the Kham Tibetans 
also living above 3,000 m, has higher hemoglobin count, and 
around 20% of the population experiences CMS, close to the 
proportion found in the Andes. Kham Tibetans are situated 
in the “ethnic corridor of southwest China” where many Han 
people moved to Tibet during the Qing Dynasty (1644–1911 
CE) with a probable high level of admixture between the two 
populations (Zhang et al., 2018).

In conclusion, CMS may have various determinants. By 
performing the largest GWAS of CMS, as well as the largest 
selection scan in native Andeans, we observed no evidence 
that CMS is a consequence of an ongoing adaptation to altitude 
where variants under positive selection have not yet reached 
their optimum frequency. In addition, although the genes 
of the HIF pathway are under selection in Andeans, these 
genes are not enriched in the GWAS signal, which does not 
sustain our first hypothesis that CMS risk variants are under 
adaptation. Secondly, the influence of genetic admixture with 
another population, i.e., low interbreeding with Denisovan 
and recent admixture with lowlander European genomes, may 
also have a limited impact on adaptation to altitude and CMS 

outcome. Finally, the physiological pattern of adaptation to 
hypoxia between Tibetans and Andeans is quite different. In 
Tibetans, adaptive pathways limit the increase in hemoglobin 
level, while in Andeans without CMS, a higher [Hb] is a 
mechanism of adaptation to counteract tissue hypoxia, as it 
does in all low-altitude natives exposed to high altitude. This 
mechanism has no major negative impact during youth, and 
the evolutionary cost, CMS in the elderly, is limited. Finally, 
without a strong relationship with natural selection in response 
to altitude-induced hypoxia, CMS may appear as a polygenic 
trait, involving other risk factors such as ventilatory defects, 
pulmonary hypertension, or overweight. Thus, a larger sample 
size will be necessary to replicate the variants we have identified 
as being associated with CMS, to investigate selection pressure 
on these variants, and to investigate the role of European 
admixture.
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The first ascent of Mount Everest by Tenzing Norgay and Sir Edmund Hillary in 1953
brought global attention to the Sherpa people and human performance at altitude. The
Sherpa inhabit the Khumbu Valley of Nepal, and are descendants of a population that
has resided continuously on the Tibetan plateau for the past ∼25,000 to 40,000 years.
The long exposure of the Sherpa to an inhospitable environment has driven genetic
selection and produced distinct adaptive phenotypes. This review summarizes the
population history of the Sherpa and their physiological and genetic adaptation to
hypoxia. Genomic studies have identified robust signals of positive selection across
EPAS1, EGLN1, and PPARA, that are associated with hemoglobin levels, which likely
protect the Sherpa from altitude sickness. However, the biological underpinnings of
other adaptive phenotypes such as birth weight and the increased reproductive success
of Sherpa women are unknown. Further studies are required to identify additional
signatures of selection and refine existing Sherpa-specific adaptive phenotypes to
understand how genetic factors have underpinned adaptation in this population. By
correlating known and emerging signals of genetic selection with adaptive phenotypes,
we can further reveal hypoxia-related biological mechanisms of adaptation. Ultimately
this work could provide valuable information regarding treatments of hypoxia-related
illnesses including stroke, heart failure, lung disease and cancer.

Keywords: Sherpa, Tibetan, Sherpa physiology, hypoxia adaptation, genetic selection, high altitude adaptation,
natural selection

INTRODUCTION

The term “sher-pa” is the Tibetan for “eastern-people”. The Sherpa reside primarily in the
Solukhumbu district of Nepal but there are also smaller settlements in the Tibet Autonomous
Region of China. The Sherpa speak a Tibetan dialect, and they share similar cultural and religious
practices with Tibetans. They are traditionally engaged in farming; cultivating barley, potatoes and
rearing yak and sheep. Starting with the first Everest expeditions in the 1920’s, the Sherpa have
become renowned for their ability as mountaineers and today they often aid and lead climbing
expeditions in the Himalayas. Examples of their exceptional climbing feats include the first ascent of
Mount Everest by Tenzing Norgay Sherpa, who accompanied Sir Edmund Hillary in the final stage
of the 1953 expedition and Ang Rita Sherpa (known as “The Snow Leopard”) who, between 1983
and 1996, summited Everest ten times without the use of supplemental oxygen. The remarkable
tolerance of the Sherpa to hypoxia has, over the last 60 years, been a focus of attention for the
scientific community, in particular physiologists (Gilbert-Kawai et al., 2014).
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The Sherpa are direct descendants of an ancestral population
that has resided continuously on the Tibetan plateau for the past
25,000 to 40,000 years (Aldenderfer, 2011; Zhang et al., 2018).
This long exposure to the evolutionary pressure presented by
high altitude has driven physiological adaptation, which in turn
has allowed the Sherpa to thrive. The adaptive physiological
makeup of the Sherpa can inform on treatments for hypoxia-
related illness including pulmonary, cardiac, neurological and
renal disorders (Martin et al., 2013; Luks and Hackett, 2014;
Gilbert-Kawai et al., 2015). Thus, studying the Sherpa at altitude
offers a unique, “natural laboratory” that can provide insight to
the molecular mechanisms of hypoxia.

An early paper on Sherpa physiology, published in 1965,
suggested that the Sherpa have an efficient mechanism of oxygen
utilization at the cellular level, allowing them to perform well
under hypoxia (Lahiri and Milledge, 1965). Since then, our
knowledge of Sherpa adaptation has grown, largely by comparing
different physiological parameters between the Sherpa and people
of lowland origin. With the development of high throughput
DNA genotyping and sequencing platforms, genomic studies of
indigenous high-altitude populations, including the Sherpa, have
begun to emerge. These have provided insight into population
history and genetic signatures of altitude-driven natural selection.
In this review, we (1) summarize the population history of, (2)
describe distinct adaptive phenotypes and (3) discuss signatures
of selection, in the Sherpa. We highlight the need for further
research connecting genetic factors to physiological adaptation in
the Sherpa at extreme altitude.

THE SHERPA, A RECENTLY DERIVED
TIBETAN POPULATION

Stone tools used by early humans have been found at Nwya
Devu in central Tibet at an altitude of 4,600 m. Dating to
30,000 to 40,000 years before present (YBP), these findings
represent the earliest archeological record of human colonization
of the Tibetan plateau (Zhang et al., 2018). Genetic studies have
suggested that the ancestors of both the Sherpa and Tibetans
diverged from a Han Chinese population and arrived on the
Tibetan plateau from lowland East Asia around 40,000 years ago
(Qi et al., 2013; Jeong et al., 2014).

The prevailing hypothesis is that, during the 16th century,
the ancestors of the Sherpa migrated from Tibet to the Khumbu
Valley of Nepal, driven by political and religious turmoil resulting
from a Mongol invasion (Oppitz, 1974). The presence of Sherpa-
specific mitochondrial DNA (mtDNA) lineages (Kang et al.,
2013) in a Nepalese context, with an estimated age of less than
1,500 years and derived from Tibetans, further supports this
hypothesis of a recent migration of the Sherpa to the Khumbu
valley (Bhandari et al., 2015).

There is a long history of migration from the Tibetan plateau
to Nepal. To illustrate, genomic analysis of human dental samples
(dating to between 1,700 and 3,000 YBP) from a northern
region of Nepal show strong affinity for contemporary Tibetans
(Jeong et al., 2016). Analysis of both autosomal data (Lu et al.,
2016; Gnecchi-Ruscone et al., 2017) and uniparental mtDNA

and Y-chromosome markers (Bhandari et al., 2015) have shown
the Sherpa and Tibetans to share relatively recent common
ancestry. Tibetans also share recent common ancestry with other
Nepalese populations including the Rai, Magar, Tamang, and
Gurung (Cole et al., 2017). The Sherpa share more genetic affinity
with these Tibeto-Burman speaking populations than with other
Indo-Aryan populations of Nepal. However, the Sherpa are
distinct from other Nepalese populations in that the Sherpa have
elevated levels of runs of homozygosity (Cole et al., 2017), and
illustrate very little or no admixture with Nepalese or South Asian
populations (Cole et al., 2017). Thus, the Khumbu Valley Sherpa
can be considered from the perspective of population genetics as
a “bottlenecked” population recently derived from Tibetans.

COMPARATIVE PHYSIOLOGICAL
STUDIES BETWEEN SHERPA AND
LOWLANDERS

In 1952, Griffith Pugh conducted a series of pioneering
physiological experiments on Mount Cho Oyo (at 8,188 m, 20 km
west of Mount Everest) that suggested a superior work capacity of
the Sherpa at high altitude (Pugh, 1962; Pugh et al., 1964). They
also provided the scientific rationale for the hydration, nutrition
and oxygen requirements for the first Everest summiting in 1953
(Milledge, 2002). Although the physiology of the Sherpa has been
studied over the intervening 60 years, the scientific literature is
limited in number, and most of the studies are based on small
sample sizes. There are obvious challenges to studying the Sherpa;
they reside in a remote region, at an altitude over 2,800 m, where
altitude sickness is common for sojourners. Despite this, several
remarkable findings have emerged and below we discuss specific
phenotypes that may be linked to hypoxia-related genetic signals
of selection reported to date. For a discussion of other hypoxia-
related physiological parameters studied in Sherpa, such as
ventilation, lung volume, exercise capacity and cerebral function
(see Gilbert-Kawai et al., 2014; Table 1).

Hemoglobin Concentration
The hypoxic challenge presented by high altitude drives
changes in hemoglobin concentration. Elevated hemoglobin
levels (≥19 g/dl in females; and ≥21 g/dl in males) resulting
from hypoxia can lead to chronic mountain sickness (Leon-
Velarde et al., 2005). Relative to lowland controls, the literature
suggests the Sherpa display lower hemoglobin concentrations
at high altitude (Beall and Reichsman, 1984; Wu et al., 2013;
Bhandari et al., 2016). Sherpa women with lower hemoglobin
concentrations (13.8 g/dl ± 1.3 g/dl) are reported to have
better reproductive outcomes (Beall et al., 1997, 2004; Cho
et al., 2017). Increased exercise capacity has been reported in
Tibetan males with a low erythropoietic response (Simonson
et al., 2015). It is yet to be determined whether the lower
hemoglobin concentration observed in Sherpa is due to a
blunted erythropoietic response or to some other physiological
parameters that impact hemoglobin concentration.
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TABLE 1 | Physiological parameters studied in Sherpa and lowlanders at altitude.

Parameter(s) Sherpa at high altitude Lowlander at altitude (meter) Reference(s)

Sample size Parameter
value

Altitude Sample size Duration
(days)

Parameter
value

Heart rate while working at
900 kg·m/min-beats/min

1 162 5,800 2 240 122 Pugh, 1962; Pugh et al., 1964

Lung diffusion capacity for oxygen-ml/min 1 97 5,800 2 240 52.5 Pugh, 1962

Basal metabolic rate, kcal/m2 h 3 46.1 ± 1.0 5,800 8 240 41.1 ± 3.6 Gill and Pugh, 1964

10 different physiological parameters;
measured, to test oxygen utilization at the
cellular level

4 efficiently used
O2

4,880 3 60 less efficient to
use O2

Lahiri and Milledge, 1965

Heart rate (while work rate at 1,265 kg-m/min)-
beats/min

4 198 4,880 2 63 146 Lahiri et al., 1967

Partial pressure of carbon dioxide in the arterial
blood, mm Hg

4 28.6 4,880 5 60 25.9 Lahiri and Milledge, 1967

Hemoglobin level in Tibetans living at 3658 m in
Nepal; g/l00 ml

52 Male; 16.8 ± 1.4; Female: 14.5 ± 0.7 – Adams and Shresta, 1974

Hemoglobin level in Tibetans living at 4000 m in
Nepal; g/l00 ml

51 Male; 17.0 ± 1.25; Female:15.3 ± 0.8 – Adams and Strang, 1975

Ratio of 2, 3 diphosphoglycerate and
hemoglobin

7 0.9 3,900 2 30 1.26 Morpurgo et al., 1976

Mean oxygen half saturation of hemoglobin 7 27.3 ± 1.8 3,500 7 120 28.2 ± 1.3 Samaja et al., 1979

Arterial oxygen saturation (SaO2) 10 88 ± 0.74 4,243 25 12 85.6 ± 1.0 Hackett et al., 1980

Body weight changes- Mean weight loss (kg) 4 constant 5,400 13 25 1.9 to 4 Boyer and Blume, 1984

Hypoxic ventilatory response (HVR)-end-tidal
PO2, 40 Torr

6,300 9 25 21.2 ± 5.4 Schoene et al., 1984

Partial pressure of oxygen in arterial blood (Torr) 6 34.5 ± 3.2 5,400 9 – 41.0 ± 3.3 Santolaya et al., 1989

Partial pressure of carbondioxide in arterial
blood (Torr)

6 27.5 ± 2.2 5,400 9 – 20.0 ± 2.8 Sutton et al., 1988

Hemoglobin oxygen affinity values 14 29.8 ± 1.9 – 1 – 19 Winslow et al., 1989

Resting glucose appearance rate at sea level
(1.79 ± 0.02) mg.kg−l.min-1

– – 4,300 7 21 3.59 ± 0.08 Brooks et al., 1991

HVR shape parameter A, (mean ± SE) 27 121 ± 17 3,658 30 9 ± 1 year 81 ± 10 Zhuang et al., 1993

Resting mean pulmonary arterial pressure SE
mmHg

5 15 ± 1 22 28 ± 2 Groves et al., 1993

Glucose metabolic rates of myocardial regions 6 0.32 ± 0.05 226 6 0.20 ±0 04 Holden et al., 1995

Brain glucose metabolic rates 6 0.71 6 19 0.73 Hochachka et al., 1996b

Signs of mild cortical atrophy 7 Seen in 1 21 Seen in 13 Garrido et al., 1996

Partial pressure of carbon dioxide, mm Hg 5 28.8 ± 1.2 3,400 4 40 22.0 ± 0.4 Samaja et al., 1997

Mean arterial blood pressure, mm Hg 9 83 ± 6 4,243 10 7 94 ± 7 Jansen et al., 2000

Forced expiratory volume of adult male (%) 146 110(107−114) 3,840 103 103.8
(100.4-107.3)

Havryk et al., 2002

Heart Rate (beats min–1) means ± S.D. 7 167 ± 10 5,050 10 28 149 ± 7 Marconi et al., 2004

Carried loads of their body weight (mean ± SD) 96 93 ± 36% 2,880 10 75% Bastien et al., 2005a,b, 2016

Arterial oxygen saturation (SaO2) or (SpO2) – – 5,620 lower SaO2 in Han than Tibetans Wu, 1990; Wu and Kayser, 2006

Arterial oxygen saturation, % 10 88 ± 3 40 10 97 ± 2 Jansen et al., 2007

Statistically significant gender specific
differences in SpO2

Adult Tibetan female show higher SpO2 value than male Weitz and Garruto, 2007

Serum angiotension-converling enzyme activity,
IU/L/37◦C

105 14.5 ± 0.4 1,300 111 14.7 ± 0.4 Droma et al., 2008

Mean arterial oxygen content at 8,400 m (26%
lower than at 7100 m)

– – 8,400 4 – 145.8 ml per L Grocott et al., 2009

Muscle phosphocreatine recovery halftime-
PCrtl/2 (s)

7 22.2 ± 1.6 50 7 – 16.1 ± 1.1 Edwards et al., 2010

(Continued)
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TABLE 1 | Continued

Parameters Sherpa at high altitude Lowlander at altitude (meter) Reference(s)

Number Parameters
values

Altitude Number Duration
(days)

Parameters
values

Radial arterial plasma NO2
−(nmol I−1) – – 4,559 26 4 263.6 ± 61.2 Bailey et al., 2010

Middle cerebral artery diameter [at
6,400 m = 6.66 mm]

– – 7,950 5 71 9.34 mm Wilson et al., 2011

Flow-mediated dilatation (FMD)-shear rate 12 24490 ± 7230 5,050 12 14 14802 ± 5306 Lewis et al., 2014

Arterial oxygen saturation (mean ± SE) 13 86 ± 1 5,050 13 9 83 ± 2 Faoro et al., 2014

Hemoglobin level ml. min(−l). mmHg(−l) 13 61 ± 4 5,050 13 9 37 ± 2 Faoro et al., 2014

Lung diffusing capacities 13 226 ± 18 5,050 13 9 153 ± 9 Faoro et al., 2014

Systolic pulmonary artery pressure 95 29.4 ± 5.5 13 64 – 23.6 ± 4.8 Bruno et al., 2014

Left ventricular untwisting velocity, ◦/s 11 −93 ± 31 5,050 9 13 −153 ± 38 Stembridge et al., 2014

Right ventricular isovolumic ralaxation time, ms 11 64 ± 20 5,050 9 13 78 ± 14 Stembridge et al., 2015

No significant differences of dietary nitrate
supplementation on AMS score

– – 4,559 28 7 p = 0.29,
p = 0.47

Cumpstey et al., 2017

Arterial oxygen saturation (%, 95% CI of Mean) – – 5,300 11 13 73.0
(70.3–75.5)

Luks et al., 2017

Relative PPARA mRNA expression of muscles
tissues

15 0.5158 5,300 10 19 1.0045 Horscroft et al., 2017

Post reproductive, Tibetan women
(n=959)-Hemoglobin concentration, gm/dl

– 13.8 – – Cho et al., 2017

Increase in nocturnal time course of blood
oxygen saturation level at rest

– – 3,050 10 21 94.5% (91-97) Tannheimer et al., 2017

FMD unchanged (in rest and maximal exercise),
at low and high altitude

– – 3,800 9 7 (6.3 ± 1.3)% Tymko et al., 2017a

Brachial artery blood flow [at Sea level-
(142.7 ± 30.6)], ml/min

– – 5,050 14 21 53.1 ± 11.1 Tymko et al., 2017b

Number of circulating microparticles in blood
(CD 66b+)/µ1 (21 ± 4) Sea level

– 3,800 10 3 74 ± 17 Tremblay et al., 2017

Birth-weight (kg) in Tibetans & Han; at
3,000–4,000 m altitude

100 3.14 (3.06,
3.22)

<4,000 100 2.61 (2.34,
2.88)

Moore et al., 2001

Case report of a 32 week gestation Sherpa at
5160 m and her data after 10 month
postpartum

No apparent maternal, fetal or neonatal complications – Davenport et al., 2018

Arterial oxygen pressure (PaO2; mm Hg) – – 4,100 8 50 54 ±1.2 Lundby et al., 2018

Prefatigue, maximal voluntary contraction
torque, N. m

9 50.1 ± 11.3 5,050 9 – – Ruggiero and Mcneil, 2018

Maximal voluntary contractile force (kg) 10 44.3 ± 14.1 5,050 12 10 58.2 ± 8.1 Ruggiero et al., 2018

Brachial artery flow-mediated dilation (FMD) 12 5.8 ± 2.8% 5,050 22 10 3.8 ± 2.8% Tremblay et al., 2018

Resting posterior cerebral artery velocity – – 4.240 10 13 43 cm/s Leacy et al., 2018

Lowland origin; Female SpO2; Mean (SD),
(%)[95.2 (1.2); at 600 m]

– – 3,500 20 1 76.7 (5.6) Burtscher et al., 2018

Partial pressure of arterial carbon dioxide.
mmHg

11 32.1 ±2.5 5,050 21 21 30.0 ±1.9 Willie et al., 2018

Peripheral oxygen saturation in female [at
600 m; 96.9 (1.0)] Mean (SD) %

– – 3,840 20 1 86.5 (6.5) Burtscher et al., 2019

SpO2 (%) [at Sea Level (244 m) is 98 ± 1] – – 3.800 12 10 89.1 ± 3 Stembridge et al., 2019

Free cysteine and plasma total free thiol
concentrations

– – 4,559 4 Elevated at 4,559 m than at 50 m Cumpstey et al., 2019

Sublingual capillary total vessel density [at Sea
Level; 18.81 ± 3.92 mm mm−2

– – 7,042 10 21 21.25 ±2.27 Hilty et al., 2019

Sympathetic nerve activity, burst frequency
(bursts min−1)

8 22 ± 11 5,050 14 20 30 ± 9 Simpson et al., 2019

Nitric Oxide Concentration
Nitric oxide acts as a vasodilator and is believed to protect against
pulmonary hypertension at high altitude (Busch et al., 2001). It

also plays a role in haematocrit regulation by controlling blood
viscosity (Ashmore et al., 2014). Serum nitric oxide levels have
been reported as reduced in the Sherpa relative to lowlanders
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(Droma et al., 2006), and a recent study reported no differences
in circulating nitric oxide metabolites [N-nitrosamine (RNNO),
S-nitrosothiol, nitrate, or nitrite concentrations] between Sherpa
and lowlanders at both low and high altitude (Horscroft et al.,
2017). However, a non-synonymous variant (rs549340789) in
NOS1 (nitric oxide synthases 1) has been identified as under
positive selection in the Sherpa (Zhang et al., 2017). Thus, it
seems that nitric oxide may play an important role in hypoxic
adaptation (Erzurum et al., 2007; Beall et al., 2012), but the exact
mechanisms remain poorly understood.

Microcirculation
Lowlanders exhibit, in a hypoxic environment, reduced
sublingual microcirculatory blood flow (Martin et al., 2009).
However, the Sherpa maintain sublingual capillary densities
and microcirculatory blood flow (Gilbert-Kawai et al., 2017) at
altitude. Compared to mountaineers of European-ancestry,
during an expedition to Mount Everest, Sherpa exhibit
elevated basal levels of angiogenic elements including vascular
endothelial growth factor A (VEGF-A), interleukins (IL-8) and
lymphangiogenic factors (VEGF-C and D), which likely facilitate
increased microcirculatory flow (Patitucci and Lugrin, 2009). The
Sherpa display an elevated oxygen unloading rate, and increased
myogenic activity relative to lowlanders, further supporting
higher peripheral microcirculatory perfusion (Davies et al.,
2018). Following a defined period of induced leg occlusion and
muscle ischemia, the Sherpa are reported to display increased
blood flow velocity, relative to lowlanders (Schneider et al.,
2001). This is likely due to differences in conduit vessel function.
Thus, the Sherpa appear to exhibit distinct microcirculation
patterns, which might facilitate increased tissue oxygen transfer
to overcome hypoxia.

Pulmonary and Cardiac Physiology
The Sherpa have greater spirometry values, forced expiratory
volumes and forced vital capacity relative to lowlanders at high
altitude (Pugh, 1962; Havryk et al., 2002). Lowlanders often
experience apnea-induced brady-arrhythmias at high altitude,
while Sherpa typically do not (Busch et al., 2017). The Sherpa
display lower pulmonary vascular resistance and smaller left
ventricular end-diastolic volume (Stembridge et al., 2014).
However, the mechanism by which this reduced myocardial
relaxation impacts on the exercise capacity of the Sherpa is
unclear (Stembridge et al., 2015).

Evidence suggests a shift in cardiac substrate preference, from
fat to glucose, in Sherpa relative to lowland controls (Holden
et al., 1995). Some patients with heart failure display a reduction
of the myocardial PCr to ATP ratio (Neubauer et al., 1997).
Lowlanders returning from high altitude also display a significant
decrease in myocardial PCr/ATP ratio (Holloway et al., 2011), but
this ratio remains steady in the Sherpa (Hochachka et al., 1996a).

Skeletal Muscle
Sherpa muscle contains a significantly greater number of
capillaries per cross-sectional area, in comparison to lowlanders
(Kayser et al., 1991). Sherpa also display a reduced mitochondrial
content, but their muscle is somehow maximizing the oxygen

consumption to mitochondrial volume ratio (Kayser et al.,
1991; Horscroft et al., 2017). Under hypoxia, Sherpa skeletal
muscle prefers carbohydrate over fatty acids as a metabolic
substrate (Murray, 2009). Sherpa muscle maintains fatty acid
oxidation relative to lowlanders at high altitude. Incomplete
fatty acid oxidation results in production of byproducts such as
acylcarnitines and reactive oxygen species. Acylcarnitines and
markers of oxidative stress (e.g., reduced/oxidized glutathione
and methionine sulfoxide) are increased in lowlander muscle
relative to the Sherpa (Gelfi et al., 2004; Horscroft et al.,
2017). However, oxidative damage in lowlanders was reduced
to levels comparable with the Sherpa, where acclimatization
has taken place (Janocha et al., 2017). Lactate dehydrogenase
activity is elevated in Sherpa muscle (Allen et al., 1997; Horscroft
et al., 2017), indicating greater capacity for anaerobic lactate
production. With increasing altitude, lowlanders experience a
gradual reduction in phosphocreatine (PCr) and ATP levels
(Levett et al., 2015). But the Sherpa maintain PCr and ATP
levels at altitude (Horscroft et al., 2017). Thus, the superior
muscle energetics displayed by the Sherpa is probably the result
of adaptation at the metabolic level.

Birth Weight
Women of European and Han Chinese ancestry exhibit reduced
birth weights following gestation at high altitude, quantified at
100 g reduction for every 1,000 m elevation (Moore, 2003; Julian
et al., 2009; Moore et al., 2011). The Sherpa (and Tibetans),
however, maintain normal birth weight at both low (1,330 m) and
high (3,930 m) altitude (Smith, 1997; Moore et al., 2001). Genes
including PPARA are expressed in the placenta (Barak et al., 2008)
and have been shown to influence female reproductive function
(Bogacka et al., 2015). HIFs play a critical role in mammalian
embryo and placental development (Dunwoodie, 2009; Pringle
et al., 2009). EPAS1 expression appears reduced in umbilical
endothelial cells and placentas of Tibetan women (Peng et al.,
2017). Intronic variants in CCDC141 have been shown in Tibetan
and Sherpa women to associate with the number of live births,
and the same locus also shows evidence of positive selection
(Jeong et al., 2018). The increased reproductive success of the
Sherpa is therefore likely to be, at least in part, due to cardiac-
related traits (Jeong et al., 2018) and placental adaptation (Burton
et al., 2016). Further studies are required to understand the
molecular mechanisms by which the Sherpa maintain normal
intrauterine growth at altitude.

In summary, the Sherpa display distinct physiological
responses to hypoxia that contrast to lowlanders at high altitude
(Table 1). These are presumably the result of exposure over many
generations to the hypoxia-related selective pressure presented by
the Tibetan plateau. Indeed, some examples have already emerged
of specific genetic signatures of selection associating with distinct
adapative traits (Simonson, 2015; Moore, 2017).

SIGNATURES OF ALTITUDE-RELATED
GENETIC SELECTION IN THE SHERPA

With developments in sequencing and genotyping technology
over the past decade, it has become possible to identify
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population-specific signatures of selection for adaptation across
the human genome. There are now several complementary
genomic tests available for detecting genetic selection
(Scheinfeldt and Tishkoff, 2013) and the application of these
tests to data from indigenous high-altitude people including the
Sherpa have identified numerous and remarkable genetic signals
of selection. Here, we focus on the three most robust signals of
selection detected to date in the Sherpa: EPAS1, EGLN1, and
PPARA (Table 2).

Endothelial PAS Domain-Containing
Protein 1 (EPAS1)
One of the earliest signals for altitude-related adaptation to
emerge from genomic selection studies was EPAS1. Initially
discovered in Tibetans (Beall et al., 2010), the EPAS1 signal has
been replicated in multiple other Tibetan populations (Bigham

et al., 2010; Simonson et al., 2010; Yi et al., 2010; Peng et al., 2011;
Wang et al., 2011; Xu et al., 2011) as well as the Sherpa (Hanaoka
et al., 2012; Jeong et al., 2014; Bhandari et al., 2016). The
selected EPAS1 haplotype is associated with lowered hemoglobin
concentrations (Beall et al., 2010). Remarkably, it seems the
adaptive EPAS1 haplotype likely descends from an introgression
event with the Denisovan people, an extinct species of archaic
humans (Huerta-Sánchez et al., 2014; Hu et al., 2017). A 3.4 kb
copy number deletion, downstream of EPAS1, is elevated in
frequency, in Tibetans and Sherpas relative to lowland controls
(Lou et al., 2015). This deletion is in strong linkage disequilibrium
with the previously reported (Beall et al., 2010) EPAS1 haplotype
and has also been associated with lower hemoglobin levels. The
actual functional EPAS1 variant(s) that are conferring advantage
in relation to hypoxic adaptation remain unknown. However, the
intronic and intergenic location of the selected variants would be
consistent with a role in HIF-related transcriptional regulation.

TABLE 2 | A summary of genetic adaptations reported in the Sherpa, and replication in other population(s) or species.

Genes name(s) Sherpa Other population(s)
or species

Reference(s)

Sample Size Reference(s)

ACE 105 Droma et al., 2008 Elite European descent
athletes

Montgomery et al., 1998; Jones et al., 2002

HIF-la 20 Suzuki et al., 2003 – –

eNOS 105 Droma et al., 2006

EPAS1 105 Hanaoka et al., 2012 Tibetan Beall et al., 2010; Simonson et al., 2010; Yi
et al., 2010; Bigham et al., 2010; Peng et al.,
2011; Wang et al., 2011; Xu et al., 2011

51 Jeong et al., 2014 Deedu Mongolian Xing et al., 2013

582 Bhandari et al., 2016 Denisovan Huerta-Sánchez et al., 2014

3.4 kb Copy Number Deletion-80 kb
downstream of EPAS1

582 Bhandari et al., 2016 Tibetan Lou et al., 2015

EGLN1 51 Jeong et al., 2014 Tibetan Lorenzo, 2010; Simonson et al., 2010; Yi et al.,
2010; Xiang et al., 2013; Lorenzo et al., 2014

582 Bhandari et al., 2016 Andean Bigham et al., 2009; Bigham et al., 2010

111 Zhang et al., 2017 Daghestani Pagani et al., 2012

PPARA 15 Horscroft et al., 2017 Tibetan Simonson et al., 2010; Peng et al., 2011

Kinota et al., 2018 (Amhara and Omotic)
Ethiopian

Scheinfeldt et al., 2012

HYOUI/HMBS 51 Jeong et al., 2014 – –

EPAS1, EGLN1, DLG1, MARCH8, CDCA7L,
HEATR5B, EDAR, ZNF644, TTC24, TMEM247,
OXR1, ALDH31

111 Zhang et al., 2017 – –

NOS1 111 Zhang et al., 2017 Tibetan (GCH1),
Andeans (NOS2)

Bigham et al., 2009; Bigham et al., 2010; He
et al., 2018

ANGPT1 111 Zhang et al., 2017 Tibetan and grey
wolves of TAR, China

Jeansson et al., 2011; Wang et al., 2011

EPAS1, EGLN1, RP11-384F7.2 AC068633.1,
ZNF53 2, HLA-DOB1/HLA-DPB1

10 Arciero et al., 2018 – –

ANKH 10 Arciero et al., 2018 Pigs of TAR, China Ai et al., 2014

GRB2 10 Arciero et al., 2018 Tibetans Li et al., 2016

Polygeneic Adaptation {Gene subnetworks like
the nested integrin associated pathways (i.e.,
Integrin β-1, Integral α6−β4 and Integrin
involved in angiogenesis),CMYB and C-MYC
transcription factor pathways}

31 Gnecchi-Ruscone
et al., 2017, 2018

Tibetans Gnecchi-Ruscone et al., 2018

EPAS1, EGLN1.CCDC141,PAPOLA, VRK1,
C6orf195, CTBP2, TEX36, EDRF1

103 Jeong et al., 2018 Tibetans Jeong et al., 2018
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EPAS1 encodes the HIF2 alpha subunit of HIF2. The postnatal
deletion of EPAS1 in adult mice causes anaemia (Gruber
et al., 2007). Some cases of erythrocytosis are caused by
missense mutations (e.g., G536W) in EPAS1 (Percy et al., 2008).
Mice carrying the EPAS1 G536W mutation display excessive
erythrocytosis and pulmonary hypertension (Tan et al., 2013).
Another study in heterozygous EPAS1 knockout mice reported a
blunted physiological response to chronic hypoxia (Peng et al.,
2017). Further in-vivo and in-vitro studies are necessary to
understand how the adaptive version of the EPAS1 gene is
shaping human adaptation to altitude.

Egl-9 Family Hypoxia Inducible Factor 1
(EGLN1)
Another high altitude genetic selection signal to emerge from
early studies on Tibetans was EGLN1 (Simonson et al., 2010; Yi
et al., 2010). Similar to EPAS1, this signal was later demonstrated
in the Sherpa (Jeong et al., 2014). Two functional EGLN1
mutations (rs12097901, D4E, and rs186996510, S127C) appear
to be driving the selection signal and are present in both
Sherpa (Bhandari et al., 2016) and Tibetans (Lorenzo, 2010;
Xiang et al., 2013; Lorenzo et al., 2014). Whether the mode
of action of these two mutations is via gain of function
(Lorenzo et al., 2014) or loss of function (Song et al., 2014)
remains unclear.

EGLN1 encodes proline hydroxylase 2 (PHD2), an isoform
of HIF prolyl-hydroxylase. Homozygous knockout PHD2
mice are unviable and die at the embryonic stage due to
severe placental defects (Takeda et al., 2006). Knockout
mice with PHD2 disruption targeted to specific organs
including the liver, heart, kidney and lung develop excessive
vascular growth (Takeda et al., 2007). Adult mice deficient
for PHD2 display excessive erythrocytosis (Takeda et al.,
2008) and heterozygous PHD2 mice have an increased
ventilatory sensitivity to hypoxia and carotid body hyperplasia
(Bishop et al., 2013).

Peroxisome Proliferator-Activated
Nuclear Receptor A (PPARA)
PPARA encodes PPARα, a transcriptional regulator of fatty
acid oxidation in liver, heart and muscle (Gilde and Van
Bilsen, 2003). PPARA has tissue-specific expression and, under
hypoxic conditions, is downregulated by HIFs (Narravula and
Colgan, 2001). Positive selection across the PPARA gene has
been reported in Tibetans (Simonson et al., 2010) and Sherpa
(Horscroft et al., 2017), and the selected PPARA SNPs correlate
with reduced hemoglobin levels (Simonson et al., 2010). Sherpa
carriers of the positively selected PPARA alleles switch to more
efficient fuels such as glucose and display decreased muscular

fatty acid oxidation (Horscroft et al., 2017). Most of the PPARA
SNPs reported to be under selection appear to be non-coding
variants (Kinota et al., 2018). It is unclear if these variants directly
affect transcriptional regulation or are linked with functional
variants in other genes or nearby inter-genic regions.

CONCLUSION

The Sherpa show remarkable performance in the hypoxic
environment presented by high altitude. Comparative
physiological studies have suggested numerous distinct, adaptive
phenotypes in the Sherpa including advantageous levels of
hemoglobin, oxygen saturation and birth weight, and the
elevated reproductive success of Sherpa women. Genomic
studies have identified robust signals of positive selection
across genes including EPAS1, EGLN1 and PPARA. All three
of these signals of genetic selection have been shown to
correlate with advantageous levels of hemoglobin. However,
Sherpa-specific signals of genetic selection have also been
reported, suggesting that whilst some of the genetic basis for
adaptation in the Sherpa is shared with Tibetans, there may
be features unique to the Sherpa, which could in turn explain
distinct Sherpa phenotypes. Collectively, this illustrates how
the outstanding physiological performance of the Sherpa at
altitude is, at least in part, a result of hypoxia driven genetic
selection spanning the ∼35,000 years of seasonal migration
on the Himalayan plateau. Further comparative physiological
studies are required to refine existing, and identify additional
adaptive phenotypes, in particular those that are specific to
the Sherpa. By correlating these phenotypes with known
and emerging signals of genetic selection, we can shed light
on biological mechanisms of Sherpa hypoxic adaptation.
Ultimately this work can inform on treatments of hypoxia-
related illness including pulmonary, cardiac, neurological and
renal disorders.
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Long-Term High-Altitude Hypoxia 
and Alpha Adrenoceptor-Dependent 
Pulmonary Arterial Contractions in 
Fetal and Adult Sheep
Dafne Moretta1, Demosthenes G. Papamatheakis2, Daniel P. Morris3, Paresh C. Giri1, 
Quintin Blood3, Samuel Murray3, Marian Ramzy3, Monica Romero4, 
Srilakshmi Vemulakonda1, Sidney Lauw3, Lawrence D. Longo3†, Lubo Zhang3 and 
Sean M. Wilson3,4*

1 Pulmonary and Critical Care, School of Medicine, Loma Linda University, Loma Linda, CA, United States, 2 Pulmonary and 
Critical Care Medicine, UC San Diego Health, San Diego, CA, United States, 3 Lawrence D. Longo MD Center for Perinatal 
Biology, School of Medicine, Loma Linda University, Loma Linda, CA, United States, 4 Advanced Imaging and Microscopy 
Core, School of Medicine, Loma Linda University, Loma Linda, CA, United States

Autonomic innervation of the pulmonary vasculature triggers vasomotor contractility 
predominately through activation of alpha-adrenergic receptors (α-ARs) in the fetal 
circulation. Long-term hypoxia (LTH) modulates pulmonary vasoconstriction potentially 
through upregulation of α1-AR in the vasculature. Our study aimed to elucidate the role 
of α-AR in phenylephrine (PE)-induced pulmonary vascular contractility, comparing the 
effects of LTH in the fetal and adult periods on α-AR subtypes and PE-mediated Ca2+ 
responses and contractions. To address this, we performed wire myography, Ca2+ imaging, 
and mRNA analysis of pulmonary arteries from ewes and fetuses exposed to LTH or 
normoxia. Postnatal maturation depressed PE-mediated contractile responses. α2-AR 
activation contracted fetal vessels; however, this was suppressed by LTH. α1A- and α1B-AR 
subtypes contributed to arterial contractions in all groups. The α1D-AR was also important 
to contractility in fetal normoxic vessels and LTH mitigated its function. Postnatal maturity 
increased the number of myocytes with PE-triggered Ca2+ responses while LTH decreased 
the percentage of fetal myocytes reacting to PE. The difference between myocyte Ca2+ 
responsiveness and vessel contractility suggests that fetal arteries are sensitized to 
changes in Ca2+. The results illustrate that α-adrenergic signaling and vascular function 
change during development and that LTH modifies adrenergic signaling. These changes 
may represent components in the etiology of pulmonary vascular disease and foretell the 
therapeutic potential of adrenergic receptor antagonists in the treatment of 
pulmonary hypertension.
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INTRODUCTION

The pulmonary circulation is regulated to optimize respiratory 
gas exchange. Various factors affect pulmonary vascular reactivity, 
including neural, hormonal, inflammatory, and local mediators. 
Autonomic innervation of the pulmonary vasculature has been 
documented in various mammals although there is significant 
variation in the distribution of the nerves (Barnes and Liu, 
1995). Considerable evidence also indicates there is a greater 
density of autonomic nerve fibers in larger vessels and vascular 
branching points (Daly and Hebb, 1966). The functional 
significance of sympathetic innervation of the human lung is 
not well understood although both α- and β-adrenergic receptors 
(ARs) are expressed in the pulmonary vascular bed. α-AR 
function predominates, however, in the fetal circulation with 
a higher basal vasomotor tone and greater reactivity to 
α-adrenergic stimulation (Mandel and Taichman, 2006). Notably, 
long-term hypoxia (LTH) results in upregulation of α1-AR gene 
transcription (Salvi, 1999).

Pulmonary vasoconstriction and high pulmonary vascular 
resistance, principally owing to a relatively low oxygen tension, 
are hallmarks of the fetal circulation. The high vascular resistance 
reduces energy expenditure to an organ that does not serve 
its primary purpose in utero (Weir et  al., 2000). LTH during 
gestation due to high-altitude living, smoking, maternal anemia, 
placental insufficiency, or other causes is detrimental to the 
fetus and causes pulmonary hypertension and other complications 
in the newborn (Niermeyer, 2007). However, the underlying 
mechanisms remain largely elusive.

Previously, we  demonstrated in sheep that LTH increased 
norepinephrine-induced contractions in pulmonary arteries and 
decreased acetylcholine-mediated relaxations in pulmonary veins 
(Xue et  al., 2008). Other studies showed that phenylephrine 
(PE)-induced contractions were increased in endothelium intact 
but not denuded, pig pulmonary arteries exposed to hypoxia 
(Ogata et  al., 1992). We  also demonstrated that PE-induced 
cytosolic Ca2+ responses were similar in pulmonary arterial 
myocytes from fetal and adult sheep (Goyal et  al., 2008). 
Nonetheless, little is known regarding the impact of LTH in 
the fetal and adult periods on adrenergic-mediated contractions 
or the underlying receptor-induced Ca2+ signals. The aim of 
the current studies was to determine the influence of long-
term hypoxic stress on α-AR-dependent pulmonary arterial 
contractility. We  tested the hypothesis that LTH in the fetal 
and adult periods enhance α-AR-dependent pulmonary arterial 
contractility. This was evaluated in intact arterial segments 
from fetal and adult sheep that lived at low altitude or were 
exposed to high-altitude hypoxia for 110+ days.

MATERIALS AND METHODS

Experimental Animals
Animal handling was performed as per our previous studies 
over the past two decades including numerous studies on 
vessels of the pulmonary vasculature. Sheep were chosen for 
study because of their similar developmental profile to human 

infants, especially with regards to their lung development 
(Papamatheakis et  al., 2013; Ducsay et  al., 2018). Secondarily, 
the changes in lung structure and function are somewhat 
mild relative to other species and again similar to humans 
(Papamatheakis et al., 2013). Non-pregnant and pregnant ewes 
born at low altitudes were purchased from Nebeker Ranch 
(Lancaster, CA; 720  m) and transported to the Loma Linda 
University (353  m; arterial PaO2  =  95  ±  5  Torr) or were 
transported and acclimatized to high altitude (3,801  m, 
PaO2  =  60  ±  5  Torr) at the Barcroft Laboratory, White 
Mountain Research Station (Bishop, CA) for approximately 
110 days (Kamitomo et al., 1993; Longo et al., 1996). Previous 
studies show that the PaO2 of fetal animals exposed to this 
level of hypoxia was roughly 20  Torr (Kamitomo et  al., 1993; 
Papamatheakis et  al., 2013). Animals acclimatized to high 
altitude were transported to the Loma Linda University, and 
shortly after arrival, a tracheal catheter was placed in the 
ewe, through which N2 flowed at a rate adjusted to maintain 
PaO2 at ~60  Torr (Kamitomo et  al., 1994) until the time of 
the experimental study. Arterial blood gasses were monitored 
in the hypoxic animals several times each day and the N2 
flow rate adjusted as needed to regulate maternal PaO2. Within 
1–5 days after arriving at the university, anesthesia was induced 
with Ketamine (10  mg/kg IV) and Midazolam (5  mg/kg IV).
The ewe was then placed in the supine position, intubated, 
and anesthesia maintained by inhalation of 1.5–2.5% Isoflurane 
in oxygen. Following tissue collection, sheep were sacrificed 
by intravenous injection of the proprietary euthanasia solution, 
Euthasol (2 ml/kg; Virbac, Ft. Worth, TX, USA). All tissue 
bath and calcium experimental procedures were performed 
as previously described (Goyal et  al., 2011; Papamatheakis 
et  al., 2011, 2012; Blum-Johnston et  al., 2016; Shen et  al., 
2018) within the regulations of the Animal Welfare Act, the 
National Institutes of Health Guide for the Care and Use of 
Laboratory Animals, “The Guiding Principles in the Care 
and Use of Animals” approved by the Council of the American 
Physiological Society, and the Animal Care and Use Committee 
of the Loma Linda University. Although the animals were 
housed in a rarified environment at the White Mountain 
Research Station and then the low PaO2 was maintained at 
the Loma Linda University by breathing hypoxic gasses, all 
experimental studies were performed under normoxic 
conditions at the Loma Linda University. This differs from 
studies performed by researchers in Chile who use sheep 
housed at the Putre Research Station, International Center 
for Andean Studies at 3,600 m above sea level (Herrera et al., 
2007, 2010). In comparison to work by researchers performed 
at Putre on sheep and other high-altitude research stations 
using various other animal models (Papamatheakis et  al., 
2013; Ducsay et  al., 2018), our studies identify those changes 
and mechanisms that persist in low-altitude environments 
following high-altitude living and gestation. Our work using 
terrestrial high-altitude exposure also differs from studies 
performed on sheep exposed to hypoxia in chambers that 
have relatively short exposure periods (Allison et  al., 2016; 
McGillick et  al., 2017). When comparing the terrestrial and 
chamber models of exposure, the long durations of our 
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exposures would restrict the number of sheep that could 
be examined each year. Tissues from a total of 106 experimental 
animals were examined for the studies of this report. This 
includes 22 adult normoxic (AN), 26 adult hypoxic (AH), 
36 fetal normoxic (FN), and 25 fetal hypoxic (FH) animals. 
The long duration of exposure combined with the large 
numbers of animals used in our studies makes such chamber 
studies or performing studies at the White Mountain field 
station largely impractical. Even still, we  are also fully aware 
that other phenomenon and mechanisms could be  unmasked 
by performing studies at high-altitude research laboratories, 
such as the augmented hypoxic pulmonary vascular pressures 
we  previously reported in 2-week-old newborn lambs born 
at high altitude (Blood et  al., 2013).

Tissue Preparation
Pulmonary arteries were dissected immediately from isolated 
lungs for contractility experiments from non-pregnant adult 
ewes or fetuses under normoxic conditions. Fourth and fifth 
order pulmonary arteries with internal diameters of about 
500–700  μm were dissected free of parenchyma and cut into 
5  mm long rings in ice-cold phosphate free balanced salt 
solution of the following composition (mM): 126 NaCl; 5 KCl; 
10 HEPES; 1 MgCl2; 2 CaCl2; 10 glucose; pH 7.4 (adjusted 
with NaOH). To avoid complications from endothelium-mediated 
effects, the endothelium was disrupted by carefully rotating 
the artery on a small roughened hypodermic needle or on 
the mounting wire (Papamatheakis et  al., 2011).

Contraction Studies
Pulmonary arterial contraction studies were performed as 
previously described at the Loma Linda University at 353  m 
(Blum-Johnston et  al., 2016; Giang et  al., 2016). In brief, 
pulmonary arterial rings on tungsten wires were suspended 
in organ baths (Radnoti Glass Instruments, Inc. Monrovia, 
CA) that contained 5 or 10  ml of modified Krebs-Henseleit 
solution containing in mM: 120 NaCl; 4.8 KCl; 1.2  K2HPO4; 
25 NaHCO3; 1.2 MgCl2; 2.5 CaCl2; 10 glucose. The bath solution 
was maintained at 37°C and aerated with 95% O2 to 5% CO2 
(pH  =  7.4). The wires were attached to low compliance force 
transducers (Radnoti Glass Instruments Inc.) for the measurement 
of isometric force (Blum-Johnston et  al., 2016; Giang et  al., 
2016) that were connected to an analogue to digital data 
interface (Powerlab 16/30 A/D Instruments, Colorado Springs, 
CO; or MP100, Biopac, Goleta, CA) attached to a computer. 
The changes in tension were recorded using Chart 5.5 (AD 
Instruments, Colorado Springs, CO) or AcqKnowledge 3.9 
(Biopac, Systems, Inc., Goleta, CA) and analyzed post hoc. 
Vessels were equilibrated without tension for a minimum of 
30  min and tensioned to approximately 0.75 g (Goyal et  al., 
2011; Papamatheakis et  al., 2011; Blum-Johnston et  al., 2016). 
Arterial tension was normalized to a maximum response 
obtained with 125  mM KCl (high K+) (%TKmax) or 10  μM 
serotonin (%T5HTmax). For evaluating dose-response characteristics, 
arteries were stimulated by applying 1  nM to 100  μM 
phenylephrine or 100 pM to 10  μM dexmedetomidine (DMT) 

logarithmically without washing in-between each concentration 
increase. Figure 1 studies were based on arterial segments 
isolated from normoxic fetal (9), adult (8) and hypoxic fetal 
(11), and adult (12) animals, which served as the controls for 
the pharmacological studies outlined in Figures 2, 4. Figure 2 
studies were based on arteries isolated from normoxic fetal 
prazosine (3) and yohimbine (5); adult prazosine (4) and 
yohimbine (4); as well as hypoxic fetal prazosine (4) and 
yohimbine (4); adult prazosine (4) and yohimbine (4). Figure 3 
studies were based on arteries isolated from fetal normoxic 
animals for control (3) and yohimbine (4) studies. Figure 4 
studies were based on arteries isolated from normoxic fetal 
CEC (4), WB (4), and BMY (4); adult CEC (5), WB (4), and 
BMY (5); as well as hypoxic fetal CEC (4), WB (4), and BMY 
(4); adult CEC (4), WB (4), and BMY (4). Figure 5 measurements 
were made in six animals from each group except for the 
fetal normoxic group, which was based on tissues from seven 
animals. Figure 6 recordings were made in three adult normoxic, 
three adult hypoxic, five fetal normoxic, and three fetal 
hypoxic animals.

RNA Purification
To obtain RNA of adequate quality for qPCR analysis from 
fibrous sheep arteries, a protocol combining the Qiagen® Fibrous 
Tissue RNeasy kit (Qiagen, Germantown, MD) with a Bullet 
blender (Next Advance Inc.) was developed for mid-sized 
pulmonary arteries as described below. Notably, the α-AR 
subtypes in native tissue were expected to have low expression 
(Michel et  al., 2009; Schonbrunn, 2014), increasing concerns 
about the accuracy of the qPCR measurements. A 450 μl aliquot 
of buffer RLT with Mercaptoethanol was placed into the RNAse-
free Blue Rhino Bead beating tube at room temperature. RNA 
later treated vessels that were frozen in liquid N2 and stored 
at −80°C were then placed into the tube and the bullet blender 
unit was run for 3  min at maximum setting. Subsequently, 
885  μl RNase-free H2O and 15  μl of protease K were added, 
and samples were then mixed and incubated at 55°C in a 
water bath for 10–11  min. Sample tubes were then spun at 
10,000 × g for 3 min at room temperature and the supernatant 
transferred to RNase free tubes followed by addition of 0.5 vol. 
of Mol. Bio grade absolute EtOH. The samples were loaded 
onto RNeasy columns and the fibrous tissue protocol completed 
with on-column DNAse treatment and elution using two 30 μl 
additions of RNAse-free H2O. RNA concentrations were 
quantified by Nanodrop and RNA integrity demonstrated on 
bleach agarose gels (Aranda et  al., 2012). For all samples, the 
large RNA subunit was clearly predominant relative to the 
smaller subunit, presenting the appearance of RNA previously 
demonstrated to have RIN values between 7 and 8. The final 
RNA samples were aliquoted, frozen in liquid N2, and stored 
at −80°C.

Reverse Transcription
The QuantiTect Reverse Transcription Kit (Qiagen), which 
incorporates a second DNAse treatment, was used according 
to the manufacturer recommended protocol. This included 
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400  ng input RNA for each 10  μl RT reaction. All reactions 
were set up on ice to minimize the risk of RNA degradation. 
Control experiments without reverse transcriptase confirmed 
that the cDNA samples did not have any genomic sequence 
contamination as judged by the absence of target product in 
trans-intron qPCR reactions.

Analysis of mRNA levels was based on the CFX96 Real-
Time PCR Detector and software (Biorad, Hercules CA). All 

qPCR reactions used cDNA derived from 5  ng of reverse 
transcribed total RNA. Multiple primer pairs were tested to 
establish the most reliable primers for each receptor subtype 
based on PCR efficiency, linearity within the analytic  
range, and localization within essential coding sequence in 
the second exon of common subtype isoforms. The best primer 
pair for each subtype positioned within the essential  
coding sequence in the second exon of common isoforms 

A B

C D

E

FIGURE 1 | Phenylephrine-mediated contraction of pulmonary arteries from sheep is depressed in the adult period and enhanced by LTH. (A) Dose-response 
curves of pulmonary arterial rings exposed to 1 nM to 100 μM of phenylephrine in an additive manner from normoxic (solid lines) and LTH (dashed lines) fetal (gray 
lines and boxes) and adult (black lines and circles) sheep. Curves are plotted in relation to the maximal contraction induced by initial stimulation of 125 mM K+ 
Krebs-Henseleit solution (%TKmax). (B) Maximum contraction relative to %TKmax. (C) Log EC50 for phenylephrine induced contraction. (D) Area under the  
dose-response curve relative to high K+ contraction. (E) Absolute force developed for 100 μM phenylephrine-induced contraction. Points and bars are mean values 
and error bars indicate ± S.E.M. Comparisons between groups were made using a two-way ANOVA with a Bonferroni post hoc analysis (*p < 0.05, **p < 0.01, 
***p < 0.001). Numbers of animals for each group are provided in the “Methods” section.
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A

B

C

D

a b c d

a b c d

a b c d

a b c d

FIGURE 2 | Phenylephrine-induced contraction is largely dependent on α1-adrenergic contraction. (a) Dose-response curves of pulmonary arterial rings exposed to 
1 nM to 100 μM phenylephrine in an additive manner from normoxic and LTH, fetal (A,B) and adult (C,D) sheep. Solid lines with circles indicate vehicle-control 
(DMSO) while long dashes and squares indicate 10 nM prazosin and triangles and short dashes indicate 100 nM yohimbine. Log agonist vs. response curves are 
plotted in relation to the maximal contraction induced by initial stimulation of 125 mM K+ Krebs-Henseleit solution (%TKmax). (b) Log EC50 for phenylephrine-induced 
contraction. (c) Maximum contraction relative to %TKmax. (d) Area under the dose-response curve relative to high K+ contraction. Points and bars are mean values 
while error bars indicate ± S.E.M. Comparisons of drug treated arteries to control were made using a one-way ANOVA with a Newman-Keuls multiple comparison 
test (**p < 0.01, ***p < 0.001). Numbers of animals for each fetal and adult group are provided in the “Methods” section and in (b).
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(Hawrylyshyn et  al., 2004) was used for qPCR quantitation. 
These primers included those targeted to: adra1a Forward, 
ATACCCATGCTCCAGTCAAG; Reverse, GTGTTTGGAGG 
ACTGCTTTC. adra1b Forward, TGTTCAAGGTGGTCTT 
CTGG; Reverse, GCTTGAACTCCTTGCTGGA. adra1d Forward, 
AGGGCGTCTTCAAGGTTATC; Reverse, CAGGGGTAGATGA 
GTGGATT. GAPDH, Forward, TGGAAATGTATGGAGGTCGG; 
Reverse, GGAAGAGAGAGTTCCTCAGC.

Initial experiments included both β-actin and GAPDH as 
potential internal load corrections; however, all applications 

of the ∆∆Ct approach produced increased variance consequently, 
normalization was to input cDNA (derived from 5  ng total 
RNA), and statistical analysis was based on raw, average Ct 
values produced by three qPCR quantifications on separate 
days. For each experiment, singly frozen sub-aliquots of sheep 
genomic DNA (Amsbio LLC) were used as a reference to 
estimate transcript copies per cell for each of the three α1-AR 
subtypes. Quantitative estimates of copy number were based 
on ∆Ct from 316 double strand copies assuming one cycle 
represented a two-fold change in copy number. Estimates of 
mRNA copies per cell are based on the assumption of 20  pg 
total RNA per cell, which implies 5  ng input total RNA 
representing ~250 cells.

Calcium Imaging
Cytosolic calcium was measured in pulmonary arterial myocytes 
in situ using an en face preparation in balanced salt solution 
at the Loma Linda University, as we  have recently described 
(Goyal et  al., 2011; Papamatheakis et  al., 2011; Blum-Johnston 
et al., 2016). In brief, tissues were loaded with the Ca2+ sensitive 
dye Fluo-4  AM  (10  μM, Invitrogen, Carlsbad, CA, USA) with 
0.1% pluronic F127 for 1.5–2  h at room temperature in the 
dark and measurements made with a Zeiss 710 NLO laser 
scanning confocal imaging workstation (Thornwood, NY) 
mounted to an inverted microscope (Zeiss AxioObserver A1). 
Arterial segments were then washed for 30 min, cut into linear 
strips, pinned to sylgard blocks (Ellsworth Adhesives, 
Germantown, WI), placed in an open bath imaging chamber 
(Warner Instruments, Hamden, CT), and mounted en face on 
the confocal imaging stage. Arteries were perfused at 
approximately 1  ml/min using a peristaltic pump (Rainin, 
Oakland, CA) with an electronic pinch valve system (Automate 
Scientific, Berkeley, CA). Cells were illuminated at 488  nm 
with a krypton argon laser, and the emitted light was collected 
using a photomultiplier tube (frames of 512 × 512 pixels) and 
a prismatic defractor (wavelengths of 493–622 nm). Full frame 
images were generated every 1  s. The pinhole was adjusted 
to provide an imaging depth of ~10  μm, which is roughly 
equivalent to the width of two cells (Goyal et  al., 2011; 
Papamatheakis et  al., 2011). Images were acquired at a 16-bit 
sampling depth using a non-immersion 20× Plan Apochromat 
(numerical aperture, NA 0.8). Regions of interest were examined 
post hoc, and although attempts were made to analyze, the 
oscillations in fluorescent intensity from recordings using LCPro 
quantification could not be  adequately performed due to 
significant vasomotion during PE stimulation (Francis et  al., 
2012, 2014). Because of the substantial vessel reactivity, the 
numbers of arterial myocytes with Ca2+ events due to 
phenylephrine were recorded and the percentage of active 
myocytes calculated by comparing to the numbers of cells 
with observable Flou-4 fluorescence in the region of interest 
(Goyal et  al., 2011; Papamatheakis et  al., 2011). The number 
of observable cells examined for Figure 6C in each 1,000  μm2 
region were as follows: Adult Normoxic, AN, 6.6  ±  0.3; Adult 
Hypoxic, AH, 8.3  ±  0.6; Fetal Normoxic, FN, 7.6  ±  0.4; Fetal 
Hypoxic, FH, 7.0  ±  0.2.

A

B

FIGURE 3 | Dexmedetomidine causes contraction and relaxation of 
normoxic fetal pulmonary arteries. Dose-response curves of pulmonary 
arterial rings exposed to 100 pM to 10 μM of dexmedetomidine in an additive 
manner from normoxic fetal sheep in the absence (A) and presence (B) of 
10 μM serotonin. Gray lines and triangles are for dexmedetomidine 
contraction (A) or relaxation (B) in the presence of yohimbine, and black lines 
and boxes are for dexmedetomidine contraction (A) or relaxation (B) in the 
presence of vehicle-control (DMSO). Solid lines indicate log agonist vs. 
response curves that are plotted in relation to the maximal contraction 
induced by initial stimulation of (A) 125 mM K+ Krebs-Henseleit solution 
(%TKmax) or (B) 10 μM serotonin. Points and error bars indicate mean ± S.E.M. 
Numbers of animals for each group are provided in the “Methods” section.
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FIGURE 4 | α1A-AR and α1B-AR antagonists preferentially block phenylephrine-induced pulmonary vascular contractility. (a) Dose response curves of pulmonary 
arterial rings exposed to 1 nM to 100 μM phenylephrine in an additive manner from normoxic and LTH, fetal (A,B) and adult (C,D) sheep. Curves of log agonist vs. 
response were repeated in the absence (circles and solid lines) or presence of 10 μM CEC (α1B-AR blocker, squares and long dashed lines), 100 nM WB (α1A-AR 
blocker, triangles and short dashed lines) or 100 nM BMY (α1D-AR blocker, upside down triangles and dashed and dotted lines) for normoxic and LTH, fetal (A,B) 
and adult (C,D) sheep pulmonary arteries. (b) Log EC50 for phenylephrine induced contraction. (c) Maximum contraction relative to high K+. (d) Area under the  
dose-response curve relative to high K+ contraction. Points and bars are mean values while error bars indicate ± S.E.M. Comparisons of drug treated arteries to 
control were made using a one-way ANOVA with a Newman-Keuls Multiple Comparison Test (*p < 0.05, **p < 0.01, ***p < 0.001). Numbers of animals for each fetal 
and adult group are provided in the “Methods” section and (b).
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Chemicals and Drugs
Most reagents and chemicals were purchased from Sigma-
Aldrich (St. Louis, MO) except dexmedetomidine which was 
purchased from Tocris and other chemicals and reagents 
as noted.

Statistical Methods
All time-series recordings were graphed, and statistical analyses 
were made using GraphPad Prism 5.0 (La Jolla, CA) with the 
data presented as mean  ±  S.E.M. Data for bar plots were 
examined for normality with a D’Agostino and Pearson omnibus 
normality test. For most contractility, confocal, and PCR studies, 
comparisons were made within and among groups using either 
a two-way ANOVA and Bonferroni post hoc analyses or a 
one-way ANOVA with a with a Newman-Keuls Multiple 
Comparison Test. Categorical data shown in Figure 6C were 
analyzed by a chi-square test. Dose-response curves were fitted 
in Prism 5.0 using a Hill equation (Goyal et  al., 2011; 
Papamatheakis et  al., 2011; Blum-Johnston et  al., 2016). 
Comparisons of the non-linear fit data for the influence of 
yohimbine on serotonin contraction, Figure 3A were examined 
by an extra sum of squares F-test. The N values reported 
reflect the total number of regions of interest, arterial segments, 
and/or total number of sheep tested as delineated elsewhere 

in the methods, figure legends, and Table 1. p  <  0.05 was 
accepted as statistically significant.

RESULTS

Maturation and Long-Term Hypoxia 
Influence Alpha-Adrenergic-Dependent 
Reactivity
The first series of experiments were designed to compare 
the effects of LTH in the fetal and adult periods on 
sympathetic-induced contractions of pulmonary arteries. 
This was achieved by examining the influence of cumulative 
doses of the selective α-AR agonist phenylephrine on 
contractions of pulmonary vascular rings isolated from 
adult and fetal sheep housed in either normoxic or LTH 
conditions. Phenylephrine was chosen in lieu of 
norepinephrine because the latter activates β-ARs that are 
expressed in pulmonary arteries (Hyman and Kadowitz, 
1989; Magnenant et al., 2003). Figure 1 depicts summarized 
data for dose-response curves that were produced from 
these experiments. For all groups, arterial contractions in 
response to PE displayed a sigmoidal dose-response 
relationship (Figure 1A) and similar EC50’s (Figure 1C), 
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FIGURE 5 | LTH in the fetal and adult periods have unique impact on mRNA expression of alpha adrenergic receptors. Presented are the raw Cycle threshold (Ct) 
values from real time quantitative PCR measurements for (A) Alpha 1a AR, (B) Alpha 1b AR, (C) Alpha 1d AR, and (D) GAPDH. Normalization was to input RNA, all 
PCR reactions used input cDNA derived from 5 ng of total RNA. Bars and error bars represent the mean ± S.E.M. Significant differences between groups were 
established using a two-way ANOVA with a Bonferroni post hoc analysis (*p < 0.05, **p < 0.01, ***p < 0.001). Numbers of animals for each group are provided in 
the methods section.
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indicating that neither development nor LTH modified the 
potency of PE. However, the maximum contraction relative 
to high potassium in the adult period for normoxic sheep 

was significantly reduced relative to fetus as shown in 
Figure 1B. While LTH had no effect on fetal pulmonary 
arterial contractions, it elevated the maximum contraction 

A

B

C

FIGURE 6 | Impact of LTH in the fetal and adult periods on unstimulated and PE-mediated whole-cell Ca2+ responses in pulmonary arterial myocytes. Shown are 
representative fluorescent images at time points shown by the arrow and the traces of fractional Fluo-4 fluorescence for unstimulated (A) and 10 μM phenylephrine 
stimulated (B) arteries. (C) Percentage of myocytes in a 1,000 μm2 area that had Ca2+ responses to 10 μM PE under unstimulated (open circles) and stimulated 
(filled circles) conditions based on the number of runs examined. Colored circles on each image correspond to the placement of regions of interest for the traces of 
the same color in the tracing. About 10 μM phenylephrine was present during the time period denoted by the horizontal bar. Images were made with a 20× non-
immersion objective (NA 0.8). Scale bar is 25 μm. Numbers of animals for each group are provided in the “Methods” section.
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in the adult period to near fetal levels as illustrated in 
Figure 1B and in the area under the curve as shown in 
Figure 1D. Although maximal contraction relative to TKmax 
was lower in adult compared to fetus (Figure 1B), the absolute 
contractile force due to phenylephrine was higher in the 
adult (Figure 1E).

Maturation and Long-Term Hypoxia Impact 
the Role of α1- Versus α2-Adrenergic 
Receptors to Arterial Contraction
Based on these results and the literature to date (Levy et  al., 
1995; MacLean and McCulloch, 1998; Magnenant et al., 2003; 
Oriowo et  al., 2003; Gornemann et  al., 2007), we  performed 
a series of experiments in order to determine the contributions 
of α1- and α2-AR to pulmonary arterial contractions. This 
was achieved by repeating the dose-response curves for each 
of the four animal groups in the presence or absence of 
antagonists of α1-AR (10  nM prazosin) or α2-AR (100  nM 
yohimbine) (Schindler et  al., 2004; Gornemann et  al., 2009). 
Data for these studies are shown in Figure 2. Prazosin had 
a similar effect in all four groups (Figure 2), causing a 
substantial rightward shift in the dose-response relationships 
(Figures 2Aa–Da) that translated into a reduced potency for 
PE in all groups (Figures 2Ab–Db). In comparison, prazosin 
had little or no effect on efficacy (Figures 2Ac–Dc). Figures 
2Ad–Dd show that the area under the contractile curve was 
not as sensitive to prazosin or yohimbine as compared to 

the potency. Yohimbine caused a significant rightward shift 
in the PE-mediated contractility curve only in vessels from 
the fetal normoxic group (Figure 1Ac) but had no effect on 
PE-mediated contractions of adult vessels (normoxic and 
hypoxic) or fetal hypoxic vessels. These results suggest that 
α2-ARs may contribute to sympathetic contraction before birth 
and that antenatal hypoxia and the adult period suppress 
this role.

α2-Adrenergic Receptors Are Important to 
Contractile and Relaxation Responses in 
Fetal Normoxic Pulmonary Arteries
Because yohimbine blocked PE-mediated contractions only in 
arteries from the normoxic fetal group, studies were performed 
to further delineate the potential influence of α2-AR activation 
on arterial contraction (Shebuski et al., 1987; Jantschak and Pertz, 
2012) as well as relaxation (Magnenant et  al., 2003) in the fetal 
normoxic group. Evaluation of vessel reactivity was achieved by 
stimulating normoxic fetal arteries with the selective α2-AR 
agonist, dexmedetomidine (Toyama et al., 2009). Figure 3A shows 
the dose-response curves for normoxic fetal arteries stimulated 
with increasing doses of dexmedetomidine in the absence or 
presence of yohimbine. Dexmedetomidine caused modest 
contractions with a maximal response of approximately one-fifth 
that induced by PE (Figure 2A). Yohimbine treatment shifted 
the dose-response curve for dexmedetomidine contraction by 
one-log to the right (−7.8  ±  0.25 vs. −6.9  ±  0.14, p  <  0.05). 
This confirms that α2-ARs are involved in vasomotor tone in 
the fetal pulmonary circulation, and this effect can be  mitigated 
by α2-AR antagonists like yohimbine.

We then sought to evaluate the role of α2-AR to cause 
further contraction as occurs in pre-stimulated pulmonary 
vasculature of dog (Shebuski et  al., 1987) and rat aorta  
(Ok et al., 2016), or whether the arteries will relax as described 
in pig pulmonary arteries (Pepke-Zaba et  al., 1993) and  
fetal sheep pulmonary vasculature (Magnenant et  al., 2003). 
Figure 3B shows the dose-response curves of fetal normoxic 
arteries treated with incremental doses of dexmedetomidine 
that were pre-stimulated with 10  μM serotonin. Our results 
illustrate that serotonin precontracted arteries relaxed in response 
to dexmedetomidine, an effect which was blocked by yohimbine. 
Taken together, these results indicate that inhibition of α2-AR 
does not seem to have a significant impact on phenylephrine-
induced contraction in vessels from hypoxic animals from the 
fetal or adult periods but preferentially attenuates contractions 
in fetal normoxic vessels. However, activation of α2-AR in 
fetal normoxic vessels can cause vessel relaxation when arteries 
have significant serotonergic pretone.

α1A-, α1B-, and α1D-Adrenergic Receptors 
Have Selective Roles to Vessel 
Contraction
The roles of the different α1-AR subtypes to the contraction 
responses shown in Figures 1, 2 were further delineated by 
performing PE dose-response contraction studies in the presence 
or absence of subtype selective α1-AR antagonists. The antagonists 

TABLE 1 | Chronic hypoxia, maturation and adrenergic receptor and GAPDH 
mRNA expression.

Group Mean ± SEM N Fold change mRNA copies 
per cell

Adra1a
FN 27.79 ± 0.51 7 1.00 0.40
FH 28.13 ± 0.40 6 0.79 0.32
AN 26.77 ± 0.32 6 2.03 0.81
AH 26.35 ± 0.41a 6 2.73 1.09

Adra1b
FN 31.60 ± 0.31 7 1.00 0.63
FH 30.77 ± 0.28 6 1.78 1.12
AN 30.50 ± 0.45a 6 2.15 1.35
AH 29.54 ± 0.21a 6 4.19 2.65

Adra1d
FN 25.62 ± 0.32 7 1.00 2.29
FH 24.81 ± 0.32 6 1.75 4.00
AN 24.26 ± 0.23a 6 2.56 5.86
AH 22.95 ± 0.25a,b 6 6.35 14.54

GAPDH
FN 20.84 ± 0.24 7 1.00 20.1
FH 19.89 ± 0.27b 6 1.94 39.1
AN 20.11 ± 0.07a 6 1.66 33.4
AH 19.65 ± 0.12 6 2.29 46.1

qPCR data presented as raw Ct values produced by 5 ng input RNA as shown 
graphically in Figure 5. N indicates the number of animals for each condition in 
each group. Fold change is calculated relative to FN condition for each group. 
mRNA copies/cell estimated as described in methods. Significance established 
using two-way ANOVA with Bonferroni post hoc analysis. a – significant relative to 
normoxic fetus, b – significant compared to normoxic counterpart. Actual p’s are 
provided in Figure 5.
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were chosen based on previously shown selectivity for the 
three α1-AR subtypes, namely α1A-AR (100  nM WB 4101), 
α1B-AR (10 μM CEC), and α1D-AR (100 nM BMY 7378) (Goyal 
et  al., 2010b, 2014). The results of these experiments are 
illustrated in Figure 4. Vessels from the fetal normoxic period 
were affected by the selective inhibitors of the three α1 subtypes, 
where the dose-response curves (Figure 4Aa) and corresponding 
EC50 (Figure 4Ab) were significantly rightshifted and the areas 
under the curve were decreased (Figure 4Ad). The efficacy 
of contraction (Figure 4Ac) was less sensitive than the other 
parameters, being reduced by inhibitors of α1B-AR and α1D-AR 
but not α1A-AR. Similarly, Figure 4B shows the influence of 
inhibitors on vessels from the fetal hypoxic period. All three 
inhibitors reduced the amplitude of contraction and area under 
the curve (Figures 4Ba,Bc,Bd). The potency of contraction, 
however, was rightshifted by inhibitors of α1A-AR and α1B-AR 
but not α1D-AR (Figure 4Bb).

Vessels from the adult normoxic period were sensitive to 
α1A-AR and α1B-AR but much less dependent on the α1D-AR. 
The EC50 was rightshifted by inhibitors of both α1A-AR and 
α1B-AR (Figures 4Ca,Cb) while efficacy of contraction and 
area under the curve were each reduced by inhibition of 
α1B-AR (Figures 4Cc,Cd). In comparison, contractility of 
arteries from the adult hypoxic period was affected by 
inhibitors of all three α1-AR receptors, but the effect for the 
α1D-AR was marginal. Although the amplitude was insensitive 
to the inhibitors (Figure 4Dc), the potency was rightshifted 
substantially by inhibitors of α1A-AR and α1B-AR and to a 
lesser extent by α1D-AR (Figures 4Da,Dc). The area under 
the curve was reduced by inhibitors of α1A-AR and α1B-AR 
but not α1D-AR (Figure 4Dd).

mRNA Expression of α1A-, α1B-, and  
α1D-Adrenergic Receptor
Subsequently, qPCR was used to investigate subtype expression 
to determine if these patterns account for the changes observed 
in our functional studies of pulmonary arteries (Figure 5 and 
Table 1). Analysis of α1A-AR expression showed that message 
levels of this adrenergic receptor subtype did not increase with 
hypoxia in fetal or adult vessels but did increase in the adult 
period relative to fetus as shown in Figure 5A by decreased 
Ct values and by the increase in fold change and mRNA 
copies per cell (Table 1). Statistical analysis was performed 
on raw Ct values because during assay development, attempts 
to apply the ∆∆Ct method using actin and/or GAPDH as 
internal controls were ineffective, as these corrections substantially 
increased variance. Further, GAPDH expression increased under 
hypoxic conditions in the fetus (Figure 5D and Table 1), much 
as occurs in bovine endothelial cells (Graven et  al., 1994; 
Graven and Farber, 1995). Of note, the tight clustering of 
GAPDH measurements for the normoxic adult suggest the 
variability observed in the other sample groupings reflects real 
differences in subunit expression. As for the α1A-AR, the α1B-AR 
and α1D-AR increased expression in the adult period relative 
to the fetus (Figures 5B,C and Table 1). The only significant 
difference due to hypoxia was an approximately 2.5-fold increase 
observed for α1D-AR in adult vessels.

Alpha-Adrenergic Receptor Generated 
Ca2+ Responses
The final series of studies examined the ability of PE to cause 
Ca2+ responses in myocytes that line the arterial wall. These 
studies were performed using an en face preparation with 
confocal laser scanning microscopy approaches such as we have 
used previously to examine serotonergic as well as caffeine-
associated stimulation of Ca2+ responses in pulmonary arterial 
myocytes (Goyal et al., 2011; Papamatheakis et al., 2011; Hadley 
et al., 2012). In the present study, cytosolic Ca2+ of the pulmonary 
arterial myocytes was monitored under unstimulated conditions 
and in response to addition of 10  μM PE. These studies were 
performed based on our prior experiments where PE caused 
cytosolic Ca2+ elevations in isolated myocytes from pulmonary 
arteries of fetal and adult sheep (Goyal et  al., 2008). Moreover, 
these Ca2+ responses are likely coupled to pulmonary arterial 
contractions (Goyal et  al., 2010b, 2011, 2014; Papamatheakis 
et  al., 2011). The Ca2+-signaling behavior of the regions of 
interest are expressed as the average baseline-subtracted fractional 
fluorescence intensity tracing (F/Fo) over time and shown in 
the time series graphs in Figures 6A,B in the presence of 
extracellular Ca2+. The bar above the tracing in Figure 6B 
shows when 10  μM PE was applied to the tissue. The images 
in Figures 6A,B show in situ fluorescence micrographs of 
myocytes in the arterial wall isolated from normoxic fetal sheep 
for the time points as shown by the arrows in unstimulated 
(Figure 6A) and phenylephrine-stimulated (Figure 6B) conditions 
for the fluorescence intensity tracings in the panels shown on 
the right. Regions of interest are denoted by the small colored 
circles in the image panels and represent subcellular regions within 
individual myocytes that correspond to associated fluorescent 
time series data traces of the same color in Figures 6A,B. 
Figure 6A illustrates that under unstimulated conditions, the 
Ca2+ oscillations are stochastic, occurring randomly during the 
recording. Figure 6B shows that stimulation with 10  μM PE 
causes deterministic Ca2+ responses among the arterial myocytes. 
Figure 6C shows the number of responsive cells in the arterial 
wall for the data recordings as determined by examining the 
number of myocytes with calcium responses in 33 μm × 33 μm 
boxes (1,000 μm2). The figure shows that there is some variability 
in the percentage of myocytes with Ca2+ oscillations under 
control conditions and in response to phenylephrine stimulation, 
though there are no significant differences due to stimulation 
or in the fetal or adult periods.

DISCUSSION

Summary of Findings
The present study provides new information systematically 
comparing the effects of LTH in the fetal and adult periods 
on the functional changes for the role of α1- and α2-adrenergic 
receptors in the pulmonary vasculature. The contractile response 
to phenylephrine underwent significant changes from the fetal 
to adult periods and LTH caused further alterations. Of note, 
α2-ARs appeared to be  important to vascular reactivity before 
birth in the normoxic fetal period; however, these α2-AR effects 
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were not present in the adult period and were lost in fetuses 
exposed to LTH. We  found there were significant roles for 
α1A- and α1B-ARs in pulmonary arterial contractions of all 
groups examined. There was also a lesser role for α1D-AR in 
the fetus that was reduced by hypoxia and largely absent in 
the adult period. Developmentally, the contractile properties 
produced by adrenergic stimulation are complex and take place 
in the context of changing vessel behavior due to LTH exposure.

Development and Alpha-Adrenergic 
Receptor Pulmonary Arterial Contractility
Developmental changes in adrenergic signaling of pulmonary 
arteries were expected given the dramatically different role 
these arteries play during the fetal period where blood flow 
is restricted as compared to the adult period where robust 
blood flow is required to exchange gasses. Given the need to 
maintain oxygenation in stressful situations, it is not surprising 
that adrenergic contractions during the adult period lessen 
relative to contractions due to depolarization with high K+. A 
similar reduction in adrenergic mediated contractions in the 
adult period occurs in the piglet, which has reduced 
norepinephrine mediated pulmonary vascular contractions 
following birth (Schindler et  al., 2004). In this regard, our 
data showed that pulmonary vessels in adult sheep lost the 
contractile effects from both α2-AR activity and coupling to 
the α1D-AR, which were observed in the normoxic fetal period. 
Nevertheless, this relative decrease in contractility must be viewed 
in context as the absolute contractile force due to PE increased 
following birth. It is reasonable to suggest that the increased 
absolute force caused by PE is partly mediated through an 
increased expression of the α1A- and α1B-ARs. While it appears 
contradictory for the α1D-AR to play a minimal role in 
contractions of adult vessels given the 2.5-fold increases in its 
mRNA expression, α1D-AR levels do not necessarily correlate 
with arterial reactivity in arteries and instead contribute 
significantly to vascular remodeling in hypoxia-related pulmonary 
hypertension (Faber et  al., 2007).

Because autonomic innervation of the lung likely increases 
after birth, our data suggest that postnatal maturation may 
result in other functional changes (Garcia-Sainz et  al., 2001; 
Thiriet, 2013; Castillo-Badillo et  al., 2015). Indeed, the process 
by which maturity into adulthood affects adrenergic dependent 
vascular contractility may be  complex. One possibility is that 
during the adult period the increased sympathetic nerve 
stimulation may cause α adrenergic receptor desensitization 
and downregulation (Garcia-Sainz et  al., 2001; Castillo-Badillo 
et  al., 2015). Another explanation for decrements relative to 
high K+ during the adult period is that the sympathetic nerve 
supply may be  trimmed. This tenant is supported by the lack 
of a profound difference in cellular Ca2+ signaling activity in 
fetal relative to adult pulmonary arterial myocytes.

Long-Term Hypoxia and Alpha-Adrenergic 
Receptor Pulmonary Arterial Contractility
The LTH-induced enhancement of phenylephrine reactivity 
in pulmonary arteries of the adult period was expected. 

Chronic hypoxia in piglets prevents postbirth decreases in 
adrenergic tone (Schindler et  al., 2004) and has been linked 
to hypoxia-induced pulmonary hypertension in multiple animal 
species including sheep (Llanos et al., 2011). This tie between 
adrenergic signaling and hypoxia-related pulmonary 
hypertension may be  due to various factors. Hypertrophy of 
the smooth muscle layer in the small pulmonary arteries 
and arterioles appears to be a major determinant of pulmonary 
vascular responses to hypoxia in humans and other species 
(Tucker et  al., 1975). Potentially, the thickness of the smooth 
muscle layer may be  linked to the adrenergic receptor density 
and strength of stimulation (Xiao et  al., 2003) and LTH in 
the fetal and adult periods may enhance adrenergic-mediated 
cellular hypertrophy and proliferation as occurs in cultured 
rat pulmonary arteries (Faber et  al., 2006). The influence of 
LTH on adrenergic stimulation may be  similar to chronic 
intermittent hypoxia, which increases sympathetic nervous 
system outflow from the brainstem (Zoccal et  al., 2008). 
Neurohumoral modulatory pathways influenced by sympathetic 
stimulation include downregulation of nitric oxide (NO) 
signaling in the brain (Patel et  al., 2001) and upregulation 
of endothelin-1 (Huang et al., 2010). Furthermore, physiological 
as well as psychological and environmental stresses are known 
to increase sympathetic nerve activity (Anderson et al., 1991). 
Chronic intermittent hypoxia also elicits chemosensory 
plasticity, including increased basal discharge, enhanced hypoxic 
sensitivity, and sensory long-term facilitation (Peng et  al., 
2003). Even still, the effect of LTH in the fetal and adult 
periods in sheep is distinct from the adaptive responses in 
chick embryos. Chronic hypoxia in 19-day-old chick embryos 
reduces pulmonary arterial contractions due to high K+, 
norepinephrine, U46119, and endothelin-1, although there is 
no difference in the perivascular innervation density before 
birth and contraction deficits resolve after birth (Villamor 
et  al., 2004). These distinctions in prenatal programming 
effects between fetal sheep versus chick embryos are not 
unfounded and follow from studies by us and others in the 
cardiovascular systems of these models (Crossley et  al., 2003; 
Villamor et al., 2004; Goyal et al., 2011; Blum-Johnston et al., 
2016; Giang et  al., 2016).

Adrenergic contraction of fetal pulmonary vessels involves 
all three α1-AR subtypes and was efficiently coupled to the 
contraction as PE stimulation produced about the same force 
as high K+. The role for α2-adrenoreceptors in the fetus was 
unanticipated as PE is fairly selective for the α1-AR; however, 
α2-ARs appear to be  important for sympathetic pulmonary 
arterial contraction before birth and antenatal LTH attenuates 
their role in fetal vessels. Prior studies indicated that α2-ARs 
were expressed in the pulmonary vasculature and involved in 
arterial contractions, even before birth (Magnenant et al., 2003; 
Jantschak and Pertz, 2012). Much like our studies, postnatal 
maturation seems to contribute to downregulation of α2-AR-
mediated responses (Starke, 2001).

Previous in vitro studies showed that vasodilation due to 
α2-AR activation resulted from endothelial NO release. 
NO-synthase inhibition not only abolished pulmonary 
vasodilator effects of α2-AR agonists but also unmasked their 
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pulmonary vasoconstrictive function in rabbit pulmonary 
arteries where norepinephrine induced contractions were 
augmented through α2-AR-mediated mechanisms (MacLean 
et al., 1993). As α2-AR agonists may induce pulmonary arterial 
myocyte contraction (Pepke-Zaba et  al., 1993) in addition to 
relaxation, it is possible that pulmonary vascular responses 
to α2-AR result from the balance between the activation of 
α1- and α2-AR-induced smooth muscle cell contraction and 
endothelial α2-AR-mediated vasodilation (Magnenant et  al., 
2003). Though further experiments will be required to directly 
address the α2-AR-mediated dilation we  report in the sheep 
fetal vessels, we  do not believe that this is due to incomplete 
disruption of the endothelium because bradykinin and 
acetylcholine have little or no effect on pulmonary arterial 
reactivity (Blum-Johnston et  al., 2016; Giang et  al., 2016). 
Rather, preferential α2-AR reactivity in the normoxic fetus 
and not in other groups suggests that the role for this receptor 
is labile and greatly influenced by LTH in the fetal period 
and by postnatal development.

The simplest explanation for α2-AR-induced contractile 
effects is that stimulation of smooth muscle α2-ARs inhibits 
cAMP production via Gi coupling resulting in increased arterial 
reactivity. Indeed, there is precedent for direct α2-AR-dependent 
contraction in porcine pulmonary arteries where α2c-ARs 
mediate myocyte contraction when the cytosolic Ca2+ 
concentration is elevated. In these arteries, norepinephrine 
activates α2c-AR following α1-AR-stimulation and concomitant 
myocyte Ca2+ increases (Jantschak and Pertz, 2012). Such 
findings are not restricted to the pulmonary vasculature. In 
nasal mucosa blood vessels of pigs, which are richly innervated 
by sympathetic nerves, neurogenic vasomotor contractility is 
largely regulated through postjunctional α2-ARs (Corboz et al., 
2013). The relaxation of serotonin preconstricted arteries by 
α2-AR activation may therefore be explained by varied expression 
of α2-AR subtypes or by postjunctional mechanisms. For 
example, in the pregnant rat myometrium, α2A- and α2C-AR 
activation causes myometrial relaxation, while α2B-AR 
stimulation elicits contraction. Thus, it is quite possible there 
are multiple α2-AR subtypes expressed in the pulmonary 
vasculature that serve distinct roles in regulating arterial 
relaxation and contraction, which are modified differentially 
by LTH in the fetal and adult periods (Gaspar et  al., 2007). 
Overall, the current experiments support previous studies 
suggesting that α2-ARs may modulate pulmonary vascular 
tone and that LTH influences receptor function in sheep 
vessels (Magnenant et al., 2003; Schindler et al., 2004). Further 
investigation is required to fully delineate the importance of 
α2-ARs and the roles of prejunctional receptors on perivascular 
nerves as well as postjunctional receptors on smooth muscle 
or endothelium.

The present study evaluating α-adrenergic stimulation of 
the pulmonary vasculature parallels recent studies from our 
group focused on the cerebral vasculature that compared the 
effects of maturation and LTH in the fetal and adult periods 
(Goyal et  al., 2010b, 2014). The present study delineates that 
all three α1-AR subtypes are important to normoxic fetal 
sheep pulmonary arterial reactivity. This compares with 

normoxic fetal sheep cerebral arteries in which only the α1B 
and α1D-AR regulate arterial contraction (Goyal et  al., 2010b). 
The importance of α1-AR subtypes in sheep adult cerebral 
vessels is also distinct from adult pulmonary vessels. Adult 
normoxic cerebral vessels are dependent on all three receptor 
subtypes, while LTH causes pronounced loss in α1D-AR function. 
Adult normoxic pulmonary arteries in comparison are reliant 
on α1A and α1B-AR but not α1D-AR activity, and their relative 
roles are not greatly influenced by LTH. Overall, LTH appears 
to cause cerebral vessels to become more pulmonary-like in 
regards to the importance of α1-adrenergic receptor subtypes 
to arterial reactivity (Goyal et  al., 2014).

Alpha-Adrenergic Receptor and Calcium 
Responses in Pulmonary Arterial Myocytes
Phenylephrine-induced Ca2+ signals in individual myocytes 
within intact arteries were examined to better understand the 
cellular mechanisms linking α1-AR stimulation to vascular 
reactivity. LTH in the fetal and adult periods caused complex 
changes in the Ca2+ signals. The modest phenylephrine Ca2+ 
activity responses in myocytes of pulmonary arteries from 
the fetal and adult periods together with the decrease in 
arterial reactivity relative to high K+ in the adult period suggest 
that arterial contractions in the fetal period are more sensitized 
to changes in the cytosolic Ca2+ concentration. Further, given 
the increase in arterial reactivity but lack of change in Ca2+ 
activity of arterial myocytes LTH may enhance the Ca2+ 
sensitivity in arterial myocytes from the adult period. Although 
not examined in the current study, previous work from our 
group illustrates that there are several intracellular signaling 
pathways that may be  important to changes in the Ca2+ 
sensitivity. Previously, we have shown that rho-kinase is critical 
to serotonergic and depolarization-induced reactivity in sheep 
pulmonary arteries (Papamatheakis et  al., 2012; Blood et  al., 
2013). Protein kinase C (PKC) and extracellular regulated 
kinase (ERK) pathways are also potentially involved as they 
are controlled by adrenergic receptor activity in cerebral and 
uterine arteries of sheep (Xiao et al., 2010; Goyal et al., 2010b). 
In addition, in cerebral arteries from sheep, the different 
adrenergic receptor isoforms make varied linkages to Ca2+, 
PKC, and ERK pathways (Longo et  al., 1996; Ueno et  al., 
1997; Goyal et  al., 2010a,b), which can be modified in unique 
ways by LTH in the fetal and adult vessels. Elucidating the 
nuances associated with the changes due to LTH in the fetal 
and adult periods for the Ca2+ sensitization pathways was 
not addressed in these initial series of studies. However, based 
on our previous comparisons to vessels from other vascular 
beds in sheep, we  anticipate the mechanistic modifications 
due to postnatal maturity and LTH to be  distinct in the 
pulmonary vasculature.

Perspective
The molecular and signaling underpinnings of pulmonary 
vascular disease are complex. The evidence provided supports 
the vital role of LTH in the development of adrenergic-induced 
pulmonary hypertension and the variation in responsiveness 
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due to development. Further, the data substantiate early studies 
suggesting that adrenergic receptor antagonists can be  used 
to manage the disease (Oriowo et  al., 2003) in addition to 
recent porcine and canine studies (Rothman et al., 2015; Zhou 
et  al., 2015) and a human clinical trial (Chen et  al., 2015) 
focusing on histological, hemodynamic, functional, and clinical 
benefits to denervation of the pulmonary vasculature. The 
long-term benefits of the present findings relate to the 
therapeutic potential of targeting adrenergic signaling in ways 
that curtail detriments in pulmonary vascular function due 
to high altitude or other mechanisms that enhance 
sympathetic drive.
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We previously showed that arterial oxygen content during maximum exercise remains 
constant at high altitude (HA) in miners exposed to chronic intermittent hypobaric hypoxia 
(CIHH). Nevertheless, information about VO2, lactate concentration [Lac], and work 
efficiency are absent in this CIHH miner population. Our aim was to determine aerobic 
capacity, [Lac], and work efficiency at sea level (SL) and HA during maximum exercise in 
miners acclimatized to CIHH at 3,800 m. Eight volunteer miners acclimatized to CIHH at 
HA (> 4 years) performed an exercise test at SL and HA. The test was performed on the 
4th day at HA or SL and consisted of three phases: Rest (5 min); Exercise test, where the 
load was increased by 50 W every 3 min until exhaustion; and a Recovery period of 30 min. 
During the procedure VO2, transcutaneous arterial saturation (SpO2, %), and HR (bpm) 
were assessed at each step by a pulse oximeter and venous blood samples were taken 
to measure [Lac] and hemoglobin concentration. No differences in VO2 and [Lac] in SL 
vs. HA were observed in this CIHH miner population. By contrast, a higher HR and lower 
SpO2 were observed at SL compared with HA. During maximum exercise, a reduction in 
VO2 and [Lac] was observed without differences in intensity (W) and HR. A decrease in 
[Lac] was observed at maximum effort (250 W) and recovery at HA vs. SL. These findings 
are related to an increased work efficiency assessment such as gross and net efficiency. 
This study is the first to show that miners exposed to CIHH maintain their work capacity 
(intensity) with a fall in oxygen consumption and a decrease in plasmatic lactate concentration 
at maximal effort at HA. These findings indicate that work efficiency at HA is enhanced.

Keywords: chronic hypobaric intermittent hypoxia, aerobic capacity, lactate concentration, work assessment, 
miners workers
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INTRODUCTION

Exposure to hypoxia conditions, such as high altitude (HA), 
limits oxygen transport from the air into the muscle, affecting 
work capacity (Schoene, 2001; Calbet and Lundby, 2009). The 
same authors propose that oxygen limitation in lung diffusion 
is responsible for the reduced oxygen consumption at HA. In 
this sense, HA hypoxia limits many physical tasks that are 
commonly performed at sea level (SL).

Early studies showed that during acclimatization at HA 
(2,800–6,140  m), in subjects exposed to progressive exercise, 
lactate production was reduced at maximum effort in correlation 
with the altitude reached (Edwards, 1936). Other studies have 
shown that lactate production does not vary during exercise 
in acute hypoxia (Hughes et  al., 1968). Studies performed in 
climbers showed that maximum oxygen consumption decreases 
proportionally with altitude over 5,000  m (West, 1986). Early 
studies have shown that there is a lower lactate response during 
maximal exercise and recovery (Sutton et  al., 1988; Green 
et al., 1989), and this response is lower in Andeans and Sherpas 
than in the lowlands. The term “lactate paradox” was used 
by West in 1986, it and defines the phenomenon of a progressive 
decrease in plasma lactate when increasing altitude during 
maximum effort. In addition, evidence shows that Quechuas 
(inhabitants of 4,200  m) have a lower lactate response to 
maximal exercise, which supports the decoupling of lactate 
production that remains when Quechuas descend to low altitude 
for 6  weeks (Hochachka et  al., 1991, 1992). By contrast, some 
authors support the evidence that no “lactate paradox” was 
observed in chronically exposed climbers for 9  weeks at an 
altitude of 5,260  m (van Hall et  al., 2001) nor for 8  weeks 
at 4,100  m (van Hall et  al., 2009).

Over the last 30 years, mining activity in Chile has relocated 
miners that normally live at SL lowlands to work at HA 
(>3,000  m). This altitude shift is called the “Chilean model 
of Chronic Intermittent Hypobaric Hypoxia (CIHH) exposure,” 
which is characterized by alternating periods of work at HA 
and rest periods at low altitude <1,000  m (Jiménez, 1995; 
Richalet et  al., 2002; Moraga et  al., 2018).

Nowadays, exposure studies on maximal aerobic capacity are 
scarce in this model. Initial studies with CIHH miners began 
with a prospective study with CIHH exposure of 36  months at 
HA (4,500  m), where an inverse relation between the miner’s 
exposure time with a decrease in physical performance was 
observed (Richalet et  al., 2002). A second study performed in 
soldiers with CIHH exposure during 6 months at HA (3,550 m), 
showed a tendency for maximal aerobic capacity (VO2 max) to 
decrease at HA with a maintained oxygen transport capacity 
(Prommer et  al., 2007). A third study performed in miners 
acclimatized to CIHH for a long time period (7–36  months) 
showed that the maintained oxygen transport is explained by 
an increased hemoglobin concentration pari-passu with increased 
intensity (Moraga et  al., 2018). Additionally, the same study 
reported that maximum intensity observed during exercise at 
SL or HA is not modified. This evidence strongly suggests that 
when miners are exposed to CIHH, oxygen supply is maintained. 
However, the literature lacks evidence regarding oxygen capacity, 
work efficiency, and lactate metabolism in CIHH miners. In 
this sense, evaluation of oxygen consumption, lactate concentration, 
and estimation of work efficiency in this population exposed to 
CIHH are necessary. Our aim was to determine aerobic capacity, 
work assessment, and lactate concentration at SL and HA (3,800 m) 
during maximum exercise in miners acclimatized to CIHH.

MATERIALS AND METHODS

Subjects
Twelve voluntary subjects were enrolled in the study; all miners 
live at low altitude (<1,000  m) and work at HA (3,800  m). 
All volunteers are heavy truck operators and have experience 
with CIHH for more than 4  years. Their shift pattern was 
7 days of work at HA followed by 7 days resting at SL (Figure 1). 
All subjects were healthy, non-smokers, and performed moderate 
physical activity. Protocols used in this study were in accordance 
with International ethical guidelines (according to the Helsinki 
declaration) and approved by the Ethics Committee of the 
Facultad de Medicina of the Universidad Católica del Norte, 

FIGURE 1 | A model of chronic intermittent hypobaric hypoxia exposure. Arrows show day when the evaluations were performed during the shiftwork day at high 
altitude or sea level.

111

https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Moraga et al. Work Assessment in Miners at High Altitude

Frontiers in Physiology | www.frontiersin.org 3 September 2019 | Volume 10 | Article 1149

Chile and Medical Direction of miner company. All volunteers 
read about the possible risks and discomfort involved before 
giving and their signed consent to participate.

Metabolic and Work Assessment
All tests were performed at day 4 of the shift work at HA and 
at day 4 of the shift work at SL (Figure 1). The study considered 
two maximum exercise tests, one at SL (in our laboratory) and 
the other at HA (in a clinic located in the mining complex at 
3,800 m). Exercise was performed on a cycle ergometer (Model 
Corival, Lode) where oxygen consumption and ventilator variables 
were determined using a metabolic cart (Ultima CPX, 
Medgraphics, St. Paul, Minnesota, USA) calibrated prior to each 
test according to the manufacturer’s instructions, with high 
grade calibration gases (purchased to INDURA, Chile). Respiratory 
variables were analyzed breath-by-breath in real time and averaged 
each 5 s during all test. The protocol was similar to that described 
previously (Moraga et  al., 2018) and consisted of three phases: 
Rest (5  min), Exercise test (increasing the load by 50  W every 
3  min until exhaustion, maintaining a cadence of 70  rpm), 
and Recovery (30  min after exercise). During the protocol, 
transcutaneous arterial saturation (SpO2, %) and heart rate (HR, 
bpm) were assessed by a pulse oximeter (8500M Nonin Medical, 
Inc., USA), with the sensor placed on an ear lobe (8000Q2 
Nonin Medical, Inc., USA). For lactate and hemoglobin 
concentration (Hb) and hematocrit measurements, blood samples 
were taken by intravenous catheter inserted from the brachial 
vein allowing for blood sample collection during the rest period, 
at the end of each load (50, 100, 150, 200, and 250 W) during 
the exercise test and during recovery 30  min after the end of 
the test. For each sample, 3  ml of venous blood was collected 
in a tube with EDTA. Blood samples were centrifuged immediately 
after collection (3,000  rpm for 20  min), plasma fraction was 
frozen in liquid nitrogen. Afterward, plasma samples were stored 
at −80°C until perform assay.

Blood Analysis
Lactate concentration ([Lac]) was determined by spectrophotometry 
using a commercial kit (Lactate Assay Kit II, Sigma Aldrich), 
according to the manufacturer’s specifications, and values were 
expressed as mmol/L. Hematological determinations were made 
using a hematological counter (Cell-Dyn 1400, Abbott) and 
hemoglobin concentration (g/dl) was measured. Oxygen content 
(CaO2) was calculated using the following equation: CaO2 (ml 
O2/dl)  =  1.34 (ml O2/gHb) × Hb (g/dl) × SpO2 (%) (Calbet 
et  al., 2015; Moraga et  al., 2018), where the maximum volume 
of oxygen that combines with 1  g of hemoglobin is 1.34.

Work Assessment
Gross efficiency (%) was defined as the ratio of work accomplished 
divided by the energy expended multiplied by 100. Net efficiency 
(%) was defined as the ratio between work accomplished divided 
by energy expended at rest multiplied by 100. To calculate values of 
gross efficiency or net efficiency, values of oxygen consumption 
were converted to W/kg and intensity was expressed in W/kg 
(Gaesser and Brooks, 1975; Hochachka et  al., 1991).

Statistical Analysis
Data analysis were performed using only 8 of the initially 
enrolled 12 subjects, because only eight of these volunteers 
finalized all tests at SL and HA. Values presented in tables 
and figures represent paired values of each volunteer at SL or 
HA, and these values were expressed as the mean  ±  SD. 
Statistical analysis was performed with GraphPad Prism Software 
(version 5.03, GraphPad Software, Inc.). Significant differences 
were analyzed using ANOVA followed by a Newman-Keuls 
test. To evaluate the significant differences between HA and 
SL, paired t-test and Pearson correlation were performed. Values 
of p  <  0.05 were considered statistically significant.

RESULTS

Resting Values at Sea Level and High 
Altitude Conditions
Characteristics of the voluntaries in rest condition are shown 
in Table 1. Volunteers are slightly overweight. Hemoglobin 
concentration, hematocrit, and HR was significantly higher in 
the HA condition than the SL condition (p < 0.05). By contrast, 
oxygen saturation was significantly lower in the HA condition 
than the SL condition (p  <  0.05). No significant difference 
was observed between the SL and HA conditions in plasma 
lactate concentration at rest (Table 1).

Cardiorespiratory and Metabolic Test 
Performed During Maximum Exercise at 
Sea Level and High Altitude Conditions
Resting and maximal values of cardiorespiratory and metabolic 
variables after exercise in SL and HA conditions are shown 
in Table 2. Significant differences between resting and maximum 
exercise were found between rest and maximal exercise, except 
for PETCO2, CaO2 (in SL and HA), and PETO2 and hemoglobin 
concentration (only HA).

In SL and HA, VE increased by 8.8 and 8.5 times, respectively 
(p  <  0.05). This increase can be  partially explained by an 
increase in RR (2.4 times at SL and 3.2 times at HA) and an 
increase in the tidal volume (3.1 times at SL and 3.4 times 
at HA). When we  express values such as ventilation divided 
by VO2 (VE/VO2), a significant increase in the respiratory 

TABLE 1 | Characteristics of the study group.

Sea level (0 m) High altitude (3,800 m)

Age (years) 32.3 ± 1.0
Weight (kg) 75.5 ± 8.3
Height (m) 1.72 ± 0.1
Body mass index (kg/m2) 25.5 ± 2.2
Hb (g/dl) 14.2 ± 0.4 15.9 ± 0.4*
Hematocrit (%) 44.3 ± 1.2 46.1 ± 1.5*
Heart rate (bpm) 71.3 ± 8.3 84.2 ± 9.1*
Oxygen saturation (%) 97.5 ± 0.8 92.3 ± 1.3*
[Lac] (mmol/L) 1.1 ± 0.2 1.2 ± 0.3

Values are expressed as mean ± SD. *A significant difference between sea level and 
high altitude (p < 0.05).
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stimulus could be  observed at HA in comparison with SL 
conditions (84.8  ±  4.0 and 43.8  ±  5.1, p  <  0.05, respectively) 
and ventilation divided by VCO2 (VE/VCO2) obtained values 
of 76.7  ±  0.9 and 36.5  ±  3.6, p  <  0.05, respectively. The heart 
rate response during maximal exercise showed no differences 
between SL and HA. The oxygen saturation response at maximal 
exercise performed at SL showed a significant decrease in 
oxygen saturation (p  <  0.05) with a maintained hemoglobin 
concentration and oxygen content. By contrast, in the HA 
condition, the decrease in the oxygen saturation is higher than 
SL, and an increase in the hemoglobin concentration (p < 0.05) 
and a maintained oxygen content was observed (Table 2).

Figure 2 shows oxygen consumption during maximum exercise 
at SL and HA conditions, with no significant difference before 
an intensity of 50 W. However, at higher intensities (100–250 W), 

a significant decrease in the oxygen consumption was observed 
in subjects at HA compared with SL. An average reduction of 
29.4% in the maximal oxygen consumption was observed in 
volunteers at HA in comparison with volunteers at SL at 250 W 
(p < 0.05). These results suggest an increment in work efficiency 
evaluated at HA compared to the same volunteer at SL.

Work Efficiency During Maximal Exercise 
Test Performed at Sea Level and High 
Altitude Conditions
In order to explain the minor VO2 max obtained at HA 
compared with SL at the same intensity, we  calculated values 
of gross efficiency and net efficiency obtained during steady 
state for exercise performed at SL and HA. In Figure  3A, 
we  observed that calculated gross efficiency at HA is higher 
than gross efficiency at SL (37.4  ±  5.2 and 27.3  ±  4.5, p  <  0.05, 
Table 3), and this increase is related to the increase in intensity 
of effort for both conditions. Additionally, in Figure  3B, TABLE 2 | Summary of cardiorespiratory and metabolic values at rest and 

maximum exercise.

Sea level (0 m) High altitude (3,800 m)

Rest Maximum Rest Maximum

Intensity (W) 0 250 0 250
VO2 (L/min) 0.37 ± 0.08 2.82 ± 0.46* 0.29 ± 0.09 1.99 ± 0.47*,†

VCO2 (L/min) 0.35 ± 0.04 3.37 ± 0.39* 0.21 ± 0.08† 2.13 ± 0.3*,†

RER 0.93 ± 0.2 1.2 ± 0.07* 0.78 ± 0.15 1.09 ± 0.21*
PETO2 mmHg 111 ± 1.1 116.3 ± 2.1 67.2 ± 4.7† 72.6 ± 4.9†

PETCO2 (mmHg) 34.3 ± 2.9 32.8 ± 2.4 18.9 ± 0.9† 19.2 ± 4.7†

RR (bpm) 14.0 ± 4.7 39.3 ± 9* 14.7 ± 5.3 47.4 ± 13.8*
VE (L/min) 14.0 ± 3.1 122.8 ± 18.5* 18.8 ± 5.4 159.9 ± 23*,†

SpO2 (%) 97.5 ± 1 93.2 ± 2.1* 93.0 ± 2.7† 85.6 ± 3.3*,†

Hb (g/dl) 15.3 ± 0.3 16.0 ± 0.5 16.1 ± 0.3† 17.2 ± 0.7*
CaO2 (ml O2/dl) 14.9 ± 0.8 15.9 ± 0.8 14.9 ± 0.6 14.7 ± 1.2
HR (bpm) 71.3 ± 13 172.8 ± 10* 84.2 ± 13† 178.6 ± 17*
[Lac] (mmol/L) 1.6 ± 0.4 13.2 ± 1.3* 1.5 ± 0.4 11.1 ± 0.8*,†

Values expressed as mean ± SD. *A significant difference between rest and maximum.
†Significant difference between sea level and high altitude (p < 0.05).

FIGURE 2 | Average values of oxygen consumption (VO2) as a function of 
intensity (in W) obtained on the fourth day at sea level and 3,800 m.  
* represents a significant difference between Sea level vs. 3,800 m (p < 0.05).

A

B

FIGURE 3 | (A,B) show average values of calculated Net efficiency and 
Gross efficiency as a function of intensity (in W/kg) obtained on the fourth day 
at Sea level and 3,800 m. * represents a significant difference between Sea 
level vs. High altitude (p < 0.05).
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we  observed a higher net efficiency at HA compared to SL 
(44.1 ± 6.4 and 31.1 ± 4.6, p < 0.05, Table 3), and net efficiency 
increase with higher intensity of effort (Figure 3B). By contrast, 
net efficiency is not modified by an increase in the effort 
intensity at SL. The higher gross and net efficiency observed 
in volunteers at HA suggests a better mechanism for promoting 
work maintenance with a lower VO2 at intensities over 100  W.

Plasma Lactate Concentration During a 
Maximal Exercise Test Performed at Sea 
Level and High Altitude
Figure  4 shows plasma [Lac] during maximum exercise at SL 
or HA. A sustained increase in the mean values of plasma 
[Lac] is observed with the increase in intensity until 200  W. 
At maximal effort (250  W), plasma [Lac] in the HA condition 
was lower than at SL (Table 2; Figure  4). In addition, during 
the recovery period, we observed that plasma [Lac] in volunteers 
at SL is higher than that observed at maximal effort (p  <  0.05, 
Figure  4). Also, values of plasma [Lac] observed in volunteers 
at HA are not different to the values described at final maximal 
effort. Furthermore, a minor [Lac] was observed at HA in 
comparison with SL (p  <  0.05, Figure  4).

DISCUSSION

The present study contributes new data of VO2 and plasma 
[Lac] during maximum exercise at SL and HA conditions in 
miners acclimatized to CIHH (3,800  m) and for the first time 
related these variables with work efficiency. Our results show 
that work capacity (intensity) is maintained despite the fall in 
oxygen consumption, supporting the idea that there is an 
increase in work efficiency and a fall in plasma [Lac] during 
maximal exercise at HA.

A series of experimental protocols were used to investigate 
the effects of altitude acclimatization. These include the testing 
of lowlanders (trained or untrained) at SL with simulated altitude 
or real HA exposure, and testing natives or non-natives after 
a period of chronic exposure to simulated hypobaric hypoxic 
conditions or at real altitude conditions, and after deacclimatization 
(Hochachka et  al., 1991; van Hall et  al., 2001; Marconi et  al., 
2006; Calbet and Lundby, 2009). In these studies, both acute 
and chronic hypoxia had no effect on lowlanders (Bender et al., 
1988; Wolfel et  al., 1991) nor did they produce an increase 
(Green et  al., 2000) in whole-body steady-state VO2 and lactate 
metabolism during increased exercise intensity (Hochachka et al., 
1991; van Hall et  al., 2001). However, other studies performed 
with the same model of exposure to CIHH are scarce.

Cardiorespiratory and Metabolic Response 
During Maximum Exercise
In regard to the decreased VO2 max (near to 29%) observed 
in our population at 3,800  m of HA, data observed in the 
same population at SL are similar to values reported in the 
literature (Sutton et  al., 1988; Calbet et  al., 2009). However, 
this fall in VO2 is not related to a fall in intensity (250  W), 
since in our population intensity was maintained, similar to 
that described previously by our laboratory at the same altitude 
at an intensity of 200  W (Moraga et  al., 2018). Nowadays, 
only two studies about aerobic capacity in this model of exposure 
are available. In the first one, a prospective study was performed 
in miners with CIHH exposure at 3,800  m, where a decrease 
in aerobic capacity at an intensity of 175  W was observed, 
representing a decrease in maximal intensity by approximately 
15% after 31  months of CIHH exposure in subjects evaluated 
at SL (Richalet et al., 2002). However, this study did not report 
values of maximum VO2. In the second study, performed in 
soldiers exposed to CIHH during 6 months at 3,500 m, included 
the assessment of VO2 max at HA and SL, showing a decreased 
VO2 max (10.6%). However, this article did not report any 
information about the intensity reached during the test at SL 
or HA (Prommer et  al., 2007).

Previous studies performed at SL on maximum VO2 have 
shown that approximately 10–16% of maximal VO2 is used 
for respiratory muscle work (Aaron et  al., 1992; Harms et  al., 
1998). However, another study where subjects were exposed 
chronically at 5,260  m supports evidence that 11% of maximal 
VO2 is required for respiratory muscle work during 
acclimatization (Calbet et  al., 2003). In the present study, the 
assessment of maximal exercise included the measurement of 
whole body VO2 by breath-to-breath methods. In this sense, 

FIGURE 4 | Average values of plasmatic lactate concentration (mmol/L) as a 
function of intensity (in W) obtained on the fourth day at sea level and high altitude. 
In the inserted figure, red bars represent the average lactate concentration at Sea 
level; blue bars are the average lactate concentration (mmol/L) at 3,800 m.  
* represents a significant difference between sea level vs. high altitude and a cross 
represents a significant difference compared to rest ( p < 0.05).

TABLE 3 | Work assessment at sea level and high altitude.

Sea level (0 m) High altitude (3,800 m)

Rest Maximum Rest Maximum

Intensity (W/kg) 0 3.32 ± 0.56 0 3.32 ± 0.56
VO2 (W/kg) 1.85 ± 0.4 12.0 ± 1.3* 1.7 ± 0.2 9.4 ± 3.7*,†

Gross efficiency (%) – 27.3 ± 4.5 – 37.4 ± 5.2†

Net efficiency (%) – 31.1 ± 4.6 – 44.1 ± 6.4†

Values expressed as mean ± SD. *A significant difference between rest and maximum.
†Significant difference between sea level and high altitude (p < 0.05).
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the lower VO2 observed could be  due to an increased cost of 
ventilation at HA. If this response is related to a higher 
respiratory stimulus at HA, then the lower PETCO2 and high 
values of VE/VO2 or VE/VCO2 reported here support this. 
Similar mechanisms of increased cost of ventilation could 
explain the response observed in a population of soldiers 
exposed to CIHH during 6  months (Prommer et  al., 2007).

Another possibility that could explain a reduction in VO2 
max is a reduction in cardiac output, as determined in a 
series of studies performed in subjects exposed to HA after 
9–10 weeks at 5,260 m (Calbet et al., 2003). However, we did 
not use this work for comparison purposes because of the 
differences in the experimental condition with our study. 
Studies performed in populations with this type of exposure 
showed a decrease in physical performance that was associated 
with a reduction in the maximal heart rate. This is partially 
explained by the downregulation of β-adrenergic receptors 
and upregulation of muscarinic receptors (Richalet et  al., 
1992), and a detraining effect of exposure to the hypoxia 
and/or being excessively sedentary (Richalet et  al., 2002). 
Values of maximal heart rate, reported in the study by Richalet 
et  al., are similar to those reported by our group, in subjects 
with similar exposure times (31 months and over 48 months, 
respectively). However, values described in the latter study 
were assessed only at SL, and because we  did not observe 
a depression in heart rate at SL or HA, we  can speculate 
that cardiac output was maintained during our test at SL 
and at HA.

One remaining explanation for the observed low VO2 max 
could be  the reduction in oxygen supply and/or a reduction 
in oxygen extraction, since it is not determined by a reduction 
in blood flow to the muscle. Previously, we  have demonstrated 
that in a similar population, with a time exposure of 7–36 months, 
maximum exercise at 3,800  m and at SL showed a decrease 
in oxygen saturation, with an increase in hemoglobin 
concentration and oxygen content calculated unchanged (Moraga 
et  al., 2018). This increase in hemoglobin concentration could 
be  explained by peripheral vasocontraction, which leads to 
redistribution of blood flow that favors oxygen delivery to the 
muscle (Lundly et  al., 2008). A previous study of chronic 
exposure during 9  weeks at 5,260  m showed that oxygen 
extraction is maintained in bike exercise in comparison with 
acute exposure and normoxia (near 85%), supporting the idea 
that exercise is not limited by oxygen delivery to the tissue, 
in this case the muscle (Calbet et  al., 2009). Considering that 
very invasive procedures were not performed in our study, 
but using the values of venous oxygen saturation described 
by van Hall et  al. (2001), it is possible to estimate the oxygen 
extraction of our subjects at SL or HA. In this sense, values 
at rest at SL and HA were similar (44 and 48%, respectively) 
and at maximal effort no difference were observed (95 and 
94%, respectively). If our estimation is adequate, oxygen extraction 
is higher and maintained at SL or HA (acute, chronic or 
CIHH), supporting that a possible factor responsible for the 
reduction in oxygen consumption at HA is given by a 
redistribution of cardiac output to respiratory muscle during 
maximal effort.

Work Efficiency at High Altitude
We previously showed that a minor VO2 max was observed at 
the same intensity at HA compared with SL, and when we calculate 
the gross and net efficiency increase with the work intensity at 
HA, reaching values at a maximal effort of 1.9 and 2.1 times 
higher compared to SL. In this sense, the present study provides 
evidence suggesting that workers acclimatized to CIHH have 
developed acclimation mechanisms that allow them to perform 
the same work in an environment where oxygen supply is 
reduced. A similar response was described in an acclimatization 
study, where an increase in net efficiency was reported in a 
population with prolonged exposure at 6,194 m during 21 days, 
and suggest that this increase in efficiency at lower VO2 max 
values could be  explain by a shift toward a greater glycolytic 
involvement in ATP regeneration and a preference for 
carbohydrates over fatty acids during oxidative phosphorylation 
(Green et  al., 2000). Previous studies performed during 
acclimatization process at 4,300  m support a major dependence 
of carbohydrate metabolism over fat substrate, supporting that 
major efficiency is given by a complete oxidation of carbohydrate 
yields more ATP per more of oxygen than complete oxidation 
of fats (Brooks et  al., 1991; Roberts et  al., 1996). Furthermore, 
another study evaluated the effect of acclimatization on substrate 
utilization at severe types of exposure to 4,100  m, showing that 
70% of substrate used to muscle activity corresponded to 
carbohydrate oxidation, showing the preference for carbohydrates 
over fat or protein oxidation at similar exercise intensities (Lundby 
and Van Hall, 2002). Values of VCO2/VO2 ratio near of unity 
are indicative of carbohydrate oxidation (Hochachka et al., 1991), 
which could imply a reliance on carbohydrates when producing 
higher ATP yields per mole of O2 consumed. Our results 
complement those previously described with VCO2/VO2 values 
of 1.2 at SL and 1.09 at HA, supporting the reliance on 
carbohydrate metabolism in our subjects at maximal effort 
(Table 2). Therefore, an enhanced reliance between carbohydrate 
substrates and ATP production could be explain by the increase 
in gross and net efficiency reported in our study, in order to 
maximize work per mole of ATP consumed. Similar results 
have shown a higher mechanical efficiency in highland 
residents,  showing that their metabolic and labor efficiency was 
1.5 times higher than that of lowlander athletes (Hochachka 
et al., 1991). Nowadays, all these evidences support that a strong 
coupling  of  ATP demand and supply could explain the 
increased  performance of natives with chronic exposure at HAs 
(Hochachka  et  al.,  1991, 1992; Matheson et  al., 1991).

Additionally, we  know that repeated resistance training 
increases aerobic capacity given by an increase in mitochondrial 
volume density, and in hypoxic conditions, this effect is largely 
increased (Desplanches et  al., 2014). A similar effect was 
observed in subjects undergoing a training program based on 
a living high-training low model (Schmutz et  al., 2010). In 
this sense, mitochondrial adjustments to repeated exercise in 
hypoxia improves the generation of ATP with a reduced oxygen 
dependency (Green et  al., 2009; Brooks, 2018; Chicco et  al., 
2018). However, subjects that performed a high-intensity 
intermittent training program in severe hypoxia conditions 
maintained the same intensity that was observed at SL due 
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to the recruitment of more type II muscle fibers (Amann and 
Kayser, 2009; Alvarez-Herms et  al., 2016). In addition, an 
anaerobic exercise program showed a negative relationship 
between oxygen saturation and salivary pH, suggesting an 
increase in buffer capacity with no increase in plasmatic lactate 
concentration (Julia-Sanchez et al., 2014), similar to that observed 
in muscle buffer capacity (Gore et  al., 2001). Mizuno et  al. 
(2008) also reported an increase in the muscle buffer capacity 
in active and less-active subjects that sleep at HA during long 
exposure periods of 75  days at 5,250  m. In contrast with the 
previously described, subjects who were repeatedly exposed to 
3,550  m during 6  months and performed incremental exercise 
at SL and at HA, developed acidosis due to an increase in 
lactate concentration, but showed no modifications in to buffer 
capacity (Prommer et  al., 2007). Considering this, although 
we did not evaluate pH, buffer capacity, nor HCO3

-  concentration, 
we  estimated the pH values at HA using the Henderson-
Hasselbalch equation, PECO2 and lactate concentration (Table 2), 
considering chronic respiratory alkalosis compensation (i.e. 
reduction of 4  mmol/L in HCO3

-  per each reduction in 
10  mmHg in PECO2). In this case, we  did not observe a 
difference in pH between SL and HA. If our calculations are 
correct, we can suggest that the buffer capacity in our population 
is maintained. However, future studies are necessary to 
demonstrate this speculative approach.

Lactate Concentration at High Altitude
Nowadays, studies of the CIHH model that evaluate exercise 
and measure lactate concentration are scarce. Prior to our 
study, the only similar article was carried out in a group of 
soldiers who performed a regular ascent to HA for 11  days, 
followed by 3  days at SL for 6  months. During the first days 
of arrival or descent, the maximum oxygen consumption and 
lactate concentration were evaluated. Under these exposure 
conditions, maintenance of oxygen consumption and an increase 
in plasma lactate concentration at HA were reported in subjects 
exposed to CIHH (Prommer et  al., 2007). These results are 
opposite to those described in the present study, where 
we  demonstrate a decrease in maximum oxygen consumption 
close to 29% and a decrease in lactate concentration close to 
16%, compared to SL. We  do not have a complete explanation 
for these differences between the two studies. However, in a 
lowland population exposed to an altitude of 5,050  m, a 30% 
decrease in plasma lactate concentration was observed during 
maximum effort. Additionally, lactate levels remained low during 
the first week after descent to SL, about 30%, compared to 
SL before ascent (Grassi et  al., 1996). Furthermore, a lower 
decrease in plasma lactate concentration (about 21%) was 
described in subjects exposed to maximum effort at 3,800  m 
during the first 2  weeks of exposure, reaching a maximum 
decrease after 8  weeks (close to 31%). Both studies support 
the presence and permanence of the “lactate paradox” after 
chronic exposure. As for this study, a decrease in the concentration 
of plasma lactate was observed in miners of the CIHH model, 
a response that supports the “lactate paradox”. However, when 
maximum effort was tested at SL, it was not associated with 
a decrease in lactate concentration, and the lactate concentration 

values described in our study are similar to previous works 
(Grassi et  al., 1996; van Hall et  al., 2001, 2002, 2009; Pronk 
et  al., 2003; Prommer et  al., 2007). This change in plasma 
lactate concentration values suggests a plastic process that is 
established after 3  days of resting at SL.

Limitations
Our study did not perform any invasive evaluation, such as 
muscle biopsy or lactate metabolism with marked radionuclides, 
due to pressure from workers’ union and company reasons. 
Future studies that consider measurements in a larger population 
of workers and/or the requirements of an animal model are 
needed to obtain a better understanding of the mechanisms 
underlying physiological altitude adjustments in the population 
with exposure to CIHH.

In conclusion, our previous studies showed an almost stable 
maintenance of oxygen content during a maximal exercise test 
performed in miners with chronic intermittent exposure to 
hypoxia at 3,800  m. The present study is the first to show 
that, in this population, work capacity (intensity) is maintained 
with a drop in oxygen consumption during a maximum exercise 
test, which supports that an increase in work efficiency at HA 
is associated with a lower concentration of lactate.

DATA AVAILABILITY

The datasets generated for this study are available on request 
to the corresponding author.

ETHICS STATEMENT

The studies involving human participants were reviewed and 
approved by Ethics Committee of the Facultad de Medicina 
of the Universidad Católica del Norte, Chile. The patients/
participants provided their written informed consent to 
participate in this study.

AUTHOR CONTRIBUTIONS

FM and JO conceived and designed the study. JO and DJ 
supervised the overall study. RC-J performed the statistical 
analysis. DM, RC-J, and JO contributed to sample and data 
collections. All authors drafted the report and contributed to 
the interpretation of the results, critical revision of the manuscript, 
and approval of the final manuscript. FM is the guarantor.

ACKNOWLEDGMENTS

We would like to thank our assistant researcher Mr. Hervis 
Galleguillos who collaborated in this study. We  are grateful 
to all the volunteers who participated in our study and for 
the facility support by the medical sector of the mining company. 
We  are also grateful for the financial support of the project 
07 CN13ISM-152 INNOVA CORFO-CHILE.

116

https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Moraga et al. Work Assessment in Miners at High Altitude

Frontiers in Physiology | www.frontiersin.org 8 September 2019 | Volume 10 | Article 1149

 

REFERENCES

Aaron, E. A., Seow, K. C., Johnson, B. D., and Dempsey, J. A. (1992). Oxygen 
cost of exercise hyperpnea: implications for performance. J. Appl. Physiol. 
72, 1818–1825. doi: 10.1152/jappl.1992.72.5.1818

Alvarez-Herms, J., Julia-Sanchez, S., Gatterer, H., Blank, C., Corbi, F., Pagés, T., 
et  al. (2016). Anaerobic training in hypoxia: a new approach to stimulate 
the rating of effort perception. Physiol. Behav. 163, 37–42. doi: 10.1016/j.
physbeh.2016.04.035

Amann, M., and Kayser, B. (2009). Nervous system function during exercise 
in hypoxia. High Alt. Med. Biol. 10, 149–164. doi: 10.1089/ham.2008.1105

Bender, P. R., Groves, B. M., McCullough, R. E., McCullough, R. G., Huang, S. Y., 
Hamilton, A. J., et  al. (1988). Oxygen transport to exercising leg in chronic 
hypoxia. J. Appl. Physiol. 65, 2592–2597. doi: 10.1152/jappl.1988.65.6.2592

Brooks, G. A. (2018). The science and translation of lactate shuttle theory. 
Cell Metab. 27, 757–785. doi: 10.1016/j.cmet.2018.03.008

Brooks, G. A., Butterfield, G. E., Wolfe, R. R., Groves, B. M., Mazzeo, R. S., 
Sutton, J. R., et  al. (1991). Increased dependence on blood glucose after 
acclimatization to 4300  m. J. Appl. Physiol. 70, 919–927. doi: 10.1152/
jappl.1991.70.2.919

Calbet, J. A., Boushel, R., Radegran, G., Sondergaard, H., Wagner, P. D., and 
Saltin, B. (2003). Why is VO2 max after altitude acclimatization still reduced 
despite normalization of arterial O2 content? Am. J. Physiol. Regul. Integr. 
Comp. Physiol. 284, R304–R316. doi: 10.1152/ajpregu.00156.2002

Calbet, J. A., Losa-Reyna, J., Torres-Peralta, R., Rasmussen, P., Ponce-González, J. G., 
Sheel, A. W., et  al. (2015). Limitations to oxygen transport and utilization 
during sprint exercise in humans: evidence for a functional reserve in muscle 
O2 diffusing capacity. J. Physiol. 593, 4649–4664. doi: 10.1113/JP270408

Calbet, J. A. L., and Lundby, C. (2009). Air to muscle O2 delivery during 
exercise at altitude. High Alt. Med. Biol. 10, 123–134. doi: 10.1089/haam.2008.1099

Calbet, J. A., Rådegran, G., Boushel, R., and Saltin, B. (2009). On the mechanisms 
that limit oxygen uptake during exercise in acute and chronic hypoxia: role 
of muscle mass. J. Physiol. 587, 477–490. doi: 10.1113/jphysiol.2008.162271

Chicco, A. J., Le, C. H., Gnaiger, E., Dreyer, H. C., Muyskens, J. B., 
D’Alessandro, A., et  al. (2018). Adaptative remodeling of skeletal muscle 
energy metabolism in high-altitude hypoxia: lesson from AltitudeOmics. 
J. Biol. Chem. 293, 6659–6671. doi: 10.1074/jbc.RA117.000470

Desplanches, D., Amami, M., Dupré-Aucouturier, S., Valdivieso, P., Schmutz, S., 
Mueller, M., et al. (2014). Hypoxia refines plasticity of mitochondrial respiration 
to repeated muscle work. Eur. J. Appl. Physiol. 114, 405–417. doi: 10.1007/
s00421-013-2783-8

Edwards, H. T. (1936). Lactic acid in rest and work at high altitude. Am. J. Phys. 
116, 367–375. doi: 10.1126/science.84.2171.140

Gaesser, G. A., and Brooks, G. A. (1975). Muscular efficiency during steady-
rate exercise: effects of speed and work rate. J. Appl. Physiol. 38, 1132–1138. 
doi: 10.1152/jappl.1975.38.6.1132

Gore, C. J., Hahn, A. G., Aughey, R. J., Martin, D. T., Ashender, M. J., 
Clark, S. A., et al. (2001). Live high: train low increase muscle buffer capacity 
and submaximal cycling efficiency. Acta Physiol. Scand. 173, 275–286. doi: 
10.1046/j.1365-201X.2001.00906.x

Grassi, B., Marzorati, M., Kayser, B., Bordini, M., Colombini, A., Conti, M., 
et  al. (1996). Peak blood lactate and blood lactate vs. workload during 
acclimatization to 5,050  m and in deacclimatization. J. Appl. Physiol. 80, 
685–692. doi: 10.1152/jappl.1996.80.2.685

Green, H. J., Burnett, M. E., Smith, I. C., Tupling, S. M., and Ranney, D. A. 
(2009). Failure of hypoxia to exaggerate the metabolic stress in working 
muscle following short-term training. Am. J. Physiol. Regul. Integr. Comp. 
Physiol. 297, R593–R604. doi: 10.1152/ajpregu.91035.2008

Green, H. J., Roy, B., H Hughson, G. R., Burnett, M., Otto, C., Pipe, A., et  al. 
(2000). Increase in submaximal cycling efficiency mediated by altitude 
acclimatization. J. Appl. Physiol. 89, 1189–1197. doi: 10.1152/jappl.2000.89.3.1189

Green, H. J., Sutton, J., Young, P., Cymerman, A., and Houston, C. S. (1989). 
Operation Everest II: muscle energetics during maximal exhaustive exercise. 
J. Appl. Physiol. 66, 142–150.

Harms, C. A., Wetter, T. J., McLaran, S. R., Pegelow, D. F., Nickele, G. A., 
Nelson, W. B., et  al. (1998). Effects of respiratory muscle work on cardiac 
output and its distribution during maximal exercise. J. Appl. Physiol. 85, 
609–618. doi: 10.1152/jappl.1998.85.2.609

Hochachka, P. W., Stanley, C., Matheson, G. O., McKenzie, D. C., Allen, P. S., 
and Parkhouse, W. S. (1991). Metabolic and work efficiencies during exercise 
in Andean natives. J. Appl. Physiol. 70, 1720–1730. doi: 10.1152/jappl.1991.70.4.1720

Hochachka, P. W., Stanley, C., McKenzie, D. C., Villena, A., and Monge, C. 
(1992). Enzyme mechanisms for piruvate to lactate flux attenuation: a study 
of Sherpas, Quechuas and hummingbirds. Int. J. Sports Med. 13(Suppl. 1), 
S119–S112. doi: 10.1055/s-2007-1024613

Hughes, R. L., Clode, M., Edwards, R. H., Goodwin, T. J., and Jones, N. L. 
(1968). Effect of inspired O2 on cardiopulmonary and metabolic responses 
to exercise in man. J. Appl. Physiol. 24, 336–347. doi: 10.1152/jappl.1968.24.3.336

Jiménez, D. (1995). “High altitude intermittent chronic exposure: Andean miners” 
in Hypoxia and the brain. eds. J. R. Sutton, C. S. Houston, and G. Coates 
(Queen City Printers: Burlington), 284–291.

Julia-Sanchez, S., Alvares-Herms, J., Gatterer, H., Burtscher, M., Pages, T., and 
Viscor, G. (2014). Salivary pH increase after jump exercise in hypoxia. Sci. 
Sports 29, 306–310. doi: 10.1016/j.scispo.2013.12.004

Lundby, C., and Van Hall, G. (2002). Substrate utilization in sea level residents 
during exercise in acute hypoxia and after 4 weeks of acclimatization to 
4100 m. Acta Physiol. Scand. 176, 195–201. doi: 10.1046/j.1365-201X.2002.01030.x

Lundly, C., Boushel, R., Robach, P., Moller, K., Saltin, B., and Calbet, J. A. L. 
(2008). During hypoxic exercise some vasoconstriction is needed to match 
O2 delivery with O2 demand at the microcirculation level. J. Physiol. 586, 
123–130. doi: 10.1113/jphysiol.2007.146035

Marconi, C., Marzorati, M., and Cerretelli, P. (2006). Work capacity of permanent 
residents of high altitude. High Alt. Med. Biol. 7, 105–115. doi: 10.1089/
ham.2006.7.105

Matheson, G. O., Allen, P. S., Ellinger, D. C., Hanstock, C. G., Gherghiu, D., 
McKensie, D. C., et al. (1991). Skeletal muscle metabolism and work capacity: 
a 31P-NMR study of Andean natives and lowlander. J. Appl. Physiol. 70, 
1963–1976. doi: 10.1152/jappl.1991.70.5.1963

Mizuno, M., Savard, G. K., Areskog, N. H., Lundby, C., and Saltin, B. (2008). 
Skeletal muscle adaptations to prolonged exposure to extreme altitude: a role 
of physical activity? High Alt. Med. Biol. 9, 311–317. doi: 10.1089/ham.2008.1009

Moraga, F. A., Osorio, J., Calderón-Jofré, R., and Pedreros, A. (2018). 
Hemoconcentration during maximum exercise in miners with chronic 
intermittent exposure to hypobaric hypoxia (3800 m). High Alt. Med. Biol. 
19, 15–20. doi: 10.1089/ham.2017.0011

Prommer, N., Heinicke, K., Viola, T., Cajigal, J., Behn, C., and Schmidt, W. F. J. 
(2007). Long term intermittent hypoxia increases O2 transport capacity but 
not VO2 max. High Alt. Med. Biol. 8, 225–235. doi: 10.1089/ham.2007.8309

Pronk, M., Tiemessen, I., Hupperets, D. W., Kennedy, B. R., Powell, F. L., 
Hopkins, S. R., et  al. (2003). Persistence of lactate paradox over 8 weeks 
at 3800 m. High Alt. Med. Biol. 4, 431–443. doi: 10.1089/152702903322616182

Richalet, J. P., Donoso, M. V., Jiménez, D., Antezana, A. M., Hudson, C., Cortés, G., 
et al. (2002). Chilean miners commuting from sea level to 4500 m: a prospective 
study. High Alt. Med. Biol. 3, 159–166. doi: 10.1089/15270290260131894

Richalet, J. P., Kacimi, R., and Antezana, A. M. (1992). The control of cardiac 
chronotropic function in hypobaric hypoxia. Int. J. Sports Med. 13(Suppl. 1), 
S22–S24. doi: 10.1055/s-2007-1024582

Roberts, A. C., Butterfield, G. E., Cymerman, A., Reeves, J. T., Wolfel, E. E., 
and Brooks, G. A. (1996). Acclimatization to 4,300-m altitude decreases 
reliance on fat as a substrate. J. Appl. Physiol. 81, 1762–1771. doi: 10.1152/
jappl.1996.81.4.1762

Schmutz, S., Däpp, C., Wittwer, M., Durieux, A. C., Mueller, M., Weinstein, F., 
et  al. (2010). A hypoxia complement differentiates the muscle response to 
endurance exercise. Exp. Physiol. 95, 723–735. doi: 10.1113/expphysiol.2009.051029

Schoene, R. B. (2001). Limits of humans lung at high altitude. J. Exp. Biol. 
204, 3121–3127.

Sutton, J. R., Reeves, J. T., Wagner, P. D., Groves, B. N., Cymerman, A., 
Malconian, M. K., et  al. (1988). Operation Everest II: oxygen transport 
during exercise at extreme simulated altitude. J. Appl. Physiol. 64, 1309–1321. 
doi: 10.1152/jappl.1988.64.4.1309

van Hall, G., Calbet, J. A. L., Sondergaard, H., and Saltin, B. (2001). The  
re-establishment of the normal blood lactate response to exercise in humans 
after prolonged acclimatization to altitude. J. Physiol. 536, 963–975. doi: 
10.1111/j.1469-7793.2001.00963.x

van Hall, G., Calbet, J. A. L., Sondergaard, H., and Saltin, B. (2002). Similar 
carbohydrate but enhanced lactate utilization during exercise after 9 wk of 

117

https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles
https://doi.org/10.1152/jappl.1992.72.5.1818
https://doi.org/10.1016/j.physbeh.2016.04.035
https://doi.org/10.1016/j.physbeh.2016.04.035
https://doi.org/10.1089/ham.2008.1105
https://doi.org/10.1152/jappl.1988.65.6.2592
https://doi.org/10.1016/j.cmet.2018.03.008
https://doi.org/10.1152/jappl.1991.70.2.919
https://doi.org/10.1152/jappl.1991.70.2.919
https://doi.org/10.1152/ajpregu.00156.2002
https://doi.org/10.1113/JP270408
https://doi.org/10.1089/haam.2008.1099
https://doi.org/10.1113/jphysiol.2008.162271
https://doi.org/10.1074/jbc.RA117.000470
https://doi.org/10.1007/s00421-013-2783-8
https://doi.org/10.1007/s00421-013-2783-8
https://doi.org/10.1126/science.84.2171.140
https://doi.org/10.1152/jappl.1975.38.6.1132
https://doi.org/10.1046/j.1365-201X.2001.00906.x
https://doi.org/10.1152/jappl.1996.80.2.685
https://doi.org/10.1152/ajpregu.91035.2008
https://doi.org/10.1152/jappl.2000.89.3.1189
https://doi.org/10.1152/jappl.1998.85.2.609
https://doi.org/10.1152/jappl.1991.70.4.1720
https://doi.org/10.1055/s-2007-1024613
https://doi.org/10.1152/jappl.1968.24.3.336
https://doi.org/10.1016/j.scispo.2013.12.004
https://doi.org/10.1046/j.1365-201X.2002.01030.x
https://doi.org/10.1113/jphysiol.2007.146035
https://doi.org/10.1089/ham.2006.7.105
https://doi.org/10.1089/ham.2006.7.105
https://doi.org/10.1152/jappl.1991.70.5.1963
https://doi.org/10.1089/ham.2008.1009
https://doi.org/10.1089/ham.2017.0011
https://doi.org/10.1089/ham.2007.8309
https://doi.org/10.1089/152702903322616182
https://doi.org/10.1089/15270290260131894
https://doi.org/10.1055/s-2007-1024582
https://doi.org/10.1152/jappl.1996.81.4.1762
https://doi.org/10.1152/jappl.1996.81.4.1762
https://doi.org/10.1113/expphysiol.2009.051029
https://doi.org/10.1152/jappl.1988.64.4.1309
https://doi.org/10.1111/j.1469-7793.2001.00963.x


Moraga et al. Work Assessment in Miners at High Altitude

Frontiers in Physiology | www.frontiersin.org 9 September 2019 | Volume 10 | Article 1149

acclimatization to 5260  m. Am. J. Phys. 283, E1203–E1213. doi: 10.1152/
ajpendo.00134.2001

van Hall, G., Lundby, C., Araoz, M., Calbet, J. A., Sander, M., and Saltin, B. 
(2009). The lactate paradox revisited in lowlanders during acclimatization 
to 4100  m and in high-altitude natives. J. Physiol. 587, 1117–1129. doi: 
10.1113/jphysiol.2008.160846

West, J. B. (1986). Lactate during exercise at extreme altitude. Fed. Proc. 45, 
2953–2957.

Wolfel, E. E., Groves, B. M., Brooks, G. A., Butterfield, G. E., Mazzeo, R. S., Moore, 
L. G., et  al. (1991). Oxygen transport during steady state, submaximal exercise 
in chronic hypoxia. J. Appl. Physiol. 70, 1129–1136. doi: 10.1152/jappl.1991.70.3.1129

Conflict of Interest Statement: The authors declare that the research was conducted 
in the absence of any commercial or financial relationships that could be construed 
as a potential conflict of interest.

Copyright © 2019 Moraga, Osorio, Jiménez, Calderón-Jofré and Moraga. This is 
an open-access article distributed under the terms of the Creative Commons Attribution 
License (CC BY). The use, distribution or reproduction in other forums is permitted, 
provided the original author(s) and the copyright owner(s) are credited and that 
the original publication in this journal is cited, in accordance with accepted academic 
practice. No use, distribution or reproduction is permitted which does not comply 
with these terms.

118

https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles
https://doi.org/10.1152/ajpendo.00134.2001
https://doi.org/10.1152/ajpendo.00134.2001
https://doi.org/10.1113/jphysiol.2008.160846
https://doi.org/10.1152/jappl.1991.70.3.1129
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


Frontiers in Physiology | www.frontiersin.org 1 September 2019 | Volume 10 | Article 1199

MINI REVIEW
published: 20 September 2019

doi: 10.3389/fphys.2019.01199

Edited by: 
Tatum S. Simonson,  

University of California, San Diego, 
United States

Reviewed by: 
Paul Ponganis,  

University of California, San Diego,  
United States

Randall William Davis,  
Texas A&M University at Galveston, 

United States

*Correspondence: 
José Pablo Vázquez-Medina  

jpv-m@berkeley.edu

Specialty section: 
This article was submitted to  

Integrative Physiology,  
a section of the journal  
Frontiers in Physiology

Received: 24 March 2019
Accepted: 03 September 2019
Published: 20 September 2019

Citation:
Allen KN and Vázquez-Medina JP 

(2019) Natural Tolerance to  
Ischemia and Hypoxemia in Diving 

Mammals: A Review.
Front. Physiol. 10:1199.

doi: 10.3389/fphys.2019.01199

Natural Tolerance to Ischemia and 
Hypoxemia in Diving Mammals:  
A Review
Kaitlin N. Allen and José Pablo Vázquez-Medina*

Department of Integrative Biology, University of California Berkeley, Berkeley, CA, United States

Reperfusion injury follows ischemia/reperfusion events occurring during myocardial 
infarction, stroke, embolism, and other peripheral vascular diseases. Decreased blood 
flow and reduced oxygen tension during ischemic episodes activate cellular pathways 
that upregulate pro-inflammatory signaling and promote oxidant generation. Reperfusion 
after ischemia recruits inflammatory cells to the vascular wall, further exacerbating oxidant 
production and ultimately resulting in cell death, tissue injury, and organ dysfunction. 
Diving mammals tolerate repetitive episodes of peripheral ischemia/reperfusion as part 
of the cardiovascular adjustments supporting long duration dives. These adjustments 
allow marine mammals to optimize the use of their body oxygen stores while diving but 
can result in selectively reduced perfusion to peripheral tissues. Remarkably, diving 
mammals show no apparent detrimental effects associated with these ischemia/reperfusion 
events. Here, we review the current knowledge regarding the strategies marine mammals 
use to suppress inflammation and cope with oxidant generation potentially derived from 
diving-induced ischemia/reperfusion.

Keywords: hypoxia, cetacean, pinniped, oxidative stress, inflammation

INTRODUCTION

The ability to manage body oxygen stores in the face of environmental hypoxia constrains the 
life history of many vertebrate taxa. In humans, oxygen management is critically important 
in clinical settings where both acute and chronic conditions such as organ transplantation and 
intermittent hypoxia contribute to ischemic injuries. Diving mammals, however, experience 
fluctuations in blood flow and oxygen saturation without sustaining such injuries. A range of 
physiological mechanisms for coping with finite oxygen availability has been identified to date 
(for recent comprehensive reviews on the topic, see Davis, 2014; Blix, 2018; Ponganis, 2019). 
The first – and perhaps most straightforward – of these mechanisms is increased mass-specific 
body oxygen stores which delay the onset of hypoxemia and tissue hypoxia and prolong 
submergence times (Ponganis et  al., 1993; Kanatous et  al., 1999, 2002; Burns et  al., 2007). 
Similarly, splenic contraction increases circulating oxygen levels during apnea in pinnipeds 
(Castellini and Castellini, 1993; Elsner, 1995; Hurford et  al., 1996; Thornton et  al., 2001). 
Populations of human breath-hold divers also demonstrate enlarged spleens and positive selection 
of genes implicated in spleen size (PDE10A) and regulation of vasomotor tone (BDKRB2) 
(Hurford et  al., 1990; Ilardo et  al., 2018). In marine mammals these “onboard” oxygen stores 
are likely sufficient to support normal aerobic function in peripheral organs including the liver 
and kidneys during most dives (Davis et  al., 1983). Additionally, the majority of pinniped 
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dives occur within the aerobic dive limit (Kooyman et  al., 
1983; Davis and Kanatous, 1999; Davis, 2014). However, diving 
mammals experience hypoxemia during routine breath holding 
within aerobic limits, tolerating lower arterial and venous oxygen 
saturations than most terrestrial mammals including humans 
(Ferretti et  al., 1991; Stockard et  al., 2007; Ponganis et  al., 
2008; Lindholm and Lundgren, 2009; Meir et  al., 2009, 2013; 
McDonald and Ponganis, 2013; Tift et  al., 2018). The specific 
molecular and cellular pathways that protect marine mammals 
from injuries driven by fluctuations in blood flow and local 
oxygen tensions remain largely unexplored.

In humans, hypoxemia induces cell death and tissue injury 
via inflammatory, necrotic, and apoptotic pathways (Gottlieb 
et  al., 1994; Saikumar et  al., 1998; Li and Jackson, 2002; Sendoel 
and Hengartner, 2014). Limited oxygen availability during hypoxia 
impairs mitochondrial respiration, leading to a drop in intracellular 
ATP levels. Reoxygenation after hypoxia increases oxidant 
generation from enzymatic systems (e.g., xanthine oxidase, NADPH 
oxidases) and mitochondria, carrying an additional threat of 
oxidative injury to cells and tissues and potentially compromising 
organismal health and survival (Figure 1; McCord, 1985; Kalogeris 
et al., 2012). Reperfusion injuries are well documented in humans, 
particularly with respect to myocardial infarction, ischemic stroke, 
and organ transplantation (Yellon and Hausenloy, 2007; Iadecola 
and Anrather, 2011; Salvadori et al., 2015). Thus, both hypoxemia 
and reduced peripheral perfusion associated with diving can 
potentially contribute to inflammation and oxidative stress in 
diving mammals. Remarkably, diving mammals appear to tolerate 
such conditions without injury. Therefore, understanding the 
mechanisms underlying this tolerance may yield insight into 
translational applications for human health.

THE MAMMALIAN DIVING RESPONSE, 
ISCHEMIA, AND HYPOXIA

The mammalian diving response consists of several coordinated 
physiological adjustments originally considered to protect the 
hypoxia-sensitive central nervous system while oxygen availability 
is limited during a dive (Irving, 1938; Irving et  al., 1941, 1942; 
Bron et  al., 1966). More recently, it was discovered that the 
diving response also maximizes the aerobic dive limit without 
compromising central nervous system function (Davis and 
Kanatous, 1999; Davis, 2014). The three primary components 
of the diving response are apnea, bradycardia, and peripheral 
vasoconstriction; all three have been studied in multiple marine 
mammal species using different experimental approaches (Elsner, 
1999; Davis and Williams, 2012; Williams et  al., 2015; Blix, 
2018; Ponganis, 2019). In pinnipeds, apnea alone is sufficient 
to induce both bradycardia and vasoconstriction independent 
of whether the animal is diving (Andrews et al., 1997; Ponganis 
et  al., 2008); bradycardia is further modulated by water 
temperature, extent of facial submersion, cognition (i.e., 
anticipation) and exercise (Ridgway et  al., 1975; Davis and 
Kanatous, 1999; Davis and Williams, 2012; Williams et  al.,  
2015; Elmegaard et  al., 2016; Kaczmarek et  al., 2018). 
Peripheral perfusion and vasoconstriction have historically been 

difficult to measure in marine mammals. Early forced submersion 
studies in Weddell seals indicated an extensive, profound, near-
cessation of blood flow to peripheral tissues including the kidney, 
liver, and spleen during forced dives (Zapol et al., 1979). Similarly, 
comparative studies showed that seal kidneys exposed to ex 
vivo ischemia recovered both blood flow and urine production 
upon reperfusion, while dog kidneys did not (Halasz et  al., 
1974). The magnitude of the physiological response occurring 
in free dives is likely different from that observed during forced 
submersions (Hill et  al., 1987; reviewed in Ponganis et  al., 
2011). Measurements of peripheral perfusion during voluntary 
apneas, however, have focused on skeletal muscle rather than 
splanchnic organs (Guyton et  al., 1995; Ponganis et  al., 2008); 
reduced muscle perfusion during sleep apneas and diving allows 
for utilization of myoglobin-bound oxygen by the muscle (Qvist 
et  al., 1981; Guyton et  al., 1995; Meir et  al., 2009; Wright and 
Davis, 2015). A lack of instrumentation has hampered direct 
observations of splanchnic organ perfusion during free dives. 
Recently, an overall reduction in blubber hemoglobin 
concentration and saturation was observed in captive harbor 
seals voluntarily diving within aerobic limits (McKnight et  al., 
2019), suggesting reduced perfusion to the periphery during 
routine dives. Despite reduced cardiac output and peripheral 
oxygen consumption during diving, however, marine mammals 
deplete central oxygen stores during routine voluntary dives 
(Shaffer et  al., 1997; Williams et  al., 1999; Meir et  al., 2009, 
2013; McDonald and Ponganis, 2013; Tift et  al., 2018). As a 
result, even continuously perfused tissues such as the brain 
likely experience reductions in oxygen tension as a result of 
diving-induced hypoxemia (Elsner et  al., 1970; Kerem and 
Elsner, 1973; McKnight et al., 2019). Elevated neuroglobin levels 
and selective brain cooling may supplement cerebral oxygen 
stores while decreasing demand during diving (Odden et  al., 
1999; Williams et  al., 2008; Blix et  al., 2010; Schneuer et  al., 
2012). Moreover, the seal brain is capable of both producing 
and consuming lactate in vivo (Murphy et al., 1980), and glucose 
deprivation during hypoxia does not appear to negatively impact 
neuronal function in seal brain slices, suggesting that the seal 
brain may tolerate these insults (Czech-Damal et  al., 2014; 
Geiseler et  al., 2016). Recent transcriptomic analyses suggest 
that metabolic shifts and upregulation of several major stress 
response pathways also help protect the seal brain against 
hypoxic injury (Fabrizius et  al., 2016; Hoff et  al., 2017). Thus, 
understanding the mechanisms that protect the marine mammal 
brain during diving-induced ischemia/reperfusion can potentially 
reveal new targets for pharmacological interventions in human 
brain injury and stroke patients.

CONSEQUENCES OF HYPOXIA AND 
ISCHEMIA: OXIDANT GENERATION, 
INFLAMMATION, AND OXIDATIVE STRESS

The complex mechanisms of ischemic tissue damage have been 
studied extensively in biomedical models due to their clinical 
relevance to human conditions including organ transplantation, 
myocardial infarction, and stroke. Oxygen deprivation during 
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HUMANS MARINE MAMMALS

Hypoxemia
Ischemia

Myocardial infarc�on
Embolism

Organ transplanta�on

Diving
Sleep apnea

Reperfusion
Reoxygena�on

Oxidant genera�on
Inflammatory signaling

Oxidant genera�on?
Limited inflamma�on

Reperfusion injury No reperfusion injury

↑ Glutathione (GSH, GPx, GST)
↓ Inflamma�on

No oxida�ve stress

Ischemic precondi�oning/Nrf2 ac�va�on
Differen�al HIF regula�on
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FIGURE 1 | Biochemical mechanisms  leading to the prevention of reperfusion injury in diving mammals. Ischemia/reperfusion events are associated with oxidative 
stress and inflammation in humans but are well tolerated by diving mammals. The mechanisms marine mammals use to prevent inflammation and oxidative stress 
derived from diving-induced ischemia and hypoxemia are still under investigation but likely include upregulation of genes involved in antioxidant defense and hypoxia 
tolerance via preconditioning-like responses that involve activation of the transcription factors Nrf2 and HIF-1.
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ischemia depletes intracellular ATP; subsequently, ATP degradation 
products including xanthine and hypoxanthine accumulate 
(McCord, 1985). Ischemia also dysregulates calcium levels, 
activating calcium-dependent proteases which cleave xanthine 
dehydrogenase to generate the active form of the enzyme, xanthine 
oxidase (Arnould et  al., 1992; Berna et  al., 2002). Increases in 
intracellular calcium during ischemic events also induce the 
activation of NADPH oxidases and promote mitochondrial 
superoxide radical generation (Brookes et  al., 2004; Granger 
and Kvietys, 2015). Upon reperfusion/reoxygenation, xanthine 
and hypoxanthine are oxidized by xanthine oxidase, generating 
superoxide radical and hydrogen peroxide (Chambers et  al., 
1985; McCord, 1985; Granger, 1988). Similarly, superoxide is 
generated by reverse electron transport at the mitochondrial 
complex I  during reperfusion (Chouchani et  al., 2015). In the 
vascular endothelium, superoxide generated by NADPH oxidases 
activated via mechanosignaling during ischemic alterations in 
shear stress contributes to tissue injury via the formation of 
peroxynitrite (Beckman et al., 1990; Al-Mehdi et al., 1998; Fisher 
et al., 2001; Noel et al., 2013; Browning et al., 2014). Furthermore, 
inflammatory molecules generated or activated by endothelial 
NADPH oxidase-mediated redox signaling (e.g., CAMs, selectins, 
NF-κB, and NLRP3 inflammasomes) prime the vasculature for 
neutrophil adherence and infiltration, promoting further tissue 
injury during reperfusion (Eltzschig and Eckle, 2011; Iadecola 
and Anrather, 2011). In diving seals, convective oxygen transport 
to peripheral tissues remains sufficient to support aerobic 
metabolism during most dives (Davis et  al., 1983; Davis and 
Kanatous, 1999); however, routine hypoxemia coupled with 
reoxygenation upon surfacing (Qvist et  al., 1986; Meir et  al., 
2009, 2013; McDonald and Ponganis, 2013; Tift et  al., 2018), 
along with potential alterations in blood flow derived from 
peripheral vasoconstriction, expose the vascular endothelium to 
frequent fluctuations in shear and oxygen tension that resemble 
pathological ischemia/reperfusion events in humans.

Marine mammals do not sustain the reperfusion injuries 
associated with hypoxemia and ischemia/reperfusion events in 
humans; however, the mechanisms regulating this oxidant balance 
in marine mammals remain unclear. Increased purine recycling 
has been proposed as a mechanism to limit xanthine oxidase-
derived oxidant generation in marine mammals (López-Cruz 
et  al., 2016), but support for this hypothesis is mixed (Soñanez-
Organis et  al., 2012; del Castillo Velasco-Martínez et  al., 2016). 
Early work revealed that seal tissues accumulate hypoxanthine 
after simulated ischemia and are capable of generating oxidants 
ex vivo (Elsner et  al., 1995, 1998; Zenteno-Savín et  al., 2002). 
Similarly, circulating concentrations of xanthine and hypoxanthine 
increase during spontaneous on-land sleep apneas in elephant 
seals (Vázquez-Medina et  al., 2011d). Moreover, tissue capacity 
to generate oxidants increases with postnatal maturation in 
hooded seal skeletal muscle (Vázquez-Medina et  al., 2011a), 
while circulating and muscle levels of xanthine oxidase increase 
after repetitive sleep apneas in elephant seals (Vázquez-Medina 
et  al., 2011d). In our preliminary observations, we  have found 
that seal endothelial cells in primary culture generate oxidants 
following exposure to hypoxia/reoxygenation and when incubated 
with known activators of NADPH oxidases (Vázquez-Medina 

et al., 2018). Together, these results suggest that avoiding oxidant 
generation is not a strategy seals use to cope with diving-induced 
ischemia/reperfusion. Of note is recent evidence showing alterations 
in the nitric oxide-soluble guanylyl cyclase-cGMP (NO-cGMP) 
pathway in peripheral tissues of Weddell seals compared to 
non-diving vertebrates (Hindle et  al., 2019) and the previously 
observed absence of nitric oxide in the exhalate of Weddell 
seals after voluntary dives (Falke et  al., 2008). Such alterations 
in the NO-cGMP pathway could help maintain differential 
perfusion during a dive (Hindle et  al., 2019) while preventing 
the formation of peroxynitrite via the reaction of NO with 
superoxide generated in response to diving-induced ischemia/
reperfusion (Ischiropoulos et  al., 1992; Radi et  al., 2001).

Besides their proven role in cell and tissue injury, oxidants 
participate in essential physiological functions, including host 
defense and neovascularization (Babior, 1999; Tojo et  al., 2005; 
Browning et  al., 2014). Similarly, at sub-toxic levels, oxidants 
such as hydrogen peroxide, which can be  generated directly by 
xanthine oxidase and certain NADPH oxidases or by dismutation 
of superoxide, mediate a plethora of redox-dependent pathways 
related to calcium signaling, protein phosphorylation, and 
transcription factor activation (Suzuki et al., 1997). Transcription 
of most antioxidant genes is under control of the nuclear factor 
E2-related factor 2 (Nrf2), which is activated in response to 
temporal increases in intracellular oxidants or other electrophiles 
(Itoh et al., 1997, 1999). Stimulation of Nrf2 by the lipid peroxidation 
product 4-hydroxy-2-nonenal (4-HNE) is involved in neuro- and 
cardio-protection against oxidative stress after ischemic 
preconditioning (Calvert et  al., 2009; Zhang et  al., 2010; Bell 
et  al., 2011). In humans, ischemic preconditioning reduces the 
risk of myocardial injury after coronary artery bypass graft surgery 
(Thielmann et al., 2013). In elephant seals, repetitive spontaneous 
sleep apneas result in blood oxygen depletion, reduced muscle 
blood flow, decreased tissue PO2, and increased 4-HNE, nuclear 
Nrf2 levels, and antioxidant enzyme expression in skeletal muscle 
(Ponganis et al., 2002, 2006, 2008; Stockard et al., 2007; Vázquez-
Medina et  al., 2011d, 2012). These results suggest that repetitive 
breath holding in marine mammals resembles preconditioning 
responses that protect tissues from oxidant generation during diving.

COPING WITH DIVING-INDUCED 
HYPOXIA AND ISCHEMIA: 
COUNTERACTING OXIDATIVE STRESS 
AND PREVENTING INFLAMMATION

High activity and expression of antioxidant enzymes, particularly 
those related to the glutathione system, have been observed across 
diving birds and mammals (Murphy and Hochachka, 1981; Corsolini 
et  al., 2001; Wilhelm Filho et  al., 2002; Vázquez-Medina et  al., 
2006, 2007; Zenteno-Savin et  al., 2010; García-Castañeda et  al., 
2017). Baseline circulating and tissue antioxidant levels are higher 
in diving versus non-diving birds and mammals, supporting the 
hypothesis that a robust antioxidant defense system mitigates injury 
from diving-induced oxidant generation in marine vertebrates 
(Corsolini et  al., 2001; Wilhelm Filho et  al., 2002; Vázquez-
Medina  et  al., 2006, 2007, 2012; Zenteno-Savin et  al., 2010, 2011; 
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García-Castañeda et  al., 2017). Whether this relationship between 
antioxidant levels and diving capacity holds across diving species 
remains unclear; interspecies comparisons of diving capacity and 
antioxidant levels are difficult to isolate from confounding species-
specific life history factors such as fasting and maturation (Cantú-
Medellín et al., 2011; Righetti et  al., 2014; Colominas-Ciuró et al., 
2017; García-Castañeda et  al., 2017). However, in phocid seals, 
the antioxidant system develops alongside diving capacity during 
postnatal maturation and does not decline with aging, suggesting 
a link between diving ability and antioxidant defenses (Vázquez-
Medina et  al., 2011b,c; Allen et  al., 2019).

Despite strong antioxidant responses, lipid peroxidation has 
been detected in marine mammal tissues under basal conditions, 
during aging, and after repetitive apneas (Zenteno-Savín et  al., 
2002; Vázquez-Medina et  al., 2011d, 2012; Allen et  al., 2019). 
Changes in lipid peroxidation levels after oxidant-generating 
challenges, however, are limited in contrast to what is observed 
in non-hypoxia tolerant mammals undergoing similar fluctuations 
in blood flow and tissue oxygenation (Figure 1; Sakamoto et al., 
1991; Szabó, 1996; Paradies et  al., 1999; Zenteno-Savín et  al., 
2002; Vázquez-Medina et al., 2007, 2011d; Kalogeris et al., 2012). 
Consequently, observed lipid peroxidation levels may be  within 
tolerable limits for marine mammals. As discussed above, 
antioxidant gene expression in marine mammals is likely regulated 
by redox signaling derived from repetitive apneic periods. 
Accordingly, sub-lethal levels of oxidants and other potent 
electrophiles such as lipid peroxidation products (e.g., 4-HNE) 
may modulate antioxidant gene transcription, contributing to 
the protective “preconditioning” effect of repeated diving (Zhang 
et  al., 2010; Wang et  al., 2018).

In concert with oxidant generation, ischemic inflammation 
also contributes to reperfusion injury (McCord and Roy, 1982; 
McCord, 1987; Eltzschig and Carmeliet, 2011; Iadecola and 
Anrather, 2011). A limited body of recent work has started to 
address inflammatory responses in diving mammals. Serum 
from deep-diving seals protected both seal and mouse cells 
against LPS-induced inflammation in vitro, suggesting an as-yet-
undetermined anti-inflammatory component in circulation (Bagchi 
et  al., 2018). Similarly, elevated levels of carboxyhemoglobin 
may protect against inflammatory injury during reperfusion in 
marine mammals despite detracting from the overall oxygen-
binding capacity of the blood (Otterbein et  al., 2000; Ozaki 
et  al., 2012; Tift et  al., 2014). Thus, diving mammals appear 
to utilize both anti-inflammatory and antioxidant strategies to 
mitigate tissue damage potentially derived from diving-induced 
hypoxemia and ischemia/reperfusion, though the molecular and 
biochemical bases of this control remain unknown.

Of note is evidence showing that prolonged food deprivation 
does not increase systemic inflammation but does result in increased 
muscle TNFα mRNA and protein levels in elephant seals (Vázquez-
Medina et  al., 2010; Suzuki et  al., 2013). Similarly, breeding haul-
outs are associated with systemic inflammatory responses in 
elephant seals, and plasma haptoglobin levels are increased in 
declining and nutritionally stressed populations of harbor seals 
and Steller sea lions (Zenteno-Savín et al., 1997; Peck et al., 2016). 
These results suggest that, rather than being blunted, inflammatory 
responses in seals are tightly regulated at both systemic and tissue 

levels and that modulation of these processes may contribute 
significantly to avoiding diving-induced inflammation. In support 
of this idea, endocrine manipulation (ACTH stimulation) studies 
coupled with transcriptomic analyses in elephant seals show 
suppression of the NF-κB pathway in seal muscle (Khudyakov 
et al., 2015). Our unpublished observations also suggest regulation 
of systemic inflammatory components (C-reactive protein levels) 
in response to both ACTH stimulation and local (muscle) blockade 
of the glucocorticoid receptor in elephant seals.

MOLECULAR UNDERPINNINGS OF 
HYPOXIA AND OXIDATIVE STRESS 
TOLERANCE IN MARINE MAMMALS

Recent genetic and molecular work has begun to address the 
underlying gene-level modifications contributing to the 
physiological adjustments supporting diving in marine mammals. 
The hypoxia-inducible factor 1 (HIF-1) is considered the master 
regulator of the molecular response to hypoxia across taxa 
(Soitamo et  al., 2001; Nikinmaa et  al., 2004; Semenza, 2008; 
Weidemann and Johnson, 2008). Functional HIF-1 is composed 
of two subunits, HIF-1α and HIF-1β. Under normoxic conditions, 
the pVHL-ubiquitin-proteasome proteolytic pathway continuously 
degrades HIF-1α. During hypoxia, this degradation is halted 
and HIF-1α dimerizes with HIF-1β, translocating into the nucleus 
where it regulates transcription of genes involved in angiogenesis, 
erythropoiesis, and proliferation (Wang et  al., 1995; Lee et  al., 
2004). Convergent substitutions in the HIF-1α amino acid sequence 
across hypoxia-tolerant mammals including cetaceans, high altitude 
ungulates, and subterranean rodents suggest a critical role for 
HIF-1α regulation in natural hypoxia tolerance (Zhu et al., 2018). 
Seals possess a single copy of the HIF-1α gene; it is similar in 
sequence to terrestrial mammal HIF-1α, though with several 
amino acid differences in the oxygen-dependent degradation 
domain (Johnson et  al., 2005). Seal tissues with higher HIF-1α 
protein levels show less overall protein oxidation, suggesting 
that HIF-1α expression protects against oxidative stress in marine 
mammals (Johnson et al., 2004). Interestingly, amino acid sequence 
differences in cetacean HIF-1α likely affect HIF-1α sensitivity 
and responsiveness to changing oxygen conditions rather than 
establishing a constitutively active response (Bi et  al., 2015). In 
our in vivo experiments we  have observed marked HIF-1α 
upregulation in elephant seal muscle in response to prolonged 
fasting and repetitive sleep apneas (Vázquez-Medina et al., 2011d; 
Soñanez-Organis et  al., 2014). Moreover, our preliminary 
observations suggest that HIF-1α stabilization is rapid and sustained 
in response to hypoxia in seal endothelial cells in primary culture 
in comparison to the response observed in human cells. Together, 
these studies suggest a critical role of HIF-1α in mediating 
hypoxia tolerance in marine mammals.

Recent phylogenomic studies have begun to uncover additional 
molecular mechanisms underpinning ischemia/reperfusion tolerance 
in marine mammals, including the expansion and positive selection 
of several gene families related to oxidative stress tolerance and 
oxygen management. Most work has considered cetacean species; 
pinniped genomes have generally been less available. In strong 
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agreement with the current physiological understanding of 
antioxidants in both cetaceans and pinnipeds, several genes in 
the glutathione system – including glutathione reductase, glutathione 
peroxidases, and γ-glutamylcysteine ligase – are expanded, under 
positive selection, and/or have amino acid changes in cetaceans 
(Yim et  al., 2014; Zhou et  al., 2018). Two peroxiredoxin gene 
families (PRDX1 and PRDX3) are also expanded in cetacean 
lineages (Yim et  al., 2014; Zhou et  al., 2018), suggesting an 
augmented capacity for redox signaling and antioxidant protection 
(Perkins et  al., 2015). Moreover, an inactivating mutation in the 
cetacean gene encoding Polμ, a polymerase with low fidelity in 
repairing oxidative DNA damage, suggests that reliance on a 
higher fidelity polymerase (Polλ) may confer tolerance to oxidative 
damage (Pryor et al., 2015; Huelsmann et al., 2019). In cetaceans, 
contracted gene families involved in the acute inflammatory 
response and repair of lipid peroxidation support physiological 
data in deep-diving pinnipeds that suggest that these animals 
may have evolved mechanisms to cope with ischemic inflammation 
associated with diving (Tift et al., 2014; Bagchi et al., 2018; Meyer 
et  al., 2018; Zhou et  al., 2018). Positive, convergent selection for 
a gene encoding a lung surfactant protein (SFTPB) in cetaceans, 
pinnipeds, and sirenians could help explain the rapid distribution 
of pulmonary surfactant necessary to sustain and tolerate 
repeated lung collapse and re-inflation in diving mammals (Miller 
et  al., 2004, 2006; Spragg et  al., 2004; Gutierrez et  al., 2015; 
Chikina  et  al.,  2016).

Managing body oxygen stores and tissue oxygen supply 
while diving is of paramount importance for marine mammals. 
Hemoglobin and myoglobin are central to this process; both 
are under positive selection in cetaceans (Tian et  al., 2016). 
In the case of myoglobin, an augmented net surface charge 
observed across all diving mammals might allow for high, 
functional muscle myoglobin concentrations, thereby increasing 
body oxygen stores (Mirceta et  al., 2013). Several metabolic 
gene families are also under positive selection in cetaceans, 
including TCA cycle enzymes citrate synthase and pyruvate 
carboxylase (Tian et  al., 2017). Cetacean-specific amino acid 
changes in and expansion of lactate dehydrogenase and 
monocarboxylate transporter 1 genes suggest an increased ability 
to metabolize lactate after dives exceeding aerobic limits (Yim 
et  al., 2014; Tian et  al., 2017). Lactate has been increasingly 
recognized as a primary metabolic fuel rather than a waste 
product (Hui et  al., 2017; Brooks, 2018). Therefore, these 
observations could help explain why several marine mammals 
routinely dive beyond their calculated aerobic dive limits and 
can spend up to 90% of their time at sea submerged with 
minimal recovery periods (Le Boeuf et  al., 1988; Costa et  al., 
2001; Butler, 2006; Robinson et  al., 2012; Meir et  al., 2013).

CONCLUSIONS AND FUTURE DIRECTIONS

Marine mammals experience diving-induced hypoxemia and 
ischemia/reperfusion events without apparent detrimental 
effects. Physiological, biochemical, and genomic studies have 
begun to uncover the mechanisms underlying such extreme 
tolerance. Among those mechanisms, coordinated body-wide 
responses to delay the onset of tissue hypoxia, counteract 
oxidant generation and prevent inflammation are critical. 
Convergent genomic changes across marine mammal lineages 
hint at the evolutionary underpinnings of the physiological 
adaptations supporting mammalian diving (Chikina et  al., 
2016). The increasing availability of genome sequences from 
additional species will certainly strengthen these studies. 
Functional studies dissecting the cellular and molecular 
underpinnings that confer tolerance to hypoxia and ischemia 
in marine mammals are yet to be  conducted. We  and others 
are currently carrying out experiments using ex vivo systems 
that are amenable to physiological manipulation and molecular 
perturbation in an effort to provide the missing link between 
genomic- and organismal-level investigations. Identifying the 
drivers of ischemic and hypoxemic tolerance in marine 
mammals can provide a mechanistic understanding of natural 
tolerance to such conditions while aiding in translation to 
clinical applications.
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The increase in atmospheric oxygen levels imposed significant environmental pressure
on primitive organisms concerning intracellular oxygen concentration management.
Evidence suggests the rise of cholesterol, a key molecule for cellular membrane
organization, as a cellular strategy to restrain free oxygen diffusion under the new
environmental conditions. During evolution and the increase in organismal complexity,
cholesterol played a pivotal role in the establishment of novel and more complex
functions associated with lipid membranes. Of these, caveolae, cholesterol-rich
membrane domains, are signaling hubs that regulate important in situ functions.
Evolution resulted in complex respiratory systems and molecular response mechanisms
that ensure responses to critical events such as hypoxia facilitated oxygen diffusion
and transport in complex organisms. Caveolae have been structurally and functionally
associated with respiratory systems and oxygen diffusion control through their
relationship with molecular response systems like hypoxia-inducible factors (HIF),
and particularly as a membrane-localized oxygen sensor, controlling oxygen diffusion
balanced with cellular physiological requirements. This review will focus on membrane
adaptations that contribute to regulating oxygen in living systems.

Keywords: lipid membrane, oxygen diffusion, caveolae, cholesterol, hypoxia adaptation

Abbreviations: ABCA3, ATP-binding cassette A3 transporter; ABCG1, ATP-binding cassette G1 transporter; AQP1,
aquaporin 1; BAECS, bovine aorta endothelial cells; CARC, inverted CRAC domain; Cav1-3, caveolins 1 to 3; CRAC,
cholesterol recognition/interaction amino acid consensus sequences; CYP7A1, cholesterol hydroxylase 7 α-hydroxylase;
DMO2, membrane conductance to oxygen; DMPC, 1,2-dimyristoyl-sn-glycero-3-phosphocholine; DOPC, 1,2-dioleoyl-sn-
glycero-3-phosphocholine; DPPC, 1,2-dipalmitoyl-sn-glycero-3-phosphocholine; DRMs, detergent-resistant membranes;
eNOS, endothelial nitric oxide synthase; EPR, electron paramagnetic resonance spectroscopy; ERK1/2, extracellular
signal-regulated kinase 1/2; Gαq/PLCβ, Gαq phospholipase C β; GOE, Great Oxygenation Event; HIF, hypoxia-inducible
factor; HIF-1α, hypoxia-inducible factor 1α; HMGCR, 3-hydroxy-3-methylglutaryl-CoA-reductase; MβCD, methyl-
β-cyclodextrin; MLEC, murine lung endothelial cells; MPP1, membrane palmitoylated protein 1; NOS, nitric oxide synthase;
Nrf2, nuclear factor erythroid 2-related factor 2; PC, phosphatidylcholine; PECAM1, platelet endothelial cell adhesion protein
1; PO2, oxygen pressure; POPC, 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine; POPE, 1-palmitoyl-2-oleoyl-sn-glycero-
3-phosphocholine; PY-STAT3, tyrosine-phosphorylated signal transducer and activator of transcription factor; ROS, reactive
oxygen species; RTK, tyrosine kinase receptor; SP-C, surfactant peptide C; SREBP1, sterol regulatory element binding protein
1; Tm, melting temperature; TRPC, transient receptor potential channels; TRPCs, canonical transient receptor potential
channels; Vhl1 IE, Von Hippel-Lindau factor.
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INTRODUCTION

During the Paleoproterozoic era (2.5–1.6 billion years), the
metabolic activity of oceanic cyanobacteria led to the atmospheric
accumulation of oxygen in an event known as the GOE. The
appearance of oxygen was critical for the evolutionary pressure to
develop highly efficient bioenergetics through aerobic respiration
to fuel the growth of life. Lipid bilayers present a highly complex
molecular organization that confers a natural barrier to the free
transit of molecules with a notable electric resistance (105 � cm2)
and capacitance (0.8–1.2 µF/cm2) an energetic barrier exists
for the free flux of even small molecules and ions. However,
considering the non-polar structure of molecular oxygen, a
general assumption supposes that the energetic barrier for its
diffusion, at least through the hydrocarbon moiety between
membrane leaflets, should be reduced, but not absolute (Battino
et al., 1968; Widomska et al., 2007; Galea and Brown, 2009).
This less restricted flux of oxygen through membranes imposed
a biochemical challenge to primitive aerobic organisms, namely
oxidative stress. Biophysical solutions that led to highly packed
lipid membranes to restrict oxygen flux arose as a possible
adaptive strategy. Additionally, sophisticated mechanisms to
sense oxygen to regulate activation of antioxidant responses [i.e.,
Nrf2 (Gacesa et al., 2016), HIF (Choudhry and Harris, 2018)]
also evolved. Previous work has proposed sterols as a molecular
adaptor for high oxygen (Galea and Brown, 2009; Brown and
Galea, 2010), suggesting an ordered regulation of cellular oxygen
beginning at the membrane and integrating into the molecular
biology of the cell.

STEROLS IN MEMBRANES DURING
EVOLUTION: OXYGEN AS THE
EVOLUTIVE DRIVING FORCE IN THE
DEVELOPMENT OF CHOLESTEROL
SYNTHESIS PROTEINS AND
MEMBRANE STEROLS/CHOLESTEROL
ENRICHMENT

Oxygen Rise and Lipid Membrane
Evolution
The GOE was a critical geobiological process that linked the
evolution of photosynthetic organisms and the changes in the
chemical composition of oceans. Five stages mark this event, the
first of which resulted in a significant increase in atmospheric
accumulation of cyanobacteria-derived oxygen approximately
2.45 billion years. The oxygen was deposited in the ocean
as Fe2O3 until saturation, and subsequent excess resulted in
atmospheric accumulation (Holland, 2006; Gacesa et al., 2016).
The rise in atmospheric PO2 likely resulted in massive oxidation
events that open the question of how living organisms handled
ROS, a biochemical pressure that resulted in triggering the
increased complexity of lipid membranes.

Lipid bilayers are vital cellular structures critical to the
creation and development of life. Lipid membranes, in the

earliest primitive forms of life, may have resulted in the
prebiotic environment through spontaneous formation of
single-chain fatty acids, saturated, and unsaturated fatty acids
vesicle formation (Hanczyc et al., 2003) assisted by clay
(montmorillonite) and capable of engulfing DNA and proteins
(Apel et al., 2002). The presence of lipid membranes in a common
ancestor has been proposed, with changes in its lipid composition
between archaea and bacterial organisms (Lombard et al., 2012).
Remarkably, the ability of complex sterols synthesis is restricted
to eukaryote and archaea using the mevalonate pathway with
only alternative isoprenoid biosynthesis occurring in bacteria
(Lombard and Moreira, 2011). Genomic analysis suggested
the rise of early eukaryotes (pre-mitochondrial) approximately
2.7 billion years and the origin of mitochondrial eukaryote
at 1.8 billion years (Hedges et al., 2001). These match the
Paleoproterozoic oxygenation event. Since oxygen availability is
a sine qua non for final steps of sterols synthesis, the rise in
atmospheric PO2 favors the conditions for sterol production.
In this regard, the rise in atmospheric PO2 represents a bi-
univocal hub since oxygen regulates the biosynthesis of molecules
that will eventually contribute to controlling oxygen diffusion
into the cell. However, if sterols, as previously suggested (Galea
and Brown, 2009), emerged as a biophysical strategy to reduce
oxygen diffusion through lipid membranes, why did isoprenoid
biosynthesis pathway evolve in eukaryotes for the construction
of complex sterols (i.e., cholesterol, ergosterol) but in bacteria
remain in a less developed stage that allows the synthesis
of cyclic isoprenoids. Two general assumptions potentially
explain this. First, considering the higher volume of eukaryote
cells, the presence of internal membranous compartments and
mitochondria, the energy expenditure for membrane lipid
biosynthesis is significantly higher compared with prokaryotes
(Lynch and Marinov, 2017). However, limited evidence directly
associates the time of appearance of mitochondria and plasma
membrane complexity (Pittis and Gabaldon, 2016). Second,
bacterial isoprenoid biosynthesis pathway produces hopanoids
like diplopterol, sterols that can induce liquid-ordered phase
formation in artificial membranes (Saenz et al., 2012), interact
with phospholipids (lipid A) and determine the outer membrane
order parameter of Methylobacterium extorquens (Saenz et al.,
2015), suggesting that bacterial membrane organization and
eventually resistance to free oxygen flux may not depend on
oxygen availability for the synthesis of complex sterols.

The presence of sterols in lipid membranes provides unique
biophysical properties that orchestrate functional events relevant
to cell physiology. Therefore, the emergence of cholesterol
as an evolutionary consequence to restrict oxygen diffusion,
resulted in a versatile strategy to functionally organize the
membrane, completely modifying cell biology leading to more
sophisticated mechanisms to deal with oxygen transport through
the membranes, so as elaborate response strategies to deal with
changes in oxygen availability, like hypoxia events.

Membrane Permeability
Phospholipids, as building blocks of membranes, result in
notable effects on biophysical properties (e.g., structural changes
in polar headgroups, hydrocarbon chains, and the proportion
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of specific phospholipids) to directly impact biological and
physiological processes. The presence of a highly hydrophobic
core and, depending on the specific composition of polar head
groups, lipid membranes are virtually impermeable providing a
distinct electrochemical and biochemical composition between
extracellular and intracellular compartments. This barrier acts
as a capacitor to influence a wide range of processes (Ray
et al., 2016). When considering the permeability to non-polar
molecules (gases like CO2 and O2), a general inspection may
suggest a less restricted permeation through the membrane,
with tremendous implications in gas exchange and molecular
organization of respiratory systems.

When considering the flux of a substance (J) through
lipid membranes, there are two elements to consider: a
concentration gradient 1C (chemical/electrochemical gradient)
and the membrane permeability coefficient PM. Membrane
permeability is a more complex concept that involves other
parameters such as the partition coefficient, the diffusion of the
molecule through the membrane, and the resistance. These terms
are mathematically integrated into an expression valid for non-
electrolyte flux through the z plane of the lipid membranes
(Diamond and Katz, 1974):

1/PM = −(1C)/J = r′ +
∫

dx/K(z)D(z)+ r′′

with K(z) as partition coefficient, D(z) as diffusion coefficient,
and r resistance of the head groups. In molecular terms, the
concentration gradient through the membrane represents the
driving force that allows the flux of ions through membranes.
Membrane resistance, partition coefficient, and diffusion are
variables that depend directly on the membrane lipid (and
protein) composition. The diffusional coefficient, time that a
molecule takes to pass through an area, is normally expressed
for gases as apparent diffusion (Fischkoff and Vanderkooi, 1975;
Denicola et al., 1996; Moller et al., 2005) due to technical
artifacts and the difficulty to measure the real concentration (or
partition of the substance in the membrane) due to complex
composition and consequent behavior of lipid membranes. In
this regard, diffusion is related to the partition coefficient, the
ratio of the concentration of a substance in the membrane
and buffer/extracellular media, that is directly related to the
solubility of a substance in the membrane and depends on its
chemical nature, charge, size and in lipid composition, sterols
concentration, temperature, phase transition and membrane
homogeneity of the membrane (Windrem and Plachy, 1980;
Raguz et al., 2009). This last factor is critical since phospholipids
present three-dimensional organization depending on the
polar head group and acyl chain compositions, resulting in
varied order parameters and domain arrangements throughout
the cell membrane.

Several states of arrangement can be recognized (Van Meer
et al., 2008), like liquid-ordered domains (Lo) or regions with
high molecular order and fewer degrees of freedom for lipid
rotation and phase transition, and liquid disordered phase
(Ld), with opposite motion and freedom degree characteristics.
As can be expected, the partition of substances like gases

in both membrane phases can differ dramatically, which is
also influenced by the membrane molecular order degree. In
this regard, lipid membranes without cholesterol present low
resistance for the permeation of non-polar molecules like oxygen.
On the other hand, the higher the cholesterol content leading
to membrane organization complexity, the bigger the membrane
resistance to oxygen permeation (Widomska et al., 2007; Mainali
et al., 2013). In the present work, we will focus mainly on the
effect of cholesterol in membrane biophysics and the impact on
oxygen diffusion.

Oxygen Diffusion Through Lipid
Membranes
For terrestrial aerobic organisms, oxygen participates in a
multitude of reactions that propitiate life. Many studies have
been performed regarding oxygen gas exchange, transport, and
ultimately, its involvement in biochemical and physiological
reactions as oxygen is critical for life and a significant factor in
organismal and organ physiology and pathophysiology. However,
oxygen diffusion through lipid membranes, the ultimate barrier
from alveolar cells to red blood cells and peripheral tissues, is not
entirely understood. Oxygen, as a non-electrolyte, may permeate
the plasma membrane through lipid bilayer leaflets. Membrane
permeability to small molecular size solutes has been thoroughly
studied, leading to the proposal of several mechanisms. Of these,
the solubility-diffusion model (Volkov et al., 1997; Shinoda,
2016), or Overton’s law (Overton, 1896), associates permeability
with the partition coefficient of the solute and its diffusion.
Consequently, the solute permeability relates to membrane
properties. In living systems, the membrane lipid composition
and its molecular organization are critical parameters that will
determine oxygen flux.

Membrane diffusion of small solutes according to Overton’s
law depend on membrane permeability and ultimately in
its biophysical properties, suggesting that modifications in
membrane structure may increase the permeability of such
solutes. Indeed, Thomae et al. (2007) show controversial
data proposing that above a critical cholesterol concentration
in PC liposomes, there is no effect in the permeation of
aromatic molecules like sialic acid. Missner et al. (2008)
showed that adding cholesterol to planar PC lipid bilayers
(PC:Chol = 1:1) indeed decreases sialic acid permeability,
suggesting the importance of cholesterol in permeability, as Fick’s
law and Overton’s law propose. Oxygen permeability has been
shown to be in the order of 210–230 cm/s in DMPC bilayers,
consistent with Overton’s law (Dzikovski et al., 2003), in the
absence of cholesterol at 37◦C, suggesting that oxygen diffusion
through lipid membranes is a fast process, which may have been
the case for primitive organisms. However, the importance of
the raise of sterols in membrane evolution in complex organisms
may have been a means to increase membrane complexity and
with it limit oxygen diffusion to better control biological reactions
(i.e., mitochondrial electron transport). In fact, the energetic
barrier for oxygen diffusion in POPE and POPC membranes is
smaller than transporter-mediated AQP1 oxygen diffusion (Hub
and De Groot, 2008). Notwithstanding, this rule does not take
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into account structural inhomogeneities in cellular membranes
(Missner and Pohl, 2009) rich in cholesterol such as lipid rafts
(Hannesschlaeger et al., 2019) and caveolae, suggesting that the
application of Overton’s law to membranes of complex organisms
is still controversial. In this regard, we will focus this review on
the influence of cholesterol and cholesterol-rich domains such
as caveolae on oxygen diffusion through lipid membranes in
biological systems.

Small molecules permeability across the lipid membrane
is related to the partition coefficient (Shinoda, 2016) in the
membranes moieties. According to the chemical properties of the
solute, stabilization will be achieved in solution by the solvent
or complex formation with other molecules. When considering
oxygen flux through membranes, the first step is the transfer from
the solvation moiety to the polar head groups and subsequent
entry into the hydrocarbon moiety subregions. These transfer
steps represent energetic barriers, 1E, that oppose or favor
oxygen flux according to the chemical properties; ultimately, the
sum of all 1E’s determine oxygen flux through the membrane
(Figure 1), in other words, the total membrane resistance (Moller
et al., 2016). Because of oxygen polarity, a lower energetic barrier
for the permeation into the hydrocarbon acyl chain moiety is
expected. However, the first portion of the membrane, until C9
is a region with high molecular order, restricting oxygen free
flux. This effect is associated with lipid spatial organization that

depends on temperature, phospholipid acyl chain structure (i.e.,
presence of saturations), the presence of sterols like cholesterol
and ultimately proteins that may induce transient changes in
membrane order parameter (Subczynski et al., 2012; Mainali
et al., 2013). After passing through this ordered region, a
considerable drop in the energetic barrier results as oxygen enters
the hydrophobic core in the center of the lipid bilayer.

Many efforts have attempted to determine oxygen transport
through plasma membrane using techniques such as fluorescence
quenching of pyrene (Fischkoff and Vanderkooi, 1975; Denicola
et al., 1996; Moller et al., 2005) and spin-label probe detection
through EPR (Widomska et al., 2007; Raguz et al., 2009, 2011;
Subczynski et al., 2011). In the later, the oxygen transport
parameter, W(x), representing the collision rate between the spin-
label probe and oxygen molecules, accounts for oxygen transport
through lipid membranes (Kusumi et al., 1982; Widomska et al.,
2007). Employing W(x)

−1, a measurement of the membrane
resistance to oxygen permeation, Widomska et al. (2007) showed
increases in membrane resistance to oxygen permeation in
different artificial membranes preparations composed of POPC,
cholesterol and calf lipid lens (POPC < POPC/Cholesterol < calf
lipid lens). These studies suggest that oxygen transfer to the
phospholipid headgroups and diffusion to C9 is the most
energetically restricted. Consequently, the partition coefficient
[K(x)] and diffusion [D(x)] changes across the lipid bilayer

FIGURE 1 | Overview of molecular oxygen flux in the lipid bilayer.
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(Subczynski et al., 2017; Plesnar et al., 2018), make it difficult
to determine the actual diffusion of oxygen through lipid
membranes. Moller et al. (2016), determined the oxygen
corrected diffusion coefficient in multilamellar vesicles defined
as the apparent diffusion corrected by the oxygen partition
coefficient. K(z) is related to the partial molar volume of
the phospholipids and their free volume that is directly
associated with temperature and unsaturation in the acyl carbon
chains of the phospholipids (Smotkin et al., 1991; Widomska
et al., 2007; Moller et al., 2016). Consequently, the higher
the temperature and the number of unsaturated bonds, the
higher the free volume of the phospholipid, leading to free
volume pockets in the membrane that can accommodate
oxygen molecules. Interestingly, the presence of cholesterol in
artificial membrane preparations increases membrane resistance
to oxygen permeation, which can be partly explained by a
reduction in the membrane-free volume (Subczynski et al., 1989;
Falck et al., 2004; Widomska et al., 2007; Angles et al., 2017).
Recent simulation analysis determined oxygen diffusion time
depending on membrane composition (De Vos et al., 2018a,b),
confirming the impact of acyl chain unsaturation.

In addition to oxygen diffusion through lipid membranes,
channel-mediated oxygen diffusion can occur. Human
erythrocytes aquaporins inhibition resulted in a reduction
in oxygen diffusion through deoxyhemoglobin-oxyhemoglobin
differences (Ivanov et al., 2007), suggesting aquaporins as
an alternate mechanism for oxygen diffusion. Simulation
studies suggest AQP1 is permeable to gases (Wang et al.,
2007, 2010). Overexpression of AQP1 in PC12 cells resulted
in increased oxygen diffusion, and rats exposed to hypoxia
showed increased lung AQP1 gene expression (Echevarría et al.,
2007), expression possibly regulate by HIFs. Hypoxia (10%
oxygen) also induced AQP1 expression in mouse lung and
brain (Abreu-Rodriguez et al., 2011). In vitro studies showed
hypoxia-induced AQP1 expression, and that the same expression
links to hypoxia inducible factor 1α (HIF-1α) (Abreu-Rodriguez
et al., 2011; Tanaka et al., 2011). Mice chronically exposed to
hypoxia (10% oxygen) showed increased AQP1 expression in
lung tissue resulting in vascular remodeling (Schuoler et al.,
2017). In this regard, the physiological implications of this
alternative pathway for oxygen diffusion suggest that AQP1 may
facilitate oxygen diffusion in particular membranes (Clanton
et al., 2013). Thus, AQP1 expression in erythrocytes may not
only be associated with osmotic control (Huang Y.C. et al.,
2019), but also oxygen diffusion. AQP1 may be a means in
red blood cells to overcome the limitation imposed by the
high membrane cholesterol content (50 mol%) (Steinbach
et al., 1974; Menchaca et al., 1998; Buchwald et al., 2000a;
Dotson et al., 2017). AQP1 expression is related to high
oxygen [and other gases like CO2 (Blank and Ehmke, 2003)]
diffusion especially in high demand tissues like lung, carotid
body, erythrocytes and microvasculature endothelial cells
(Borok and Verkman, 2002; Echevarría et al., 2007; Munoz-
Cabello et al., 2010; Abreu-Rodriguez et al., 2011; Crisp et al.,
2016; Huang Y.C. et al., 2019). However, data from AQP1
knockout mice suggest a minimal role of aquaporins in
oxygen diffusion (Al-Samir et al., 2016), in line with previous

dynamic simulation studies that suggest poor permeation of
hydrophobic molecules like oxygen and CO2 through AQP1
(Hub and De Groot, 2008).

Cholesterol Decreases Free Volume
Pockets in Membranes Reducing the
Oxygen Diffusion/Partition Coefficient
The biophysical effects of cholesterol on membrane structure and
properties have been extensively studied in artificial and cell-
derived membrane preparations, as well as in silico simulations.
Cholesterol content in cellular membranes modulates a broad
range of phenomena, from controlling light path in eye lens
(Widomska et al., 2007; Angles et al., 2017; Subczynski et al.,
2017) to oxygen flux control in red blood cells (Kon et al., 1980;
Buchwald et al., 2000b; Luneva et al., 2007); however, its influence
in solute permeation and diffusion is less well understood. The
increase in membrane resistance to oxygen permeation due to
the increase in lipid composition complexity and cholesterol
concentration (Widomska et al., 2007), is a consequence of
sterols effect on membrane molecular/biophysical parameters
by restricting phospholipid freedom degrees (Ipsen et al., 1989;
Khelashvili and Harries, 2013), free volume (Marrink et al., 1996),
and membrane order (enthalpy) parameters (Halstenberg et al.,
1998). Of these, the free volume is a critical factor in the diffusion
of small solutes through lipid membranes.

Simulation analysis in DPPC systems showed non-
homogeneous distribution of free volume in the lipid membrane,
with lower empty volume in phospholipid headgroups, due to
electrostatics and bond hydrogen attractions, and in the highly
ordered region of acyl carbon chains [previously predicted
by EPR as being the first 9–10 carbons (Marrink et al., 1996;
Widomska et al., 2007; Subczynski et al., 2012)]. With a
molecular diameter near 0.3 nm, oxygen can occupy 10% of
the free volume in the center of lipid bilayers, reducing to less
than 2% in the condensed ordered region of acyl chains. In this
regard, variations of K(z) and D(z) across the lipid membrane
may be due, partly, by changes in free volume. The addition of
cholesterol up to 50 mol% in single phospholipid membrane
simulations showed an increase in the free energy required to
transfer small solutes from water environment/polar head groups
to the lipid acyl chains, directly affecting partition coefficient
(Wennberg et al., 2012).

Phospholipid acyl chain composition also influences oxygen
diffusion. DPPC membrane systems present higher oxygen
diffusion than unsaturated phospholipids POPC and DOPC (De
Vos et al., 2018a). Cholesterol insertion in lipid membranes
is stabilized by Van der Waals’ interaction with acyl carbon
chains (Wennberg et al., 2012), creating ordered arrangements
that reduce the partition coefficient of small molecules (Zocher
et al., 2013) and restricted phospholipid acyl chains trans-
gauche rotation, leading to increased membrane rigidity (Cassera
et al., 2002; Molugu and Brown, 2019). These factors decrease
membrane-free volume and free pockets that may accommodate
oxygen, reducing its partition and diffusion.

Therefore, the oxygen molecules incorporated in the
membrane will preferentially distribute in the center of the
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bilayer, where the free volume is higher. EPR and simulation
data suggest that cholesterol incorporation in POPC membranes
leads to a 10% reduction in oxygen permeability. However,
oxygen solubility (and diffusion) is higher in the center of the
membrane (Dotson et al., 2017), suggesting the possibility of
oxygen channeling in the center of the lipid bilayer (Figure 1).
In addition to the cholesterol effect in membrane oxygen
permeability, the insertion of proteins into lipid bilayers
negatively contributes to oxygen permeability (Ashikawa et al.,
1994). Atomistic simulations suggest more than 40% reduction
in oxygen permeability after the incorporation of ungated K+
channels (Dotson and Pias, 2018). Altogether, oxygen diffusion
through lipid membranes is a process that can be restricted by
the increase in the lipid bilayer complexity, through sterols,
specific phospholipid composition, and proteins incorporation.

OXYGEN-DEPENDENT CHOLESTEROL
DISTRIBUTION IN MEMBRANES: FROM
LUNGS TO RED BLOOD CELLS AND
TISSUE OXYGENATION

Cholesterol as a Cornerstone for Oxygen
Adaption, and Its Relation to Cell
Physiology
The rise in atmospheric oxygen 2.32 billion years ago (Bekker
et al., 2004) led to significant changes in life. Fossil evidence
suggests the appearance of sterols after the GOE, approximately
2.7 billion years ago (Brocks et al., 1999; French et al.,
2015), presumably as an evolutionary strategy to reduce
oxygen diffusion; paradoxically, sterols synthesis appears to
be highly dependent on oxygen for its biosynthesis (Debose-
Boyd, 2008). Interestingly, phylogenetic and molecular clock
analyses of two sterol biosynthesis enzymes suggest that
squalene monooxygenase and oxidosqualene cyclase appeared
previously, approximately 1.75 billion years ago (Gold et al.,
2017). It is possible that after an atmospheric increase in
PO2, sterols biosynthesis was co-opted to rapidly evolve diverse
cellular processes as a strategy to maintain optimal oxygen
levels for productive growth and maintenance of biological
functions (Figure 2). With the increase in complexity of sterols,
particularly in eukaryotes, cholesterol biosynthesis pathways
became intertwined with a wide range of molecular events
[i.e., insulin secretion and beta-cell physiology (Tsuchiya et al.,
2010; Zuniga-Hertz et al., 2015; Veluthakal et al., 2016;
Syeda and Kowluru, 2017), intracellular pathway regulation by
isoprenylation (Yang et al., 2015; Zhang X. et al., 2018), brain
and neuronal function (Sun et al., 2015; Moutinho et al., 2016,
2017; Berghoff et al., 2017; Ferris et al., 2017; Paul et al., 2018),
cardiac and myocytes physiology (Haque et al., 2016; Gadeberg
et al., 2017; Hissa et al., 2017; Russell et al., 2017), cellular
membrane-associated events (Kreutzberger et al., 2015; Stratton
et al., 2016; Yang et al., 2016; Guixa-Gonzalez et al., 2017)]. In
this sense, cholesterol can be considered as a molecular hub and
a major control point for the rise and evolution of life as it
currently exists.

Cholesterol biosynthesis is high energy and oxygen
demanding process (Debose-Boyd, 2008). The balance between
the requirement of oxygen for the synthesis of a molecule
that ultimately regulates oxygen diffusion may represent a
paradox. Since key enzymes for sterols biosynthesis appeared
before the GOE, the original notion that sterols appeared in
evolution to counteract the increase in atmospheric PO2 can
be ruled out. Notwithstanding, the complex configuration
of cholesterol as a critical molecule for diverse biochemical
pathways regulating feedback control loops, may suggest the
cellular adaption to maintain a constant cholesterol level to
ensure membrane integrity to avoid hazardous levels of oxygen
diffusion. Interestingly, cholesterol presence in lipid membranes
is a crucial molecule that led to phase separation allowing for the
formation of membrane nanodomains such as lipid rafts.

Cholesterol Distribution in Cell Types:
From Lungs to Red Blood Cells
With the emergence of terrestrial organisms, more complex
respiratory systems and gas exchange mechanisms emerged. The
increase in bioenergetic metabolism complexity and its reliance
on oxygen led to complex organisms developing sophisticated
mechanisms for gas exchange and transport. The presence of
cholesterol as a pivotal molecule for membrane organization
in the respiratory systems has been documented, leading to
profound biophysical, functional, and physiological implications.
Cholesterol concentration in specific cell systems suggests a non-
random distribution. The lens fiber of the eye and alveolar
epithelia, both of which have direct contact air, show high
densities of cholesterol (Ray et al., 2016) with the environment.
The membranes of lens fiber cells have been extensively studied
to understand oxygen diffusion, because of the particularly
high cholesterol content that ranges from 2 (lens cortex)
to 4 (lens nucleus) cholesterol/phospholipid molar ratio (Li
et al., 1987; Widomska et al., 2007, 2017). These levels can
be impacted by age (Mainali et al., 2017) and may underpin
the development of cataracts due to increased oxidation. Lung
epithelial cells, particularly type I cells, even though their
exposure to air is not direct also present an essential dependence
in membrane cholesterol for their role as the primary conduit for
oxygen diffusion.

The human lung alveoli, the main structures for gas
exchange, present differential cholesterol function at each level
of oxygen movement from the air into the body (i.e., surfactant
and respiratory epithelium composed of type I and type II
pneumocytes (hereafter named as type I and II cells), alveolar
capillary endothelial cells, erythrocytes, and ultimately cells of
end organs were oxygen is delivered). Pulmonary surfactant,
secreted by type II pneumocytes, is a mixture of proteins (10%)
and lipids (90%) composed of phospholipids (DPPC, PC) and to
a lesser extent, cholesterol (5–10%) (Zuo et al., 2008; Bernhard,
2016). It constitutes the first membrane barrier between the
air and respiratory system, preventing alveoli collapse during
expiration by reducing surface tension. The role of cholesterol
here is not entirely clear. Cholesterol depletion in porcine
surfactant negatively affected membrane molecular arrangement
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FIGURE 2 | Oxygen and cholesterol changes during evolution. PAL, present atmospheric level. Modified from Kump (2008); Lyons et al. (2014),
and Gold et al. (2017).

increasing membrane phase segregation (Andersson et al., 2017).
Simulations in artificial preparations suggested that cholesterol
associated with the SP-C impacted membrane organization
dependent on temperature (Roldan et al., 2017). This evidence
may give clues as to the physiological adaptions to temperature.
Changes in temperature may lead to subtle changes in membrane
Tm impacting molecular arrangements.

Different species show different concentrations in surfactant
and cholesterol, with higher cholesterol:phospholipid proportion
in reptiles and other species, likely an adaption to maintain
constant surfactant fluidity upon changes in body temperature
(Orgeig and Daniels, 2001). Changes in cholesterol concentration
may alter surfactant lipid ordering arrangements, directly
affecting surface tension and other mechanical properties. Due
to the surfactant membrane composition being enriched in
saturated acyl chain phospholipids, alterations in cholesterol
concentration will modulate order parameters and ultimately
molar free volume, with direct consequences in oxygen diffusion.
This ratio is particularly crucial for adaption mechanisms to
hypoxia, high altitude, and clinical conditions related to reduced
lung diffusive capacity.

The alveolar surface is covered by type I and type II cells,
constituting the first cellular barrier for gas exchange, which
is facilitated by cell flattening during inspiration, as well as by
the PO2 gradient. The plasma membrane is the ultimate barrier
for oxygen diffusion from alveoli to capillary endothelium.
Lipid homeostasis plays a crucial role in alveolar physiology,
particularly for type I cell membrane composition and for the
control of type II cell-derived surfactant lipidic composition.

ABCA3 and ABCG1 transporters are involved in surfactant
composition and respiratory failure associated with mutations
and deficiencies in these transporters (Bates et al., 2008; Plantier
et al., 2012; De Aguiar Vallim et al., 2017; Tang et al., 2017).
Type I cells cover 95–98% of the alveolar surface (Stone et al.,
1992); present a planar morphology, and are 100 times thinner
than the cuboidal type II cells (Jansing et al., 2017). Interestingly,
studies performed in the early 1980s’ show the presence of
cholesterol-rich nanodomains, caveolae, in rabbit type I cells
membrane (Gil et al., 1981), indirectly suggesting the presence of
cholesterol in higher concentrations compared to surfactant, as a
potential explanation of reduced oxygen diffusion rate. However,
during inspiration, the alveolar PO2 (100 mmHg) > capillary
PO2 (40 mmHg) difference works as a driving force for oxygen
diffusion in a process that takes a fraction of a second (red
blood cell transit through alveolar capillaries: 0.25–0.75 s)
(Petersson and Glenny, 2014), suggesting as well that type I cell
membranes may present a molecular organization that facilitates
rapid gas diffusion.

Oxygen diffusion from alveolae to erythrocytes depends on
the resistance offered by membrane barriers, as well as the
diffusion into erythrocytes. DMO2, depends on a tissue to blood
plasma barrier. The tissue barrier is composed of type I cells and
capillary endothelial cells. DMO2 is defined by an equation that
integrates a permeation coefficient (Krogh’s coefficient, which
integrates tissue-membrane diffusion and oxygen solubility,
3.3 × 10−8 cm2/min × mmHg), surface area, and barrier
thickness (Roughton and Forster, 1957; Hsia et al., 2016). Despite
the resistance that type I and endothelial cell plasma membranes
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may oppose to oxygen diffusion, this parameter is minimized by
the anatomical alveolar organization with flattened type I cells,
minimal distance to the endothelial cell, and surface area that
covers 95% of the alveolae.

Thus, oxygen flux from alveolae to erythrocytes is directly
associated with transmembrane diffusion, a process that depends
on lipid bilayer order parameters. Oxygen diffusion is associated
with cholesterol; it follows a specific pattern of its concentration
from the surfactant, type I cells/capillary endothelial cells, and
onto erythrocytes membranes. The functional association of the
cholesterol content of erythrocytes has been extensively studied.
Erythrocytes present a particularly high membrane cholesterol
content, with a cholesterol: phospholipid ratio of 1:1. A negative
correlation exists between blood oxygen diffusion and total
plasma and erythrocytes membrane cholesterol concentration
(Buchwald et al., 2000b). Reduction in total plasma cholesterol by
12 weeks simvastatin treatment reduces erythrocyte membrane
cholesterol (33%) with a significant increase in blood oxygen
diffusion rate (Menchaca et al., 2004).

Additionally, rabbits supplemented with cholesterol showed
increased erythrocyte cholesterol content and reduced oxygen
diffusion (Menchaca et al., 1998). Cholesterol molecular/spatial
organization in time stable submicrometric domains in
erythrocyte lipid membrane (Carquin et al., 2015) suggested
singularities in lipid bilayer organization associated with oxygen
diffusion and transport; the characteristic cellular shape of
erythrocytes associated with increased gas exchange capacity.
Recent data suggest cholesterol-enriched membrane domains
distribute within high curvature areas of erythrocytes membrane;
MβCD, cholesterol depletion did not affect cell shape but
impaired cellular deformability (Léonard et al., 2017), that is
essential for erythrocyte flux through microvasculature.

Notwithstanding, the enrichment in membrane cholesterol
content still leaves open the question of the membrane rigidity
increase in erythrocytes, and the suggested reduction in oxygen
diffusion (Dumas et al., 1997), affecting lung diffusing capacity.
Theoretical studies that combined mathematical analysis and
observed physiological parameters suggest an oxygen lung
diffusion capacity of 158 mL O2/ml mmHg. Resistance to oxygen
diffusion is a multifactorial value composed of the alveolae and
capillary membrane (i.e., type I cells and endothelia), plasma,
oxygen binding with hemoglobin and erythrocyte diffusion.
The smaller capillary diameter and, the lower plasma-derived
resistance due to a reduction in its volume are conditions
in which membranes are mainly responsible for diffusion
resistance. These simulations suggest that resistance to oxygen
diffusion presents a more significant contribution of the plasma,
erythrocyte, and membrane components (Roy and Secomb,
2014). It can be hypothesized that, even considering the less free
volume in erythrocyte membrane hydrophobic domain because
of high cholesterol concentration may reduce oxygen diffusion
and partition in lipid bilayer, this is overcome by whole-cell
morphology adaption that increases surface and oxygen exchange
(Hsia et al., 2016), pulmonary capillary diameter modification,
and alveolar/erythrocyte PO2 differences. Under conditions
that affect alveolar epithelial and membrane structure, higher
resistance to gas diffusion with consequent lower blood oxygen

saturation is expected. However, at the level of peripheral tissues
that are supplied with oxygen, with different rates of oxygen
consumption, more sophisticated mechanisms are required to
provide additional control mechanisms (i.e., hypoxia, adaption
to extremes, and exercise).

Caveolae as Oxygen Sensors
A growing body of evidence suggests the presence of cholesterol-
rich caveolae domains in lipid membranes of alveolar epithelia
(Gumbleton, 2001; Williams, 2003; Jung et al., 2012), providing
an essential modulatory function critical during hypoxia (Botto
et al., 2006). Caveolins, 17–24 kDa proteins required for caveolae
formation, regulate several biological processes associated with
the plasma membrane, important in physiology (Busija et al.,
2017). All isoforms of Cav1-3, have been detected in lung,
with greater extent of Cav1-2 in alveolar epithelial cells (in
type I and type II cells, respectively) and capillary endothelium.
Cav1 is critical for reducing membrane tension induced by
hypotonic stress; Cav1−/− or WT MLEC treated with MβCD
presented an increase in membrane tension (Sinha et al., 2011).
Caveolae are important molecular platforms to regulate cellular
function; alveolar epithelia caveolae respond to functional
modulation. Early studies in Cav1 null mice reported the loss
of caveolae in alveolar epithelial cells and alveolar capillary
endothelial cells accompanied with hyperactivation of NOS
with no alterations in lipid rafts protein profile and lipid
composition (Drab et al., 2001). Numerous studies have shown
an abundance of caveolae in alveolar epithelial and pulmonary
endothelial cells (Newman et al., 1999; Barar et al., 2007); chronic
hypoxia-induced pulmonary hypertension reduced epithelial cell
membrane cholesterol and inward Ca2+ flux, however, caveolae
integrity was maintained (Paffett et al., 2011). On the contrary,
morphological and functional evidence has shown the absence
of caveolae in type II cells (Fuchs et al., 2003; Ikehata et al.,
2009; Jung et al., 2012). In this regard, the presence of caveolae
in oxygen diffusion specialized type I cells and the absence in
surfactant-secreting type II cells, suggest a functional relation
of caveolae as oxygen sensors and transporters. Other functions
have been proposed regarding the increased surface area that
caveolae create in type I cell membranes, including protein
transcytosis and localization of Na+ pump (Maniatis et al., 2012)
and expression and localization of aquaporins (Dobbs et al., 1998;
Gao et al., 2015; Hou et al., 2015).

Lung capillary endothelial cells depend extensively on caveolae
and Cav1-mediated cell signaling that regulates cellular adaptions
promoting gas diffusion. Numerous studies have shown a
structural and functional association of eNOS with caveolae
and Cav1 (Maniatis et al., 2006; Bernatchez et al., 2011; Chen
et al., 2012; Trane et al., 2014). The negative regulation of
eNOS by Cav1 constitutes a fine-tuning mechanism to control
oxygen diffusion into erythrocytes. The Cav1 scaffolding domain
presents a binding subdomain (residues 90–99) that interacts
with eNOS with Kd 42 nM; when a mutation in residue 92 (F92A)
which regulates eNOS is introduced (Bernatchez et al., 2011),
eNOS-derived NO production is induced (Trane et al., 2014),
with a concomitant capillary dilation. Paradoxically, the increase
in capillary diameter increases the plasma volume, opposing a
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higher resistance to oxygen diffusion capacity (Roy and Secomb,
2014), which probably is surpassed by the higher amount of
erythrocytes flux, giving a resulting net increase in oxygen
diffusion. In this sense, caveolae behave as an oxygen sensor
to regulate molecular and physiological adaptions, promoting
erythrocyte-mediated blood oxygen transport. The molecular
mechanism that triggers Cav1 release of eNOS, how it is related
to oxygen as a trigger, and how changes in oxygen diffusion
transduces into caveolae modifications that promote eNOS
release are not entirely understood.

In the context of alveolar-capillary endothelia, it can be
hypothesized that Cav1 may detect oscillations directly or
indirectly related to alveolar-endothelial oxygen diffusion
and induce conformational changes leading to release eNOS
inhibition, with the consequent increase in NO, alveolar-
capillary dilation and erythrocytes gas exchange. This possible
mechanism may imply a mechanosensory behavior of Cav1.
When oxygen diffuses through lipid membranes, the result
may be a transient molecular organization perturbation within
polar head groups and proximal hydrophobic moiety (acyl
chain carbon 9–10) that are detected by Cav1 scaffolding and
membrane domains, conducting conformational structure
modifications that promote/facilitate Cav1-eNOS binding
through π-π interactions between Phe92 and eNOS Trp447
(Trane et al., 2014). Subtle reductions in oxygen diffusion will
reduce oxygen-derived membrane perturbation, leading to
Cav1 modifications that will “loosen” Cav1-eNOS interaction,
promoting the activation and release of NO. Consequently,
Cav1 may act as an oxygen sensor through transient membrane
mechanical transduction (Figure 3).

Caveolae are associated with mechanotransduction. In vitro
stimulation of endothelial cells with volume flow, shear
stress induces increased membrane caveolae distribution and
acute changes in shear stress increased Cav-1 and eNOS
phosphorylation (Rizzo et al., 2003). Cav-1 KO mice present
impaired flow-induced arterial dilation due to eNOS-derived
NO (Albinsson et al., 2007). In vitro ischemia in lung endothelial
cells showed a modulatory role of ROS and phosphorylation
of ERK1/2, leading to eNOS activation and NO synthesis;
membrane disruption by cyclodextrins inhibited ERK1/2
phosphorylation, suggesting the involvement cholesterol-rich
membrane domains (Wei et al., 2001). Similar studies showed
the involvement of Cav1 as a shear flow sensor in endothelial
cells (Milovanova et al., 2008), and the involvement of PECAM1
(Noel et al., 2013). Caveolae are proposed to behave as a buffer
for mechanical forces in pulmonary arterial smooth muscle
cells, modulating the activity of stretch-activated Ca2+ channels
(Gilbert et al., 2016). The dynamic structure of caveolae also
flattens in response to cellular membrane stretching (Parton
and Del Pozo, 2013; Shihata et al., 2016), suggesting not only
a protective role but also a functional adaption. Such physical
changes in caveolae may be a means to increase cell surface
area and reduce volume to facilitate oxygen diffusion in alveolar
capillaries. The necessity of increased oxygen supply to a
particular tissue, demands a local control mechanism that will
adjust the conditions to increase oxygen provision. In the same
way, peripheral tissues capillary endothelia may behave in the

same way as in alveolar capillary. Through changes in local
oxygenation conditions, the caveolae mechanosensory system
may activate signaling pathways that will activate eNOS and
other molecular adaptors to regulate oxygen diffusion.

Little evidence suggests a functional role of caveolae and
caveolins in erythrocytes. The formation of lipid rafts is described
in erythrocyte membranes and their functional role in the
initiation of signaling cascades (Mikhalyov and Samsonov,
2011; Ciana et al., 2014; Biernatowska et al., 2017; Mcgraw
and List, 2017). Cav-1 is associated with erythrocytes DRMs,
playing a particular role during Alzheimer’s disease by binding
circulating amyloid-β (Hashimoto et al., 2015). No evidence
exists to support the possible functional role of caveolae/Cav-
1 as an oxygen sensor in erythrocytes. Even though recent
reports suggest eNOS activity in erythrocytes (Dei Zotti et al.,
2018), many studies suggest no Cav-1 expression in these
cells, ruling out the potential for mechanosensory regulation
by Cav1 in these cells. Nevertheless, molecular mechanisms
that affect erythrocyte plasma membrane fluidity and order
parameter may have consequences in the modulation of oxygen
diffusion. The blockade of MPP1 interaction with flotillin
in human erythrocytes reduced membrane order properties,
suggesting a mechanism that regulates lipid rafts formation in
erythrocytes (Biernatowska et al., 2017). The molecular coupling
of this mechanism with a triggering system that responds
to modifications in PO2 or other mechanical stimuli may
behave as an adaption that regulates erythrocytes membrane
fluidity/rigidity modifications and cholesterol-rich domains
organization, ultimately favoring or restricting oxygen diffusion.
The environmental challenges that lead to changes in oxygen
availability, i.e., hypoxia, demand molecular adaptions that
lead to fine-tuned regulation of oxygen diffusion from the
environment through lung epithelia to erythrocytes, as well
as into tissues.

Other Proteins as Oxygen Sensors and
CRAC Domains
Membrane-associated proteins are non-randomly distributed.
CRAC domains (Leu/Val-X1−5-Tyr-X1−5-Arg/Lys) are motifs
associated with guiding protein distribution/localization into
cholesterol-rich membrane domains, that experimentally can
be isolated as DRMs. Other cholesterol-recognition domains
like CARC domains (Lys/Arg-X1−5-Tyr/Phe-X1−5-Leu/Val) on
proteins may regulate specific thermodynamic interaction with
cholesterol (Di Scala et al., 2017). Cav-1 CRAC sequence
(94VTKYWFYR101; Figure 3, yellow) has been proposed to be
associated with the insertion into the lipid membrane (Busija
et al., 2017). In this regard, if caveolae play a crucial role
as an oxygen sensor platform, proteins associated with this
function, other than Cav-1, may also present with cholesterol
recognition domains. As previously stated, AQP1 was suggested
as an alternative pathway for oxygen diffusion. However, its
caveolar localization is still debated. Membrane fractions from
rabbit lung tissue homogenates have shown the presence of AQP1
(and Cav-1) in DRMs fractions (Palestini et al., 2003), and AQP1
colocalizes with Cav-1 in rat lung (Hill et al., 2005). Reports also
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FIGURE 3 | Cav1 mechanotransduction hypothesis upon O2 membrane diffusion. Inset, adaption from Busija et al. (2017).

suggested that AQP1 is in erythrocytes lipid rafts (Rungaldier
et al., 2013) and caveolae extracts (Hill et al., 2005). However,
western blot and proteomic analysis of caveolar and non-
caveolar membrane domains isolated from 3T3-L1 cells identified
AQP1 to be localized mainly in non-caveolar microdomains
(Yao et al., 2009).

Other proteins localized in caveolae may present direct or
indirect oxygen diffusion-associated functions. Indeed, caveolae
are associated with proteins regulating an extensive range of
functions, from trafficking to signaling (Head et al., 2014).
Endothelial cell caveolae, involved in oxygen diffusion in
alveolar capillary, exhibit diverse transmembrane proteins such
as RTK, G-protein-coupled receptors, transforming growth
factor receptors, etc. (Sowa, 2012). Ion channels have also been
shown to be localized in caveolae. Many of these receptors
are linked to metabolic functions with endpoint cells that are
critical in regulating oxygen usage in these cells. Such is the

case of cardiomyocytes a β-adrenergic receptor-mediated positive
chronotropic (i.e., heart rate) and inotropic (i.e., contraction
force) effect. Interestingly, evidence suggests caveolar localization
of the β-adrenergic receptor in cardiomyocyte (Rybin et al., 2000;
Steinberg, 2004), linking caveolar function as oxygen modulator
with caveolae-localized receptors directly associated with cellular
functions related to oxygen consumption. Caveolae localized
TRPC function is regulated by cholesterol that leads to their
localization in cholesterol-rich domains, assisted by the presence
of CRAC motifs, at least in TRPV1 channels (Morales-Lazaro and
Rosenbaum, 2017). It has been shown that caveolae can traduce
mechanic stimulation (caveolae deformation) into caveolae-
associated protein function. Membrane mechanical effect of
osmotic stress induces Gαq/PLCβ-mediated Ca2+ currents in rat
aortic smooth muscle (Guo et al., 2015; Yang and Scarlata, 2017).
These observations suggest that caveolae-associated protein
function may be subjected to membrane/caveolae mechanical
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condition, supporting the idea of caveolae serving as a mechanical
sensor that regulate oxygen diffusion associated proteins.

CHOLESTEROL AND CAVEOLAE
ADAPTIONS TO HYPOXIA

Membrane Cholesterol Adaptions Under
Low Oxygen Availability
Diverse conditions, geographical (i.e., hypobaric hypoxia)
and pathologically derived, result in low oxygen availability.
Pioneering studies showed a correlation between cholesterol
and oxygen transport (Buchwald et al., 2000b). Interestingly,
several studies point to cholesterol-related adaptions in
response to hypoxia, from sterol metabolism to membrane
organization in cholesterol-rich domains. The acute exposure
to hypobaric hypoxia induces modifications in gene expression.
Ten hour exposure of rats to an environment that mimics
4600 m altitude (∼12.3% oxygen) resulted in downregulation
of hepatic gene expression of sterol metabolism enzymes (3-
hydroxy-3-methylglutaryl-CoA-synthase 1, farnesyl-diphosphate
farnesyltransferase, squalene epoxidase, sterol-C4- methyl
oxidase-like and 3β-hydroxysteroid dehydrogenase/15-14-
isomerase) and SREBP1, with no significant reduction in plasma
cholesterol (Dolt et al., 2007). Additionally, modifications
in SREBP expression in response to hypoxia have been
observed, leading to significant cellular and systemic effects. Key
transcriptional regulators that respond to changes in PO2 such as
HIF1 are associated with changes in cellular cholesterol content
by regulating its uptake, which is critical in cancer cell physiology
(Sundelin et al., 2012; Koizume and Miyagi, 2016).

Cholesterol adaption to hypobaric hypoxia constitutes a
critical feature that relates sterols and oxygen availability and
that have been well conserved during evolution. Considering
that cholesterol may impose barriers to oxygen diffusion, subtle
changes in its concentration in plasma membranes may facilitate
the incorporation of oxygen from the environment so as optimize
the distribution throughout the body. Human subjects exposed to
high altitude present with variable cholesterol levels; prolonged
exposure of human subjects to hypobaric hypoxia reduces
plasma cholesterol (Ferezou et al., 1988). Individuals residing
at high altitude (3,105 m∼14% oxygen) show higher plasmatic
cholesterol (Temte, 1996). However, volunteers exposed for
the first time to high altitudes (3,550 m∼13.2% oxygen) for
8 months revealed increased hematocrit and no significant
changes in total plasma cholesterol but a significant increase
in triglycerides (Siques et al., 2007). Homeostatic mechanisms
induced by hypobaric hypoxia can be traced back to the cellular
level at the air/blood barrier, namely alveolar endothelial Type
II cells, basal membrane, and capillary endothelial cells. Rabbits
exposed to 3 and 5 h of hypoxia (12% oxygen) developed an
increase in phosphatidylethanolamine and cholesterol content
in lung tissue cell membranes, with reduced Cav1 in DRMs
(Botto et al., 2006). Hypoxia (5% oxygen) experiments performed
in lung epithelial cells showed reduced Cav1 and cholesterol
content in DRMs with a shift in Cav1 immunostaining from

the membrane to intracellular localization (Botto et al., 2008).
However, pulmonary artery endothelial cells from rats exposed
chronically to hypobaric hypoxia (380 Torr∼10% oxygen)
present a reduction in inward Ca2+ currents due to a reduction
in membrane cholesterol (Paffett et al., 2011), suggesting that
pulmonary artery endothelial cells physiology is susceptible
to modification in response to hypoxia. Functional assays
measuring Ca2+ inward currents in pulmonary artery endothelial
cells have shown a reduction in cholesterol-controlled T-type
voltage-gated Ca2+ channels and calcium release-activated
calcium channel protein 1 Ca2+ entry due to the hypoxia-
induced membrane cholesterol reduction (Zhang et al., 2017;
Zhang B. et al., 2018). Notwithstanding, in the context of
oxygen diffusion in alveolar air/blood barrier, the aforementioned
membrane adaptions during hypoxia constitute a paradox: cell
membrane cholesterol reduction may, from one side, facilitate
oxygen diffusion in conditions in which the environmental
oxygen supply is limited, however, on the other hand, hypoxia-
induced cholesterol reduction disturbs functional organization of
plasma membrane by means of Ca2+ influx, membrane potential,
caveolae structural organization and potentially its role as a
mechanosensor. In this regard, what in simple inspection may be
a facilitating adaption to transfer more oxygen in conditions in
which PO2 is low results ultimately in creating cellular damage.

The PO2 gradient is the driving force that allows gas diffusion
from red blood cells to tissues with lower oxygen concentration.
Membrane cholesterol modulation in peripheral tissues (i.e.,
transient reductions in membrane cholesterol) may represent a
strategy that facilitates oxygen delivery. However, tissue hypoxia
is an entirely different scenario with regulatory mechanisms that
involve modifications in cholesterol synthesis by HIF-1α and
2α. HIF2α activation during hypoxia has been associated with
fatty acid biology (Qu et al., 2011); pharmacological inhibition
of HIF2α resulted in weight loss and fatty liver amelioration in
obese mice (Feng et al., 2018). The increased hepatic activity
of HIF2α by transient suppression of the Vhl1 IE induced an
increase in hepatic and circulating cholesterol by repression of
CYP7A1 (Ramakrishnan et al., 2014). Brain hypoxia-ischemia
in neonatal mice increased cortex HMGCR and CYP46A1
after 24 h (Lu et al., 2018), suggesting that brain cholesterol
metabolism adaption in response to hypoxia. Interestingly,
epigenetic studies performed in Andean highlanders suggest
that high altitude hypobaric hypoxia exposure affected HIF2α

methylation (Childebayeva et al., 2019), opening the possibility
to HIF2α activation regulation and ultimately, cholesterol.
Nevertheless, how HIF2α-dependent fatty acid and cholesterol
modifications affect plasma membrane organization, caveolae
structure, and its potential role as an oxygen diffusion sensor
in several tissues remains an open question. It has been shown
that HIF2α activation leads to an increase in Cav1 expression in
the Vhl1 IE mouse colon epithelial cells, leading to a decrease in
occludin expression with a concomitant increase in colon barrier
permeability (Xie et al., 2014).

One of the characteristic features in cancer cells is the
abnormal growth rate and metabolic adaptions (Warburg
effect). HIF cholesterol and hypoxia are crucial for cancer cell
physiology (Koizume and Miyagi, 2016); it has been observed
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in prostate (Fredericks et al., 2013), and other forms of cancer
(Kuzu et al., 2016; Ribas et al., 2016) increased cholesterol
synthesis. Despite the altered cellular physiology features in
cancer cells, this observation may suggest a role for cholesterol
and oxygen availability within the cell to modulate growth
and migration. BAECs enriched with cholesterol occupy a
higher area compared with cholesterol-depleted cells (Hong
et al., 2013). Early reports suggested the involvement of
cholesterol and cell growth. Ascites tumor cells subjected to low-
supplemented culture media showed low proliferation rates that
were overcome by cholesterol supplementation (Haeffner et al.,
1984). However, other reports point to an inverse relationship
between cell size and membrane cholesterol content. Isolated
rat subcutaneous adipocytes subpopulations showed that larger
adipocytes had lower cholesterol concentration (Le Lay et al.,
2001). Therefore, several questions can be addressed in this
regard. Cell growth is an energy-demanding process that requires
increased oxygen availability and consumption via mitochondrial
activity, how is this compatible with the positive correlation
between cell growth and cholesterol? How does transmembrane
and/or aquaporin-mediated oxygen diffusion regulate under
these circumstances?

Caveolae-Dependent Tissue Specific
Oxygen Distribution and Caveolae Role
as an Oxygen Sensor
During the last 30 years, a high level of structural and functional
complexity of lipid membranes has been described, where
lipid rafts and caveolae develop a pivotal role in a pleiad of

phenomena. A growing body of evidence suggests caveolae
are partially involved in hypoxia-related mechanisms; high
altitude hypobaric hypoxia has been thoroughly investigated
because of oxygen-deprivation conditions like pulmonary
edema. Pulmonary arterial smooth muscle and endothelial
cells K+ and Ca2+ currents are altered during hypoxia
(Archer et al., 2001, 2004). Inward Ca2+ currents mediated
by TRPCs), has been suggested to play a key role in
Ca2+ entry in lung artery muscle cells during hypoxia
(Murray et al., 2006). Interestingly, K+ (i.e., Kv1.5) and
Ca2+ (i.e., TRPC1) channels are located in cholesterol-rich
membrane domains and caveolae (Martens et al., 2001;
Patel et al., 2005) in pulmonary artery muscle cells, thus
playing a pivotal role in pulmonary physiology. Additionally,
Cav-1 is linked to hypoxia-derived pulmonary hypertension
(Mathew, 2014; Gilbert et al., 2016; Gao et al., 2017) and
vascular remodeling mediated by PY-STAT3. Recent data
suggest sustained PY-STAT3 activation in rats and neonatal
calves exposed to chronic hypobaric hypoxia, showed no
reduction in lung tissue and endothelial Cav-1 expression
(Huang J. et al., 2019). This result opens the possibility of
Cav-1 delocalization from caveolae, agreeing with previous
data showing Cav-1 reduction in lung tissue membrane
extracts and endothelial cells DRMs induced by hypoxia
(Botto et al., 2006, 2008). In this regard, it is possible
that a sequence of events occurs within caveolae after
hypobaric hypoxia, leading to particular pathological scenarios
in lung physiology. Subtle or initial reduction in oxygen
diffusion may induce short-term response mechanisms by Cav-
1/caveolae mechanosensor function, like eNOS modulation and

FIGURE 4 | Lung Cav1/caveolae adaptions during hypoxia.
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lung capillary dilation; the persistence of hypobaric hypoxia
may conduct Cav-1 delocalization from caveolae, co-adjuvated
by HIF2α-mediated cholesterol reduction, and subsequently
reductions of its expression, leading to pathological scenarios
like pulmonary hypertension and hypobaric hypoxia-induced
pulmonary edema (Figure 4).

OPEN QUESTIONS AND CONCLUDING
REMARKS

With the accumulation of higher PO2 in the terrestrial
atmosphere, sterols association with lipid membranes of
organisms to limit oxygen diffusion represented a suitable
evolutionary strategy, especially with the strong association
between oxygen and cholesterol metabolism. Oxygen diffusion
through lipid membranes has been thoroughly studied. Lipid
membrane composition and complexity directly affect oxygen
diffusion efficiency, impacting the acquisition of oxygen from the
environment. This ultimately is critical to transport and delivery
in peripheral tissues. Complex response mechanisms have been
developed during evolution to ensure appropriate oxygen supply.
In this regard, membrane structural specialization in functional
domains enriched in cholesterol, like caveolae, has been observed
to play a critical role as oxygen sensors. Hypobaric hypoxia
constitutes a challenge that requires biophysical and biochemical
strategies that will ensure oxygen diffusion. Interestingly,
caveolae behave as a functional hub associated with hypobaric
hypoxia response mechanisms. However, many questions are
open regarding membranes and their functional (caveolae)
domains in the oxygen diffusion process (i.e., How does oxygen

diffusion effect in lipid membrane order and protein function;
does caveolar mechanotransduction function to detect local
oscillations in oxygen diffusion in lung epithelial and tissues
submitted to hypoxia, what role do caveolae play in hypoxia
during aging; if cholesterol is a crucial determinant for oxygen
diffusion, how does tissue-specific cell membranes cholesterol
concentration affects oxygen supply; how does cholesterol
metabolism impairment (i.e., during aging) affect tissue oxygen
delivery/diffusion in normal and hypoxic conditions; what other
caveolin-associated proteins may behave as oxygen sensors). In
this regard, it can be observed that an intimate relationship
between caveolae and lung physiology exists. The selection
of caveolae as functional platforms in pulmonary tissues, its
association with hypoxia-related response mechanisms, also
associated with cholesterol biosynthesis, and the structural role
in membranes suggests implications for oxygen transport that
interact with pressures to maintain physiology and manage
pathophysiology in living systems.
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Genetic and nongenetic factors are involved in the individual ability to physiologically 
acclimatize to high-altitude hypoxia through processes that include increased heart rate 
and ventilation. High-altitude acclimatization is thought to have a genetic component, 
yet it is unclear if other factors, such as epigenetic gene regulation, are involved in 
acclimatization to high-altitude hypoxia in nonacclimatized individuals. We collected saliva 
samples from a group of healthy adults of European ancestry (n = 21) in Kathmandu 
(1,400 m; baseline) and three altitudes during a trek to the Everest Base Camp: Namche 
(3,440 m; day 3), Pheriche (4,240 m; day 7), and Gorak Shep (5,160 m; day 10). We 
used quantitative bisulfite pyrosequencing to determine changes in DNA methylation, a 
well-studied epigenetic marker, in LINE-1, EPAS1, EPO, PPARa, and RXRa. We found 
significantly lower DNA methylation between baseline (1,400 m) and high altitudes in 
LINE-1, EPO (at 4,240 m only), and RXRa. We found increased methylation in EPAS1 (at 
4,240 m only) and PPARa. We also found positive associations between EPO methylation 
and systolic blood pressure and RXRa methylation and hemoglobin. Our results show that 
incremental exposure to hypoxia can affect the epigenome. Changes to the epigenome, 
in turn, could underlie the process of altitude acclimatization.

Keywords: altitude, epigenetics, DNA methylation, hypoxia, incremental ascent

INTRODUCTION 

More than 140 million people worldwide permanently live at high altitudes, and 40 million more 
visit altitudes above 2,500 m annually (Ward et al., 2000; Moore, 2001). Atmospheric oxygen partial 
pressure decreases with increasing altitude, and most individuals experience physiological changes 
in low-oxygen environments, including increased ventilation, increased red blood cell production, 
and increased heart rate (HR) (Houston and Riley, 1947). A combination of molecular- to the 
organismal-level changes occurs during high-altitude acclimatization (Sarkar et al., 2003).

The acute response to hypoxia (seconds to hours) involves changes in homeostatic regulation, 
whereas chronic acclimatization (hours to years) is characterized by gene expression changes in 
the carotid body, endothelial cells, and other tissues (Kourembanas et al., 1990; Wiener et al., 1996; 
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Huey and Powell, 2000). One of main responders to decreasing 
levels of oxygen is the hypoxia-inducible factor 1 (HIF) pathway. 
HIF-1 consists of two subunits, oxygen-regulated HIF-1α, and 
constitutively expressed HIF-1β (Ivan et al., 2001). In normoxic 
conditions, HIF-1α is hydroxylated by HIF prolyl hydroxylase 
(EGLN) and destined for degradation by ubiquitination via the 
von Hippel–Lindau ubiquitin ligase (Ohh et al., 2000; Epstein 
et al., 2001). HIF-1α hydroxylation is decreased in hypoxic 
conditions allowing it to accumulate and dimerize with HIF-1β 
forming an active HIF-1 transcription factor in the nucleus 
(Semenza, 2007). HIF is involved in promoting angiogenesis, 
regulating erythropoiesis, stimulating glycolysis, and inhibiting 
fatty acid oxidation (Formenti et al., 2010; Haase, 2013; Huang 
et al., 2014).

Previous studies have shown that mRNA levels of genes 
involved in the HIF pathway change upon hypoxic exposure, 
including HIF1A and ARNT in rats and mice (Wiener et al., 
1996), mRNA levels of the platelet-derived growth factor 
(PDGF-B) in human endothelial cells (Kourembanas et al., 
1990), and dopamine D2 receptor (D2R) in rat carotid body 
(Huey and Powell, 2000). Given their ability to change upon 
exposure to environmental factors, epigenetic mechanisms have 
been hypothesized to play a role the hypoxic response (Brown 
and Rupert, 2014). Epigenetics refers to mitotically and, in some 
cases, meiotically heritable changes to gene expression that do 
not involve changes to DNA sequence and may be reversible 
(Wolffe and Guschin, 2000; Feil and Fraga, 2011). The most 
widely studied and best understood epigenetic modification 
is DNA methylation, an addition of a methyl group to the 
nucleotide cytosine in a cytosine-guanine dinucleotide (CpG) 
(Mohn and Schubeler, 2009; Lam et al., 2012). DNA methylation 
is most commonly associated with gene repression when located 
in promoter regions of genes (Klose and Bird, 2006).

Epigenetic modifications are known for their plasticity and 
ability to change based on the environmental conditions (Bollati 
and Baccarelli, 2010). Previous studies found associations 
between DNA methylation and pharmaceuticals, exercise, stress, 
and other exposures (Dolinoy, 2007; Dolinoy and Jirtle, 2008; 
Senut et al., 2012; Faulk et al., 2014; Non et al., 2016). Decreased 
oxygen levels are associated with increased production of 
reactive oxygen species (ROS) that are genotoxic and can affect 
DNA methylation and the posttranslational modifications to 
histone proteins (James et al., 2004; Niu et al., 2015). Moreover, 
epigenetic changes have been observed in cancer cells that are 
often hypoxic due to the lower oxygen availability of solid tumors 
(Shahrzad et al., 2007; Baxter et al., 2014). Here, we focused on 
DNA methylation and exposure to high-altitude hypoxia.

Epigenetic regulation has been studied in the context of 
high-altitude adaptation in Andeans and Ethiopians (Alkorta-
Aranburu et al., 2012; Childebayeva et al., 2019). Despite 
this,  epigenetic changes associated with acclimatization to  
high-altitude hypoxia are not well understood (Julian et  al., 
2014). To determine if short-term exposure to hypoxia affects 
the epigenome, we recruited individuals trekking to Everest Base 
Camp in the Nepal Himalaya. We collected saliva samples and 
various physiological measurements at four different altitudes: 

Kathmandu [1,400m; baseline (BL)], Namche (3,440m; day 3), 
Pheriche (4,240m; day 7), and Gorak Shep (5,160m; day 10).

We determined the DNA methylation status of the repetitive 
element LINE-1 and the hypoxia-associated genes EPAS1, EPO, 
PPARa, and RXRa. We chose LINE-1 as the marker of global 
methylation as it has been shown to have different methylation 
profiles at high compared to low altitude in multigenerational 
Andeans of Quechua ancestry (Childebayeva et al., 2019). We 
examined methylation at EPAS1 as polymorphisms near this 
locus are associated with hemoglobin levels in Tibetans (Beall 
et al., 2010), EPO as it is involves in red blood cell production 
(Eckardt et al., 1992; Dame et al., 1998; Beall et al., 2010), 
and PPARa and RXRa as these hypoxia-associated genes are 
involved in lipid metabolism regulation (Keller et al., 1993; 
Chinetti et al., 2000) and PPARA is associated with adaptation 
in high-altitude populations in the Himalaya (Keller et al., 
1993; Chinetti et  al., 2000; Simonson et al., 2010; Horscroft 
et al., 2017). RXRa and PPARa form a heterodimer that is 
necessary for PPARa functioning (Chan and Wells, 2009). The 
aforementioned HIF pathway genes have been chosen due to 
previous evidence that methylation levels at these genes are 
associated hypoxia (Rossler et al., 2004; Lachance et al., 2014; 
Cortese et al., 2016).

MATeRIALs AND MeTHODs

ethics and participant Recruitment
This study abided by the Canadian Government Tri-Council 
policy on research ethics with human participants (TCPS2) and 
the Declaration of Helsinki, except for registration in a database. 
Ethical approval was received in advance through Mount Royal 
University Human Research Ethics Board (protocol 100012 and 
101361), the Syracuse University Institutional Review Board 
(protocol 18-006), and the University of Michigan Institutional 
Review Board (HUM00141118) and harmonized with the Nepal 
Health Research Council (protocol 109-2017).

This study took place in May 2018 as part of a research 
expedition in the Khumbu Valley, Everest region of Nepal. We 
recruited 21 healthy, nonpregnant, nonlactating, nonsmokers 
between 19 and 52 years of age from a larger research expedition 
to Everest Base Camp in the Nepal Himalaya. All participants 
were recruited in Kathmandu via verbal communication and 
provided written and informed consent prior to voluntary 
participation in the study. Even though these participants were 
recruited as a part of a larger research expedition, the research 
questions and data collection reported here were planned a priori 
in advance. Participants either were all altitude naive or had an 
extended period since the last altitude experience (> 1year). All 
participants were of self-reported European descent to control 
for population effects on epigenetics. Participant characteristics 
can be found in Table 1.

Ascent profile and Data Collection
Over the course of 10 days, a team of researchers and study 
participants trekked from 2,800 to 5,160 m. The ascent profile 
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included three nontrekking rest days at 3,440 m (day 3), 3,820 m 
(day 5), and 4,240 m (day 7; Figure 1). In the morning between 
6:00 and 8:00 local time at 1,400m (Kathmandu; day 0), 3,440 m 
(Namche; day 3), 4,240 m (Pheriche; day 7), and 5,160 m (Gorak 
Shep; day 10), saliva samples for DNA and physiological measures 
were taken following one night of sleep at each altitude.

With respect to physiological measures, body weight was 
measured using a portable digital scale (model HBF-516B; 
Omron, San Ramon, CA, United States). All physiological 
measures were obtained at rest in a seated position following 
>2-min rest with eyes closed and white noise played through 
headphones to limit distraction. Blood pressure was assessed 

using an automated sphygmomanometer. Peripheral oxygen 
saturation and HR (min−1) were measured using a portable 
finger pulse oximeter (Masimo SET Rad-5, Danderyd, Sweden). 
Hemoglobin concentration [(Hb); Hemocue Hemoglobin 
System, Hb201+, Angelholm, Sweden] was assessed via finger 
capillary blood sample using sterile lancets and universal 
precautions. Self-reported acute mountain sickness scores were 
obtained using the standard Lake Louise Questionnaire (Roach 
Rc et al., 1993). All phenotypic measures were performed at the 
same time of day for each participant. Physiological data can be 
found in Table 1 and Supplementary Table 1.

DNA Methylation
Saliva samples were collected, and DNA was extracted following 
a well-established protocol (Quinque et al., 2006). Quantitative 
pyrosequencing was performed to assess DNA methylation 
levels of LINE1, EPAS1, EPO, PPARa, and RXRa. Five hundred 
nanograms of DNA from each sample was bisulfite converted 
using the EZ-96 DNA Methylation™ Kit (Zymo Research, 
Irvine, CA, USA). Bisulfite-converted DNA was amplified using 
primers for LINE1 and each targeted gene and HotstarTaq plus 
Master Mix (Qiagen, Valencia, CA, USA). Primer sequences and 
the locations of the amplicons can be found in Supplementary 
Table 2. Each sample was pyrosequenced in duplicate using 
the Pyromark Q96 pyrosequencer (Qiagen). Quality control 
of the data was assessed using quality control measures built 
into the pyrosequencing software. All measurements outside 
of 2 standard deviations from the mean of all samples for each 
CpG position were excluded. Moreover, measurements with 
the coefficient of variance between replicates of more than 10 
were excluded from further analyses. Duplicate measurements 
were averaged, as was DNA methylation at CpG sites within 
each gene. Statistical modeling was performed on these average 
DNA methylation values for each subject at each gene. Statistical 
analyses were performed using the samples collected from the 
21 individuals at four altitudes for each LINE1, EPAS1, EPO, 
and PPARa and 19 for RXRa. No template controls and 0% 

TABLe 1 | Participant characteristics and DNA methylation.

Kathmandu (1,400m) Namche (3,400m) pheriche (4,370m) Gorak shep (5,160m)

LINE-1 64.55 (3.05) 62.83 (3.41)** 63.40 (2.12)* 63.70 (3.63).
EPAS1 6.48 (1.19) 6.55 (1.09) 6.95 (1.38)* 6.90 (1.35)
EPO 72.78 (4.88) 71.79 (4.14) 69.57 (4.13)* 71.22 (3.98)
PPARa 13.68 (4.16) 14.92 (4.51) 15.49 (3.79)** 16.12 (4.09)***
RXRa 40.01 (11.75) 35.13 (12.82)* 32.44 (9.05)*** 33.57 (12.98)**
Hemoglobin (g/dL) 132.20 (26.67) 146.32 (18.13)** 149.42 (16.84)** 149.63 (26.06) **
Body mass index 22.69 (2.52) 22.58 (2.46) 22.45 (2.36)** 22.25 (2.34)***
Systolic blood pressure (mmHg) 119.62 (12.29) 124.62 (10.60). 120.62 (10.91) 126.67 (17.98)*
Diastolic blood pressure (mmHg) 83.00 (6.61) 87.95 (7.61)** 87.19 (8.45)** 86.38 (9.01)*
Peripheral oxygen saturation 96.86 (1.11) 92.67 (3.26)*** 89.29 (2.72)*** 81.48 (4.80)***
% Female 45.45 (24.65, 66.26)
Age (year) 24.41 (8.20)

Data are means (SD) of average measurement per individual, 95% confidence interval (CI) for proportions in brackets. Age is presented as mean (SD).
Significance symbols denote the difference between Kathmandu baseline and each altitude.
.p<0.10. *p<0.05. **p<0.01. ***p<0.001.

fIGURe 1 | Trekking profile with the sampling locations marked by arrows.
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methylated DNA and 100% methylated DNA controls (Qiagen) 
were included in all experiments.

statistical Analysis
We used R version 3.5.1 (R Core Team, 2018). Packages lme4 
(Bates et al., 2015), lmerTest (Kuznetsova et al., 2017), ggplot2 
(Wickham, 2009), and directlabels (Hocking, 2018) were 
employed in our statistical analysis and plotting. Linear mixed-
effects modeling was used to account for replicate measurements 
at each altitude. The following linear mixed-effects models were 
tested. Study participants were modeled as random effects to 
account for repeated measurements. We included age and sex 
in the models, since both are known to affect DNA methylation 
(Liu et al., 2010; Hernandez et al., 2011; Lam et al., 2012; 
Horvath, 2013).

Yi (% methylation) ~ B00 + B01(X) + B02(Sex) + B03(Age) + 
(1|ID) + ei, where X = low altitude (1,440m, BL) vs. high 
altitude [3,440m (day 3), vs. 4,240m (day 7), vs. 5,160m (day 10) 
combined], ID = sample ID.

Yi (% methylation) ~ B00 + B01(X) + B02(Sex) + B03(Age) + 
(1|ID) + ei, where X = altitude [1,400 (BL) vs. 3,440m (day 3), vs. 
4,240m (day 7), vs. 5,160m (day 10)], ID = sample ID.

Yi (% methylation) ~ B00 + B01(X) + B02(Altitude) + 
B03(Sex) + B04(Age) + (1|ID) + ei, where X = phenotype, 
altitude = 1,400m (BL), 3,440m (day 3), 4,240m (day 7), 5,160m 
(day 10), ID = sample ID.

ResULTs

Hypoxic exposure Is Associated With 
Changes in DNA Methylation
We found LINE1 methylation to be negatively associated 
with altitude when comparing low altitude 1,400 m (BL) to 
high altitude [3,440 m (day 3) + 4,240 m (day 7) + 5,160 m 
(day 10)] (β  = −1.62 (high), p = 0.005) (Table 2, Figure 2, 
and Supplementary Figure 1A). Methylation levels of LINE1 
were also significantly lower at 3,440 m (day 3) and 4,240 m 
(day 7) compared to 1,400 m (BL) (Table 2, Figure 2 and 
Supplementary Figure 1B).

The association between EPAS1 methylation and high vs. 
low altitude approached significance (β = 0.36 (high), p = 0.096, 
Supplementary Figure 1B), and only the comparison between 
1,400 m (BL) and 4,240m (day 7) was significant at p<0.05 (β = 
0.58, p = 0.033, Table 2).

EPO methylation was not significantly different between high 
and low altitude [β = −1.34 (high), p = 0.171] (Table 2, Figure 2 
and Supplementary Figure 1C), and only the comparison 
between 1,400 and 4,240 m (day 7) was significant (β = −2.71, 
p = 0.023, Table 2, Figure 2).

PPARa methylation was positively associated with high 
altitude [β = 1.97 (high), p = 0.002, Figure 2 and Supplementary 
Figure 1D], and the comparisons between 1,400 m (BL) vs. 
4,240 m (day 7) and 5,160 m (day 10) were significant (Table 2).

We observed decreased methylation of RXRa associated 
with high altitude [β = −7.14 (high), p<0.001, Figure 2 and 

Supplementary Figure 1E]. Moreover, RXRa methylation levels 
at 3,440 m (day 3), 4,240 m (day 7), and 5,160 m (day 10) were 
significantly lower than at 1,400 m (BL) (Table 2).

Associations Between DNA Methylation 
and phenotypic Data
Systolic blood pressure was positively associated with EPO 
methylation (β = 0.63, p = 0.022, Supplementary Table  3). 
This relationship was seen for baseline, day 3, and day 
10 but not day 7 (Supplementary Figure 2B). We found 
a significant association between increased RXRa DNA 
methylation and increased hemoglobin levels (β = 0.54, p = 
0.038, Supplementary Table 3). This general relationship was 
observed for each altitude, except the low-altitude baseline 
(Supplementary Figure 2A). We also identified associations 
approaching significance between PPARa methylation and 
hemoglobin, RXRa methylation and systolic blood pressure, 
body mass index, and EPO, and mean arterial pressure and 
EPO methylation (Supplementary Table 3). We did not find 
any significant associations between hemoglobin levels and 
EPAS1 or EPO methylation (data not shown).

DIsCUssION

Oxygen homeostasis is an essential component of basic 
physiological homeostasis. In the mitochondria, oxygen is used 

TABLe 2 | Associations between DNA methylation and altitude.

β p

LINE-1
Low vs. high* −1.62 (High) 0.005 **

3,440m (day 3)** −2.04 0.003 **
4,240m (day 7)** −1.47 0.037 *
5,160m (day 10)** −1.32 0.055.

EPAS1
Low vs. high* 0.36 (High) 0.096.

3,440m (day 3)** 0.27 0.310
4,240m (day 7)** 0.58 0.033*

5,160m (day 10)** 0.22 0.393
EPO

Low vs. high* −1.34 (High) 0.171
3,440m (day 3)** −0.61 0.603
4,240m (day 7)** −2.71 0.023 *
5,160m (day 10)** −0.69 0.553

PPARa
Low vs. high* 1.97 (High) 0.002 **

3,440m (day 3)** 1.10 0.125
4,240m (day 7)** 2.05 0.005 **

5,160m (day 10)** 2.76 < 0.001***
RXRA

Low vs. high* −7.14 (High) < 0.001***
3,440m (day 3)** −5.13 0.039 *
4,240m (day 7)** −8.70 < 0.001***

5,160m (day 10)** −7.58 0.003 **

Low vs. high refers to 1,400m (BL) vs. 3,440, 4,240, and 5,160m combined. 
Otherwise, results indicate the difference between 1,400m (BL) and the altitude 
listed. All mixed-effects models were adjusted for age and sex.
.p<0.10. *p<0.05. **p<0.01. ***p<0.001.
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to produce ATP in the process of oxidative phosphorylation 
(Semenza, 2007). HIF downregulates oxygen consumption by 
mitochondria and stimulates the glycolytic pathway enzymes 
(Semenza, 2010). In addition, the HIF pathway is involved in 
the regulation of fatty acid metabolism (Huang et al., 2014; 
Liu et al., 2014). Fatty acid oxidation is inhibited in hypoxic 
conditions as a result of the switch to glycolysis. This leads 
to accumulation of lipid droplets that have been shown to 
play a role in protection against ROS (Whitmer et al., 1978; 
Bensaad et al., 2014). Moreover, the HIF pathway is involved in 
increasing hemoglobin levels in response to decreased oxygen 
levels (Franke et al., 2013). In this study, we determined DNA 
methylation levels of four HIF pathway genes involved in 
oxygen homeostasis and metabolism, EPAS1, EPO, PPARa, 
and RXRa, and the marker of global methylation, LINE-1, to 
better understand how the epigenome responds to changes in 
ambient oxygen availability.

This is the first study to report changes in DNA methylation 
associated with an incremental ascent to high altitude in a 
cohort of European ancestry. Previous studies have shown 
that DNA methylation is affected by chronic exposure to 
hypoxia (Watson et al., 2010; Yuen et al., 2013; Brown and 
Rupert, 2014; Childebayeva et al., 2019). However, the effects 
of short-term hypoxic exposure on the epigenome have not 
been studied in the context of acclimatization to high altitude 
in nonacclimatized individuals.

We found decreased LINE-1 methylation, increased PPARa, 
and decreased RXRa methylation at high compared to low 
altitude. We also identified increased EPAS1 methylation at 

4,240 m (seven days of ascent) and decreased EPO methylation 
at 4,240 m compared to 1,400m. We also found positive 
associations between RXRa methylation and hemoglobin 
and between EPO methylation and systolic blood pressure. 
These findings show that short-term exposure to high-altitude 
hypoxia can influence the epigenome, which may in turn 
influence gene expression and phenotype and thus contribute 
to high-altitude acclimatization.

LINE-1 is a repetitive element, and its methylation level is 
associated with the global genomic methylation level (Ogino 
et al., 2008a; Iwagami et al., 2012). The methylation status of 
LINE-1 has been used as a proxy for the status of the methylome 
upon exposure to toxicants and in cancer (Chalitchagorn et al., 
2004; Kile et al., 2012). Decreased LINE-1 methylation has 
been shown in cancer and has been associated with genomic 
instability (Ogino et al., 2008b; Pattamadilok et al., 2008). We 
found lower LINE-1 methylation levels associated with high-
altitude exposure in our cohort. This could be explained by the 
effect of ROS on the genome, since ROS production is higher in 
hypoxic conditions (Wongpaiboonwattana et al., 2013; Kloypan 
et al., 2015). This finding likely reflects the effects of hypoxia as a 
stressor on the genome.

EPAS1 is involved in activation of oxygen-regulated 
genes, plays a role in vascular remodeling (Peng et al., 
2000), and is an important regulator of EPO, which controls 
erythropoiesis (Rankin et al., 2007). Importantly, EPAS1 
contributes to high-altitude adaptation in Tibetans and 
shows altered methylation in Andeans (Beall et al., 2010; 
Childebayeva et al., 2019). We found increased methylation 

fIGURe 2 | DNA methylation difference between Kathmandu and each altitude is plotted for each gene over time. The baseline is Kathmandu, which is 0. 
Significance levels are shown by *p<0.05, **p<0.005, ***p<0.001.
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of EPAS1 associated with high altitude at 4,240m (day 7), 
potentially suggesting decreased EPAS1 expression. In 
comparison, high-altitude adapted Andeans show decreased 
methylation in hypoxic conditions compared to normoxia 
(Childebayeva et al., 2019). It is possible that the increase 
in EPAS1 methylation corresponds to the increase in EPAS1 
hydroxymethylation. Hydroxymethylation of a CpG site is an 
intermediate stage in the demethylation pathway catalyzed by 
the ten-eleven translocation (TET) family enzymes (Tahiliani 
et al., 2009). The bisulfite conversion method we used does 
not differentiate between methylated and hydroxymethylated 
cytosines (Nestor et al., 2010). It is possible that EPAS1 is in 
the process of demethylation, which would be expected in 
hypoxic conditions, although we are seeing a general increase 
in DNA methylation in our participants.

EPO plays a major role in increased erythropoiesis under HIF 
control (Koury and Bondurant, 1990; Yoon et al., 2006; Risso 
et al., 2007). EPO levels rise quickly upon hypoxic exposure 
(Eckardt et al., 1989). In previous studies of high-altitude 
acclimatization, EPO has been shown to peak after 1 to 3 days 
at altitude, followed by a decline in an altitude-dependent 
manner (Abbrecht and Littell, 1972; Ge et al., 2002). EPO has 
a conserved HIF-1 binding site (HBS) CGTG in its 3′ UTR 
containing a CpG site (Wang and Semenza, 1993; Wang and 
Semenza, 1996; Wenger et al., 1998). Decreased methylation 
status of the HBS has been associated with activation of EPO 
in hypoxic conditions (Wenger et al., 1998). We found lower 
methylation upstream of the HBS site at all higher altitudes 
compared with 1,400m, and this was statistically significant 
at 4,240m. These findings are concordant with previously 
observed increased EPO expression levels at high altitude 
(Robach et al., 2004) and suggest that DNA methylation may 
play a role in this process.

We found a significant positive association between EPO 
methylation and systolic blood pressure suggesting that lower 
levels of erythropoietin may be correlated with higher blood 
pressure, since higher DNA methylation around this locus just 
upstream of an HBS has been linked to decreased expression 
of EPO based on previous research (Wenger et al., 1998). 
Other studies have shown a positive relationship between 
erythropoietin and human recombinant erythropoietin 
and blood pressure at rest and exercise in humans and 
in hypertensive and normotensive rats (Berglund and 
Ekblom, 1991; Raine and Roger, 1991; Muntzel et al., 1993). 
More research is necessary to establish if decreased EPO 
methylation of the locus targeted here is truly associated with 
higher levels of erythropoietin and if there is a link between 
EPO methylation and systolic blood pressure, especially since 
we did not find an association with hemoglobin. Of note, we 
observed a negative relationship between EPO methylation 
and systolic blood pressure at 4,240m (day 7), indicating a 
potential positive link between EPO expression and blood 
pressure at this altitude. This is the only altitude where we 
observed a significant change in methylation compared to 
the baseline. Further investigation is necessary to determine 
why the positive relationship between EPO expression and 

systolic blood pressure was identified only at 4,240 m of 
altitude (day 7).

PPARa is a transcription factor involved in controlling fatty 
acid metabolism and oxidation (Keller et al., 1993). PPARs 
activate the gene for acyl coenzyme A oxidase, which is the 
rate-limiting enzyme of the peroxisomal β-oxidation pathway 
(Dreyer et al., 1992; Keller et al., 1993). In addition to its role in 
fatty acid metabolism, PPARa is also associated with conditions 
such as obesity and diabetes, as well as various cardiovascular 
conditions including hypertension and atherosclerosis (Belanger 
et al., 2002). PPARa promotes fatty acid oxidation and may be 
involved in the switch from fatty acid oxidation to glucose 
oxidation via regulation of uncoupling protein 3 (Teruel et al., 
2000; Gilde et al., 2003).

HIF transcription factors are known regulators of metabolism 
(Formenti et al., 2010). Previous studies in cell cultures have 
shown that PPARa is downregulated by HIF-1 in hypoxic 
conditions, which may be an adaptive response to hypoxia-
induced inflammatory stimuli and metabolic changes (Narravula 
and Colgan, 2001). Another study of hypoxia exposure during 
an incremental ascent to the Everest Base Camp has found lower 
capacity for fatty acid oxidation in skeletal muscle and lower 
PPARa expression at altitude in the Himalayan Sherpa compared 
to lowlanders (Horscroft et al., 2017).

We found increased PPARa methylation associated with 
increasing altitude. The region we targeted is in the promoter 
region of PPARa suggesting that increased methylation here 
would be associated with a decrease in expression of PPARa, 
which is consistent with previous findings of decreased 
PPARa expression in hypoxic conditions (Narravula and 
Colgan, 2001). Decreased expression of PPARa is associated 
with diminished breakdown of fatty acids (Yoon, 2009). Lower 
levels of fatty acid oxidation are hypothesized to occur in 
hypoxic conditions due to the switch to anaerobic glycolysis 
(Ge et al., 2012).

RXRa is a transcription factor involved in fat metabolism 
and intracellular receptor signaling. RXRa binds to PPARa 
forming an active transcriptional complex able to bind to target 
genes known as proliferator-responsive elements (Dreyer 
et al., 1993). Several studies have shown that the activity of 
the PPARa/RXRa complex is reduced in hypoxic conditions 
to enable suppression of fatty acid metabolism (Huss et al., 
2001; Belanger et al., 2007). The RXRa pathway was altered 
by hypobaric hypoxia exposure in the rat brain (Sethy et al., 
2011). RXRs play a protective role in H9c2 cardiomyocytes 
from hypoxia/reoxygenation–induced oxidative injury in rats 
(Shan et al., 2014). We found decreased methylation of the 
CpG island located in the promoter region of RXRa, which 
may be associated with increased expression of RXRa.

Interestingly, we observed opposite trends in PPARa 
and RXRa methylation change. For example, individuals 
with increased PPARa methylation at high altitude have 
decreased RXRa methylation (Supplementary Figures 
1D, E). Interestingly, individuals with decreased PPARa 
methylation (IDs 7 and 17) at high altitude have increased 
RXRa methylation (IDs 7 and 17), further highlighting the 
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interactive nature of PPARa/RXRa. Since we see opposite 
change in PPARa and RXRa methylation levels, it is unclear 
whether it indicates increased or decreased activity of the 
PPARa/RXRa complex.

We found a significant positive association between RXRa 
methylation and hemoglobin levels. RXRa is a member of 
the retinoic acid receptor family and is necessary for normal 
hematopoiesis during development (Melnick and Licht, 1999; 
Oren et al., 2003). Retinoic acid signaling, specifically retinoic 
acid receptor α, is also involved in adult hematopoiesis (Canete 
et al., 2017). RXRa has been shown to play a role in hematopoietic 
signaling in mice (Ricote et al., 2006). However, the role of 
RXRa in this process is not well understood in adult humans. 
Our data suggest that there is a relationship between RXRa and 
hemoglobin levels. Previous studies have shown that PPARa is 
associated with hemoglobin levels, which could explain why we 
see a significant association with RXRa as well, since PPARa and 
RXRa are known to interact (Simonson et al., 2010; Scheinfeldt 
et al., 2012).

One of the limitations of our study is the use of saliva as 
a source of DNA. Saliva comprised white blood cells and 
epithelial buccal cells. Due to differences in DNA methylation 
signatures between tissues, any changes in methylation 
associated with altitude exposure may be confounded by 
cell type composition differences between altitudes (Lokk 
et al., 2014). We did not quantify saliva cell types at each 
altitude and thus were unable to control for this limitation. 
Furthermore, we only assessed the methylation levels of saliva. 
Therefore, it is unclear how other tissues responded to hypoxic 
exposure. However, there are known correlations between 
saliva and blood. Studies of genome-wide DNA methylation 
have reported 88.5% to 96.7% Pearson correlation between 
blood and saliva CpG sites within an individual (Thompson 
et  al., 2013; Smith et al., 2015a). Saliva buccal epithelial cell 
methylation is also similar to the methylation patters of the 
brain due to the same ectodermal developmental origin and 
thus may serve as a proxy for DNA methylation changes in 
the brain (Smith et al., 2015b). Methylation levels of certain 
CpG sites are known to be tissue-specific, while methylation 
levels of other CpG sites correlate between tissue types (Varley 
et al., 2013). To our knowledge, the genes and loci we chose 
to study have not been shown to be tissue-specific in terms of 
methylation levels.

Lastly, we did not collect gene expression data from our 
participants and thus have not been able to directly link changes 
in DNA methylation to gene expression.

Overall, we found that short-term exposure to high-altitude 
hypoxia can affect the epigenome. We observed changes in 
LINE-1 and hypoxia-pathway associated genes EPAS1, EPO, 
PPARa, and RXRa. We also found significant associations 
between DNA methylation of EPO and RXRa and systolic 
blood pressure and hemoglobin, respectively. Our findings 
contribute to the growing literature on the role of epigenetics in 
acclimatization to high altitude. Future studies of the genome-
wide effects of hypoxia on epigenetics are necessary to better 
understand the extent of DNA methylation change upon high-
altitude exposure.
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Acclimatization to hypoxia or high altitude involves physiological adaptation processes,
to influence oxygen (O2) transport and utilization. Several natural products, including
aromatic aldehydes and isothiocyanates stabilize the R-state of hemoglobin (Hb),
increasing Hb-O2 affinity and Hb-O2 saturation. These products are a counter intuitive
therapeutic strategy to increase O2 delivery during hypoxia. 5-Hydroxymethylfurfural
(5-HMF) is well known Amadori compound formed during the Maillard reaction (the non-
enzymatic browning and caramelization of carbohydrate-containing foods after thermal
treatment), with well documented effects in Hb-O2 affinity. This study explores the
therapeutic potential of 5-HMF on left ventricular (LV) cardiac function (LVCF) during
hypoxia. Anesthetized Golden Syrian hamsters received 5-HMF i.v., at 100 mg/kg and
were subjected to stepwise increased hypoxia (15, 10, and 5%) every 30 min. LVCF was
assessed using a closed chest method with a miniaturized conductance catheter via
continuous LV pressure-volume (PV) measurements. Heart hypoxic areas were studied
using pimonidazole staining. 5-HMF improved cardiac indices, including stroke volume
(SV), cardiac output (CO), ejection fraction (EF), and stroke work (SW) compared to the
vehicle group. At 5% O2, SV, CO, EF, and SW were increased by 53, 42, 33, and 51%
with 5-HMF relative to vehicle. Heart chronotropic activity was not statistically changed,
suggesting that differences in LV-CF during hypoxia by 5-HMF were driven by volume
dependent effects. Analysis of coronary blood flow and cardiac muscle metabolism
suggest no direct pharmacological effects from 5-HMF, therefore these results can
be attributed to 5-HMF-dependent increase in Hb-O2 affinity. These studies establish
that naturally occurring aromatic aldehydes, such as 5-HMF, produce modification of
hemoglobin oxygen affinity with promising therapeutic potential to increase O2 delivery
during hypoxic hypoxia.

Keywords: 5-HMF, hemoglobin, allosteric effectors, oxygen delivery, conductance catheter, cardiac function, left
ventricle
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INTRODUCTION

Food products are subjected to thermal treatments to assure
microbiological safety, eliminate enzymatic activities, and to
obtain desirable sensory properties. 5-Hydroxymethylfurfural
(5-HMF) is naturally formed during the thermal treatment of
carbohydrate-containing foods because of the Maillard reaction
(non-enzymatic browning or caramelization). 5-HMF is known
as an Amadori compound, resulting from tautomerization
of the N-glycoside of an aldose or the glycosylamine to
the corresponding 1-amino-1-deoxy-ketose via an immine
intermediate (Hodge, 1955; Kurti and Czako, 2005). Therefore,
5-HMF generally is known as an indicator of heating for
a wide range of foods (Rada-Mendoza et al., 2002). Several
factors influence the formation of 5-HMF in foods, including
carbohydrate content, pH, temperature of treatment, and
water content (Hodge, 1955). In general, monosaccharides
(i.e., fructose or glucose) are substrates for 5-HMF production
(Rada-Mendoza et al., 2002). The toxicological relevance of
5-HMF at very high concentrations is minimal (Ulbricht et al.,
1984). However, recent studies showed that 5-HMF orally,
intraperitoneally, or intravenously has a high bioavailability
(Abdulmalik et al., 2005). 5-HMF has a high red cell membrane
permeability, where it increases hemoglobin (Hb) O2 affinity
by stabilizing the R-state of Hb, which has higher O2 affinity
(Abdulmalik et al., 2005). 5-HMF binds covalently with Hb to
form a high-affinity imine Hb adduct in a symmetrical fashion
with the NH2-terminal α Valine-1 of Hb, allosterically shifting the
Hb-O2 equilibrium curve at relatively low 5-HMF concentrations
(Abdulmalik et al., 2005).

Acute mountain sickness (AMS) is frequently diagnosed in
unacclimated individuals who ascend to 2300 m of altitude or
higher, and studies have shown that an upward of 25% of travelers
experience symptoms (Roach and Hackett, 2001; Basnyat and
Murdoch, 2003). The severity of symptoms can vary with the
degree of the altitude of acclimatization and are a result of
the many physiological responses to a hypoxic environment.
Exposure to these hypoxic conditions reduces O2 transport
from the air to the tissues by blood. The fate of the cardiac
tissue is ultimately determined the balance between myocardial
O2 delivery (MDO2) and consumption (MVO2). MDO2 is
defined by coronary blood flow and O2 saturation, whereas
MVO2 is determined by myocardial O2 tension, heart rate
(HR), contractile state, basal resting metabolism, and the work
performed by the heart (Sonnenblick et al., 1968). Therefore,
during hypoxic hypoxia, coronary blood flow needs to increase to
preserve MVO2. The normal myocardium is known to have good
tolerance to hypoxic conditions. When subjects were exposed to a
simulated altitude of 4500 m by adjusting the fraction of inspired
O2 (FiO2), they experienced an increase in coronary blood flow to
maintain cardiac tissue oxygenation (Wyss et al., 2003). However,
subjects with a history of cardiac diseases showed the opposite
reaction; at a simulated altitude of 2500 m, these patients were
observed to have an 18% reduction in coronary blood flow,
whereas their healthy counterparts showed a 10% increase in
coronary blood flow (Wyss et al., 2003). Thus, acclimatization to
hypoxia requires increases in coronary blood flow to preserve O2

delivery to the cardiac tissue. Inability to increase cardiac output
(CO) during hypoxic hypoxia would limit O2 delivery to the brain
and other vital organs.

Oxygen transport and delivery is carried out by red blood cells
(RBCs), where O2 reversibly binds to Hb. When FiO2 is reduced
(hypoxic hypoxia), arterial pO2 and Hb-O2 saturation decrease,
limiting tissue O2 delivery (MairbÄurl et al., 1986). Exposure to
moderate hypoxia leads to a right shift in the Hb-O2 binding
curve, facilitating O2 offload to tissues typically mediated by an
increase in the RBCs 2,3-diphosphoglycerate concentration (2,3-
DPG), decrease in the pH of blood (Bohr Effect), and an increase
in CO2 (Haldane Effect) (Hebbel et al., 1978). Decreased Hb-O2
affinity during hypoxic hypoxia leads to a more drastic reduction
in O2 uptake in the lungs, decreasing arterial O2 saturation, and
limiting the adaptive response to hypoxia. However, birds and
mammals that live at high altitudes have adapted to hypoxia
by genetically increasing Hb affinity for O2. Their increased
O2 affinity Hb favors O2 uptake in the lungs, thus increasing
arterial O2 saturation during hypoxic hypoxia (Black and Tenney,
1980; Storz, 2007).

Left shifting the Hb-O2 equilibrium curve (OEC) secures
O2 at the pulmonary level during hypoxic hypoxia, increasing
O2 carrying capacity (OCC), and preserving O2 delivery
independent of blood flow. This study aims to evaluate the
effect of increased Hb-O2 affinity with 5-HMF in left ventricle
(LV) cardiac function (LVCF) during hypoxia. We hypothesize
that increasing Hb-O2 affinity with exogenously administered 5-
HMF would increase arterial O2, allowing for superior coronary
O2 delivery and preservation of LVCF at extreme hypoxia, and
support systemic O2 delivery. Previous studies by our group
determined that animals treated with 5-HMF had a decrease in
blood P50 (partial pressure of O2 at which Hb is 50% saturated
with O2) by up to 15 mmHg, providing increased microvascular
O2 delivery during anemia and 5% O2 hypoxia (Yalcin and
Cabrales, 2012). In this study, we aim to further inquire into
the mechanical response of the heart, using a miniaturized
conductance catheter to measure the ventricular PV changes
during hypoxic challenges. Changes in oxygen distribution in the
microcirculation due to 5-HMF were studied using hyperspectral
images (HSI) of hamster window chamber models. Finally,
potential effects of 5-HMF in cardiac muscle metabolism were
assessed through isolated mouse heart studies.

MATERIALS AND METHODS

Animal handling and care followed the NIH Guide for
Care and Use of Laboratory Animals. The experimental
protocol was approved by the UCSD Institutional Animal Care
and Use Committee.

Animal Preparation
Studies were performed in male Golden Syrian hamsters
(80–90 g, Charles River Laboratories, Boston, MA,
United States). The experimental protocol is similar to that
reported in a previous study by our group (Ao-Ieong et al., 2017).
Animals were initially anesthetized using sodium pentobarbital
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(40 mg/kg IP). Subsequently, the animals were implanted
with left jugular vein and left femoral artery catheters. A LV
conductance catheter was introduced through the right carotid
artery. A tracheotomy was performed (polyethylene-90 tube),
and animals were ventilated (TOPO ventilator, Kent Scientific,
Torrington, CT, United States) at a respiration rate of 90
breaths/min and peak inspiratory pressure of 20 cmH2O to aid
with breathing in the supine position. Animals were placed on
a heating pad to maintain core body temperature at 37 ◦C and
after instrumentation, volatile anesthesia (0.6%/vol Isoflurane,
Drägerwerk AG, Lübeck, Germany) was administered using a
vaporizer connected to the ventilator to preserve the depth of
anesthesia during the experimental protocol. Depth of anesthesia
was continually verified via toe pinch, and, if needed, isoflurane
concentration was increased by 0.1%/vol to prevent animal
discomfort. Experimental setup is presented in Figure 1C.

Inclusion Criteria
Animals were suitable for the experiments if: (i) mean arterial
blood pressure (MAP) was above 80 mmHg at baseline, (ii)
stroke volume (SV) was above 18 µL at baseline, (iii) systemic
hematocrit was above 45%, (iv) HR was above 350 bpm at
baseline, and (v) CO was above 8 mL/min at baseline.

Cardiac Function
A 1.4F pressure volume (PV) conductance catheter (SPR-839,
Millar Instruments, TX, United States) was inserted into the LV
using the closed chested method (Pacher et al., 2008). Briefly,
the PV catheter inserted through the exposed right carotid artery
and slowly advanced, passing through the aortic valve, into the
LV. Pressure and volume signals were acquired continuously
(MPVS3000, Millar Instruments, Houston, TX, United States
and PowerLab 8/30, AD Instruments, Colorado Springs, CO,
United States). Left ventricular volume was measured in
conductance units (relative volume unit, RVU) and converted to
absolute blood volume (µL) at the end of the experiment (Pacher
et al., 2008; Doyle et al., 2016). Parallel volume was calibrated at
the end of the experiment via IV injection of 10 µL hypertonic
saline (10% NaCl) (Pacher et al., 2008).

Cardiac Pressure-Volume Indices
Cardiac function was analyzed using PVAN software (PVAN
3.6, Millar Instruments, TX, United States). Cardiac function
parameters were calculated from 20 to 25 cardiac cycles at
each time point. SV, stroke work (SW), CO, ejection fraction
(EF), cardiac contractility (dP/dt/VEd), and arterial elastane (Ea)
were directly calculated in the PVAN software. Systemic vascular
resistance (SVR) was calculated as: SVR = MAP

CO . Internal energy
utilization (IEU) was used as a measure of internal metabolism
of the LV (Doyle et al., 2013), and it was calculated as IEU =
([Ves − V0] ∗Pes)/2, where Ves is the end systolic volume, V0
is the ESPV volume axis intercept, and Pes is the end systolic
pressure. Using the assumption that end systolic PV curve
intercept is small, V0 was set to zero for the calculations.
LV mechanical efficiency (VME) was defined and calculated
as: VME = SW

PVA ,where PVA is the total PV area given by:

PVA = (IEU+ SW). Oxygen delivery (DO2) was calculated as:
DO2 = CO∗(1.34∗HCT∗SaO2 + 0.003∗pO2).

Hypoxia Protocol
After surgery, animals were kept under normoxia for 30 min,
after which baseline measurements were taken. Then, twelve
animals (N = 12) were randomly assigned to receive either 100
uL of sterile saline with 100 mg/kg 5-HMF (Sigma-Aldrich, St.
Louis, MO, United States) or only saline 20 min before exposure
to hypoxia. This dosage is based in previous in vivo mice studies,
where a single 100 mg/kg oral dose was efficacious in prolonging
survival under severe hypoxia (Abdulmalik et al., 2005). The
same study found that a maximum plasma concentration of 5-
HMF at 30 min after infusion for doses of 100 mg/kg, therefore
by initiating hypoxia at 20 min post infusion ensures that the
maximum plasma concentration is achieved during hypoxia. Six
animals were assigned to each group. Animals were subjected
to 30 min challenge of 15% hypoxia, then to 30 min challenge
of 10% hypoxia, and lastly to 30 min challenge of 5% O2
hypoxia. Cardiac function measurements were taken 25 min into
respective hypoxic stage. Representation of experimental timeline
is presented in Figure 1B.

Systemic Hemodynamics Parameters
Mean arterial blood pressure and heart rate were recorded
continuously from the femoral artery (PowerLab 8/30, AD
Instruments, Colorado Springs, CO, United States). Hematocrit
was measured from centrifuged arterial blood samples taken
in heparinized capillary tubes. Hb content was determined
spectrophotometrically (B-Hemoglobin; Hemocue, Stockholm,
Sweden). Arterial blood was collected in heparinized glass
capillary tubes (50 uL) and immediately analyzed for arterial
oxygen tension (pO2), arterial carbon dioxide partial pressure
(pCO2), and pH (RapidLab 248; Bayer, Norwood, MA,
United States). Ventricular PV measurements were continuously
measured (PowerLab 8/30, AD Instruments, Colorado Springs,
CO, United States).

Oxygen Equilibrium Curve (OEC)
Blood OECs were measured using a TCS Hemox Analyzer (TCS
Scientific Company) at the end of the experiment. To measure
changes in the O2 affinity, blood samples were diluted 100X-fold
in TCS Hemox buffer. In the Hemox Analyzer, samples were first
saturated with compressed air (21% O2) and then deoxygenated
with pure nitrogen. The absorbance of Hb at 570 nm and at
560 nm were recorded as a function of the O2 tension. The P50
were calculated using regression analysis with the TCS Hemox
analyzer software.

Histology
Immunohistochemistry staining for pimonidazole bound to
hypoxic zones in vital tissues during hypoxia was completed via
IV injection of the hypoxic marker Hypoxyprobe-1 (40 mg/kg
pimonidazole, Hypoxyprobe, Burlington, MA, United States) and
5 mg/kg Hoechst 33342 (Invitrogen, Carlsbad, CA, United States)
diluted in PBS (total volume 100 µL) 5 min before 10% hypoxia.
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FIGURE 1 | (A) Changes in blood Hb-O2 equilibrium during normoxia and hypoxia. 5-HMF increased blood Hb-O2 equilibrium in a dose dependent matter. At 10
and 5% O2, arterial Hb-O2 saturation should be higher with a left shift in the Hb-O2 dissociation curve (Kurti and Czako, 2005). (B) Hypoxia scheme followed in the
experiments.After 5-HMF or the vehicle, animals were exposed to hypoxia by decreasing the fraction of inspired O2 (FiO2)stepwise from 15% to 10%,
and then to 5% O2. Each hypoxic step was maintained for 30 min. (C) Representation of the experimental setup. Hamster was maintained on a 37◦C heated platform.

(Continued)
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FIGURE 1 | Continued
Tracheotomy was performed to achieve consistent mechanical ventilation and volatile anesthesia administration. Compressed gases (100% O2 and 100% N2) were
connected to a flowmeter tonometer to adjust achieve desired FiO2. Flowmeter tonometer provided gases to anesthesia vaporizer and ventilator. Conductance
catheter (MPVS3000, Millar Instruments) was inserted through the carotid artery and advanced to the LV. Femoral artery was catheterized for blood samples and
blood pressure measurements. Jugular vein was catheterized for fluid infusions. CF and MAP measurements were collected using data acquisition hardware
(PowerLab 8/30, AD Instruments), attached to a personal computer, and stored for off-line analysis using PVAN software (PVAN 3.6, Millar Instruments). Parallel
volume was calibrated at the end of the experiment via IV injection of 10 µL hypertonic saline (10% NaCl) (Pacher et al., 2008).

The hearts were immediately excised after euthanasia and fixed
with a 10% glutaraldehyde solution. Consecutive six parasternal
short axis (PSS, cross-sectional “slice”) sections of the heart were
created. Six to 10 random areas per slide were analyzed for
positive pimonidazole staining.

Oxygen Distribution During Acute
Hypoxia
Golden Syrian hamsters (80–90 g, Charles River Laboratories,
Boston, MA, United States) were implanted with dorsal skinfold
window chamber following the same approach described in
previous studies (Tsai et al., 2003; Yalcin and Cabrales, 2012).
Prior to imaging, the animal was placed inside a restraining
tube with the window chamber protruding out of the tube.
A stage securing the tube was fixed to the microscope stage
for intravital microscopy evalaution (BX51WI; Olympus, New
Hyde Park, NY, United States). Arterioles and venules were
mapped across the visible region of the chamber (Tsai et al.,
2003), and their location was noted for future analysis with
the hyperspectral system. After chamber mapping, the animal
dorsal window was imaged using a Pika L hyperspectral imaging
system (Resonon Inc., Bozeman, MT, United States) from which
HSI of the microcirculation where acquired. The white reference
reflectance spectra (Rref) of the system was calibrated using
a white Teflon slab. The animal was allowed to rest in the
tube environment for 20 min at normoxia before imaging.
Images were taken at normoxia, and immediately after exposure
to 10% oxygen for 1 min. Images were taken following the
previously described approach at baseline and after 5-HMF
(400 mg/kg). 5-HMF was given immediately after imaging the
previous hypoxic trial, and 15 min were allowed before the
next hypoxic trial.

Each HSI contained wavelength bands from 450 nm to
600 nm with a spacing of 5 nm between adjacent bands.
Vessels were segmented from the background using a Gabor
filter bank ranging from 0 to 360 degrees in the resulting
image of the ratio between band 575 and band 485, which
previous experiments have shown has maximum Hb contrast,
independent of saturation. The saturation of Hb in the vessel
was determined through a pixel-by-pixel least-squares spectral
fit according to Equation 1, following an approach adapted from
Hendargo et al. (2015).

ε (λ) = b0 + b1εHb (λ)+ b2εHbO2(λ) (1)

Where ε (λ) is the absorbance spectra of any given pixel,
given by ε (λ) = log

(
Rref(λ)
R(λ)

)
, where Rref is the white reference

reflectance spectra, and R is the reflectance spectra from the HSI.

εHb corresponds to the standard absorbance of deoxyhemoglobin
and εHbO2 to the standard absorbance of oxyhemoglobin. The
b0
−b2 are the coefficients determined by least-squares, where

b0 accounts for any offset, and b1 and b2 are proportional to
the amount of deoxy- and oxyhemoglobin, respectively. Once
the coefficients were determined, the saturation was calculated
according to Equation 2:

SO2 =
b2

b1 + b2
× 100% (2)

Heart Isolation and Perfusion
Studies were performed in ten male Sprague-Dawley rats
(Harlan Laboratories, Indianapolis, IN, United States) weighing
200–250 g, with 5 rats were assigned to each group. Animal
handling and care followed the NIH Guide for Care and
Use of Laboratory Animals. The experimental protocol was
approved by the UCSD Institutional Animal Care and Use
Committee. Rats were heparinized (100 U i.p.) 15 min before
anesthesia with 60 mg/kg of pentobarbital sodium (IP). Hearts
were excised and placed in ice-cold Krebs-Henseleit bicarbonate
(KHB) solution. All extraneous tissues were removed, and the
aorta was cannulated with plastic cannula. After cannulation, the
heart underwent a retrograde Langendorff perfusion (60 mmHg
perfusion pressure) with KHB solution for, 15 min. At this
time, the left atrium was connected to the preload reservoir by
cannulating the pulmonary vein. The perfusate reservoir was
used to control preload line, and was wrapped with a water
jacket and heated to 38.7◦C and, which resulted in a myocardial
temperature around 37◦C. Heart was switched from Langendorff
to working mode and perfused at constant preload pressure of
15 mmHg LV worked against a hydrostatic column set at a height
equivalent to a pressure of 50 mmHg. Pressure development in
the aortic (afterload) line was measured using a 2.5-Fr transducer
(Millar Instruments, Houston, TX, United States). Pressure
measurements were recorded continually. HR was determined
from the pressure traces. Coronary flow measurements were
obtained by collecting the effluent dripping off the heart.

Perfusate Solutions
The KHB solution used for the initial Langendorff perfusion
consisted of 118.5 mM NaCl, 25 mM NaHCO3, 4.7 mM KCl,
1.2 mM MgSO4, 1.2 mM KH2PO4, 2.5 mM CaCl2, 0.5 mM
EDTA, and 11 mM glucose and was gassed with 95% O2-
5% CO2 (pH 7.4). The working heart solution used in this
experiment was a modified KHB solution containing palmitate
(0.5 mM) bound to 3% bovine serum albumin (BSA) as a
metabolic substrate in addition to 11 mM glucose. Working
heart solution was continuously gassed with various oxygen
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concentrations balanced with 5% CO2 to achieve set oxygen
tensions in the solution. Hearts were studied with working heart
solutions or working heart solution with 3 mM 5-HMF. Glucose
and palmitate were used because they are the most abundant
metabolic substrates for cardiac energy metabolism. They allow
for the evaluation of glucose utilization (glycolysis and oxidation)
and fatty acid oxidation in isolated working hearts perfused with
isotopic glucose and palmitate.

Measurement of Substrate Metabolism
Metabolism of isotopic labeled glucose was measured as outlined
before (Saddik and Lopaschuk, 1991). All determinations of
substrate metabolism were made in duplicate. Rates of glycolysis
and glucose oxidation were measured simultaneously. Steady-
state metabolic rates were calculated as the mean values when
perfusate samples were collected from the working heart.
Metabolic rates obtained for the various metabolic pathways
were normalized for heart mass (dry wt). Glycolytic flux was
determined by measuring the amount of 3H2O released from the
metabolism of 5-[3H]glucose by the triosephosphate isomerase
and enolase steps of the glycolytic pathway. To separate 3H2O
from 5-[3H]glucose and [U-14C]glucose, perfusate samples were
separated using an anion exchange columns. Briefly, a 100 µL
sample was loaded on the column and eluted into scintillation
vials with 0.8 mL of H2O. Samples were counted for 3H and 14C.
Glucose oxidation was determined by measuring 14CO2 released
by the metabolism of [U-14C] glucose. The 14CO2 released
during glucose oxidation was trapped by bubbling the outflow air
through 1M hyamine hydroxide. The 14CO2 left in the form of
bicarbonate anion solution in the perfusion medium was released
with KHB solution. Total 14CO2 production included the 14CO2
in the outflow air and the perfusion solution.

Statistical Analysis
Results are presented as mean ± standard deviation. The
measured hemodynamic, blood gases, pH and lactate parameters
are presented as absolute values. The measured cardiac function
parameters are presented relative to the baseline values. A ratio
of 1.0 signifies no change from the baseline, whereas lower or
higher ratios are indicative of changes proportionally lower or
higher compared to baseline. The Grubbs’ method was used
to assess closeness for all measured parameters at baseline.
Statistically significant changes between groups and different
FiO2 values were analyzed using two-way ANOVA with multiple
comparisons. All statistics were calculated using GraphPad
Prism 6 (GraphPad, San Diego, CA). Results were considered
statistically significant if P < 0.05.

RESULTS

Twelve animals were included in the hypoxic challenge study,
5-HMF (100 mg/kg; n = 6); and Vehicle (n = 6). All animals
tolerated the experimental protocol without signs of stress or
discomfort. Animals passed the Grubbs’ test, ensuring that all
parameters at baseline were within a similar population (P> 0.3).
After administration of 5-HMF or the vehicle, animals were

exposed to hypoxia by decreasing the % O2 stepwise from 15%
to 10%, and then to 5% O2. Each hypoxic step was maintained for
30 min (Figure 1B).

Changes in Blood O2 Affinity
Administration of 5-HMF or exposure to hypoxia caused
no significant changes in the Hct and Hb (Table 1). Single
administration of 5-HMF at 100 mg/kg decreased the P50 from
32.2 ± 0.5 mmHg to 21.6 ± 1.2 mmHg in the 5-HMF group
(P < 0.05), but did not have any effect in the vehicle groups
[P50 = 32.4 ± 0.7 mmHg (Table 1), representative shift in P50
is shown in Figure 1A]. Single administration of 5-HMF at
400 mg/kg, as used to determine arteriolar and venular Hb-O2
saturation in the dorsal window using HSI, decreased the P50 to
17.2± 0.9 mmHg. Changes in P50 with 5-HMF were maintained
throughout the entire duration of the protocol.

Systemic and Blood Chemistry
Systemic hemodynamics and blood gases are presented in
Figure 2. MAP remained unchanged when first exposed to
moderate hypoxia of 15% O2 and decreased as hypoxia became
more severe in both groups (Figure 2A). At 10% and 5% O2,
the animals treated with 5-HMF showed higher MAP than the
vehicle group, but no statistically significant differences were
seen. Similarly, no significant changes in HR were observed
between hypoxia levels or treatment groups, however, the 5-
HMF group had a lower median HR at 5% O2 (Figure 2B).
Both pO2 and pCO2 decreased with hypoxia (Figures 2C,D).
5-HMF resulted in slightly higher pCO2 and pO2 compared to
vehicle, however, no statistical difference was observed between
the groups. As expected, pH decreased with decreased O2
concentration, and the vehicle group had a significantly more
acidic pH at 10 and 5% FiO2 concentrations relative to the 5-
HMF group at the same O2 concentrations (Figure 2E). Blood
lactate levels increased with hypoxia in both groups, and the
5-HMF group had significantly lower lactate compared to the
vehicle group at 5% O2 (P < 0.05, Figure 2F). Arterial O2
saturation (SaO2) decreased in both groups; however, the vehicle
group had a statistically significant lower SaO2 at 10 and 5%
O2 compared to the 5-HMF group (P < 0.05). At 15 and 10%
FiO2 there were no significant differences in SaO2 for the 5-HMF
group, whereas the vehicle group had statistically significant
lower SaO2 at 10%.

TABLE 1 | Blood O2 Carrying capacity and O2 affinity.

Baseline Groups

Hct (%) 49.1 ± 1.1 5-HMF 48.9 ± 0.7

Vehicle 49.3 ± 0.9

Hb (g/dl) 14.8 ± 0.8 5-HMF 14.7 ± 0.6

Vehicle 14.9 ± 0.5

P50 (mmHg) 32.2 ± 0.5 5-HMF 21.6 ± 1.2
∗

Vehicle 32.4 ± 0.7

Values represent means ± SD. Baseline included all the animals in the study. No
significant differences were detected at baseline between groups, before treatment.
∗represents statistically significant differences (P < 0.05) compared to vehicle
according to an unpaired t-test.

Frontiers in Physiology | www.frontiersin.org 6 October 2019 | Volume 10 | Article 1350162

https://www.frontiersin.org/journals/physiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-10-01350 October 29, 2019 Time: 16:41 # 7

Lucas et al. Left Ventricle Contractile Function During Hypoxia

FIGURE 2 | (A) Mean arterial blood pressure (MAP), (B) heart rate (HR), (C) arterial oxygen tension (pO2), (D) arterial partial pressure of carbon dioxide (pCO2), (E)
arterial pH, and (F) arterial lactate during the long-term hypoxia protocol. (G) Shows the HbO2 saturation calculated from the pO2 and the Hill equation for HbO2

dissociation with and without 5-HMF. The p50 value used for the 5-HMF treated and vehicle groups are shown in Table 1. Symbols represent statistically significant
differences (P < 0.05): ∗ relative to 21% FiO2, † relative to 15% FiO2, and ‡ relative to 10% FiO2.

Cardiac Function
All LV indices of function are presented normalized to normoxia
and are summarized in Figure 3.

Stroke volume is presented in Figure 3A and remained
unchanged during 15 and 10% O2 hypoxia; however, a
statistically significant decrease in SV was observed in vehicle
group compared to the 5-HMF group at 5% O2 hypoxia
(P < 0.05). The 5-HMF group increased SV by 38% from
normoxia during 5% O2 hypoxia (P < 0.05), while the vehicle
group decreased SV 19% for from normoxia at the same
hypoxic level.

Cardiac output is presented in Figure 3B. During mild
hypoxia (15% O2), the vehicle group showed an 18% increase in
CO from normoxia. However, as hypoxia become more severe,
CO decreased with the severity of hypoxia. At 5% O2, the CO
of the vehicle group was 79% of that in the normoxia. On the
other hand, the CO of the 5-HMF group was preserved during
hypoxia, and increased by 11 and 19% from normoxia at 10 and
5% O2 hypoxia, respectively. CO was statistically higher for the

5-HMF group compared to the vehicle group at 5% O2 hypoxia
(P < 0.05). EF is presented in Figure 3C. EF was statistically
higher for the 5-HMF group compared to the vehicle group at
5% O2 hypoxia (P < 0.05). SW is presented in Figure 3D and was
preserved as hypoxia increased in the 5-HMF groups, whereas in
the vehicle group, SW decreased with the severity of the hypoxia.
SW was statistically higher for the 5-HMF group compared to
the vehicle group at 5% O2 hypoxia (P < 0.01). Contractility, in
terms of dP/dtmax normalized by Ved is presented in Figure 3E,
and remained unchanged during the experiment in both groups.
SVR is presented in Figure 3F, and was observed to decrease
with the severity of hypoxia in the 5-HMF groups, but no
difference in SVR was observed in the vehicle group compared
to normoxia. SVR was statistically lower for the 5-HMF group
compared to the vehicle group at 5% O2 hypoxia (P < 0.01).
IEU is presented in Figure 3G, and it remained unchanged
during the experiment in both groups. LV mechanical efficiency
is presented in Figure 3H and remained unchanged during 15
and 10% O2 hypoxia; however, LV mechanical efficiency was
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FIGURE 3 | Left ventricle (LV) cardiac function (CF) measurements during hypoxia. (A) Stroke volume (SV), (B) cardiac output (CO), (C) ejection fraction (EF), (D)
stroke work (SW), (E) contractility (dP/dtmax/Ved), (F) systemic vascular resistance (SVR), (G) internal energy utilization (IEU), (H) left ventricular mechanical efficiency,
and (I) oxygen delivery (DO2). Symbols represent statistically significant differences (P < 0.05): ∗ relative to 21% FiO2, † relative to 15% FiO2, and ‡ relative
to 10% FiO2.

significantly lower for the vehicle group compared to the 5-HMF
group at 5% O2 (P < 0.01). DO2 is shown in Figure 3I. At 15%,
the vehicle group had a statistically significant increase in DO2
relative to normoxia, and when compared to the 5-HMF group
at 15% FiO2. At 10% FiO2, the 5-HMF group had a statistically
significant increase in DO2 relative to normoxia for the same
group, and relative to the vehicle group at 15% hypoxia, which
had a statistically significant decrease in DO2. Finally, at 5% FiO2,
the DO2 for the 5-HMF group decreased back to baseline levels
when compared to the 10% FiO2 case. When compared to the 5-
HMF group at 5% and the vehicle group at normoxia, 15 and 10%,
the vehicle group at 5% FiO2 had the lowest DO2. The normoxia
values for the different cardiovascular variables for the vehicle
and 5-HMF groups are shown in Table 2. The majority of the
parameters shown in Figure 3 are derived from those variables.

Pimonidazole Staining
5-HMF-induced increased O2 affinity and reduced positive
hypoxic staining by pimonidazole compared to the vehicle group

(Figure 4). In addition, sections closer to the apex were drastically
more hypoxic in the vehicle compared to 5-HMF. At the base
of the heart, 41 ± 7% and 27 ± 5% of the tissue were hypoxic
for the vehicle and 5-HMF group, respectively. The apex of
the heart showed 74 ± 6% and 48 ± 5% positive staining for
the vehicle and 5-HMF group, respectively. Animals treated
with 5-HMF had statistically less hypoxic tissue per slide when
compared to vehicle group (P < 0.05). On average, 5-HMF
reduced hypoxic tissue by 60%.

Oxygen Distribution During Acute
Hypoxia
The saturation maps from the hypoxia experiment are shown
in Figure 5B. Consistently, arterial Hb saturation from
blood gas analysis was 62.7% with 5-HMF and 48.4% with
vehicle during hypoxia. Studying the Hb-O2 saturation in
the dorsal window using HSI indicates that microvascular
saturation during normoxia were distributed between 60
and 90% for venules and arterioles, and decreased to 30
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TABLE 2 | Cardiovascular Parameters at Normoxia (21% FiO2).

Vehicle (n = 6) 5-HMF (n = 5)

HR (BPM)∗ 397.0 ± 41.6 490.6 ± 25.4

MAP (mmHg) 107.6 ± 8.4 112.6 ± 7.2

Ves (µL) 16.0 ± 0.6 16.6 ± 0.9

Ved (µL)∗ 36.1 ± 2.1 36.2 ± 2.2

SV (µL) 20.1 ± 2.4 19.6 ± 2.3

Pes (mmHg) 123.3 ± 8.6 120.8 ± 4.7

Ped (mmHg) 7.2 ± 0.4 7.2 ± 0.5

Values represent means ± SD. ∗ represents statistically significant differences
(P < 0.05) between the two groups according to an unpaired t-test.

to 50% during hypoxia. Treatment with 5-HMF during
normoxia does not appear to affect Hb-O2 saturation of
arterioles and venules in the dorsal window. However,
during hypoxia 5-HMF shifted the Hb-O2 saturation
distribution toward the arterioles, increasing arteriolar Hb
saturations to 60%, and decreasing the venular Hb saturations
to 20%.

Heart Perfusion Studies
Isolated rat hearts were studied with control perfusate and
with perfusate containing 3mM 5-HMF. Coronary blood flow
increases as the O2 tensions of the perfusate was decreased,
with a max coronary blood observed around 30 to 40 mmHg

(Figure 6A). Hypoxia (perfusate equilibrated at 40 mmHg)
increased coronary blood flow increased compared to normoxia
(perfusate equilibrated at 100 mmHg); although no differences
were detected in HR or developed pressure during hypoxia
and normoxia (Figures 6B,C). Addition of 3mM 5-HMF to
the perfusate did not have any effect relative to the use of
the perfusate alone, suggesting that 5-HMF does not have any
pharmacological effect in the heart (Figures 6B,C). Glycolysis,
glucose oxidation and lactate oxidation rates increased during
hypoxia (perfusate equilibrated at 40 mmHg) compared to
normoxia (perfusate equilibrated at 100 mmHg) (Figures 7A–C).
Addition of 3mM 5-HMF to the perfusate did not have any effect
on Glycolysis, glucose oxidation or lactate oxidation rates relative
to the use of the perfusate alone (Figures 7A–C). Therefore,
5-HMF does not appear to have any cardiac metabolic effect.

DISCUSSION

The principal finding of this study was that 5-HMF decreased
hypoxic damage experienced by the heart due to severe hypoxic
hypoxia. Exposure to hypoxia had the expected effect on the
vehicle group, with an increase in CO at first exposure to
hypoxia (15% O2). This corresponds to a moderate level of
hypoxia comparable to what is observed at altitudes of 2400 m,
where the increase in cardiac activity is a common response
to preserve tissue oxygenation (Wyss et al., 2003). As hypoxia

FIGURE 4 | Heart staining for hypoxia with pimonidazole. Positive pimonidazole staining represents areas of hypoxia in the cardiac tissue. Amount of hypoxic areas
increased with the proximity to the heart apex.
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FIGURE 5 | (A) Increasing Hb-O2 affinity during hypoxia with 5-HMF preserves cardiac oxygenation. Representation of the oxygenation in the coronary circulation
during normoxia and hypoxia. Red represents oxygenated blood, blue represents deoxygenated blood. Left, during normoxia, cardiac tissue is well oxygenated.
Center, during hypoxia, O2 is offloaded to the tissues. Right, Increasing Hb-O2 affinity during hypoxia with 5-HMF increases Hb-O2 saturation during hypoxia and
increases coronary O2 delivery. (B) Dorsal skinfold window chamber HSIs. Left, RGB representation of the analyzed region of the chamber. Center, resulting
hemoglobin (Hb) saturation maps at normoxia and hypoxia prior to the administration of 5-HMF. Right, resulting Hb saturation maps at normoxia and hypoxia after
administration of 5-HMF. Colormap for the saturation is presented on the right. Arterial saturation, as measured by an arterial line blood sample, for each timepoint, is
shown in parenthesis. Arterioles in each image are represented by red arrows.

severity increased to 10% O2 and later to 5% O2, the cardiac
tissue started to fail. The mechanical ability of the heart to
pump blood became impaired in the vehicle control group. This
is most evident in the decline of CO, EF, SV, SW, and the
considerable amount of cardiac hypoxic tissue areas seen in the
vehicle group. On the other hand, treatment with 5-HMF resulted
in mild changes in cardiac function at 15% O2 hypoxia. However,
5-HMF-induced increases in Hb-O2 affinity preserved, and in
certain cases increased, cardiac indices of function, including CO,

EF, SV, and SW at both 10% and 5% O2 hypoxia, compared to
the vehicle group. However, the most notable changes in cardiac
function were observed at 5% O2 hypoxia. In small rodents,
the heart appears to compensate by increasing SV rather than
HR in response to hypoxia. One explanation for the lack of
chronotropic response in response to hypoxia is the cardio-
depressive effect of the anesthesia isoflurane, since previous
hypoxia studies in conscious animal showed increases in HR
with hypoxia. Animals experienced a slight increase in MAP at
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FIGURE 6 | In all panels, control perfusate is shown in blue and 5-HMF containing perfusate is shown in red. (A) Coronary blood flow in the isolated murine heart at
different oxygen tensions with control perfusate. (B) Coronary blood flow. (C) Heart rate (HR). (D) Left ventricular pressure at normoxia and hypoxia for control
perfusate and 5-HMF containing perfusate. ∗ represent statistically significant differences (P < 0.05) relative to normoxia.

FIGURE 7 | In all panels, control perfusate is shown in blue and 5-HMF containing perfusate is shown in red. (A) Glycolytic. (B) Glucose oxidation. (C) Lactate
oxidation rates at normoxia and hypoxia for control perfusate and 5-HMF containing perfusate. ∗ represent statistically significant differences (P < 0.05) relative to
normoxia.

15% O2; however, as O2 levels decreased, MAP decreased as
well. There are no significant differences between the treatment
groups. Additionally, by 5% FiO2 both treatments converge to a
MAP of 60 mmHg. Since there were no significant changes in
MAP, but there were improvements in CO and SV at 5% in the
presence of 5-HMF, there seems to be a volume dependent effect
induced by the 5-HMF during hypoxia, whereas the pressure
dependent effect appears to be determined by the SVR.

Vascular resistance significantly decreased for the 5-HMF
group, but not for the vehicle group relative to normoxia. As
multiple signaling pathways are activated by hypoxic stimuli
(such as O2, CO2, and lactate), they are integrated in different

vascular beds to modulate the response to hypoxia. Mild
reduction in lactate levels from the 5-HMF induced increase Hb-
O2 affinity during hypoxia appears to reduce the severe hypoxia-
induced mixed blood acid-base disorder observed in the vehicle
group. The hypoxic protective effects of 5-HMF-induced increase
in Hb-O2 affinity were more evident at 5% O2 hypoxia, when O2
upload in lungs was drastically challenged.

Effective arterial elastance (Ea), which reflects the vascular
impedance and is calculated as the mean end-ejection arterial
pressure normalized by the ventricular end-systolic pressure
(Kass and Kelly, 1992), correlated with the SVR changes. The
partial blunting of the measured SVR response to hypoxia in
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the vehicle groups is part of the compensatory mechanisms
to preserve vital organ O2 delivery by preferentially perfusing
vital organs (Cabrales et al., 2008; Tomasco et al., 2010). The
ratio of end-systolic pressure (Pes) to SV was constant under
a given steady state vascular impedance load and is indicative
of ventricular-arterial coupling. Additionally, during severe
hypoxia, ventricular-arterial coupling for the 5-HMF group was
significantly lower compared to normoxia and compared to the
vehicle group during severe hypoxia. Although the SV increased
for the 5-HMF group, the end systolic pressure is unresponsive to
hypoxia. These results are consistent with previous findings that
increasing Hb-O2 affinity during hypoxia resulted in a significant
increase in the diameter of arterioles in the microcirculation
(Dufu et al., 2017). This observed vasodilation is one explanation
for the differences in SVR and Ea between groups, since the
increased diameter can improve blood flow, and therefore,
oxygen delivery.

Treatment with 5-HMF induced an increase in Hb-O2 affinity
and a decrease in P50 relative to the vehicle group. Since
the hypoxic challenge used in the study was controlled based
on the inspired partial pressure of O2, blood O2 content
rather than pO2 becomes the critical determinant of tissue
O2 delivery to tissues (Yalcin and Cabrales, 2012). 5-HMF-
increase in SaO2 translated into an improved O2 delivery
to tissues, as suggested by Figure 3I. Histology analysis of
the heart shows that 5-HMF was effective in protecting the
myocardium from becoming hypoxic during hypoxia. However,
positive pimonidazole staining increased toward the apex of
the heart in both vehicle and 5-HMF group. This result was
expected due to the morphology and hemodynamics of coronary
circulation, in which the coronaries bring oxygenated blood
from the aortic sinus to provide O2 to the myocardium. As
such, regions farthest from the aortic sinus will encounter
the most significant deoxygenation. The apex of the heart
performs the most work, resulting in higher metabolic demands,
and thus faster oxygen depletion. By increasing the oxygen
affinity, 5-HMF increased O2 loading, offering better oxygenated
blood to cardiac tissue, especially where metabolic demands
are highest. A graphical representation of the expected oxygen
distribution in the coronary circulation is shown in Figure 5A.
The protective effect of increased O2 affinity is evident as the
total average of positive staining in the vehicle group was
nearly 60%, versus the approximate 40% positive staining for
the 5-HMF group. By pharmacologically shifting the SaO2 curve
to the left, 5-HMF reduced cardiac hypoxic tissue by nearly
60% during hypoxia.

The changes in microvascular dorsal skinfold saturation
(Figure 5B) also support the hypothesis that increased O2 affinity
allows for better oxygenated blood to arrive the more hypoxic
regions. Prior to 5-HMF administration, the distribution of
O2 during hypoxia appears relatively equal between arterioles
and venules. On the other hand, the O2 distribution during
hypoxia after 5-HMF infusion appears higher in the arterioles
than venules. As arterioles are prior to venules in the circulatory
system, the oxygen unloading has to be superior in the presence of
5-HMF in order for the venules to have a much smaller saturation
during hypoxia as compared to without 5-HMF. Furthermore,

since the arterial saturation, as measured through the arterial
line, was larger in the presence of 5-HMF, the decreased venule
saturation is not a result of a decreased amount of oxygen in
circulation. Due to the allosteric binding/unbinding of O2 to
Hb, if the Hb saturation is higher when the blood arrives to
the less hypoxic regions, then the unloading will be less than
if the saturation was lower. This secures most of the O2 to
the Hb as blood flows through the less hypoxic regions. As
blood reaches the more hypoxic regions, the oxygen gradient
is now sufficient to allow unloading from Hb, at which point
the allosteric unloading takes place, and the majority of the
O2 is then delivered to the more hypoxic tissues. As blood
arrives to the venous circulation, the Hb saturation is then
very low. This low venous Hb saturation can lead to a nitric
oxide dependent vasodilation of capacitance vessels (Redfors
et al., 2014), resulting in the observed decrease in SVR. In
contrast, in the absence of 5-HMF, Hb’s O2 affinity is lower,
resulting in a larger O2 unloading in the less hypoxic regions.
As blood reaches the more hypoxic regions, the gradient is still
large, however, the allosteric unbinding effect will be smaller,
resulting in less O2 unloading, resulting in an increased presence
of O2 in the venous circulation as shown in Figure 5B.
Despite these effects being studied in the skin, it is likely for
them to generalize to the coronary microcirculation as shown
in Figure 5A.

The isolated rat heart studies further support the idea
that the protective effect of the 5-HMF is a result of the
increased O2 affinity and not direct effects in coronary
flow or cardiac muscle metabolism. The use of an isolated
heart model eliminates confounding neurohumoral factors,
as the resulting cardiac function will be entirely dependent
on the contents of the perfusate. In the absence of blood,
perfusate with 5-HMF does not have any effects on cardiac
performance. The absence of significant differences in coronary
flow, HR, and pressure between the control perfusate and
5-HMF containing perfusate (Figures 6B–D) suggests that
there is no change in cardiac function in the absence of
the effects of increased Hb-O2 affinity. The similarity in
coronary blood flow in the presence and absence of 5-
HMF in the perfusate is consistent with the claim that the
observed decrease in SVR in the presence of 5-HMF is a result
of vasodilation due to the increased Hb-O2 in the arterial
circulation, and to vasodilation in the venous circulation due
to decreased venous saturation, not due to a vasoactive effect
of 5-HMF.

The isolated heart metabolic analysis is also supportive of
the fact that there is no change in cardiac muscle metabolism
in the presence of 5-HMF. The preserved glycolytic, glucose
oxidation and lactate oxidation rates between control and
5-HMF containing perfusates, in either hypoxic or normoxic
states, suggests that there is no direct effect of 5-HMF in
cardiac muscle glycolysis or glucose metabolism. Glycolysis is the
predominant source of energy during hypoxia (Whitmer et al.,
1978). Therefore, 5-HMF having no direct effect over glycolysis
is evidence that the superior cardiac function during hypoxia
and in the presence of 5-HMF, as measured by CO, SW, SV,
and EF, are a consequence of the decreased hypoxic damage in
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the presence of 5-HMF due to increases in Hb-O2 affinity in
the myocardial circulation, and not direct effects of 5-HMF in
myocardial metabolism.

In light of the results of this study, the possible health
benefits mediated by 5-HMF (e.g., from the diet) should be
considered. Information concerning the human daily dietary 5-
HMF exposure is scarce. Daily 5-HMF consumption data is
rare and previous research estimated a human ingest up to
150 mg of 5-HMFper day (Ulbricht et al., 1984); however, in
another recent report, it was suggested that a mean 5-HMF
intake of 6 mg per day was estimated for Spanish adolescents
(Delgado-Andrade et al., 2007). Intake of Honey, Jam, Fruit
cake, Tomato paste, Ketchup, Syrup, Fruit juice, Canned fruit,
and other foods containing 5-HMF in sufficient amounts could
increase Hb-O2 affinity and preserve O2 transport to cardiac
tissue during hypoxia. Although to achieve therapeutic doses of
5-HMF from foods, the amount of food required would need
to be significant.

One potential limitation of this study is that the experimental
results with fossorial animals, such as hamsters, could not
be extrapolated to other mammals and humans. While their
arterial pO2 at normoxia is lower compared to other rodents
and humans, their responses to hypoxia and hypercapnia are
more similar to those of non-fossorial rodents (Schlenker
and Goldman, 1985; Tomasco et al., 2010). At low O2
concentrations, their respiratory system responds by increasing
the frequency of respiration, with no changes in tidal volume
and little activation of stretch receptors (Tomasco et al.,
2010). In the experimental setup used in this study, animals
were connected to a mechanical ventilator, running at a
constant frequency with slight increases in peak inspiratory
pressures as O2 concentrations decreased. Therefore, specific
ventilatory responses to hypoxia in hamsters were dampened by
the used of mechanical ventilation. Hypoxia-induced reduced
metabolism has been shown to occur only in small species,
as allometric variation (mass-specific metabolic rate and O2
composition to body mass) is higher in smaller species as
compared to larger-size species (Kleiber, 1961). Therefore,
direct extrapolation of the degree of protection to hypoxia
that increases in Hb-O2 affinity provide still needs to be
evaluated in larger animals and humans. Another limitation
includes the cardioprotective effects of isoflurane, which has
been shown to help preserve cardiac function under different
conditions (Yildirim et al., 2009; Redfors et al., 2014). The
improvement in cardiac function in the presence of 5-HMF
compared to the vehicle control group indicates that there is
a beneficial improvement in cardiac function due to 5-HMF
in addition to any isoflurane cardioprotection effect, as any
isoflurane cardioprotection during hypoxia is present in the
vehicle group. Awake animal studies are required to determine
the significant benefits of 5-HMF in cardiac function independent
of isoflurane. The measurement of Hb-O2 affinity of blood
samples require dilution in a strongly buffered solution (TCS
Hemox solution, pH 7.3) and deoxygenation in the absence
of CO2. Therefore, the measurements of Hb-O2 affinity and
p50 values measured with the TCS Hemox Analyzer do not
reflect the Bohr and Haldane Effects, which are expected to

further decrease the Hb-O2 affinity as a function of the acid-
base status in vivo. Previous studies have replicated pH and
pCO2 changes induced by 10 and 5% O2 hypoxia in order
to better replicate the in vivo conditions eliminated by the
TCS Hemox Analyzer buffer and principle of operation. Results
indicated that the P50 values, independent of blood pCO2
and pH, are lowered by 3% at 10% O2 hypoxia and by 4%
at 5% O2 hypoxia (Zwart et al., 1982). Study of LVCF in
small animals are limited by their high HR which shortens
endocardial perfusion (Collins et al., 2003). Another important
note is that because their baseline HR is already high, there
is a limited rise in CO when needed. The CO response can
potentially be different in larger mammals, as there is more
flexibility in HR.

CONCLUSION

This study exposes that relatively small amount of 5-HMF
preserved LV cardiac function and reduced myocardial hypoxia
during severe hypoxic hypoxia (5% O2). Moreover, 5-HMF-
induced increase in Hb-O2 affinity improved tolerance to 5%
O2 hypoxia exposure. Therefore, 5-HMF-induced increase in
Hb-O2 affinity increased O2 delivery during hypoxia, thus
preserving MAP, HR, LVCF, and reduced lactate and myocardial
hypoxia. 5-HMF-induced increase in Hb-O2 affinity increased
blood O2 loading in the lungs and allowed for increased O2
delivery during hypoxia. The increase in O2 delivery during
hypoxia also decreased hypoxia in the myocardium. This
can be observed in the decreased hypoxic staining of the
myocardium in the presence of 5-HMF. The isolated heart
experiments suggest that 5-HMF is not conducive to changes
in myocardial glucose metabolism, suggesting that the decreased
hypoxic damage is a consequence of the increased affinity.
Furthermore, the hyperspectral analysis of the microcirculation
suggests increased oxygen delivery in the presence of 5-HMF,
further supporting the hypothesis that the decreased hypoxic
damage is tied to the 5-HMF-induced increase in oxygen affinity
of hemoglobin.
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In recent years, high-throughput genomic technologies and computational
advancements have invigorated efforts to identify the molecular mechanisms regulating
human adaptation to high altitude. Although exceptional progress regarding the
identification of genomic regions showing evidence of recent positive selection has
been made, many of the key “hypoxia tolerant” phenotypes of highland populations
have not yet been linked to putative adaptive genetic variants. As a result, fundamental
questions regarding the biological processes by which such adaptations are acquired
remain unanswered. This Mini Review discusses the hypothesis that the epigenome
works in coordination with underlying genomic sequence to govern adaptation to
the chronic hypoxia of high altitude by influencing adaptive capacity and phenotypic
variation under conditions of environmental hypoxia. Efforts to unravel the complex
interactions between the genome, epigenome, and environmental exposures are
essential to more fully appreciate the mechanisms underlying human adaptation
to hypoxia.

Keywords: evolution, integrative, physiology, altitude, epigenome

INTRODUCTION

“Each living organism has two histories that determine its biology: an evolutionary history whose duration
is in the hundreds of thousands of years, and a developmental history that starts at the time of conception.”

Ze’ev Hochberg

Oxygen homeostasis, a process on which human survival depends, is severely challenged by the
hypobaric hypoxia of high altitude. Despite this challenge, humans have lived and thrived at high
altitudes on the Qinghai-Tibetan Plateau (western China), the Andean Altiplano (South America)
and the Semien Plateau (Ethiopia) for millennia (Aldenderfer, 2011; Scheinfeldt et al., 2012; Huerta-
Sanchez et al., 2013; Jeong et al., 2014; Rademaker et al., 2014). These highland populations possess
an array of “hypoxia-tolerant” physiological traits and exhibit strong genomic signals of recent
positive selection within or near genes involved in oxygen sensing or hypoxic response (Beall et al.,
2010; Bigham et al., 2010, 2014; Simonson et al., 2010; Yi et al., 2010; Scheinfeldt et al., 2012; Huerta-
Sanchez et al., 2013; Zhou et al., 2013; Cole et al., 2014; Crawford et al., 2017). Collectively, these
adaptive signals point toward genetic adaptation as a predominant molecular mechanism by which
humans have adapted to the high altitude environment. Yet, the adaptive variants identified do not
explain the full range of hypoxia-tolerant features characteristic to highland populations and their
relevance for improving reproductive success or sexual selection remains unclear. In this context,
it is vital to emphasize that natural selection acts not on genotypes directly, but rather phenotypes
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which most often are the product of gene-gene interaction,
gene-environment interaction and non-sequence-based features
of the genome (e.g., epigenetic marks) that are critical for
transcriptional regulation in response to environmental and
developmental triggers. This complexity underscores the need to
emphasize more dynamic models of human adaptation than have
traditionally been appreciated (Box 1).

While genomic sequences are effectively hardwired, dynamic
epigenetic changes to chromatin conformation determine
regions of transcriptional silence or transcriptional potential in
response to biological or environmental cues to produce diverse
cellular phenotypes and functions (Bird, 2007; Feinberg, 2007;
Bonasio et al., 2010). Several unique epigenetic mechanisms
exist, including cytosine methylation, histone modification
and variants, and RNA-based mechanisms. This Mini Review
focuses on cytosine methylation, defined by the addition
of a methyl group to the C-5 position of cytosine residues
within CpG dinucleotides, given its prominent role in genomic
imprinting, transcriptional regulation, and the silencing
of repetitive DNA elements and comparatively extensive
study in humans (Robertson, 2001; Jones and Baylin, 2002).
A comprehensive review of epigenetic mechanisms underlying
transcriptional responses to hypoxia is provided elsewhere
(Choudhry and Harris, 2018).

Across the human genome, CpG motifs are extensively
methylated (Saxonov et al., 2006). Dispersed among these,
however, are regions rich with CpG dinucleotides occurring in
sequence (“CpG islands”) that typically remain unmethylated.
Approximately 70% of annotated gene promoters in the
human genome are associated with a CpG island (Saxonov
et al., 2006). CpG island hypomethylation typically promotes
transcription factor binding and active gene transcription,

BOX 1 | Models of human adaptation.
Historically, models of human adaptation have partitioned the process of
adaptation into distinct components that differ in timescale, stability, and
method of acquisition. On the most transitory end of the continuum are
comparatively rapid molecular and physiologic changes that maintain
homeostasis under shifting environmental or biological exposures. Conversely,
stimuli experienced during critical developmental periods may cause
physiologic or morphologic changes that persist into later life, a phenomenon
termed developmental adaptation or plasticity. On the most stable side of the
“adaptive spectrum” is natural selection. Natural selection refers to the
increased frequency of genetic variants within a population as a result of their
contribution to phenotypes that improve reproductive success or sexual
selection. Recent work suggests that the process of human adaptation
requires a more dynamic interaction of the various modes of adaptation than
previously appreciated. Epigenetic processes are vital for mediating
transcriptional and physiological responses to hypoxia. Physiologic
responses, however, can influence epigenetic patterns. Epigenetic events also
play a critical role in determining cellular identity and are involved in the effect
of early life exposures to alter developmental trajectories. While epigenomic
marks exert a powerful influence on the way genomic sequences are
translated into phenotypic traits, genetic background can also influence the
probability of epigenetic modification. Lastly, epigenetic marks can facilitate
changes to genetic sequence via several mechanisms, including
chromosomal recombination and cytosine to tyrosine transitions resulting from
the deamination of methylated CpG motifs. From this vantage point, elements
of the adaptive process are highly.

whereas hypermethylation often inhibits transcription factor
binding and thereby establishes an inactive chromatin state
(Feinberg, 2007). Exceptions do exist, however, making it
difficult to simplify the complex interrelationship of these
epigenetic events. In this way, the epigenome exerts a powerful
influence on the translation of genomic sequences to phenotypic
traits (Feinberg, 2007; Bonasio et al., 2010). For instance, the
differentiation of pluripotent cells, each with an identical DNA
sequence, into phenotypically distinct cell types is driven by
epigenetic processes (Reik, 2007). In other words, non-sequence
based changes to chromatin conformation enable phenotypic
flexibility about a given genotype.

This Mini Review considers that epigenomic mechanisms
may contribute to human adaptation to the high altitude
environment in a least four interconnected ways including
(1) the modification of transcriptional or phenotypic flexibility
under conditions of limited oxygen availability, (2) enhancing
(or limiting) phenotypic variation and thereby influencing the
heritability of traits, (3) underlying genetic variation affecting
local or distant methylation state, and (4) epigenetic silencing
to mask deleterious dominant mutations or reveal recessive
mutations. While still speculative and theoretical, the concept
that epigenomic processes contribute to heritable phenotypic
variation is gathering momentum.

EPIGENETIC REGULATION OF HYPOXIA
RESPONSIVE TRANSCRIPTIONAL
PROGRAMS

The hypoxia-inducible transcription factor (HIF), consisting
of two a-subunits (HIF1/2a) and a constitutive b-subunit, is
the predominant regulator governing robust transcriptional
responses to hypoxia that collectively act to defend oxygen
homeostasis (Semenza, 2011). Under conditions of adequate
oxygen supply, the hydroxylation of the HIF1/2a subunits
via prolyl hydroxylases (PHDs) (Bruick and McKnight, 2001)
facilitates the binding of von Hippel–Lindau tumor suppressor
(vHL) and, in turn, the proteasomal degradation of HIF1/2a
(Ivan et al., 2001). In contrast, under hypoxic conditions, the
hydroxylation of HIF1/2a by PHD is impaired, allowing HIF1/2a
to escape recognition by vHL and translocate to the nucleus.
Subsequently, HIF1/2a dimerizes with HIF1-b and subsequently
binds with hypoxia-responsive elements (5′ A/GCGTG 3′) and
associated cofactors across the genome to initiate the HIF-
transcriptional program and cellular adaptation to hypoxia
(Majmundar et al., 2010).

Epigenetic silencing of genes integral for the stabilization
of HIF, such as vHL and EPAS1, has been shown to be vital
for mediating the transcription of HIF pathway genes ex vivo
in isolated primary cells or cell lines (Herman et al., 1994;
Lachance et al., 2014). DNA methyltransferase 3a (DNMT3A),
for example, prompts the de novo CpG methylation of the
EPAS1 promoter, an effect that inhibits HIF2α-regulated gene
transcription (Lachance et al., 2014). Conversely, defective
DNMT3A inhibits the epigenetic silencing of EPAS1, resulting
in unscheduled EPAS1 activation (Lachance et al., 2014). Further
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underlining the likely critical role of epigenetic processes at
high altitude, the induction of erythropoietin (EPO) gene
expression is governed by methylation events within the
promoter and 5′-untranslated region of the EPO gene. EPO
is considered to be the “master regulator” of red blood
cell production. Hypoxia also alters methylation status by
regulating the expression of enzymes that catalyze methylation or
demethylation events [e.g., DNMTs and ten-eleven-translocation
(TET) 2, respectively] (Thienpont et al., 2016). TET2 enzymes
induce DNA demethylation by hydroxylating 5-methylcytosine
(5 mC) to 5-hydroxymethylcytosine (5 hmC) which, after
a series of oxidation events, is ultimately substituted with
an unmodified cytosine by base-excision repair to achieve
demethylation (Tahiliani et al., 2009; Ito et al., 2011). Given
that TET2 and 5 hmC are known to be modified by hypoxia
in the context of human disease, (Choudhry and Harris, 2018)
demethylation events also likely contribute to the epigenetic
regulation of transcriptional responses to the chronic hypoxia
of high altitude.

Histone acetyltransferases and demethylases also contribute
to the regulation of chromatin conformation within and around
HIF-binding sites and are regulated, in part, by hypoxia (Kallio
et al., 1998; Wellmann et al., 2008; Watson et al., 2009).
Histone deacetylases, for instance, are reported to increase HIF-
1α protein stability, thereby promoting HIF-1 transactivation
or, in the case of histone deacetylase 7, to augment HIF-1
transcriptional activity via physical interaction with HIF-1α,
p300, and CBP (Kato et al., 2004). Further studies are required
to determine whether the regulatory role of epigenetic processes
for transcriptional responses to hypoxia observed ex vivo occur
similarly in vivo.

DIFFERENTIAL METHYLATION WITH
HIGH-ALTITUDE EXPOSURE

Recent reports document differential methylation patterns
in highland populations in association with the duration
of high-altitude residence and phenotypes presumed to be
maladaptive at high altitude. One study contrasting EPAS1
promoter and LINE-1 repetitive element methylation among
Andean Quechua residing at high altitudes (4300 m) or sea
level in Peru suggests that altitude of current residence and
lifetime exposure to high altitude is inversely related to EPAS1
methylation and directly associated with LINE-1 methylation
(Childebayeva et al., 2019). The study does not report whether
association between methylation status and adaptive phenotypes
existed (Childebayeva et al., 2019). In the peripheral blood
mononuclear cells of Andean men living in La Paz-El Alto,
Bolivia (3600 to 4000 m), a recent report identified several
differentially methylated regions (DMR) at base-pair resolution
in individuals with excessive erythrocytosis (EE), considered to
be a maladaptive response to chronic hypoxia, compared to
healthy, age and altitude-matched controls (Julian, 2017). The
most notable DMR identified was a hypermethylated region
within EGLN1, (Julian, 2017) the gene that encodes PHD2 –
an enzyme that is vital for inhibition of HIF-regulated gene

transcription. Notably, the DMR identified was located within
the CpG island that surrounds the EGLN1 promoter and was in
close proximity (700 bp) to an EGLN1 SNP (rs12097901) that
occurs at an increased frequency in Tibetans (Lorenzo et al.,
2014; Tashi et al., 2017) In Tibetan populations, the rs12097901
SNP is inversely related to hemoglobin concentration and has
been reported to affect PHD2 binding, yet the latter remains
a topic of discussion (Bigham and Lee, 2014) rs12097901 also
exists in Andean populations, although at a reduced frequency,
indicating that the adaptive benefits afforded by this particular
SNP may also be of potential importance for individuals of
other high-altitude populations. If specific epigenomic marks
or the genetic potential for epigenetic regulation are heritable
and confer a selective advantage (or disadvantage) under
conditions of limited oxygen availability it is tempting to
speculate that such effects may contribute to human adaptation
to high altitude.

EVIDENCE FOR EPIGENOMIC
HERITABILITY

To be pertinent for human adaptation, epigenomic diversity
or the capacity for epigenetic diversity must be propagated.
Understanding how environmental exposures impact the human
epigenome, and whether or how such effects may be inherited
continues to be an area of intense investigation (Kaati et al.,
2002; Heijmans et al., 2008; Bygren et al., 2014). At this point,
it is essential to distinguish between cell-to-cell inheritance,
intergenerational inheritance, and transgenerational inheritance.
Cell-to-cell epigenetic inheritance, or mother-daughter cell
transmission, is well established (Figure 1) and reviewed
in detail elsewhere (Probst et al., 2009). Intergenerational
inheritance refers to the transmission of epigenetic traits
across a single generations (F0 to F1), while transgenerational
inheritance spans two or more generations (F0 to F2 onward).
Inter- and transgenerational epigenetic heritability in mammals
continues to be a contentious debate, predominantly due
to the fact that non-imprinted genes undergo vast, albeit
incomplete, epigenetic erasure before implantation (Smallwood
et al., 2011; Gkountela et al., 2015; Guo et al., 2015; Tang
et al., 2015). It follows that for intergenerational inheritance
to occur, epigenetic marks in the preimplantation embryo
would need to evade extensive reprograming. It is worth
noting, however, that arguments against intergenerational
and transgenerational epigenetic heritability rely heavily on
the assumption that epigenetic marks are inherited in a
replicative rather than a reconstructive manner. Mechanisms
do exist to protect against the reprograming of specific
sequences (Skvortsova et al., 2018). For instance, epigenetic
processes drive genomic imprinting, or the expression of
specific genes in a parent-of-origin manner. Specifically, DNA
methylation events epigenetically silence the inactive allele
and these changes are resistant to post-fertilization epigenetic
methylation reprograming.

For true transgenerational epigenetic inheritance to occur,
epigenetic marks would need to avoid erasure in primordial
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FIGURE 1 | Molecular mechanisms of epigenetic inheritance. (1) Cell-to-cell inheritance of epigenetic modifications. At the outset of semi-conservative DNA
replication, cytosine methylation marks (red circles) are only present on the original (“mother”) strands of DNA. NP95 (yellow ovals) binds methylated cytosines, and
recruits DNMT1 (purple oval) which is responsible for the de novo methylation of DNA on the complementary daughter DNA strands. (2) Genomic imprinting.
Epigenetic mechanisms drive genomic imprinting, a process by which select genes are expressed according to parental heritage. In the pre-implantation embryo,
the widespread erasure of epigenomic marks spares imprinted genes (red circles, DNA methylation of imprinted genes) such that the epigenome of imprinted genes
persists into adulthood. Extensive epigenetic reprograming of non-imprinted genes and select imprinted genes also occurs in the germ line. Epigenetic modifications
that are not retained through the reprograming process are subsequently restored in a sex-specific manner. (3) Transgenerational inheritance. Non-imprinted genes
undergo vast, albeit incomplete, epigenetic erasure prior to implantation. During this process, much of the epigenome, including DNA methylation marks (meDNA)
are “erased”. It has been proposed that small and long non-coding RNA species (including micro RNAs [miRNA]) recruit methylating enzyme complexes such as
DNMT3a/3b to restore epigenome to its original form.

germ cells, a phenomenon that has been observed in mammals
(Probst et al., 2009). While evidence supports the persistence
of epigenetic states across generations (Roemer et al., 1997;

Anway et al., 2005; Rexhaj et al., 2011) and transmission
between somatic cells and germ cells, (Hitchins and Ward,
2009) the regulatory processes underlying these observations
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remain unclear. Small RNAs and long non-coding RNAs are
one potential mechanism for the “inheritance” of epigenomic
marks beyond a single cell lineage (Cech and Steitz, 2014;
Holoch and Moazed, 2015). In particular, recent reports reveal
that somatic epigenetic modifications may be transferred to
the gamete by regulatory RNA species that direct histone
modification or methylation status in a sequence-specific manner
rather than being transferred intact (Figure 1; Chen et al.,
2016; Zhang et al., 2018). Through this same mechanism,
epigenetic marks could either bypass the widespread epigenetic
reprograming that occurs in early development or subsequently
“reconstruct” epigenetic patterns after the reprograming process.
Constitutional epialleles, defined as epigenetic marks deriving
from the early embryo or parental germline, constitute
another mechanism for transgenerational epigenetic inheritance,
however the stability of constitutional epialleles across meiotic
division remains unclear (Hitchins et al., 2007).

While epigenetic patterns vary extensively between
populations, the extent to which underlying genetic architecture
drives these differences remains unclear. Current literature
indicates that a comparatively large proportion of population-
specific CpG methylation patterns can be attributed to underlying
genetic variation (Fraser et al., 2012; Heyn et al., 2013; Moen
et al., 2013). Environmental influences, however, also appear
to exert a powerful influence given that, in these comparative
epigenomic studies, no direct relationship to genetic variation
could be detected for approximately one-third to one-half of
the differentially methylated loci (Fraser et al., 2012; Heyn et al.,
2013; Moen et al., 2013). Heritable variations with respect to
CpG density may permit or prohibit methylation marks that
govern transcriptional responses to hypoxia. While only a small
proportion of cytosine methylation marks across the genome
can be attributed to cis- and trans-acting single nucleotide
polymorphisms (SNPs), SNPs that disrupt (or create) CpG
motifs heavily influence methylation status of local and distant
(<10 kb) CpG sites and, in turn, the capacity for epigenetic
regulation of gene expression (Zemach et al., 2010; Bell et al.,
2011; Taudt et al., 2016). In other words, epigenetic regulation
of gene transcription would theoretically be constrained by
reduced CG content and more permissive by increased CG
content. Illustrating that such processes could potentially
contribute to high-altitude adaptation, a recent report found
that nearly 40% of EPAS1 SNPs showing evidence of positive
selection in highland populations altered CpG content (Julian,
2017). Given that the EPAS1 promoter is encompassed by a
CpG island and is transcriptionally regulated via epigenetic
mechanisms, (Lachance et al., 2014) these findings are of
particular interest.

POTENTIAL EVOLUTIONARY
CONSEQUENCES OF EPIGENOMIC
VARIATION

Epigenomic variation may affect evolutionary processes in
several different ways. For one, epigenetic mechanisms modify
phenotype, the subject of natural selection, and can thereby

influence the heritability of traits. Second, phenotypic variation
afforded by epiallelic silencing or other genetic mechanisms may
afford greater flexibility under rapidly changing environmental
or biological conditions, (Feinberg and Irizarry, 2010) such
as pregnancy and exercise, that pose significant challenges
for oxygen homeostasis, particularly at high altitude. Third,
using mathematical models, it has been proposed that heritable
genetic variants, in particular, the loss or gain of CpG
motifs, that enhance phenotypic diversity likely improve
reproductive fitness, and that such effects may be significant
for evolutionary adaptation to shifting environmental conditions
(Feinberg and Irizarry, 2010). In support of this concept,
short-term, fluctuating evolution appears to occur without
cumulative change. Specifically, the analysis of evolutionary
rates measured over 100–107 generations revealed a marked
pattern of constrained phenotypic fluctuation, such that the
predicted phenotypic variation of samples separated by ten
generations is effectively equivalent to that of samples separated
by one million generations (Gingerich, 2001; Estes and Arnold,
2007). Fourth, epigenetic marks can promote changes to
genetic sequence by several mechanisms, including cytosine
to tyrosine transitions due to the deamination of methylated
CpG motifs, and chromosomal recombination (Janion, 1982;
Sved and Bird, 1990; Carbone et al., 2009). Methylated
CpG motifs, for instance, convert to TpG at a rate 10 to
50 times greater compared to different transitional changes
(Branciamore et al., 2014). Methylation also reduces the
possibility of recombination and recombination-based repair
(Xia et al., 2012). Finally, epigenetic silencing could also conceal
dominant deleterious mutations or increase the probability
for fixation of recessive mutations (Chess, 2012). These
observations, together with accumulating evidence supporting
the heritability of epigenetic marks, raise new questions about
how the genome orchestrates the unique physiologic attributes
of highland populations.

SUMMARY AND FUTURE PROSPECTS

Promising investigations are poised to begin unraveling the
molecular mechanisms by which genomic signals showing
evidence of natural selection confer purportedly advantageous
phenotypes of highland populations within the context of the
high-altitude environment. At present, however, the adaptive
variants identified by single nucleotide polymorphism (SNP)
array or case-control comparisons do not explain the full range of
hypoxia-tolerant features characteristic to highland populations,
emphasizing the need for whole-genome sequencing and a
fuller understanding of the degree to which non-sequence based
features of the genome contribute to the adaptive physiological
features observed.

Epigenomic studies remain challenging. Human epigenomic
studies, for instance, are limited, in part, by the cell-specific
nature of epigenetic marks. Unlike genetic variation, epigenetic
patterns vary across cell types and, in humans, it is often
not possible to acquire the tissue of interest, let alone pure
cell populations from that tissue. Therefore, surrogate cells or
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tissues must be carefully considered, and investigators should
be certain to acknowledge that, in such cases, study results may
not reflect the epigenetic status of the target organ. Furthermore,
underlying DNA sequence variations, which are well-established
and potent contributors to the inheritance of epigenetic states,
are often disregarded in epigenome-wide association studies,
(Lappalainen and Greally, 2017) emphasizing the need for whole-
genome sequencing and an integrated genomic-epigenomic
approach. Finally, while functional investigations of site-
specific methylation state remain difficult, the introduction of
genome-editing techniques including the CRISPR/Cas-9 system
and Transcription Activator-Like Effector Nucleases (TALENs)
permits focused CpG methylation and demethylation in vitro and
in vivo (Maeder et al., 2013; Bernstein et al., 2015). Using these
techniques, experimental animal studies could evaluate whether
altering the methylation state of targeted CpG sites within specific
cell types affects transcriptional and physiological responses to

hypoxia in vivo. In recent years, sequencing technologies and
analytical capabilities have vastly expanded knowledge regarding
the mechanisms governing human variation and disease and
provide the opportunity to gain a deeper understanding of
the genome-epigenome interaction and its relevance for human
adaptation and adaptive potential.
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Gestational hypoxia is a risk factor in the development of pulmonary hypertension
in the newborn and other sequela, however, the mechanisms associated with the
disease remain poorly understood. This review highlights disruption of metabolism by
antenatal high altitude hypoxia and the impact this has on pulmonary hypertension in the
newborn with discussion of model organisms and human populations. There is particular
emphasis on modifications in glucose and lipid metabolism along with alterations in
mitochondrial function. Additional focus is placed on increases in oxidative stress and
the progression of pulmonary vascular disease in the newborn and on the need for
further exploration using a combination of contemporary and classical approaches.

Keywords: pulmonary artery, hypoxia, metabolomics, fetus, sheep

GESTATIONAL HYPOXIA AND THE NEWBORN LUNG

A mother’s womb provides a nurturing environment for her unborn child, helping to maintain
physiological homeostasis when presented with various prenatal stressors. Such maternal
compensation allows the fetus to develop fully and thrive under less than ideal conditions. Exposure
to excessive gestational hypoxia or other intrauterine stress, however, may cause fetal abnormalities
or death. Stress-related physiological aberrations that begin in utero can also cause fetal organ
systems to become compromised or fail even before birth. Intrauterine stress can result in a myriad
of newborn morbidities and also program the infant to have diseases later in life (Longo and Pearce,
2005; Pearce, 2014; Ducsay et al., 2018). This review is centered on the disruption of metabolism by
antenatal high altitude hypoxia and the impact this has on pulmonary hypertension in the newborn
with discussion of issues that arise in human populations and the use of model organisms.

Antenatal hypoxic exposure places a significant stress on the fetus, which can cause growth
restriction that is dependent on the degree of exposure. Stress-related fetal growth restriction
increases the risk of infant morbidity and mortality as well as enhances the possibility of developing
diseases that occur later in life. Young children with growth restriction can have lower cognitive
scores and worse academic performance compared with similar preterm infants who do not suffer
growth restriction or a failure to thrive (Cole and Lanham, 2011; Homan, 2016). Complications
and morbidities associated with stress-related developmental abnormalities and growth restriction
are costly and present significant financial burdens on families of sick infants as well as our
public health system. Gestational hypoxia can be a consequence of placental insufficiency,
placental infarcts, high altitude residence, maternal smoking, congestive heart failure, heart valvar
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diseases, pulmonary diseases, acute/chronic respiratory tract
infections, anemia, preeclampsia, and other conditions.

Worldwide many women live or sojourn to high altitude
during pregnancy, which causes fetal hypoxia and places the
fetus at risk of developing disease. Studies on humans have
unmasked critical phenotypic changes associated with gestational
hypoxia in native and non-native populations (Niermeyer et al.,
1995; Weissmann et al., 2003; Scherrer et al., 2010), including
congenital heart defects in Tibetan children with a prevalence
that stratifies based on their altitude of residence (Chun et al.,
2019). Others have begun to define a number of genetic
modifications in native populations (Simonson et al., 2010;
Eichstaedt et al., 2014; Nanduri et al., 2017; Gnecchi-Ruscone
et al., 2018). Even still, animal models are vitally important to
our understanding of the mechanistic underpinnings of how
long term exposure to high altitude leads to disease. When
using animal models the oxygen tensions can be titrated to
induce stress on the mother and unborn infant that ranges from
being relatively mild to extreme. The magnitude of stress can
be adjusted because it is based on the altitude and duration
of exposure as opposed to other multifactorial stress models
in animals, such as uterine artery ligation and consequent
placental insufficiency.

We have used a gestational long-term high altitude sheep
(LTH) model for over 20 years to understand the relevant
mechanisms that underlie functional and structural adaptations
in the lung and other organ systems (Ducsay et al., 2018).
Pregnant sheep are placed at the White Mountain Research
Station at 3,801 m for the latter majority of pregnancy. This
altitude is significant as it is similar to that of Lhasa Tibet and
La Paz Bolivia, which are home to millions of people. Being
at this altitude results in an inspired PO2 of approximately
90 Torr for pregnant mothers and animals, which is a ∼35%
reduction from sea level. In turn, in the pregnant ewe the fetal
arterial PO2 decreases by roughly 20% (Ducsay et al., 2018).
Studying the effects of this antenatal hypoxic exposure in fetal
and newborn sheep has enabled us to better understand the
etiology of hypoxia-related dysregulation in fetal, newborn and
adult physiology. Our group chose sheep for exploration of
prenatal programing of disease because fetal sheep have a similar
developmental profile, are of similar size to human infants, and
because we have the ability to perform invasive studies. Findings
from our group illustrate that LTH leads to many respiratory,
cardiovascular, endocrine, adipocyte, and neural impairments in
fetal and newborn lambs and can disrupt normal physiological
function in pregnant and non-pregnant ewes (Lewis et al., 1999;
Garcia et al., 2000; Arakawa et al., 2004; Longo and Pearce, 2005;
Ducsay et al., 2007, 2018; Gao et al., 2007; Xue et al., 2008; Hubbell
et al., 2012; Adeoye et al., 2014, 2015; Myers et al., 2015; Newby
et al., 2015; Blum-Johnston et al., 2016).

The lung is particularly vulnerable to hypoxemic damage
during the prenatal and neonatal periods in various species
including humans, in part because the organ experiences
marked developmental plasticity both before and after birth
(Papamatheakis et al., 2013). Long term prenatal high altitude
stress in particular places infants at risk of developing pulmonary
hypertension (Niermeyer et al., 1995; Weissmann et al., 2003;

Scherrer et al., 2010), high altitude pulmonary edema (Niermeyer
et al., 2009), and idiopathic pulmonary hypertension later
in life (Grunig et al., 2005). Human infants exposed to
gestational hypoxia adapt poorly to breathing air because the
low oxygen exposure impairs lung development. Lungs of these
infants manifest with structural and functional defects that
program them to be susceptible to disease throughout life
(Goldberg et al., 1971).

We and others have found that hypoxia-induced pulmonary
vascular disease, which occurs in human infants, can be
recapitulated in fetal and newborn sheep from pregnant ewes
living at high altitude. Fetal sheep that gestate at 3,801 m have
thickened resistive pulmonary arteries, similar to afflicted human
newborns (Bixby et al., 2007; Xue et al., 2008; Sheng et al.,
2009), effects that persist in newborn lambs that remain at high
altitude (Herrera et al., 2007, 2010). Fetuses and lambs born at
high altitude have other abnormalities that parallel infants with
hypoxia-induced pulmonary hypertension (Berger and Konduri,
2006; Abman, 2007; Konduri and Kim, 2009), including elevated
pulmonary pressures, exacerbated hypoxic-induced pulmonary
vasoconstriction (Herrera et al., 2007, 2010; Blood et al., 2013),
impaired vasodilation (Blum-Johnston et al., 2016), arterial
remodeling (Bixby et al., 2007), and right ventricular hypertrophy
(Herrera et al., 2007). Studies further demonstrate that Ca2+

signals are disrupted in endothelium and smooth muscle and this
involves modifications in the expression and function of multiple
receptor signaling systems and ion channels (Herrera et al., 2007,
2010; Goyal et al., 2011; Hadley et al., 2012; Blood et al., 2013;
Blum-Johnston et al., 2016; Shen et al., 2018).

High altitude-induced changes in the structure and function
of the cardio-respiratory system that result in pulmonary
hypertension in humans and animal models may be related
to hypoxia-mediated changes in cellular metabolism, oxidative
stress, and inflammatory processes, elements that have not been
thoroughly examined in humans or animal models. The influence
of high altitude gestation on metabolism is important to consider
as the ensuing chronic hypoxia reduces oxygen uptake and
delivery to immature fetal tissues (Cosse and Michiels, 2008).
Varying degrees and durations of high altitude exposure are also
likely to cause differential impact on metabolic adaptations in the
fetus. Long-term multigenerational living or relocation to high
altitude can lead to the selection of genetic and epigenetic traits
(Simonson et al., 2010; Eichstaedt et al., 2014; Nanduri et al.,
2017; Gnecchi-Ruscone et al., 2018). The phenotypic and genetic
changes can be unique to the human populations examined,
as illustrated by studies on Andean and Tibetan populations
(Simonson et al., 2010; Eichstaedt et al., 2014; Heinrich et al.,
2019). Native Tibetans have modifications to the EGLN1 and
EPAS genes that result in modifications to hypoxia inducible
factors (HIF1α) and HIF2α, respectably that prevent these
transcription factors from being activated normally. Given the
role of these genes in activating erythropoietin and erythrogenesis
these modifications have caused Tibetans to adapt such that
high altitude does not increase hematocrit levels (Simonson
et al., 2010; Tashi et al., 2017; Heinrich et al., 2019). This
differs from Andean populations who can have extremely high
hematocrit values, and who do not have the changes in EGLN1

Frontiers in Physiology | www.frontiersin.org 2 November 2019 | Volume 10 | Article 1453181

https://www.frontiersin.org/journals/physiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-10-01453 November 27, 2019 Time: 17:28 # 3

Rood et al. Gestational Hypoxia and Lung Metabolism

that restrict erythrogenesis (Heinrich et al., 2019). Epigenetic
changes can result in modifications in DNA methylation, histone
modifications, as well as changes in non-coding RNAs all
of which regulate gene transcription and translation allowing
for developmental plasticity (Ducsay et al., 2018). Associated
with these epigenetic modifications, short term sojourns to
high altitude can induce developmental adaptations as well as
abnormalities (Jones et al., 2019). While we do not know all of
the changes in the pulmonary vasculature due to prenatal hypoxic
exposure and high altitude living, the genetic and epigenetic
changes due to high altitude living are likely to have great impact
on cellular metabolism (Woolcott et al., 2015; Murray, 2016;
Murray and Horscroft, 2016; Stenmark et al., 2018).

DISRUPTION OF METABOLISM BY HIGH
ALTITUDE GESTATION

Glucose Metabolism
The general influence of hypoxia on cellular metabolism is
known, however, less is understood regarding the effects in
the lung and even less is known about the influences on
the fetus or infant as compared to that of the adult. The
impact of gestational hypoxia has been mostly investigated
in animal models including rodents, sheep, and other species
(Bixby et al., 2007; Herrera et al., 2007, 2010; Al-Hasan
et al., 2013; Breckenridge et al., 2013; Neary et al., 2014;
Allison et al., 2016; Mcgillick et al., 2017; Blum-Johnston
et al., 2018). In humans, there have also been examinations
of short-term high altitude adaptation in native adult Tibetans
and non-native lowlanders (Ge et al., 2012; Woolcott et al.,
2015; Murray, 2016; Murray and Horscroft, 2016). There are
distinctions between the metabolic adaptations to high altitude
that occur in these native and non-native adult populations,
though individuals from both populations exhibit an increase
in cellular glycolysis along with a decrease in beta-oxidation
of fatty acids as well as citric acid intermediates (Table 1;
Murray, 2009, 2016; Murray and Horscroft, 2016). Further, in
a fetal sheep model, exposure to a low oxygen environment
can elicit a glycolytic shift in glucose metabolism with an
increase in lactic acid production and appearance in the plasma
(Allison et al., 2016).

Even though many of the effects of high altitude on glycolysis
have been observed with transition and residency in high altitude
environments, a majority of our knowledge regarding the effect of
hypoxia on glycolytic metabolism is derived from cancer biology.
In the case of cancer, tumors often have limited nutrient supply
and oxygenation as cellular growth outpaces vascularization.
Even when cancer cells do have sufficient oxygen they still
metabolize more glucose than normal cells and produce greater
lactic acid than non-cancerous tissues in what is known as
“aerobic glycolysis” or the “Warburg effect” (Huang et al., 2014).
Cancer cells reduce their reliance on mitochondrial oxygen-
dependent ATP production in favor of cytoplasmic glycolysis,
which is far less efficient at generating energy. The result is that
cancer cells consume more glucose to produce the ATP required
for cell growth and survival (Huang et al., 2014).

Stimulation of hypoxia inducible factors (HIFs) by the
low oxygen environment is mechanistically important to the
metabolic adaptations that occur at high altitude. HIF-1α

and HIF-1β are the primary responders, although HIF-2
and other isoforms may also serve important roles (Milane
et al., 2011). Mechanistically, the low oxygen environment
decreases HIF-1α subunit degradation through depression of
prolyl hydroxylase (PHD) activity, which enhances HIF-1α

stabilization. Stabilization of HIF-1α favors formation of an
activated complex with the beta subunit, retention in the
nucleus, and binding to hypoxia responsive elements (HRE)
on target genes and induction of transcription (Milane et al.,
2011). In the mouse heart, HIF-1α activation due to hypoxia
increases transcription of Hand1, which is vital to cardiac
development and causes a fundamental shift toward an increase
in glycolysis and a decrease in oxidative phosphorylation
(Table 1; Breckenridge et al., 2013; Wong et al., 2017).
Activation of HIF-1α is also important to the glycolytic shift
in cancer cells, fibroblasts and other cell types (Yang et al.,
2014). However, whether or not hypoxia induced HIF-1α

activation causes an analogous shift toward glycolytic metabolism
in cells within the fetal lung remains unresolved; although
chronic hypoxia induced HIF-1α activation is important to
medial wall thickening associated with the development of
pulmonary hypertension in various species (Yang et al., 2014),

TABLE 1 | Collective evidence of metabolic changes induced by hypoxia.

Pathways Metabolites Mechanisms

Glucose metabolism

↑Glycolysis14
↑Lactic acid1

↑HIF1α13

↓TCA metabolites8
↑HIF1β13

↑Hand14

Fatty acid metabolism

↓β-oxidation14
↓Acetyl-CoA6

↓PPARα5,17

↑Long-chain Acyl-CoAs6

↑Fatty acids6

Mitochondrial function

↓Oxidative phosphorylation8
↑ROS8

↓UCP315

↑PGC111

↑PPARγ11

Oxidative stress

↑ROS production1,19
↑O2

−16,19
↑NOX1, NOX2, NOX42,12,18

↓Nitric oxide9
↓eNOS7

↑SOD10

↑GPx10

↑COX10

↑IRE13

↑PERK13

↑ATF63

1Allison et al. (2016); 2Aschner et al. (2007); 3Bergmann and Molinari (2018);
4Breckenridge et al. (2013); 5Cole et al. (2016); 6Das et al. (1983); 7Dikalova
et al. (2016); 8Fuhrmann and Brune (2017); 9Jaitovich and Jourd’heuil (2017);
10Jochmans-Lemoine et al. (2018); 11Lai et al. (2008); 12Luneburg et al.
(2016); 13Milane et al. (2011); 14Murray (2016); 15Murray and Horscroft (2016);
16Stankovic-Valentin and Melchior (2018); 17Templeman et al. (2010); 18Veith et al.
(2019); 19Waypa et al. (2013).
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and delays surfactant protein production in the fetal sheep lung
(Orgeig et al., 2015).

Fatty Acid Metabolism
Similar to glucose metabolism, fatty acid metabolism is also
affected by reduced oxygenation. Oxidation of fatty acids usually
occurs in the mitochondria where an acyl-CoA is catalyzed to
produce acetyl-CoA, NADH+ H+ and FADH2 (Huang et al.,
2014). Acute ischemia of the rabbit fetus reduces fatty acid
metabolism in the lung with decreased levels of acetyl-CoA
and a buildup of long chain acyl-CoA derivatives (Table 1; Das
et al., 1983). Anoxia to the myocardium of rats causes similar
reductions in acetyl-CoA and increases in long chain acyl-CoA
products (Whitmer et al., 1978). Hypoxia induced activation
of HIF-1 contributes to the buildup of fatty acid metabolites
in myocardium of mice as it suppresses activity of peroxisome
proliferator activator receptor alpha (PPARα) (Templeman et al.,
2010; Cole et al., 2016). The reduction in PPARα activity restricts
fatty acid uptake and metabolism. These decreases in fatty acid
metabolism and changes in CoA and acyl derivatives with low
oxygen exposure further illustrate that beta oxidation is a limiting
step in fatty acid metabolism (Whitmer et al., 1978). Related with
this, under aerobic conditions in the adult between 60 and 90%
of the total oxygen consumption may be used to oxidize fatty
acids (Whitmer et al., 1978). The fetal heart, however, is far more
reliant on glycolytic pathways than the adult and thus already
is not very dependent on oxygen, and chronic hypoxia causes
a further reduction in fatty acid oxidation (Thompson, 2003).
These adaptations to hypoxia that lessen fatty acid oxidation and
oxygen utilization, generally, can be energetically advantageous
in rarified environments (Ge et al., 2012). Whether hypoxia due
to high altitude gestation modifies fatty acid metabolism and
increases glycolytic metabolism in the developing lung remains
to be determined and is important to resolve as the changes in
bioenergetics may be linked to disease.

Oxidative Phosphorylation and the
Mitochondria
High altitude gestation and the accompanying low oxygen
environment alter mitochondrial function in an altitude
dependent manner (Murray, 2016; Chicco et al., 2018). The
density of skeletal muscle mitochondria may be reduced in
humans who remain in particularly rarified environments
(>5500 m) for long periods (Hoppeler et al., 1990; Levett
et al., 2012; Murray, 2016). Electron transport chain complexes
are downregulated along with uncoupling protein 3 in these
extreme high altitude environments, while there is a decrease
in fatty acid oxidation capacity and creatine kinase expression
(Table 1; Murray and Horscroft, 2016). The reduction in
proton leak results in changes in the coupling efficiency of the
electron transport chain and contributes to modifications in fuel
utilization at altitude.

Evidence suggests that carotid arteries of newborn sheep
experience mitochondrial stress when subjected to LTH due
to a build-up of compounds related to glycolysis, the pentose
phosphate pathway, and the mitochondrial citric acid cycle

(Goyal and Longo, 2015). Furthermore in rat heart, long term
hypoxia decreases fatty acid oxidation, respiratory capacity,
and pyruvate oxidation (Essop et al., 2004; Adrogue et al.,
2005; Murray, 2016). At moderately high altitudes, decreased
mitochondrial respiratory capacity of humans may occur without
mitochondrial volume density being affected, but mitochondrial
volume density decreases at extreme altitudes (>5500 m), a
process that may be governed by hypoxia-signaling pathways
(Murray, 2016). Studies using cultured cells and genetic mouse
models have explained a number of adaptations that allow cells
with a diminished mitochondrial density to function effectively
in hypoxic situations (Murray, 2009).

High altitude hypoxia generally results in changes in citric acid
cycle metabolism and oxidative phosphorylation (OXPHOS),
as well as alterations in mitochondrial morphology, mass,
fusion, fission, and mitophagy, reviewed recently (Fuhrmann
and Brune, 2017). Mitochondria are one of the main consumers
of oxygen through OXPHOS and when oxygen levels decrease
they become a more prominent contributor of reactive oxygen
species (ROS) (Fuhrmann and Brune, 2017). Notably, the
fetal pulmonary vasculature offers a dramatic example of the
differences between fetal and neonatal oxygen tensions. During
fetal life, the unventilated lung is perfused predominantly with
less-oxygenated blood returned from the upper body with
a PO2 in the low 20 s (Vali and Lakshminrusimha, 2017).
With the initiation of pulmonary ventilation at birth, the PO2
of the pulmonary vasculature increases to ∼40 Torr in the
arteries and >90 Torr in the pulmonary veins. Thus, the
mitochondria of the fetal pulmonary vasculature experiences
a two to fivefold increase in PO2 during the transition from
fetus to newborn. Little is known regarding how the fetal lung
adapts to these changes in O2 concentrations and studies using
both classic and modern approaches are needed to resolve the
adaptive processes during the birth transition. In the hearts
of mice, the substantial increase in O2 tensions after birth
decreases cardiomyocyte HIF-signaling, a process that leads to
mitochondrial fusion and biogenesis (Neary et al., 2014). The
upregulation of mitochondrial biogenesis after birth in mice is
due, in part, to increases in peroxisome proliferator-activated
receptor gamma coactivator-1 (Pgc1alpha/beta) expression (Lai
et al., 2008). PPARγ activation is also important for upregulation
of lipid uptake along with enhanced expression of citrate
synthase, a key mitochondrial enzyme involved in the citric acid
cycle. Interestingly, fetal mitochondria of mice and rabbits have
a “fragmented” appearance while postnatal mitochondria are
elongated in appearance, a process due to the metabolic changes
that occur with birth (Lopaschuk et al., 1991; Neary et al., 2014);
a process that may be related to the increase in PGC1 expression.

HIGH ALTITUDE GESTATION AND
OXIDATIVE STRESS

The low oxygen environment associated with high altitude
exposure is well regarded for enhancing oxidative stress in
tissues from adults and in cultured cells. Although maternal
chronic hypoxia increases oxidative stress in intact fetal lamb
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(Table 1; Allison et al., 2016), far less is known about the
impact of gestational hypoxia on oxidative stress in the fetal
and newborn lung. What is more, hypoxia associated with other
acute and chronic lung diseases also increases oxidative stress
(Van Der Vliet et al., 2018), and thus gestational hypoxia may
increase oxidative stress in fetal lung. Reactive oxygen species
are not just harmful byproducts of cellular metabolism, but
rather are complex signaling molecules that regulate cell function.
Under normal conditions free radicals are produced by cells
in a highly controlled way by various enzymatic systems, but
most prominently by NADPH oxidases (NOX) that produce
superoxide (O2

−) (Stankovic-Valentin and Melchior, 2018).
There are seven members of the NOX family, which have varied
tissue and subcellular distributions. NOX1 is well expressed in
epithelial and endothelial cells (Veith et al., 2019). NOX2 plays
a prominent role in phagocytic cells and the innate immune
response (Veith et al., 2019). NOX4 has been implicated in
fibrotic diseases including those of the liver, skin, kidney, heart,
and lung (Veith et al., 2019).

Hypoxia is known to uncouple endothelial nitric oxide
synthase (eNOS) (Jaitovich and Jourd’heuil, 2017). This
uncoupling of eNOS impairs nitric oxide (NO) signaling
and increases generation of superoxide. Such eNOS
uncoupling affects nitric oxide (NO) signaling in a variety of
cardiopulmonary disorders, including pulmonary hypertension
(Dikalova et al., 2016). The contribution of eNOS uncoupling
to cardiopulmonary disease is mediated through a number
of mechanisms related to the superoxide production. When
eNOS becomes uncoupled, electrons travel to molecular
oxygen producing superoxide instead of NO (Dikalova et al.,
2016). For example, eNOS becomes uncoupled following
exposure of newborn piglets to hypoxia for as few as 3 days
and is associated with increases in generation of O2

− and
decreases in both eNOS dimer formation and NO production
(Dikalova et al., 2016). Changes in the cellular redox status
are biologically relevant as the reactive oxygen molecules
elicit reversible or irreversible oxidative protein or DNA
modifications, mitochondrial dysfunction, as well as changes
in the expression or activity of NOX enzymes and antioxidant
enzyme systems (Van Der Vliet et al., 2018). When considering
protein folding, cells work to compensate for the misfolded
or oxidized proteins by marking them for degradation using
posttranslational modifications such as ubiquitination and
SUMOylation (Stankovic-Valentin and Melchior, 2018).

Acute alveolar hypoxia is well known to trigger constriction
of resistance pulmonary arteries (Waypa et al., 2013).
Accompanying this, acute hypoxia also leads to superoxide
generation in smooth muscle cells (Table 1; Waypa et al.,
2013). These cytosolic oxidant signals are thought to be
important to the increases in [Ca2+]i that cause acute hypoxic
pulmonary vasoconstriction (HPV) (Waypa et al., 2013).
We find that newborn sheep born at high altitude have
exacerbated HPV responses (Blood et al., 2013). Potentially
this enhanced responsiveness may be due to alterations
in the pro and anti-oxidant systems. Long-term high-
altitude exposure of rats as compared to mice provides
some insight about the diversity in inter-species responses.

In response to high altitude living at 3,600 m rats, but
not mice, have a decrease in gas exchange across the lung
epithelia that is associated with loss of alveolar surface area
(Jochmans-Lemoine et al., 2018). While the authors did not
determine causation, rats had elevated oxidative stress and
mitochondrial compensatory pathways, while mice were less
effected. Associated with the elevation in oxidative stress,
mitochondrial superoxide dismutase (SOD), glutathione
peroxidase (GPx) and cytochrome oxidase-c (COX) activities
were 2–3 times higher in high altitude rats while cytosolic
enzymatic activities for NOX, xanthine oxidase (XO), SOD, and
GPx were not as greatly effected in high altitude mice (Table 1;
Jochmans-Lemoine et al., 2018).

Low oxygen tensions generally reduce mitochondrial
function, as previously discussed. However, in the fetus,
where oxygen tension is already low the additional impact
of the high altitude environment on free radicals is largely
unresolved. In most tissues, ATP production predominantly
happens via mitochondrial oxidative phosphorylation of
reduced intermediates of the citric acid cycle from substrates,
the majority of which come from glucose and fatty acids
(Murray, 2009). Mitochondria need a constant supply of
fuels and oxygen to maintain ATP production (Murray,
2009). In high altitude environments, tissue oxygen levels
fall and cells must work to limit oxidative stress (Murray,
2009). Exposure to the rarified environment in tissues of the
adult increases superoxide production from mitochondrial
complexes of the respiratory chain (Guzy et al., 2005; Guzy and
Schumacker, 2006; Murray, 2009; Murray and Horscroft,
2016). Fetal lungs of guinea pigs exposed to 10.5% O2
for the last 14 days of gestation had reduced cytochrome
oxidase activity and expression of COX4, illustrative of
perturbations to the generation of free radicals by mitochondria
(Al-Hasan et al., 2013). While there is a fair amount of
knowledge regarding the importance of oxidative stress
to the regulation of vascular function further exploration
is needed to fully understand the underlying cellular and
molecular mechanisms.

The endoplasmic reticulum (ER) is a critical organelle that
is important for protein processing, lipid synthesis, as well
as for intracellular Ca2+ signaling and homeostasis. Protein
translation and folding functions of the organelle are strongly
regulated by reactive oxygen species. Although the ER can
respond to ROS generated anywhere throughout the cell, NOX4
is known to be closely associated with the ER and nucleus in
rats, and regulates ER function through superoxide generation
(Camargo et al., 2018). Elevated levels of oxidative stress due
to superoxide and other free radicals is part of the normal
signaling process. However, abnormally high oxidative stress
can cause ER dysfunction. Heightened oxidative stress due to
hypoxia and other stresses can elicit protein misfolding and
unfolding responses in the ER. The unfolding protein response
is a prototypical marker of ER stress and induces cellular
responses that act to preserve homeostasis. The unfolding protein
responses are graded and highly conserved across phylogeny
suggesting reactive oxygen species are critical regulators of
organelle function (Bergmann and Molinari, 2018).
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Modest levels of ER stress leads to activation of signaling
pathways that increase protein synthesis, enhance protein
trafficking through the ER, increase protein folding and
augment ER-associated protein degradation processes, all
of which allows for maintenance of organelle function.
However, elevated ROS and ER stress levels cause greater
organelle dysregulation and magnified UPR responses and
activation of IRE1, PERK1, and ATF6 (Table 1; Bergmann
and Molinari, 2018). High levels of stress and coordinated
activation of these pathways then leads to cell autophagy.
While the exact role of NOX4 in the fetal or newborn lung
is unresolved, recent studies show that NOX4 expression
is elevated in pulmonary arteries of adult rats exposed to
chronic hypoxia (Luneburg et al., 2016) and in systemic
arteries of spontaneous hypertensive rats (Camargo et al.,
2018). These findings have focused attention on the potential
that ER stress is important in the development of systemic
as well as pulmonary hypertension. SHR rats have increased
ER stress that is associated with an upregulation of NOX4.
Suppression of oxidative stress as well as NOX4 expression
blunts the hypertension response. These effects in the systemic
vasculature of SHR rats are similar to piglets exposed to chronic
hypoxia, which have increased NOX dependent pulmonary
hypertension (Aschner et al., 2007). Similarly, fetal sheep
lungs of ewes exposed to 10.5% O2 from 105 to 138 days
of gestation had increased expression of the antioxidant
catalase but decreased pro-oxidant NOX4 expression,
illustrative of changes in oxidative stress in the neonatal
lung (Mcgillick et al., 2017).

Chronic hypoxia is closely associated with the induction
of ER stress, disruption of mitochondrial function and the
development of pulmonary hypertension. Chronic hypoxia-
induced pulmonary hypertension in mice is associated with
increases in ER stress and the uncoupling protein response
(Dromparis et al., 2013a). The hypoxic stress is further linked
to loss of the mitochondrial membrane potential as well as
cellular proliferation and medial wall thickening. Reducing
ER stress with the chemical chaperones 4-phenylbutyrate or
tauroursodeoxycholic acid in these mice provides additional
evidence for these interactions as the chemicals were able
to mitigate the hypoxia related impacts on mitochondrial
calcium and membrane potential, activation of ER stress
pathways, as well as the proliferative responses (Dromparis
et al., 2013a). Downregulation of uncoupling protein 2 in
mice, which is normally expressed in the mitochondria,
causes dysregulation of mitochondrial Ca2+ signaling and
induces pulmonary hypertension (Dromparis et al., 2013b).
The close association between the mitochondria and ER
also appear to be important to the development of PH
in mice (Sutendra et al., 2011). ER stress due to hypoxia
may cause a breakdown in the close interaction and Ca2+

movement between the ER and mitochondria, which further
dysregulates the function of both organelles (Sutendra et al.,
2011; Raffaello et al., 2016). Based on this evidence, it will
be important to pursue the impact of gestational hypoxia on
ER stress and its relevance to the development of pulmonary
hypertension in the newborn.

IMPACTS ON HUMAN POPULATIONS

A number of human populations have lived at high altitudes
for many generations, including citizens of Tibet, Ethiopia,
and the Andes. Among these, Tibetans are the best studied
high altitude population. Interestingly, they have a variety of
adaptations that improve their capacity to develop and thrive
at high altitude (Niermeyer et al., 1995; Ge et al., 2012).
However, beyond only a handful of studies our knowledge
remains limited concerning the developmental progression
of cellular metabolism and the impact of the low oxygen
environment on these populations. This includes functional
compensatory mechanisms consisting of increased ventilation
and greater pulmonary diffusion capacity relative to non-native
populations (Bianba et al., 2014). The lungs of Tibetan infants
are better adapted to provide enhanced blood oxygenation
through developmental alterations in cardiorespiratory structure
and function (Niermeyer et al., 1995). This combined with the
decreased oxygen utilization by the mitochondria and lessened
fatty acid oxidation in peripheral tissues help to enhance
physiological performance at high altitude (Murray, 2016).

The excessive oxidative stress that occurs with chronic
hypoxia has physiological consequences (Jochmans-Lemoine
et al., 2015, 2018). Oxygen sensing is essential for stimulating
gene expression and transcription for growth processes and
angiogenesis (Kurlak et al., 2016). However, this is best examined
in animal models that share critical features of human disease
because of the ability to perform invasive examinations regarding
the phenotypic impacts of high altitude, the associated cellular
and molecular mechanisms, and evaluation of new therapeutics.
For example, in Bolivia at 3,600 m above sea level, rats exhibit a
chronic mountain sickness phenotype that is similar to humans
with elevated hematocrit, lower ventilation, signs of severe
pulmonary hypertension, and lower arterial oxygen saturations
when breathing either high or low levels of oxygen (Jochmans-
Lemoine et al., 2018). From a therapeutic perspective, some
of these effects can be partially reversed by exposing affected
rats to enriched oxygen during the first 2 weeks after birth
(Jochmans-Lemoine et al., 2018).

One key adaptation in adults with exposure to even
moderately high altitudes above 1,500 m is that there are
dramatic changes in glucose tolerance, which may be linked
to oxidative stress (Woolcott et al., 2015). Initial exposure to
the rarified environment causes a person’s glycemic index to
increase with an increase in anaerobic glucose metabolism (Kelly
et al., 2010). Related to this, healthy people exposed to high-
altitude hypoxia may become insulin-resistant (Siervo et al.,
2014). Mechanistically, the insulin resistance may be related to
cellular inflammation and ROS production (Trayhurn, 2013).
Long-term residence at high altitude in comparison may lower
a person’s glycemic index and improve glucose uptake and
utilization (Woolcott et al., 2015). Recent work in the sheep fetus
exposed to gestational hypoxia for 9 days may provide some
insight as the data shows there is an increase in hepatic expression
of G6PC and PCK1 without any change in plasma glucose
(Jones et al., 2019). Overall, the relationships between ROS,
cellular metabolism, and the functional consequences remain to
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be elucidated in humans and animal models. Whether or not
many of the changes outlined in fetal and adult organs also occur
in the lung are unresolved but are important to address as changes
in ROS and cellular metabolism are projected to have major
impact on lung development and function.

PERSPECTIVES

High altitude gestation and birth places a significant stress
on both the mother and fetus and results in metabolic
reprogramming of the lung and other organ systems, which
give rise to functional defects including pulmonary hypertension
as well as diseases in other systems. Focused evaluation of
individual signaling pathways, related genes and proteins has
provided some insights into the mechanistic basis for stress
related diseases due to high altitude gestation. Even still,
our comprehension of the impact of low oxygen on fetal
development is far from complete. Better understanding of
the etiology as well as treatment of disease will require
integration of information from various sources. Studies that

use contemporary omics approaches including metabolomics,
proteomics, transcriptomics and genomics along with traditional
functional studies using manipulated systems hold great promise
for providing a deeper understanding of the mechanisms
associated with hypoxia-related disease in the fetus as well as the
development of novel treatments.
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The arapaima is the largest of the extant air-breathing freshwater fishes. Their respiratory
gas bladder is arguably the most striking of all the adaptations to living in the hypoxic
waters of the Amazon basin, in which dissolved oxygen can reach 0 ppm (0 mg/l) at
night. As obligatory air-breathers, arapaima have undergone extensive anatomical and
physiological adaptations in almost every organ system. These changes were evaluated
using magnetic resonance and computed tomography imaging, gross necropsy, and
histology to create a comprehensive morphological assessment of this unique fish.
Segmentation of advanced imaging data allowed for creation of anatomically accurate
and quantitative 3D models of organs and their spatial relationships. The deflated
gas bladder [1.96% body volume (BV)] runs the length of the coelomic cavity, and
encompasses the kidneys (0.35% BV). It is compartmentalized by a highly vascularized
webbing comprising of ediculae and inter-edicular septa lined with epithelium acting
as a gas exchange surface analogous to a lung. Gills have reduced surface area,
with severe blunting and broadening of the lamellae. The kidneys are not divided into
separate regions, and have hematopoietic and excretory tissue interspersed throughout.
The heart (0.21% BV) is encased in a thick layer of lipid rich tissue. Arapaima have
an unusually large telencephalon (28.3% brain volume) for teleosts. The characteristics
that allow arapaima to perfectly exploit their native environment also make them easy
targets for overfishing. In addition, their habitat is at high risk from climate change and
anthropogenic activities which are likely to result is fewer specimens living in the wild, or
achieving their growth potential of up to 4.5 m in length.

Keywords: air-breathing, arapaima, morphology, imaging, pirarucu, osteoglossid, MRI

INTRODUCTION

The arapaima, or pirarucu, is an air-breathing osteoglossid teleost native to the Amazonian
floodplains, which can reach sizes of up to 4.5 m in length and 200 kg in weight (Graham, 1997;
Castello, 2008) (Figure 1). As a genus, Arapaima are morphologically, biologically, taxonomically
and commercially important.

Frontiers in Physiology | www.frontiersin.org 1 April 2020 | Volume 11 | Article 260190

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/journals/physiology#editorial-board
https://www.frontiersin.org/journals/physiology#editorial-board
https://doi.org/10.3389/fphys.2020.00260
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fphys.2020.00260
http://crossmark.crossref.org/dialog/?doi=10.3389/fphys.2020.00260&domain=pdf&date_stamp=2020-04-27
https://www.frontiersin.org/articles/10.3389/fphys.2020.00260/full
http://loop.frontiersin.org/people/819616/overview
http://loop.frontiersin.org/people/948690/overview
http://loop.frontiersin.org/people/948598/overview
http://loop.frontiersin.org/people/881787/overview
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-11-00260 April 27, 2020 Time: 11:11 # 2

Scadeng et al. Arapaima: Air-Breathing Fish

FIGURE 1 | Overview of specimen one. In all figures the traditional radiological
convention is adopted with rostral end of fish to the left of the page for sagittal
and coronal images and 3D reconstructions. For axial images, left side of
image is right side of fish. Right (R), left (L), dorsal (D), ventral (V) marked for
clarity. (A) 190 cm long female arapaima weighing 70.5 kg, volume of 68.85lt.
The average density of the whole specimen is 1.02 g/cm3. Whole fish surface
reconstructed from CT and MRI data (CT cranial 85% MRI caudal 15% as
demarcated by blue arrows). (B) Semi transparent surface outline showing
relative position of internal organs and skeleton reconstructed from CT data.
Heart: purple, liver: brown, spleens: pink, ovary: magenta, esophagus and
stomach: green, gut: turquoise, pyloric caeca: orange, respiratory tissue: blue,
air in gas bladder: yellow, esophageal sphincter: red. Axial skeleton head and
body surface: semi-transparent.

Arapaima exhibit bimodal breathing, using both gills and a
respiratory swim bladder to exchange gases with its environment
(Gonzalez et al., 2010; Fernandes et al., 2012). If denied
access to air, adult arapaima will drown within 10 min,
making them obligate air-breathers (Farrell and Randall, 1978).
Until they are approximately 9 days old (18 mm), arapaima
exclusively breathe water (Graham, 1997). As they mature,
arapaima undergo extensive anatomical and physiological
changes, including atrophy of the gills, to become air-breathers
(Brauner et al., 2004).

Sometimes referred to incorrectly as “lungs,” the highly
specialized respiratory gas bladder of the adult arapaima runs
along the dorsal surface of the coelomic cavity (Brauner et al.,
2004; Daniels et al., 2004; Fernandes et al., 2012). Many fish
possess gas bladders, which can be used for a variety of
purposes including buoyancy, sound production and respiration.
Many of the more derived teleosts, such as the rainbow trout
(Oncorhynchus mykiss), a common fish model, have gas bladders
that are a smooth bag-like structure (Hall, 1924). Even bichirs
(Cladistia), which use a gas bladder for respiration like an
arapaima, have a simple gas bladder (Perry et al., 2001). In
arapaima, the respiratory gas bladder is complex and subdivided
into many irregular ediculae to hugely increase surface area.
The lining epithelium is similar to that seen in the gills
of non-air-breathing fish (Fernandes et al., 2012). Similar to
the majority of the actinopterygii, arapaima use a four-stroke
buccal pump to move gas in and out of the respiratory gas
bladder, rising to the surface to take a breath approximately

every 4 min (Farrell and Randall, 1978; Brainerd, 1994).
The respiratory gas bladder is not a true lung, as seen in
sarcopterygians such as lungfish (Dipnoi) and tetrapods, because
it is dorsal, unpaired and has a different ontological origin
(Perry et al., 2001).

Taxonomic classification of arapaima species is a contentious
issue. Until recently, it was believed Arapaima gigas was the
only species (Stewart, 2013b). There are now five recognized
species: A. mapae, A. gigas, A. leptosoma, A. agasizii, and
A. arapaima, with the last being discovered as recently as 2013
(Stewart, 2013a).

Although all arapaima were thought to be A. gigas, that species
is now only known from the museum specimen holotype in Paris
(MNHN a-8837). The Amazon is a hotbed of biodiversity due
to the variety of microenvironments, allowing for evolution in
isolation, and there are likely still more arapaima species to be
discovered (Castello et al., 2011; Stewart, 2013a). Aside from
presenting an interesting taxonomical conundrum, this poses an
important conservation issue as only A. gigas is protected under
the International Union for Conservation (ICUN) Red List and
the Convention on International Trade of Endangered Species
(CITES) Appendix 2 (Castello and Stewart, 2010).

Advanced imaging, including computed tomography (CT)
and magnetic resonance imaging (MRI), is becoming an
increasingly popular means of collecting detailed morphological
data from threatened and difficult to acquire species, that can
be easily disseminated amongst scientists (Corfield et al., 2008;
Berquist et al., 2012; Ponganis et al., 2015; Wright et al., 2016,
2017; York et al., 2018). These techniques allow for excellent
imaging of tissue as it exists in situ, without disruption from
autopsy. By combining the results of advanced imaging and
3D modeling, with detailed examinations using histologic tissue
review, we can evaluate the whole animal from a cellular to a gross
morphological scale.

MATERIALS AND METHODS

Specimens
A 190cm long female arapaima weighing 70.5 kg was found dead
in an aquarium enclosure. The primary findings on necropsy
were fibrosing cardiomyopathy, 80 ml of serous pericardial
fluid, and 400 ml of sero-hemorrhagic abdominal fluid. The
effusions were likely related to the cardiac condition, the cause
of which is unknown. This animal, the primary specimen or
Specimen One, was examined using multiple modalities for
anatomical investigation.

To enhance the histological investigation, three additional
arapaima were examined for more detailed histologic
information. Specimen Two was an 80 cm long juvenile
male, which died in 2008 under anaesthesia. It was used for
gill, air bladder and heart histology. Specimen Three was a
140 cm long sub-adult male that jumped from an enclosure
in 2007, and was used for kidney histology. Specimen Four
was a female arapaima, which died under anaesthesia while
under-going enucleation, and was used for brain and digestive
system histology.
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Species Identification
Given the many uncertainties surrounding arapaima taxonomy
we do not make definitive species identifications for any of
our specimens, therefore our findings are representative of the
genus Arapaima. The morphological indicators that differentiate
between species include measurements such as tooth numbers,
fin ray numbers and orbit diameter, vary based on body size; there
is little interspecies difference in internal anatomy, which is the
focus of this paper (Stewart, 2013b).

Data Collection and Quantitative
Analysis
Imaging was performed on the Specimen One within 24 h of
death. Necropsy was performed the following day at the facilities
of SeaWorld San Diego. Histological slides were prepared
using hematoxylin and eosin stain by San Diego Pathologists
Medical Group, Inc.

T1 and T2 MR data was collected of the entire fish using
a 3 Tesla MRI scanner (GE Sigma HDx MRI scanner – GE
Medical Systems, Milwaukee, WI, United States) at the University
of California, San Diego Center for Functional MRI. Due to
the size of the specimen all imaging was acquired using the
machine body coil, and in several sections, limited by the
useable length of the imaging coil. T2-weighted images were
acquired using a 2D fast spin echo imaging sequence with the
following protocol parameters: echo time = 116 ms; repetition
time = 3500 ms; averages; in-plane matrix = 512 × 512; in
plane resolution = 0.55 × 0.55 mm; slice thickness = 4 mm.
T1-weighted images were acquired using a 3D fast spoiled
gradient echo sequence with the following protocol parameters:
echo time = 4.3 ms; repetition time = 10.2 ms; averages;
inversion time 450 ms, in-plane matrix = 512 × 512, in plane
resolution = 0.43 × 0.43 mm; slice thickness = 1 mm. Distortion
correction is performed automatically using GE software, and the
length of the acquisition was limited to the linear portion of the
gradient coil, with care taken to overlap the acquired segments.
This ensured the whole length of the fish was acquired while
avoiding either missing segments or distorted data.

CT data was collected using a GE lightspeed Discovery
750HD CT scanner (GE Medical Systems, Milwaukee, WI,
United States). Scanning parameters were 120 kV, 226MA. In
plane resolution 0.98× 0.97 mm; slice thickness 1.25 mm. As the
length of the specimen was longer than the CT machine table, the
tip of the caudal fin was not imaged, though the surface model
of the whole fish was reconstructed using MRI data of this region
for accurate total body volumes (Figure 1).

Segmentation was manually performed using AMIRA
software (FEI Visualization Sciences Group, Burlington,
MA, United States). Segmentation was based on image
grayscale intensity and a priori knowledge of anatomical
characteristics of ostoglossid fish, spatial relationships and
external landmarks. 3D models of the anatomy were constructed
from the segmented imaging data.

Morphometric measurements were taken as follows: heart and
vessel wall and lumen measurements were taken from MR data
at three representative points and averaged. Tooth counts are an

approximation. They were obtained from CT images, and as the
teeth are similar in size to the image resolution this made some
individual teeth difficult to define separate from neighboring
teeth. The tooth counts for the dentary include only a single
ramus. Orbit diameter was measured from CT images at the
widest point. Interorbital width was measured from CT images
from the most medial points of each orbit. Caudal peduncle
length was measured from necropsy photos as the distance
between the caudal insertion of the anal fin and the cranial
insertion of the caudal fin. Anal fin rays were counted using a
combination of CT and MR images. Total density of Specimen 1
was calculated using total body weight at necropsy divided by the
total body volume measured using segmented imaging data.

Hematoxylin and eosin staining is done per Stevens (1982):
tissues are fixed, dehydrated and embedded in melted paraffin
wax, which facilitates microtoming into thin slices. After
rehydrating, hematoxylin and a metallic salt is applied to the
tissue, which is then rinsed in a weak acid solution, followed by
rinsing in mildly alkaline water. This stains cell nuclei blue. The
tissue is then stained with eosin, which stains the extracellular
matrix and cytoplasm pink.

RESULTS

Gill Morphology
There are four pairs of gill arches with accompanying filaments
(Figure 2d). The filaments are short, squat and have only
rudimentary lamellae. The lamellae are extremely blunt and
broad compared to those of the gills of water-breathing fish
and the pillar system is absent (Figure 2b). There is a slight
curl to the distal portions of the filaments on necropsy, but this
appears to be artifact as it not present on histology and may
have been due to post mortem necrosis (Figure 2a). The lamellar
epithelium is comprised of mucocytes, ionocytes, and pavement
cells (Figure 2c). The gills subjectively appear to be less highly
vascularized than most water-breathing fish.

Esophageal Sphincter and Respiratory
Gas Bladder
The respiratory gas bladder is unpaired and runs the dorsal
length and width of the coelomic cavity, encompassing the
kidneys (Figures 3, 4, 5). The gas bladder is connected to the
esophagus cranially via a substantial dorsal muscular sphincter
(Figures 3a–f). The sphincter is largely a triangular, disc-like
shaped muscle measuring 5cm in length. In the midline is a
longitudinal slit-like opening that measures 24 mm in length. It
is through this opening that air moves between the esophagus
and the rostral aspect of the gas bladder (GB), which was not
inflated at this level. A tiny longitudinal strip of possible tissue
is seen on CT and MR imaging overlying the opening (yellow
arrow in 3c), and this may act as a valve regulating the flow of
air, or preventing water/food from entering the GB. In addition a
localized thickening of tissue (red arrow Figure 3c) sited on the
opposing side of the esophagus, possibly occludes the slit opening
when the surfaces of the esophagus are opposed.
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FIGURE 2 | Respiratory system: The gill arches and filaments. (a) On each side there are four gill arches (GA) with associated cartilaginous filaments (F).
(b) Photomicrograph of the boney gill arch, cartilaginous filaments. Note extensive blunting and broadening of the lamellae. (c) A higher magnification light
micrograph of the lamellae of a gill filament. The epithelium of the lamellae is made up of ionocytes (filled arrowheads), mucocytes (empty arrowhead) and pavement
cells (notched arrowhead). Note the collapse of the pillar cell system. (d) Coronal CT slice at level of the base of mouth demonstrating the gill arches and filaments.
(e) 3D reconstruction of gill arches (blue) from CT as seen from caudal end of fish looking cranially into the fish.

The dorsal aspect of the gas bladder is highly vascularized and
appears dark red on necropsy (Figures 4a,b). Grossly, the surface
of the gas bladder appear as a disorganized, dense web of tissue
with air compartments, or ediculae, of varying size. The inter
edicular septa are comprised of muscular supportive structures
and blood vessels (trabeculae) with a layer of respiratory
epithelium covering areas in contact with gas (Figures 4b–d).
This epithelium is comprised of pavement cells and columnar
cells. The respiratory tissue measured 60 mm at its thickest part.
The total volume of the respiratory tissue is 785 ml excluding
the air component.

At the time of CT and MR data collection, the gas bladder was
almost completely collapsed, with much of the air residing within
the mass of respiratory tissues. On the CT data of Specimen
One the right side of the gas bladder was more inflated than

the left side (total gas volume 564 ml, Table 1). The asymmetry
in air volume is likely due to the left side being dependant
during transportation of the specimen. The T2 weighted MR
image (water has high signal intensity on T2-; Figures 4e,f)
demonstrates that there is some fluid within the gas bladder,
which highlights the visualization of the inter-edicular septa. The
respiratory gas bladder makes up 1.96% of the total volume of this
arapaima (Table 1).

Kidneys and Ovary
The kidneys are paired and run medially along the spine within
the respiratory gas bladder (Figures 4e–g, 5c,d) and occupy
approximately the caudal three quarters of this space with the
respiratory tissue on each side. The kidneys are in contact with
each other along their length. They comprise 0.35% of the total
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FIGURE 3 | Respiratory system: Esophageal Sphincter. (a) Midline sagittal, and (b,c) axial MRI image at level of upper esophagus through the muscular sphincter
(MS), positioned in the dorsal aspect of the esophagus. White box on (b) indicates enlarged section (c). The sphincter is a triangular, disc-like shaped muscle
through which air moves between the esophagus and the rostral aspect of the gas bladder (GB), which is not inflated at this level. A tiny longitudinal strip of tissue
seen overlying the opening (yellow arrow in c), may act as a valve regulating the flow of air, or preventing water/food from entering the GB. In addition a localized
thickening of tissue (red arrow) sited on the opposing side of the esophagus, possibly occludes the slit opening when the surfaces of the esophagus are opposed.
(d,e) 3D reconstruction of muscular sphincter from CT data demonstrating relationship between the esophagus and the GB. Red: muscular sphincter, blue: rostral
end of GB, green: esophagus, yellow: strip of tissue in valve opening. (d) From above sphincter, (e) from below sphincter, (f) lateral view.

volume of the arapaima (Table 1). There is no differentiation into
a hematopoietic “head” and excretory “trunk,” as hematopoietic
cells and nephrons are interspersed throughout the parenchyma.
The nephron consists of a renal corpuscle and renal tubule,
emptying into a collecting duct.

Specimen One is an adult female with an inactive left ovary
and no right ovary. The ovary is long, thin, and flat and tapers
to a point cranially. The left ovary comprises 0.08% of the total
volume of the arapaima (Figures 5a,c,d).

Heart and Vasculature
The heart is found encased in a thick layer of lipid rich connective
tissue just caudal to the gill arches. The heart consists of the
sinus venosus, atrium, muscular ventricle, conus arteriosus, and
bulbus arteriosus (Figures 6a–f). Blood enters the heart via the
ductus Cuvier, which is fed by the hepatic and renal portal
systems. Blood exits the heart to the dorsal aorta toward the

gills. Only the heart parenchyma was included in segmentation;
the lumen was excluded. The heart musculature constitutes
0.21% of the total volume of the arapaima, with the majority
of the heart volume being the ventricle (Table 2). The ductus
Cuvier has a diameter of 6.3 mm where it meets the sinus
venosus. The wall of the sinus venosus is 1.1 mm thick and the
atrium is 2.0 mm thick. The thickness of the ventricular wall
varies between 7.8 and 14.8 mm, depending on the musculature.
The lumen of the ventricle is very narrow in MR images,
indicating a contracted state at the time of death. The conus
arteriosus is a distinct entity between the ventricle and the
bulbus arteriosus and supports the conus valve (Figure 5a).
The bulbus arteriosus has a thick fibroelastic wall, measuring
1.9 mm thick, with tissue folds protruding into the lumen,
which is 19.9 mm at the thickest point. Specimen one has
moderate pericardial effusion, which can be seen in the MR
images (Figure 6d).
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FIGURE 4 | Respiratory system: Respiratory gas bladder. (a) The gas bladder (GB) and respiratory tissue (RT) runs the length of the dorsal coelomic cavity and
encompasses the kidneys (K). (b) The dorsal surface is covered by a mat of highly vascular tissue comprising of ediculae and inter-edicular septa. The inter-edicular
septa are created by trabeculae made of smooth muscle and connective tissue. The interior surfaces of the gas bladder that are in contact with air are all covered
with respiratory epithelium consisting of pavement and columnar epithelial cells. (c,d) A light micrograph stained with Masson’s Trichrome showing a blood vessel
(BV), inter-edicular septa (IES) and ediculae (E). Collagen is stained blue. (e,f) Axial and zoomed axial MRI of respiratory tissue at level of mid of the GB
demonstrating respiratory tissue (RT), gas in air bladder (A), Gas in stomach (G). The kidneys (K) are seen suspended in the GB, vertebrae (V) and gut (GU). Vertebral
bodies appear to have spicules emanating from them (red arrow) – Similar appearance seen on CT in Figure 10. This feature is presumably to increase surface area
for gas exchange and have not previously been described in this species. (g) Coronal CT scan at level of GB demonstrating relationships of contents of GB. (h–j) 3D
reconstructions from CT data. (h) Air (A) fraction in GB (yellow), (i) Vascular respiratory tissue fraction (blue). (j) Reconstructions of GB showing the relationship of A
to RT.
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TABLE 1 | Body structure volumes in milliliters (ml) and as percent of whole fish.

Structure Volume (ml) % of total

Muscle/other soft tissue 56,860.00 82.57%

Head/axial skeleton 3,757.00 5.46%

Scales 4,214.00 6.12%

Air in gas bladder 564.40 0.82%

Respiratory tissue 784.70 1.14%

Kidney 243.50 0.35%

Esophageal sphincter 100.20 0.15%

Esophagus and stomach 1,361.00 1.98%

Gut 267.70 0.39%

Blind caeca 1 15.42 0.02%

Blind caeca 2 19.32 0.03%

Liver 392.70 0.57%

Spleens 24.99 0.04%

Heart 144.30 0.21%

Pericardial fat 42.52 0.06%

Ovary 55.62 0.08%

Brain 6.74 0.01%

Eye1 6.05 0.01%

Eye 2 5.97 0.01%

Lenses 0.73 0.001%

Structures segmented from CT and MRI data. Numbers corrected to 4 significant
figures.

Gastrointestinal System
The teeth of the dentary, premaxillary and maxillary bones are
simple, conical, approximately 2 mm long and present in single
rows. There are 36 dentary teeth and 34 maxillary teeth. The
basibranchial tooth plate, or boney tongue, is covered in fine
villiform lingual teeth (Figures 7d–f).

The esophagus is approximately 7 cm long and has
a large dorsal muscular sphincter connecting it to the
respiratory gas bladder as described above (Figure 3). The
esophagus connects to a muscular stomach. The stomach
has a thin tunica serosa, a thick tunica muscularis with
perpendicular and circular muscle fibers, a tunica submucosa
and a tunica mucosa with both gastric glands and goblet
cells. There are two blind-ended pyloric ceca. The intestine
passes posteriorly to the left of the esophagus and stomach
rather than to the right (Figures 7g,h). The intestines
loop back and forth four to five times within the coelom
before terminating at the rectum. The gastrointestinal tract –
esophagus –rectum, constitutes 2.56% of the total body volume
(excluding gas volume).

The liver has one trough shaped lobe that lies ventral to the
gastrointestinal tract in the cranial aspect of the coelomic cavity
and comprises 0.57% of the total body volume (Figure 7a and
Table 1). It is dark reddish-brown in color. The hepatocytes
are hexagonal in shape, vacuolated, and have a round centrally
located nucleus with a darkly staining nucleolus (Figure 7c).
A network of sinusoids runs between the hepatocytes. There are
many larger blood vessels within the liver parenchyma. The bile
ducts are lined with a single layer of columnar epithelial cells.
There are several spleens (Figure 7b).

FIGURE 5 | Ovary and kidneys. (a) Gross anatomy of ovary (O) in the
peritoneal cavity. (b) Kidney- light micrograph showing hematopoietic tissue
(H), renal tubules (T), capillary tuft (arrowhead) and melanomacrophages
(empty arrowhead). (c) 3D reconstruction from CT data of kidneys (green) and
ovary (magenta) as seen from left side and (d) from below looking up. Other
organs as described above but semitransparent for orientation.

Brain
The rostral-most structures are the paired olfactory bulbs, which
are attached caudally to the cerebral hemispheres (Figures 8a–i).
The telencephalon is large and well developed compared to
the majority of fish, especially other osteoglossids; it has
well differentiated right and left lobes. The diencephalon is
primarily composed of the preoptic area. The mesencephalon is
predominately optic tectum. Caudal to this is the cerebellum and
the medulla. The brain makes up only 0.01% of the total body
volume (Table 3) and the largest subdivision is the telencephalon
at 28.3% of brain volume. The brain case is significantly larger
than the brain itself (Figures 8b–i). There is a large and
complex cerebro-spinal fluid (CSF) space around the brain which
measures more than 3 times (323%) the volume of the brain itself
(Figure 8b), and the space around and anterior to the CSF space
is filled with fatty connective tissue.

Musculoskeletal and Integument
The cranium is heavily ossified and well protected consisting
of 2 main layers of overlapping bones. (Figures 9A–C) The
mouth opens upwards toward the surface. There are indentations
in the cranium around pores to the acousticolateralis system
(Figure 9A). The orbit diameter is 1.83% of total length and the
interorbital width is 6.3% of total length.

Bone (skull bones and axial skeleton) comprise 5.45% of the
total volume, with skull bones constituting more than half of
that, and the integument comprises 6.12% of the total volume.
The 79 vertebrae are composed of a centrum, a neural spine and
transverse processes. The ventral aspect of the vertebral bodies in
the region of the gas bladder are spiculated and interdigitate with
the respiratory tissue (Figures 10a–d). Many of the transverse
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FIGURE 6 | The heart. (a,b,d) The heart consists of the sinus venosus (SV), the atrium (At), the ventricle (V) and the bulbus arteriosis (BA). Some of the substantial
lipid rich connective tissue that surrounds the heart can be seen (L). (c) Photomicrograph of the ventricular myocardium. (d) Sagittal MRI of the heart showing the
ductus of Cuvier (arrowhead) connecting to the sinus venosus. A small amount of pericardial effusion (PE) can be seen at the apex of the heart. (e–i) e-3D
reconstruction of heart superimposed on axial MRI for orientation of heart. (f) Ventral (seen from below), (g) Dorsal (from above), (h) Left lateral, (i) Right Lateral.
Hepatic vein: yellow, sinus venosus: light blue), atrium: dark blue, ventricle: red, bulbus arteriosus: purple.

processes of the vertebrae in the region of the gas bladder appear
to partially encase air. There are 34 pairs of ribs (see Figure 10h).
Arapaima have pectoral fins, pelvic fins, an adipose fin, an anal

fin and a caudal fin. The adipose and anal fins are the most
substantial, squaring off the peduncle before the caudal fin in a
lateral view (Figure 1). Thirty-four anal fin rays support the anal
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TABLE 2 | Cardiac structure volumes in milliliters (ml) and as percent of
whole heart volume.

Structure Volume (mls) % of total

Ventricle 37.28 30.1%

Bulbus arteriosus 16.79 13.6%

Atrium 58.51 47.2%

Sinus venosus 11.28 9.1%

Structures segmented from MRI data. Numbers corrected to 4 significant figures.

fin and 36 support the adipose fin. The caudal fin is small and
triangular with 27 boney rays.

The integument covering the head is green dorsally and
white ventrally. There are pores on the mandible and ventral
cranium that open to the acousticolateralis system. The scales
of the body are thick and gray in color and lighter ventrally,
creating heavy armor. Where the scales overlap the thickness is
up to 9.7 mm. Single scale thickness is approximately 3.4 mm
(Figure 10e). On the caudal trunk, some scales have bright red
areas posteriorly which form diagonal lines along the sides of the
fish. The amount of red pigment increases caudally. The body and
tail are heavily muscled with mostly white muscle. Muscle makes
up the majority of the fish (muscle and minor organ/soft tissue
constitutes 82.6% of total). The muscle is divided in to left and
right epaxial and hypaxial muscle by the vertical and horizontal
septa (Figures 10f,g). The muscle is segmented into myomeres.

DISCUSSION

Arapaima are highly specialized for life in the intermittently
hypoxic environment of the Amazon, giving them a competitive
edge during times of low water levels (Castello et al., 2011)
in which dissolved oxygen can reach 0 ppm (0 mg/l) at night,
though anoxic environments only occur in deeper waters (Junk
et al., 2015). Many Amazonian fish have developed methods of
compensating for hypoxia, such as the pharyngeal diverticula of
the swamp eel (Snybranchus marmoratus) for air breathing, or
the expansion of the lip in the pacu (Piaractus brachypomum)
to exploit the more oxygen rich surface waters (Val et al., 1998).
However, none are as striking or as comprehensive as the changes
associated with the respiratory gas bladder in arapaima. The
development of obligate air-breathing required the compensatory
evolution of several additional morphological and physiological
adaptations. In addition to changes in the respiratory organs,
such as the gas bladder and gills, there are alterations in renal
function and the vascular supply. Together, these morphological
specializations allow the arapaima to fill a unique ecological niche
in the Amazonian basin and make the arapaima a fascinating
anatomical study.

Respiratory System
Although air-breathing has evolved multiple times in teleosts, no
fish has freed itself entirely from using gills while remaining in an
aquatic habitat, except the obligate air-breather adult arapaima
(Graham, 1997). Arapaima are highly specialized to withstand
hypoxia, with 50–100% of their oxygen coming from the air,

depending on the oxygenation of the water (Stevens and Holeton,
1978) and size or age. They have higher metabolic rates than
most fish and increased aerobic capacities, existing in a state
of compensated respiratory acidosis with lower blood pH and
higher pCO2 levels than most fish (Hochachka et al., 1978b;
Brauner et al., 2004; Gonzalez et al., 2010). Despite their reliance
on air, arapaima ventilate their gills 16–24 times/minute and only
stop during inhalation at the surface (Farrell and Randall, 1978;
Stevens and Holeton, 1978) and this may be related to acid base
balance and CO2 excretion, though they may also maintain use
of their gills in order to minimize time spent at the surface, where
they are more prone to predation (Kramer et al., 1982).

Mechanics of Breathing
When arapaima ventilate their respiratory swim bladder, they
only break the surface of the water for one second (Farrell
and Randall, 1978). The four-stroke buccal pump breathing
mechanism of the arapaima results in exchange the contents
of their gas bladder (Greenwood and Liem, 1984; Liem, 1989).
Farrell and Randall (1978) proposed that effective gas bladder
ventilation is due to a diaphragm-like septum that stretches
between the body flanks such that, when there is an outward
movement of the flanks, the septum is pulled downwards
creating negative pressure to fill the gas bladder. But, similar to
Greenwood and Liem (1984), we found no evidence of such a
structure. As the fish rises toward the surface, gas is moved from
the bladder into the buccopharyngeal cavity and out through the
opercular slit (Greenwood and Liem, 1984; Liem, 1989). When
the mouth comes out of the water, the buccopharyngeal cavity
is filled with air and the arapaima sinks below the surface while
the buccopharyngeal floor rises and air moves to the gas bladder
(Greenwood and Liem, 1984; Liem, 1989).

Gill Morphology
Like most teleosts, arapaima have four pairs of gill arches
with two rows of filaments and associated lamellae which
are used for gas exchange, ionoregulation, acid-base balance
and nitrogenous waste excretion (Figure 2). Unlike most fish,
arapaima gills are drastically decreased in surface area, have
shorter lamellae, thicker blood-water barriers and a smaller role
in homeostatic functions (Hulbert and Moon, 1978; Brauner
et al., 2004; Gonzalez et al., 2010; Ramos et al., 2013). As arapaima
mature and become increasingly reliant on air-breathing, the
intralamellar spaces fill with a proliferation of chloride cells (more
recently known as ionocytes), increasing the thickness of the
blood-water barrier, and there is atrophy of the pillar system,
decreasing blood supply (Brauner et al., 2004; Da Costa et al.,
2007; Ramos et al., 2013). These changes are thought to help
decrease the loss of oxygen from the blood into hypoxic waters
while still allowing for CO2 exchange (Graham, 1997; Brauner
et al., 2004; Gonzalez et al., 2010). Ionocytes are usually only
found on the edge of the filamental epithelium and function in
the reuptake of Cl− and Ca2+ ions, and their proliferation may
indicate that ion and acid-base regulation is a more important
role for arapaima gills than respiration (Brauner et al., 2004;
Ramos et al., 2013). In addition to ionocytes, the epithelium of the
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FIGURE 7 | The digestive system. (a) Abdominal cavity with liver (L) and gut (G). (b) Several spleens. (c) Light micrograph of liver showing a bile duct (BD), blood
vessel (BV), sinusoids (arrowhead) and hepatocytes (top half of image). (d,e) Sagittal midline and axial CT slice through head demonstrating how effective crushing of
prey occurs between boney tongue and roof of mouth. (f) 3D reconstruction of head looking into mouth highlighting boney tongue (green). (g,h) 3D model of gut and
liver reconstructed from CT data. The gut of the osteoglossomorpha is distinct from that of other fishes in that the intestine passes posteriorly to the left of the
esophagus and stomach (Nelson, 1972) rather than to the right. (g) left lateral, (h) Right lateral. Esophagus and stomach: green, intestinal loops: turquoise, blind
ending pyloric caeca originating from proximal gut: orange, liver: brown, spleens pink.

gills also contains mucocytes (Figure 2C; Fernandes et al., 2012
Ramos et al., 2018).

Respiratory Gas Bladder Morphology
As previously described, we found the gas bladder runs the length
of the coelomic cavity, encompassing the kidneys. The dorsal
surface is covered by a mat of highly vascular tissue comprising

of ediculae and inter-edicular septa. The inter-edicular septa are
created by trabeculae made of smooth muscle and connective
tissue (Figure 4; Hochachka et al., 1978b; Greenwood and
Liem, 1984; Fernandes et al., 2012). The interior surfaces
of the gas bladder in contact with air are all covered with
respiratory epithelium consisting of pavement and columnar
epithelial cells (Figure 4c; Fernandes et al., 2012). Electron
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FIGURE 8 | (a) Photomicrograph showing the cerebellum (Ce), medulla (M), optic tectum (OT), valvula cerebelli (VC) and telencephalon (Te). (b) Sagittal midline T2
MR image through brain showing the cerebellum, optic tectum, telencephalon, olfactory bulb (OB), pituitary (P), spinal cord (SC) and medulla. Surrounding high
signal is expansive cerebro-spinal fluid (CSF) space in which the brain is suspended. (c,d) Dorsal and lateral view 3D reconstructions of the head from CT data
showing the extent of the CSF space encasing the brain (green), optic nerves (blue) and olfactory nerves (orange). Eyes are red, and lining of olfactory pits yellow.
Other bony head structures are semi transparent head. (e–i) 3D reconstructions of the brain with large and complex CSF space surrounding brain (semitransparent
surface). (e) Dorsal, (f) Ventral, (g) lateral, (h) anterior, and (i) Posterior view. Olfactory bulbs: green, telencephalon: dark yellow, hypothalamus: brown, optic tectum:
blue, cerebellum: light yellow, medulla and proximal spinal cord: red, and proximal optic tract: turquoise.
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TABLE 3 | Brain structure volumes in milliliters (ml) and as percent of
whole brain volume.

Structure Volume (ml) % of total

CSF 21.59 323%

Brainstem 0.86 12.88%

Cerebellum 1.09 16.37%

Optic tectum 1.86 27.89%

Diencephalon 0.38 5.65%

Telencephalon 1.89 28.31%

Olfactory bulb 0.25 3.76%

Optic tract 0.17 2.59%

Pineal 0.01 0.15%

Olfactory tract 0.04 0.64%

Pituitary 0.12 1.77%

Cerebrospinal fluid (CSF) volume outside the brain also included. Structures
segmented from MRI data. Numbers corrected to 4 significant figures.

microscopy shows pavement cells have fewer mitochondria
and are closely associated with capillaries on the basal surface,
while the apical surface has short microvilli (Fernandes
et al., 2012). The columnar cells have more mitochondria
and microvilli (Fernandes et al., 2012). Columnar and
pavement cells are connected by tight junctions (Fernandes
et al., 2012). The blood-air barrier in arapaima is made
up of capillary endothelial cells, the basal lamina and the
pavement cells and is so thin it is comparable to avian lungs
(Fernandes et al., 2012).

Our respiratory gas bladder volume of 2.56% total volume is
substantially less than the 7.86% volume reported in Fernandes
et al. (2012) and the 10% mass volume reported in Randall
and Farrell (1978). This is due to the fact that the gas bladder
in Specimen One were almost completely deflated at the time
of advanced imaging (Table 1) and perhaps some variation in
measuring techniques. Our measured value of 1.39% volume for
the respiratory parenchyma (excluding air within it) is similar to
the 2.14% volume reported in Fernandes et al. (2012), lending
credence to the under-inflation hypothesis. Even this may be
an overestimation as the respiratory tissue could have been
congested due to the fibrosing cardiomyopathy. In Fernandes
et al. (2012), volume was calculated using stereological point and
intersection counting methods using a microscope and computer
software in a juvenile arapaima. In Randall and Farrell (1978), gas
bladder volume was measured as the volume of water required to
fill it, which may have involved abnormal stretching of the organ.
The gas bladder parenchyma has a surface to volume ratio of 221
cm−1, which is 5–33 times greater than the ratio in other air-
breathing fish (Fernandes et al., 2012). For instance, the reported
volume of the fully inflated gas bladder in a live O. mykiss is
2.65% of total volume (Martinez et al., 2014). The swim bladder of
O. mykiss is a physostomus membranous sac with a rete mirabile
and is used mainly for buoyancy rather than respiration (Hall,
1924). Fully inflated, the gas bladder of the arapaima is likely to
appropriate a significant amount of space in the coelomic cavity,
reflective of its change in function.

While the respiratory gas bladder of arapaima is highly
complex, it is considered primitive because it lacks esophageal

specialization and maintains a very short pneumatic duct, much
like a bowfin (Amia calva), though the highly compartmentalized
nature is more reminiscent of a lungfish (Figure 1; Greenwood
and Liem, 1984; Liem, 1989). Although the muscular sphincter
controlling the pneumatic duct is not very impressive in juvenile
arapaima, we found it to be substantial in size in a mature adult
(Figure 3; Greenwood and Liem, 1984; Liem, 1989). Anatomical
features of the slit-like aperture in the sphincter that in vivo
could act as a valve to control the movement of air or limit
water movement through the sphincter were seen in the adult
specimen (Figures 3a–f).

Renal System
Since the gills play a smaller role in homeostasis, air-breathing
requires that the kidneys play a larger role in nitrogenous
waste excretion, acid-base and ion regulation (Hochachka et al.,
1978b; Brauner et al., 2004). Despite this, the gills are still the
main site for urea and nitrogenous waste excretion (Gonzalez
et al., 2010), and CO2. Hochachka et al. (1978b) reported the
arapaima kidney is 3.5 times larger in relation to body mass
than the closely related water-breathing aruana based on personal
observation. We found the kidney to be 0.35% of total body
volume, which is only slightly larger than the 0.26% of body
volume seen in O. mykiss, a water-breathing fish (Table 1;
Martinez et al., 2014). It is unclear if the aruana has unusually
small kidneys in comparison to other teleosts, such as O. mykiss.
Arapaima kidneys have no differentiation into head and trunk
segments; nephrons are distributed throughout the parenchyma,
along with hematopoietic cells, intrarenal chromaffin cells,
melanomacrophage centers, lymphatic cells and corpuscles of
Stannius (Figure 5b; Hochachka et al., 1978b). The nephron
tubule has the same three segments as other fish, but the third
segment is much longer and more developed (Hochachka et al.,
1978b). The neck has tall cuboidal cells with large basal nuclei
and the transition segment has an apical tubular system and a
less-developed brush border (Hochachka et al., 1978b). The first
segment and second segment have a complex basilar membrane
network with oblong mitochondria, like in the water-breathing
aruana (Hochachka et al., 1978b). The third segment is the
longest in the arapaima and is made up of columnar cells
with large basal nuclei and small oblong mitochondria, with
an appearance very similar to the ionocytes prevalent in the
epithelium of the gills (Hochachka et al., 1978b).

Reproductive System
Fry production is the major restriction holding back arapaima
aquaculture as reproduction is not as stable in captivity as in the
wild and our understanding of arapaima reproduction is limited
(Queiroz, 2000). Arapaima only have one developed ovary, the
left, and they ovulate directly into the coelomic cavity as there
is no oviduct (Godhino et al., 2005; Figures 5a,c,d). Eggs exit
the coelomic cavity via a genital papilla that is approximately
6 mm in diameter in the caudal trunk (Godhino et al., 2005).
There is considerable diversity in size at first maturity and
nesting features for arapaima. This suggests that there may be
multiple evolutionarily significant units or species (Godhino
et al., 2005). The reported length at sexual maturity for females
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FIGURE 9 | Musculoskeletal -Head. (A–C) 3D reconstructions from CT data, of the external bony armor plates of the head with integument overlain as transparent
surface. Abbtp, anterior basibranchial toothplate; ang, angular; ant, antorbital; br, branchiostegal rays; chy, Ceratohyal; cl; d, dentary; dsp, dermosphenotic; fr,
frontal; io 1–4, infraorbital 1–4; iop, interopercular; iop, infraopercular; mx, maxilla; n, nasal; op, opercle; pa, parietal; pmx, premaxilla; pop, preopercle; q, quadrate;
s, suture; sop, subopercle; spop, suprapreopercle; u, urohyal; v, vomer. (Bones referenced as per Steward 2013).

ranges from 137 to 207 cm depending on geographical site
(Gurdak et al., 2019). At this length the females are approximately
5 years old, (Godhino et al., 2005), so our Specimen One was
a mature adult. Arapaima are iteroparous but may not spawn
every year. In years when they spawn, they often have multiple
batches which reduce the risk of clutch failure (Queiroz, 2000).
However as arapaima are partial spawners, they never have
an empty ovary (Gurdak et al., 2019). With the start of the

rising water season, reproductive activity begins and males and
females pair off (Queiroz, 2000). The males build nests which
are different in different regions. In the Lower Amazon, 90%
of nests were found under woody vegetation (Gurdak et al.,
2019). The males are responsible for caring for the young
for approximately 4 months after breeding (Queiroz, 2000;
Castello et al., 2011). Brood size per mating is currently unclear
(Queiroz, 2000).
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FIGURE 10 | Musculoskeletal and Integument. (a) Axial CT at level of GB
demonstrating air partially encased between the bony cortices of the transvers
processes of the vertebral bodies, and (b,c) shows spiculation of the vertebral
body, possibly to increase surface area of respiratory epithelium exposed to
air. (d) 3D rendering of vertebrae on background of coronal CT slice showing
air density within part of the in the vertebral body between spicules. (e) Axial
CT section demonstrating flexible dermal armor of elasmoid scales made from
overlapping layers of type 1 collagen and a highly mineralized hydroxyapatite
outer layer (Yang et al., 2014). Scales overlap with a thickness up to 9.7 mm.
Single scale thickness is approximately 3.4 mm. (f,g) The muscle is divided in
to left and right epaxial and hypaxial muscle by the vertical and horizontal
septa. (h) Bony axial skeleton reconstructed from CT data (excluding distal
tail).

Circulatory System
In order to facilitate these changes in gas bladder function, the
vasculature pattern adapted in a variety of ways, most noticeably
in regard to the gas bladder, the kidney, and the gills. The afferent
blood supply to the gas bladder is via the dorsal aorta to the
renal portal vein (Greenwood and Liem, 1984). The efferent
blood vessels from the respiratory gas bladder are well developed,
especially the left posterior cardinal veins which drain into the
ductus Cuvier (Figure 6d; Hulbert and Moon, 1978; Greenwood
and Liem, 1984; Graham, 1997). Pulmonary veins that return
oxygenated blood directly to the sinus venosus are lacking.

All fish hearts are comprised of two compartments, the atrium
and the ventricle (Figure 6; Icardo et al., 2005; Grimes and
Kirby, 2009; Ishimatsu, 2012). Blood enters the heart via the sinus
venosus, a thin walled compartment with minimal myocardium
(Icardo, 2006). As in most air-breathing fish, there is mixing of
deoxygenated systemic blood and oxygenated blood from the gas
bladder as both the hepatic vein and the ductus Cuvier empty
into the heart at the sinus venosus, eroding the efficiency of gas
exchange (Farrell, 1978; Greenwood and Liem, 1984; Burggren
and Johansen, 1986; Graham, 1997). Some highly specialized air-
breathing fish have specific cardiac modifications to decrease

this mixing, such as the partial interventricular septum seen in
lungfish (Fishman et al., 1985; Icardo et al., 2005; Grimes and
Kirby, 2009). Mixing is limited in the arapaima because most
blood returning from the posterior systemic circulation comes
from the renal portal system and goes through the respiratory
gas bladder before emptying into the heart (Johansen et al.,
1978; Greenwood and Liem, 1984). The oxygen partial pressure
in the dorsal aorta of arapaima is 45–50 mmHg, which is an
oxygen saturation of 80–90% (Johansen et al., 1978). Schaller and
Dorn (1973) made note of a balloon valve at the entry point
of the hepatic vein into the sinus venosus, which could limit
mixing of saturated and unsaturated blood. We did not find
evidence of this valve.

Arapaima have a type 1 heart, as outlined in Grimes and
Kirby (2009), with a completely trabeculated ventricle and no
coronary vasculature (Figure 6b). Like most fish with an entirely
trabeculated ventricle, arapaima have a distinct muscular conus
arteriosus which supports the conus valve (Figures 6a,b,d;
Icardo, 2006). In some air-breathing fish, the conus is well
developed (e.g., gars (Lepisosteriformes), bichers and lungfish),
while others [e.g., snakehead (Channa argus) and climbing
perch (Anabas testudineus)] have a regressed conus arteriosus
(Ishimatsu and Itazawa, 1983; Grimes and Kirby, 2009). However,
prior to Icardo (2006), the outflow tract of fish was poorly defined
so it is possible that the conus arteriosus in the snakehead and
climbing perch was simply identified using a different paradigm.
The thick fibroelastic wall of the bulbus arteriosus allows it
to stretch and dampen systolic blood pressure, functioning
as a “windkessel” vessel as in other species (Figures 6a–d;
Grimes and Kirby, 2009). The bulbus arteriosus has elaborate
tissue folds filling the lumen (Figure 6b). Specialization of
the bulbus arteriosus and ventral aorta have been seen in
other air-breathing fish and can allow for more control of
blood flow. Lungfish have spiral and ventrolateral folds inside
the bulbus arteriosus that aid in directing blood flow either
systemically or to the gills (Parsons, 1929; Fishman et al., 1985;
Graham, 1997; Ishimatsu, 2012). The air-breathing snakehead,
has smooth muscle ridges in the bulbus arteriosus and a
bifurcated ventral aorta, one half of which directs blood to
the gills and air-breathing organ and the other systemically
(Ishimatsu et al., 1979; Ishimatsu and Itazawa, 1983; Grimes and
Kirby, 2009). The climbing perch, African knifefish (Gymnarchus
niloticus), swamp eel (Monopterus cuchia), and Indian catfish
(Heteropneustes fossilis) are also all air-breathing fish with ridges
in the bulbus arteriosus (Parsons, 1929; Munshi et al., 1986;
Olson et al., 1994; Grimes and Kirby, 2009). At this point, it
is unclear if the luminal folds in the bulbus arteriosus of the
arapaima play a role in maximizing oxygen delivery efficacy,
although studies of the oxygen and carbon dioxide partial
pressures in the dorsal aorta showed no evidence of separation
of blood flow based on oxygenation (Johansen et al., 1978;
Randall and Farrell, 1978).

The heart of the arapaima is larger than that of the closely-
related aruana, and is surrounded by a thick layer of lipid stores
(Hochachka et al., 1978a). In the aruana, the whole heart makes
up 0.025% of body weight, while in the arapaima the ventricle
alone accounts for 0.1% of body weight (Hochachka et al., 1978a).
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We found the volume of the heart to be 0.21% of total volume
(Table 1). The presence of lipid-rich connective tissue around
the heart could act as a supplementary energy source that the
majority of fish would be prohibited from using due to hypoxic
conditions (Hochachka et al., 1978a).

The microvascularization of the gills also reflects changes
associated with air-breathing. The branchial arteries have thick
layers of smooth muscle, and each branch of the arterioles
serves a larger area and some of the vessels are deeper within
the tissue, reducing the amount of gas exchange (Hulbert and
Moon, 1978). Together these changes indicate that there is a
cardiac bypass system that allows the blood to skip the lamellae,
controlling the amount of cardiac output devoted to the gills and
decreasing oxygen loss to hypoxic water (Hulbert and Moon,
1978). Similar changes to the gill vascularization can be seen in
the air-breathing snakehead and swamp eel (Monopterus cuchia)
(Olson et al., 1986).

Gastrointestinal System
Arapaima are an omnivorous species that mainly subsists on
detritivorous and omnivorous species, such as catfishes and
knifefishes, in the high-water season and macroinvertebrates
in times of lower water (Watson et al., 2013). Grossly, the
gastrointestinal tract can be divided in to four sections: the head
gut is made up of the mouth and pharynx, the foregut is made up
of the esophagus and stomach, the midgut is the longest section
of the intestines, and the hindgut is the most terminal section
including the rectum (Khojasteh, 2012).

The parasphenoid, vomer, premaxilla, maxilla, and dentary
bones all bear teeth (Ridewood, 1905; Kershaw, 1976). The boney
tongue, from which Osteoglossids derive their name, is made
up of fine villiform lingual teeth from the medial hyobranchial
bones to basibranchial toothplate (Figure 6; Ridewood, 1905;
Stewart, 2013b; Watson et al., 2013). The boney tongue allows
arapaima to crush the boney armor that protects catfish from
most predators, enabling them to exploit an abundant food
source (Watson et al., 2013).

The esophagus connects dorsally to the respiratory air bladder
via a muscular sphincter. The stomach is where chemical
digestion begins (Khojasteh, 2012). The intestine is 145% the total
length of the fish, which is longer than would be expected for a
carnivore (20% total length) and shorter than seen in herbivores
(up to 2000% total length) (Khojasteh, 2012; Watson et al., 2013).
In arapaima, the intestines loop back and forth within the coelom,
in contrast to the carnivorous O. mykiss, where the intestine is a
short straight tube (Khojasteh, 2012). Arapaima have two pyloric
ceca, like most osteoglossid fish (Khojasteh, 2012; Watson et al.,
2013). The gut of the osteoglossomorpha is distinct from that
of other fishes in that the intestine passes posteriorly to the left
of the esophagus and stomach (Nelson, 1972) rather than to the
right (Figures 7G,H).

The volume of the liver of the arapaima was 0.57% of total
body volume, compared to 0.43% in O. mykiss (Table 1). It
is difficult to draw conclusions based on liver size in fish, as
there is substantial interspecies variability as well as intraspecies
variability based on sex, age, season and body condition
(Datta-Mushi and Dutta, 1996).

Nervous System
There are relatively few studies looking at teleost brains
compared to other clades and using MR is uncommon (Ullmann
et al., 2010). As a result of their taxonomic breadth and
the variety of ecological niches they fill, teleost brains are
hugely morphologically variable to reflect the unique needs
of each species (Huber et al., 1997; Salva et al., 2014). Most
teleosts follow the standard configuration, where the spinal cord
attaches to the brainstem, mesencephalon and diencephalon,
with the mesencephalon made up primarily of the cerebellum
and optic lobes (Figure 8). The telencephalon is made up
of the cerebral hemispheres with the olfactory bulbs attached
rostrally (Kotrschal et al., 1998). The braincase is often much
larger than the brain, so brain size is not restricted (Kotrschal
et al., 1998). The excess space is often filled with lymphatic
fatty tissue (Kotrschal et al., 1998). In terms of brain-to-body
weight, arapaima and other osteoglossids have a high degree
of encephalization compared to many fish, comparable to that
of a tuna or a jackfish (Bauchot et al., 1994). We found the
volume of the brain to be 0.01% of total body volume (Table 1).
Bauchot et al. (1994) reported that osteoglossids have very
small olfactory bulbs compared to other freshwater fish making
them microsmatic, but we found the olfactory bulbs to be
twice the reported values for O. mykiss and 2.5 times the value
reported for arapaima (Bauchot et al., 1994; Martinez et al.,
2014). This is interesting because Bauchot et al. (1994) used
juvenile arapaima in their study, so this difference may reflect
an increase in the importance of olfaction as arapaima mature
to become more migratory predators. In addition as seen in
Bauchot et al. (1994), the size of the brain does not increase
proportionately with the muscle volume of the fish as they age,
resulting in younger fish brains constituting a larger percentage
of total body volume. The cerebral hemispheres are large in
the arapaima and may have some olfactory function as well
as in coordinating motor centers (Bauchot et al., 1994). The
telencephalon, is large, making up 28.3% (Table 3) of brain
volume in our specimen, compared to other teleost species
that have a mean telencephalon volume of 15.5% total brain
volume. It is unclear why arapaima have such well-developed
telencephalons, but it may be related to their migratory nature,
high degree of parental care and piscivorous hunting. From our
imaging data, the demarcation between optic tectum and the
tectum mesencephalicum was unclear. In total they measured
27.89% of total volume with is similar to values (28.78%)
for arapaima (Bauchot et al., 1994). The valvula cerebelli, a
component of the tectum mesencephalicum along with the
optic tectum, has gustatory and motor activity control functions
(Bauchot et al., 1994). Like many basal fish, the arapaima has a
relatively small cerebellum comprising 16.37% of brain volume in
our specimen (Table 3). This relates to their low activity lifestyles
in shallow water, combined with bursts of movement for hunting
(Bauchot et al., 1994; Kotrschal et al., 1998).

Endocrine System
In our specimen, the pituitary was 1.77% of the volume of the
brain (Table 3). The pituitary of arapaima is highly vascular,
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with the neurohypophysis and pars distalis being very well
connected by what could be considered a hypophyseal-portal
system (Borella et al., 2009). The neurohypophysis is dorsal
to the pars distalis (Borella et al., 2009). The pars distalis
contains ACTH, gonadotropin, prolactin, and growth hormone
secreting cells, while the pars intermedia contains cells that can
produce melanotropin, adrenocorticotropin and somatolactin
(Borella et al., 2009).

Musculoskeletal System and Integument
When preparing an arapaima for human consumption, the scales,
skin and fins are removed (Queiroz, 2000). Then a longitudinal
cut is made along the spine (Queiroz, 2000). The ribs and
remaining fin rays can then be loosened from the flesh leaving
a triangular boneless piece of meat called the “manta” (Queiroz,
2000). The middle of this slab, the “ventrecha,” is a highly prized
delicacy (Queiroz, 2000). As total muscle makes up near to 82%
of the volume of the arapaima, fishing for arapaima is a lucrative
pursuit (Table 1).

As with most teleosts, arapaima swim via undulation,
which is achieved through conical formation of the myomeres
(Müller and Van Leeuwen, 2006). Myomeres contract in waves
causing the body to bend (Wardle et al., 1995). This form of
swimming allows the entire body to be used to create thrust
(Müller and Van Leeuwen, 2006).

The muscle tissue of the arapaima is uniquely modified to have
increased aerobic and decreased anaerobic capabilities compared
to water-breathing fish (Hochachka and Guppy, 1978). Like
the closely-related jeju (Hopletrythrinus unitaeniatus), arapaima
have mostly white muscle fibers but, unlike the jeju, arapaima
have retained some red muscle fibers in small dorsal and
lateral superficial bands which have a higher metabolism and
require more oxygen, which the arapaima provides through
air-breathing (Hochachka and Guppy, 1978). Red muscle is
used to power continuous swimming, while white muscle is for
burst swimming (Müller and Van Leeuwen, 2006). The white
muscle in the arapaima has a low metabolism, which allows
the arapaima to maintain a low overall metabolism (Hochachka
and Guppy, 1978). This drive to conserve oxygen between
breaths is evidenced by their sluggish movements between
breaths, interspersed with bursts of predatory action (Almeida-
Val and Hochachka, 1995). Their decreased reliance on anaerobic
metabolism creates less lactic acid build up, allowing them to
make each breath last longer underwater in a manner similar to
diving mammals (Almeida-Val and Hochachka, 1995).

Arapaima have elongated skulls that retain many of the basal
characteristics of actinopterygians but are still highly modified for
their environment (Hilton et al., 2007; Figures 9A–C). The head
is very flat dorsally with the eyes positioned in line with the top
of the top of the head, which aids in breathing while minimally
emerging from the surface of the water. The nasal bones are
large and, like the frontal, parietal, pterotic and preopercular
bones, have shallow depressions which surround the pores of the
acousticolateralis system (Kershaw, 1976). These depressions are
most evident in the preopercular bone, where there are three
distinct elliptical hollows (Kershaw, 1976). The dermethmoid
bone is rhomboidal, similar to other osteoglossids, but larger

(Kershaw, 1976). The occipito-vertebral region of the arapaima is
unique to the genus and can be used to identify specimens from
the fossil record (Hilton et al., 2007). The parapophyses of the
first vertebral centrum are enlarged and fused to the centrum,
where they extend to the parasphenoid (Hilton et al., 2007). The
bones of the cranium, as well as the pectoral girdle, play a role
in creating the bucco-pharyngeal suction that allows arapaima to
catch prey that are often faster and more agile (Kershaw, 1976).

Arapaima also have a flexible dermal armor of elasmoid scales
made from overlapping layers of type 1 collagen and a highly
mineralized hydroxyapatite outer layer (Yang et al., 2014). As
in the heavily scaled gar, the flexural stiffness of the scales in
the arapaima likely play an important role in the mechanics of
undulatory swimming (Long and Nipper, 1996). Some of these
scales are modified with an opening in the posterior third to
accommodate the lateral line system (Stewart, 2013b). Scales near
the caudal portion of the cranium at the nape insert into the
parietal bone (Figure 9; Stewart, 2013b).

SUMMARY

There are some acknowledged limitations of the current study.
As adult arapaima are rare, only one specimen was available for
CT and MR analysis. Although the primary specimen displayed
some pathological changes such as pericardial, gas bladder
and abdominal effusion and fibrosing cardiomyopathy, these
changes did not drastically alter the morphometric analysis.
Ideally, future quantitative research will be done on arapaima
of varying sizes, sex, age, and species in order to gain more
representative data.

Morphometric analysis from CT and MR data is subject to
error associated with post-mortem processes and segmentation.
Post-mortem changes were minimized by imaging within 24 h of
death and by imaging fresh tissues (Berquist et al., 2012). Errors
in the manual segmentation of imaging data into structures
was minimized through reference to necropsy photographs and
various arapaima specific literature.

As in many species, the major threats facing wild arapaima
today are overfishing, climate change, and environmental
degradation (Castello and Stewart, 2010; Freitas et al., 2013).
Wild arapaima are especially prone to overfishing due to both
their desirability as prey and their life history. Arapaima are easy
to hunt with harpoons and gillnets as they periodically rise to
the surface, and they are viewed as trophy species due to their
extreme size and the fact they produce high quality meat (Castello
and Stewart, 2010; Castello et al., 2011). In some areas of the
Amazon basin, arapaima make up 47% of income from fishing
and 70% of arapaima caught are below the minimum allowed
size (Queiroz, 2000). Their populations are slow to recover from
overfishing due to their size, high parental input to young, small
clutch sizes, and high age at reproductive maturity (Castello
et al., 2011). Despite some protection under ICUN and CITES,
there is little enforcement of size and season regulations, or
moratoriums (Castello and Stewart, 2010). Fortunately arapaima
are increasingly be raised in aquaculture as both commercially
and also as part of conservation (Schaefer et al., 2012).
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Climate change is an increasing concern in the Amazon
basin, where there is the highest fish diversity in the world, and
it is expected to cause a 7–12% loss of fish species over the
next 50 years (Freitas et al., 2013). The arapaima life cycle is
heavily influenced by the annual hydrologic cycle of flooding
and receding waters when they migrate between lakes, rivers and
flooded forests (Queiroz, 2000; Castello, 2008). During times of
low water, arapaima can become stranded in smaller lakes with
deteriorating water quality where they are easy prey for fishermen
(Queiroz, 2000). During the extreme drought brought about by
a warming Atlantic in 2005, the population of arapaima’s closest
relation in the Amazon, the aruana (Osteoglossum bicirrhosum),
was decreased by over 50% with only a partial recovery by 2007
(Freitas et al., 2013). Arapaima are likely to be more heavily
impacted by climate change as they are carnivores rather than
planktivores or detritovores, but their annual migration between
the lakes and rivers may be protective (Freitas et al., 2013).
Although the impact of climate change is dire, direct human
impact from activities such as agriculture, mining, urbanization,
pollution, and hydroelectric dams are expected to have larger
consequences in the Amazonian wetland ecosystem in the
coming years (Junk, 2013).
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Andean highlanders are challenged by chronic hypoxia and many exhibit elevated
hematocrit (Hct) and blunted ventilation compared to other high-altitude populations.
While many Andeans develop Chronic Mountain Sickness (CMS) and excessive
erythrocytosis, Hct varies markedly within Andean men and women and may be driven
by individual differences in ventilatory control and/or sleep events which exacerbate
hypoxemia. To test this hypothesis, we quantified relationships between resting
ventilation and ventilatory chemoreflexes, sleep desaturation, breathing disturbance,
and Hct in Andean men and women. Ventilatory measures were made in 109 individuals
(n = 63 men; n = 46 women), and sleep measures in 45 of these participants (n = 22
men; n = 23 women). In both men and women, high Hct was associated with low
daytime SpO2 (p < 0.001 and p < 0.002, respectively) and decreased sleep SpO2

(mean, nadir, and time <80%; all p < 0.02). In men, high Hct was also associated
with increased end-tidal PCO2 (p < 0.009). While ventilatory responses to hypoxia
and hypercapnia did not predict Hct, decreased hypoxic ventilatory responses were
associated with lower daytime SpO2 in men (p < 0.01) and women (p < 0.009) and with
lower nadir sleep SpO2 in women (p < 0.02). Decreased ventilatory responses to CO2

were associated with more time below 80% SpO2 during sleep in men (p < 0.05). The
obstructive apnea index and apnea-hypopnea index also predicted Hct and CMS scores
in men after accounting for age, BMI, and SpO2 during sleep. Finally, heart rate response
to hypoxia was lower in men with higher Hct (p < 0.0001). These data support the
idea that hypoventilation and decreased ventilatory sensitivity to hypoxia are associated
with decreased day time and nighttime SpO2 levels that may exacerbate the stimulus
for erythropoiesis in Andean men and women. However, interventional and longitudinal
studies are required to establish the causal relationships between these associations.
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INTRODUCTION

Chronic Mountain Sickness (CMS) in native and long-term high-
altitude residents is characterized by excessive erythrocytosis and
results in severe hypoxemia, sleep disturbance, and neurological
symptoms (León-Velarde et al., 2005; Villafuerte and Corante,
2016). In the southern Andes of Peru at 3,825 m, the estimated
average prevalence of excessive erythrocytosis is 6% of adult men
and 3% of adult women; while in the central Andes at 4,340 m, the
prevalence increases to 25 and 15%, respectively (Monge et al.,
1989, 1992; De Ferrari et al., 2014). Age is a compounding risk
factor whereby the prevalence of excessive erythrocytosis is >30%
in highlanders by their mid-50s in both sexes above 4,000 m,
including about 77% of post-menopausal women (Monge et al.,
1989, 1992; León-Velarde et al., 1997).

Individuals with excessive erythrocytosis are at higher
risk of pulmonary hypertension and adverse cardiovascular
events (Penaloza et al., 1971; Penaloza and Arias-Stella, 2007;
Corante et al., 2018). While CMS and excessive erythrocytosis
are highly prevalent in Andeans (Villafuerte and Corante,
2016), these conditions are rare among Tibetans who tend to
exhibit sea-level hemoglobin concentration despite residence at
comparable altitudes (Wu et al., 2005). The range of hematocrit
(Hct) is notable among Andeans (Beall et al., 1998), and
individual variation in traits that affect oxygen (O2) delivery,
including ventilatory control and its impact on sleep disordered
breathing, may contribute to the excessive production of
red blood cells.

Andeans also demonstrate notable hypoventilation and a
lower average hypoxic ventilatory response (HVR) compared
to Tibetans (Zhuang et al., 1993; Beall et al., 1997). While
acute HVR appears to be reduced in Andeans with or without
CMS, lower ventilatory sensitivities to CO2 have been observed
specifically in individuals with CMS compared to healthy Andean
controls (Fatemian et al., 2003; Leon-Velarde et al., 2003). Lower
central and peripheral chemoreflex set points might lead CMS
individuals to hypoventilate at a given CO2 partial pressure
(PCO2), resulting in lower arterial O2 saturation and increased
erythropoietic responses.

Ventilatory sensitivities to O2 and CO2 also play a key role in
sleep disordered breathing in highlanders (Spicuzza et al., 2004;
Julian et al., 2013). High ventilatory sensitivity to hypoxia can
lead to Cheyne-Stokes respiration (periodic breathing, waxing,
and waning breathing patterns) at high altitude (Lahiri et al.,
1983; Masuyama et al., 1989; Goldenberg et al., 1992; Küpper
et al., 2008), while low ventilatory sensitivity to hypoxia or
CO2 can lead to more severe desaturation during sleep and/or
prolonged desaturation periods (Azarbarzin et al., 2019). Both
situations can lead to maladaptive cardiovascular outcomes. Sleep
disordered breathing is more prevalent in Peruvian highlanders
than lowlanders at sea level (Pham et al., 2017a), and nocturnal
hypoxemia and sleep apnea events are separately associated with
excessive erythrocytosis and glucose intolerance, respectively
(Pham et al., 2017b). The severity, frequency, and duration of
intermittent desaturation on top of chronic hypoxemia likely
influence erythropoiesis and other hypoxia-related pathways that
contribute to negative cardiovascular outcomes.

We aimed to determine whether higher Hct is associated
with lower ventilatory chemosensitivity and/or more frequent
or severe desaturation events during sleep, and tested whether
the uniquely low chemoreflex sensitivities observed in this
population may contribute to more severe desaturation
during sleep. By examining Hct, ventilatory chemoreflexes,
and sleep quality in the same individuals, we identified, for
the first time, associations between individual ventilatory
control and sleep disturbance profiles that are linked to Hct
in both men and women. We also show decreased heart
rate response (HRR) to hypoxia in men with high Hct.
These findings highlight relevant individual and sex-specific
profiles that should be prioritized for functional investigation
in future studies.

MATERIALS AND METHODS

Ethical Approval
This study was conducted in accordance with the Declaration of
Helsinki, except for registration in a database, and was approved
by the University of California, San Diego Human Research
Protection Program. Participants provided written consent in
their native language (Spanish).

Participants and Preliminary Screening
Visit
This study took place at the Instituto de Investigaciones de
la Altura laboratory in the city of Cerro de Pasco, Peru
(∼4,340 m; population ∼70,000). Men and women who were
lifelong residents of Cerro de Pasco were recruited by word of
mouth and flyers. Inclusion criteria was defined as individuals
18 to 65 years old with at least three previous generations of
self-reported high-altitude (>2,500 m) Andean ancestry (self-
identified ancestry and geographical location of their parents and
grandparents). Women of reproductive age completed a urine
pregnancy test to verify they were not pregnant. Participants
were excluded if they had a self-reported history of pulmonary,
cardiovascular, or renal disease to rule out secondary CMS cases
(Villafuerte and Corante, 2016). Participants were also excluded
if they were current smokers or regular drinkers, had recently
undergone blood transfusions or phlebotomies, had traveled to
low-altitude (<4,000 m) during the previous six months, or
demonstrated abnormal cardiac or pulmonary function during
screening procedures (EKG and spirometry). Table 1 provides an
overview of the study population demographics.

Participants were asked not to drink alcohol or caffeine, nor
consume/chew coca leaves or tea, for 8 h prior to testing and
were asked to refrain from taking anti-inflammatory drugs for
24 h prior to testing. Medical histories and physical examinations
were performed during a preliminary screening session to verify
no prior history of cardiovascular or pulmonary disease or
current use of interfering medications that would preclude
ventilatory control assessment. During this visit, participants
were assessed for presence and severity of CMS based on the
Qinghai CMS scoring criteria, which considers hemoglobin
concentration at the altitude of residence and the presence
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TABLE 1 | Participant demographics for total study population.

Variable Men (n = 63) Women (n = 46) p-value

Age (y) 43.0 ± 12.9 40.1 ± 13.5 0.254

BMI (kg/m2) 25.7 ± 3.2 27.7 ± 4.4 0.008

CMS Score 4.8 ± 5.3 1.5 ± 2.1 <0.001

SBP (mmHg) 114.3 ± 15.4 110.5 ± 14.8 0.192

DBP (mmHg) 76.4 ± 11.4 74.8 ± 10.3 0.433

Hct (%) 59.7 ± 8.1 50.5 ± 6.4 <0.001

SpO2 (%) 83.4 ± 5.8 84.5 ± 4.8 0.250

PETCO2 (mmHg) 29.4 ± 4.5 28.8 ± 2.6 0.104

HR (bpm) 73.7 ± 11.8 73.8 ± 10.5 0.949

Values listed as mean ± standard deviation and represent measures taken during
wakefulness. p-values represent comparisons across sex groups.

and severity of the following symptoms: breathlessness and/or
palpitations, sleep disturbance, cyanosis, dilation of veins,
paresthesia, headache, and tinnitus (Wu et al., 1997, 1998;
León-Velarde et al., 2005).

Average Hct was determined from duplicate microcentrifuged
blood samples obtained from a single fingertip capillary
blood draw. Individuals were determined to have excessive
erythrocytosis if they had an Hct ≥ 63 % for men or ≥57% for
women, which are equivalent to the thresholds for hemoglobin
in the Qinghai CMS Score criteria (Wu et al., 1997, 1998; León-
Velarde et al., 2005). Our group has previously determined that
mean corpuscular hemoglobin concentration is effectively similar

between men with Hct ≤ 54% (n = 84, MCHC = 34.1 ± 1.8 g/dl)
and Hct ≥ 63% (n = 95, MCHC = 33.0 ± 1.7 g/dl). For this, and
practical reasons, we only measured Hct in this study.

Ventilatory control was measured in 109 individuals [n = 63
men and 46 women (31 pre and 15 post menopause)] and sleep
parameters in a subset of this group [n = 45; 22 men and 23
women (14 pre and 9 post menopause)].

Ventilatory Chemoreflex Measurements
Participants completed a 10-min abbreviated version of the
ventilatory response protocol to allow acclimation to the devices
and determine appropriate individual gas flows to reach their
target SpO2 and end-tidal PCO2 (PETCO2) values. Participants
returned after a >30-min rest period to complete the full
protocol. This rest period and preparation for the next test
allowed sufficient time for recovery from hypoxic ventilatory
decline induced by the screening session hypoxia exposure
(Easton et al., 1988; Robbins, 2007).

We used a protocol developed over several years for measuring
the steady-state isocapnic HVR. This method is a modification
of the protocol utilized by the Severinghaus laboratory (Sato
et al., 1992, 1994) as previously described (Hupperets et al.,
2004; Basaran et al., 2016) (Figure 1 illustrates the experimental
setup). During testing, participants sat in a chair in a semi-
recumbent position and a mask was placed over the mouth and
nose (7600 V2 Oro-Nasal Mask, Hans Rudolph Inc., Shawnee,
KS, United States); leaks were checked by having the participant
inhale against a closed inspiratory valve to ensure a vacuum was

FIGURE 1 | Schematic of the HVR experimental setup. The participant wore an oral-nasal mask attached to a non-rebreathing valve which allowed one-way airflow
through the circuit. A two-way valve can be opened to allow entry or room air of closed to allow flow of mixed gases through the circuit. Gas mixtures are controlled
via a rotameter attached to compressed O2, N2, and CO2 gas tanks and delivered to the breathing circuit. Inspired flow is measured by a pneumotachograph
upstream of the mask. A large volume (10 L), low resistance vent is located downstream of the non-rebreathing valve to prevent pressure build up in the circuit but
did not allow room air to enter the circuit.
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produced. The mask was connected to a one-way, vented partial
rebreathing circuit with a non-rebreathing valve (2700 Series,
Large, Hans Rudolph Inc.). A three-way valve upstream of the
mask allowed either room air or N2/O2/CO2 gas mixtures to
flow into the circuit. O2 and CO2 were continuously sampled
from the non-rebreathing valve directly in front of the mouth
by CO2 (Model 17515A, VacuMed, Ventura, CA, United States)
and O2 (Model 17620, VacuMed) analyzers which pulled gas at a
rate of 200 ml/min.

Gas analyzers were calibrated daily using a compressed gas
mixture with 4% CO2, 16% O2, and nitrogen balance (Airgas,
Radnor, PA, United States). Inspiratory flow was measured by
a Fleisch pneumotachograph upstream of the non-rebreathing
valve and mask and connected to a carrier demodulator (model
CD15, Validyne, Northridge, CA, United States). SpO2 and heart
rate were measured by a pulse oximeter (Nellcor model N395,
Medtronic, Minneapolis, MN, United States) with a surface
probe placed on the forehead. All analog signals were processed
through a PowerLab 8/30 (ADInstruments, Colorado Springs,
CO, United States) and sent digitally to a laptop computer (HP
Probook, HP Inc., Palo Alto, CA, United States). Raw data
was recorded in LabChart 8 (ADInstruments, Colorado Springs,
CO, United States).

Gas mixtures were manually controlled with a three-
channel rotameter flow meter (Matheson Gas Products,
Montgomeryville, PA, United States) that delivered mixtures
upstream of the mask at flow rates sufficient to prevent
rebreathing. Participants breathed ambient air for 5 min
followed by 10 min of mild hyperoxia (simulating 30–40%
FIO2 at sea level). This hyperoxic phase was intended to
reverse hypoxic ventilatory decline in these participants due to
continuous hypoxemia at high-altitude (Pamenter and Powell,
2016). To determine the HVR, participants then breathed a
normoxic gas mixture (159 mmHg PO2, simulating 21% FIO2 at
sea-level and increasing SpO2 above resting levels during room
air breathing) for 5 min followed by 5 min of hypoxia during
which we targeted 3 min of stable SpO2 between 80 and 85%.
While this SpO2 level is near the resting value for this group,
to determine the HVR, ventilation at this treatment level was
compared to the “sea-level” experimental condition at which
saturation levels were 97.3 ± 2.4% across all subjects. Isocapnia
was achieved throughout the hypoxic phase by manually
adding CO2 to maintain the average PETCO2 value from the
last 1 min of the normoxic period. To determine ventilatory
responses to CO2 (hypercapnic ventilatory response, HCVR)
and a combined hypoxic and hypercapnic stimulus (hypercapnic
HVR), participants then breathed normoxic air (159 mmHg
PO2) with PETCO2 5 mmHg higher than their previous isocapnic
value for 5 min. This was followed by 5 min of isocapnic hypoxia
in which SpO2 was stable at a value between 80 and 85%. Target
PETCO2 values were maintained within 1 mmHg of the target
isocapnic value.

The HVR and hypercapnic HVR were calculated as the change
in ventilation per decrease in SpO2. HCVR was calculated as the
change in ventilation per mmHg increase in PETCO2. The HRR
to hypoxia was calculated as the change in heart rate per decrease
in SpO2 during the HVR treatment steps.

TABLE 2 | Demographics for participants with complete sleep study data.

Variable Men (n = 22) Women (n = 23) p-value

Age (y) 48.6 ± 11.0 38.8 ± 13.8 0.011

BMI (kg/m2) 26.3 ± 3.4 27.8 ± 4.7 0.227

CMS Score 3.1 ± 3.8 0.6 ± 1.1 0.006

SBP (mmHg) 116.3 ± 14.4 107.0 ± 21.3 0.091

DBP (mmHg) 73.2 ± 10.5 72.2 ± 11.2 0.752

Hct (%) 56.6 ± 5.2 49.0 ± 5.7 <0.001

SpO2 (%) 84.6 ± 4.4 85.2 ± 4.6 0.651

PETCO2 (mmHg) 31.1 ± 4.5 32.6 ± 4.2 0.292

HR (bpm) 69.6 ± 9.5 74.3 ± 9.6 0.096

Values listed as mean ± standard deviation and represent measures taken during
wakefulness. p-values represent comparisons across sex groups.

Sleep Studies
Forty-eight participants who completed ventilatory chemoreflex
measurements also completed sleep studies. Three participants
were excluded due to unacceptable oximetry recordings, leaving
a final cohort of 45 participants (Table 2). Participants were
instrumented each night with a limited channel polysomnogram
(Respironics Alice PDx, Murrysville, PA, United States). This
recording included nasal pressure, finger pulse oximetry, thoracic
and abdominal effort bands, electro-oculogram, two channel
electroencephalogram, and chin electromyogram. Each subject
was also fitted with a WatchPAT device, consisting of fingertip
peripheral arterial tonometry and pulse oximetry (Itamar
Medical, Caesarea, Israel), which was used in the event of an
Alice PDx device failure. Studies were scored by a registered
polysomnographic sleep technologist using American Academy
of Sleep Medicine criteria for scoring and Chicago criteria for
events (Berry et al., 2012).

Statistical Analysis
We tested the hypotheses that (1) ventilatory chemosensitivity
(HVR and HCVR), and sleep disordered breathing [apnea-
hypopnea index (AHI), obstructive apnea index (OAI), and/or
desaturation events] would predict Hct and (2) individuals
with higher Hct or CMS scores would have lower ventilatory
chemosensitivity and increased measures of sleep disordered
breathing. All statistical analyses were conducted in R Studio
(R Studio, Inc.). Univariate associations and multivariate
models were conducted in men and women independently
due to the large effect of sex on Hct. Multivariate models
were screened for collinearity and predictors were removed
if they had a variance inflation factor (VIF) greater than 4
(O’Brien, 2007). Models for daytime variables in men were
Hct or CMS Score ∼Age + BMI + SpO2 + HVR + PETCO2.
Models for nighttime variables in men were Hct or
CMS Score ∼Age + BMI + SpO2 + AHI + OAI.
Models for women were Hct or CMS Score
∼Age + Menopause + BMI + SpO2 + HVR + PETCO2 and Hct
or CMS Score ∼Age + Menopause + BMI + SpO2 + AHI + OAI,
respectively. All variables in multivariate models were treated as
continuous except menopause status (pre or post). Daytime SpO2
is the resting saturation measured during room air breathing.
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Nighttime SpO2 predictors were nadir SpO2, mean SpO2, or
time spent below 80% SpO2. In the event of collinearity, the best
SpO2 predictor based on highest R2 (nadir SpO2, mean SpO2,
or time spent below 80% SpO2) was used in the final models.
Values are presented as mean ± standard deviation throughout
the manuscript.

RESULTS

Low Daytime Saturation Is Associated
With Hypoventilation and CMS
Symptoms
Low daytime SpO2 measurements were significantly correlated
with increased Hct in both men and women (p < 0.001
and p < 0.002, respectively; Figure 2A) and with high
CMS scores in men only (p < 0.001 and r2 = 0.12).
HVR was not significantly associated with Hct nor CMS
scores in men or women. Post-menopausal women had
lower HVR (pre: 0.0009 ± 0.002 l/min/%SpO2/kg, post:
0.00006 ± 0.001 l/min/%SpO2/kg; p < 0.05) and lower resting
SpO2 compared to their pre-menopausal counterparts (pre:
85.7 ± 4.5%, post: 82.2 ± 4.7%, p < 0.03). PETCO2, a measure
of resting alveolar ventilation, correlated with both Hct and
CMS score in men (p < 0.009 and p < 0.03, respectively)
and showed a non-significant trend with Hct in women
(p = 0.055; Figure 2B), although these relationships display
substantial variation.

In multivariate models, resting daytime SpO2 was significantly
associated with Hct in men (p < 0.0001), predicting 34% of
the variance. In women, resting daytime SpO2 (p < 0.01), age
(p < 0.006), and menopause status (p < 0.001) were associated
with Hct, with the model predicting 43% of the variance. Daytime
SpO2 was the only significant predictor of CMS scores in men
(p < 0.02; 24% of the variance explained) and women (p < 0.05;
26% of the variance explained). There was no collinearity in the
model predictors for Hct or CMS score, and all VIFs were less
than 2. Results from multivariate models are provided in Table 3.

FIGURE 2 | Univariate relationships between hematocrit and resting awake
SpO2 (A) and resting end-tidal PCO2 (B). Data for women are shown as open
circles and solid lines, data for men are shown as gray triangles and dashed
lines.

Sleep Desaturation and
Sleep-Disordered Breathing Are
Associated With Hematocrit and CMS
Symptoms
Men and women demonstrated substantially lower sleep
mean and nadir SpO2 compared to awake values [Figure 3;
F(2,84) = 190.5, p < 0.0001]: mean resting awake saturation
(men: 84.6 ± 4.4; women: 85.2 ± 4.5%), mean sleep saturation
(men: 80.3 ± 2.8; women: 80.3 ± 2.9%), and mean nadir sleep
saturation (men: 71.0 ± 5.8; women: 71.5 ± 5.0%). Men and
women with higher Hct had lower night-time mean and nadir
SpO2 as well as greater time spent <80% SpO2 (Figures 4A–
C). Participants with lower mean sleep SpO2 also had higher
CMS scores (Figure 4E). No univariate association was detected
between the AHI and Hct or CMS score. However, OAI was
associated with Hct in men (Figure 4D), and there was a trend
toward greater OAI and higher CMS score in men (p > 0.06).

In multivariate models, the three measures of night-time
SpO2 (mean, nadir, and time below 80%) showed significant
collinearity (VIF > 4). As a result, we tested which SpO2 measure
provided the best predictive power in the Hct and CMS score
models (Hct or CMS score ∼age + SpO2 + AHI + OAI). For Hct
in men, nadir SpO2 and percent of the night below 80% SpO2
were similar (R2 = 0.58), while mean sleep SpO2 had slightly
less predictive power (R2 = 0.53). The model including nadir
sleep SpO2 gave the highest F value in both men [F(4,16) = 5.52,
p < 0.01] and women [F(4,17) = 4.54, p < 0.05)], and nadir sleep
O2 saturation was the only significant predictor of Hct in women
(p < 0.02), while AHI and OAI were also significant predictors
of Hct in men (p < 0.05 for both). For CMS Scores, mean sleep
SpO2 gave the highest F value [F(4,16) = 3.4, p < 0.05, R2 = 0.46],
and AHI and OAI also predicted CMS scores (p < 0.007 and
p < 0.003, respectively) in men. The multivariate models did
not produce any significant predictive power for CMS scores in
women (p > 0.05 regardless of O2 saturation measure included).
All VIFs in these multivariate models were 3.2 or lower. Table 4
provides results for multivariate models of sleep parameters.

Ventilatory Chemoreflexes Are
Associated With Daytime and Sleep O2
Saturation
Our hypothesis that ventilatory chemoreflexes would predict Hct
was not supported (Table 3). However, to determine if ventilatory
chemoreflexes were associated with day or night-time SpO2,
we examined the relationship of all SpO2 and sleep variables
with the HVR, HCVR, and hypercapnic HVR in the sleep study
cohort. Men with high HVRs maintained high mean daytime
SpO2 (r2 = 0.39, p < 0.003; Figure 5A), and elevated hypercapnic
HVR was associated with increased SpO2 in both men (r2 = 0.37,
p < 0.01) and women (r2 = 0.35, p < 0.01; Figure 5B). The time
spent below 80% SpO2 during sleep was significantly associated
with the hypercapnic HVR (r2 = 0.25, p < 0.05) and HCVR
(r2 = 0.21, p < 0.05) in men and showed a non-significant trend
with HVR in women (r2 = 0.19, p < 0.06) (Figure 5C). In women,
the nadir sleep O2 saturation was associated with the hypercapnic
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TABLE 3 | Multiple regression models between Hct and CMS Score and daytime measures.

Daytime multivariate models

Dependent variable Sex Independent variable Coefficient of regression (β) SE p-value Model R2 Model p-value

Hct M Age −0.04 0.076 0.64 0.34 <0.001

BMI 0.19 0.298 0.52

SpO2 −0.73 0.172 <0.001***

HVR −260.96 258.678 0.32

PETCO2 0.19 0.226 0.41

Intercept 111.67 20.563 <0.001***

F Age 0.29 0.098 0.005** 0.43 0.001

Menopause 10.06 2.713 0.001**

BMI −0.03 0.211 0.89

SpO2 −0.77 0.241 0.003**

HVR 100.75 585.644 0.86

PETCO2 −0.36 0.428 0.41

Intercept 108.66 29.614 0.001**

CMS M Age 0.09 0.053 0.10 0.24 0.008

BMI 0.04 0.208 0.86

SpO2 −0.31 0.120 <0.01*

HVR −71.58 180.208 0.69

PETCO2 0.16 0.158 0.30

Intercept 21.15 14.325 0.15

F Age 0.03 0.038 0.45 0.27 0.06

Menopause −1.36 1.039 0.20

BMI 0.05 0.081 0.51

SpO2 0.18 0.092 <0.05*

HVR −13.84 224.347 0.95

PETCO2 0.31 0.164 0.07

Intercept −24.34 11.344 <0.04*

Asterisks indicate significant effects at the *p < 0.05, **p < 0.01, or ***p < 0.001 level.

FIGURE 3 | Awake versus sleep SpO2 parameters in men and women. Data
are separated by the presence or absence of excessive erythrocytosis (EE).
Means for each group are provided as solid black bars. N = 45 subjects who
completed sleep studies.

HVR as well (r2 = 0.31, p < 0.01; Figure 5D). No measures of
ventilatory sensitivity were associated with the OAI or AHI.

Men With Higher Hematocrit Have Lower
Heart Rate Responses to Hypoxia
Men with lower Hct had larger increases in the HRR to acute
hypoxia, while men with high Hct had very low HRR to hypoxia,
or none (p < 0.001, r2 = 0.22; Figure 6A). A similar trend
was observed in women (Figure 6), although the difference
was not significant. These results were upheld when correcting
for an interactive effect with age (men: p < 0.005; women:
p < 0.5). The HRR to hypoxia decreased significantly with
age in women (p < 0.008, r2 = 0.15) and was lower in post-
menopausal women (post: 0.74 ± 0.45 beats/min/%SpO2, pre:
1.20 ± 0.70 beats/min/%SpO2; p < 0.01). The HRR to hypoxia
was also associated with daytime SpO2 in both men and women
(men: p < 0.01, r2 = 0.16, women: p < 0.0001, r2 = 0.30;
Figure 6B). In contrast to the HRR to hypoxia, there was no
relationship between the HRR to CO2 and Hct or SpO2 in men
or women (p > 0.1 for all comparisons in men and women).
Neither the HRR to hypoxia nor CO2 were associated with AHI,
OAI, or sleep SpO2 measures in men or women before or after
correcting for age.
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FIGURE 4 | Significant univariate relationships between sleep variables and hematocrit (A–D) and CMS Score (E). Data for women are shown as open circles and
solid lines, data for men are shown as gray triangles and dashed lines. N = 45 subjects who completed sleep studies.

DISCUSSION

Ventilation
While HVR was not directly associated with Hct as we predicted,
it was associated with daytime saturation in both men and
women (Figures 5A,B), indicating blunted HVR may play
a role in exacerbating hypoxemia and the development of
excessive erythrocytosis. Furthermore, the increased PETCO2
in individuals with high Hct may indicate a decrease in
baseline ventilatory drive, further exacerbating hypoxemia in
this group. These results are in agreement with previous
studies demonstrating higher PETCO2 values in high-altitude
residents with CMS compared to those without CMS, but no
differences, or very modest differences, across these groups in
the acute HVR (Severinghaus et al., 1966; Lahiri et al., 1983;
Fatemian et al., 2003).

In multivariate models, daytime SpO2 was the only
significant predictor of Hct or CMS score in men. Since
SpO2 is so strongly associated with Hct, it is not surprising
that higher CMS scores are associated with lower SpO2
levels. In women, Hct was predicted by SpO2, age, and
menopausal status (Table 3). CMS is more common after
menopause (León-Velarde et al., 1997, 2001), which is
consistent with the higher CMS scores reported by older
women in this cohort and higher Hct values in older and
post-menopausal women.

Sleep
All SpO2 measures taken during sleep were associated with
Hct in men and women (Figures 4A–C), which supports
previous findings regarding mean and time spent below 80%
SpO2 in this population (Spicuzza et al., 2004; Villafuerte
et al., 2016; Pham et al., 2017b). Mean sleep SpO2 was
also associated with CMS score in men only (Figure 4E).
The severe desaturation events during sleep may explain why
Villafuerte et al. (2016) showed serum Epo during sleep
was significantly higher in men with CMS, in contrast to
findings of similar Epo levels in CMS and healthy male
participants during the day (León-Velarde et al., 1991; Villafuerte
et al., 2014; Hsieh et al., 2016). Villafuerte et al. (2016) also
showed that mean sleep SpO2, total sleep time below 80%
SpO2, and the Epo-to-soluble Epo receptor ratio (an Epo
availability index) were significant predictors of Hct in men.
Finally, Julian et al. (2013) found that men with excessive
erythrocytosis had lower nocturnal SpO2 as well as higher
levels of the oxidative stress marker 8-iso-PGF2alpha. The
results presented here demonstrate that the relationships between
sleep SpO2 and Hct previously identified in men are present
in women as well.

AHI did not display a univariate association with Hct
in men or women. This result supports the findings of
Spicuzza et al. (2004) and Pham et al. (2017b) who report
no difference in AHI across men with or without excessive
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TABLE 4 | Multiple regression models between Hct and CMS Score and sleep measures.

Sleep Multivariate Models

Dependent variable Sex Independent variable Coefficient of regression (β) SE p-value Model R2 Model p-value

Hct M Age −0.10 0.111 0.40 0.58 0.015

BMI −0.02 0.367 0.96

Nadir Sleep Desaturation −0.36 0.241 0.15

AHI −0.19 0.080 0.03*

OAI 1.31 0.476 0.02*

Intercept 88.42 27.949 0.006**

F Age 0.22 0.110 0.06 0.59 0.021

Menopause 4.17 3.051 0.19

BMI 0.21 0.239 0.40

Nadir Sleep Desaturation −0.62 0.223 0.01*

AHI −0.01 0.127 0.92

OAI −1.24 1.222 0.33

Intercept 77.99 19.653 0.001**

CMS M Age 0.10 0.092 0.29 0.51 0.039

BMI 0.36 0.276 0.21

Mean Sleep SpO2 0.58 0.407 0.17

AHI −0.21 0.065 0.007**

OAI 1.41 0.391 0.003**

Intercept −57.63 40.329 0.17

F Age −0.01 0.029 0.74 0.24 0.599

Menopause −0.93 0.812 0.27

BMI 0.01 0.060 0.85

Mean Sleep SpO2 0.01 0.007 0.28

AHI 0.02 0.034 0.64

OAI −0.22 0.319 0.50

Intercept 0.84 2.002 0.68

Asterisks indicate significant effects at the *p < 0.05 or **p < 0.01 level.

erythrocytosis, but contrasts with Julian et al. (2013) who
found higher AHI during REM sleep in men with excessive
erythrocytosis. In contrast, OAI was positively associated with
Hct in men (Figure 4D), which differs from the results
reported by Spicuzza et al. (2004) who found only one
excessive erythrocytosis participant who displayed obstructive
apneas among the 10 CMS and 10 non-CMS participants
examined; this difference may be attributed to differences
in sample size or sampling method and the fact that the
average age of our male participants was 10 years greater than
that of Spicuzza et al. (2004). However, we also conducted
multivariate models which controlled for age to determine
the best predictors of Hct and CMS score. In these models,
OAI and AHI were both predictors of Hct and CMS score in
men but not women.

While we did not find that differences in chemosensitivity
accounted for the presence or absence of sleep disordered
breathing, control of breathing clearly influences factors
such as respiratory event duration and arousal from sleep.
Unlike Spicuzza et al. (2004), we did not see a significant
relationship between the HCVR and AHI, but men with
lower HCVR did spend more time below 80% SpO2 at
night (Figure 5C). The hypercapnic HVR was associated with

nadir SpO2 during sleep in women (Figure 5D), but not
men, indicating sex-specific differences may underlie distinct
outcomes that could be attributed to prolonged versus frequent
desaturation events. All this considered, it is possible that
low ventilatory drive contributes to larger reductions in
nighttime SpO2 and exacerbates erythropoiesis and/or other
commonly associated outcomes. Metrics to characterize patterns
of hypoxemia (e.g., prolonged versus frequent desaturation
events) (Azarbarzin et al., 2019) may be useful to better
understand which individuals are at highest risk of excessive
erythrocytosis and CMS.

Several studies have shown that intermittent hypoxia resulting
from sleep apnea is associated with systemic hypertension,
coronary artery disease, heart failure, and metabolic dysfunction
(Jean-Louis et al., 2008; Badran et al., 2014; Dewan et al.,
2015; Floras, 2015; Torres et al., 2015; Ryan, 2017, 2018).
Therefore, patterns of hypoxia during sleep at high altitude
likely contribute to the poor cardiometabolic outcomes observed
in Andeans (Pham et al., 2017b). Efforts to assess further
the molecular effects of intermittent hypoxemia during sleep,
on top of continuous chronic hypoxia in this population
(Prabhakar and Semenza, 2012), will provide important clues
into the development of CMS and related cardiometabolic
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FIGURE 5 | Significant univariate relationships between ventilatory chemoreflexes and SpO2 parameters: (A) HVR and awake SpO2, (B) hypercapnic HVR and
awake SpO2, (C) HCVR and the percent of the night spent below 80% SpO2, and (D) hypercapnic HVR and nadir sleep SpO2. Data for women are shown as open
circles and solid lines, data for men are shown as gray triangles and dashed lines. N = 45 subjects who completed sleep studies.

FIGURE 6 | The relationship between the heart rate response to hypoxia and
hematocrit (A) and daytime SpO2 (B). Women are shown as open circles and
solid lines; men are shown as gray triangles and dashed lines.

pathologies. Longitudinal studies that examine the progression
of excessive erythrocytosis and CMS are needed to address
better the cascade of events underlying these outcomes in
this population.

Heart Rate Response to Hypoxia
We also found that Hct was associated with the HRR to hypoxia
in men (Figure 6). Men with excessive erythrocytosis have a
lower HRR to acute hypoxia after correcting for age (p < 0.05)
(Kronenberg and Drage, 1973). This provides further evidence
of blunted chemoreceptor sensitivity or autonomic outflow in
this group. Previous work has also demonstrated a lower HRR to
orthostasis in CMS patients compared to non-CMS high-altitude
residents despite exceptional orthostatic tolerance in both groups
(Claydon et al., 2004a). CMS patients also have lower reflex
vasoconstriction and impaired cerebral blood flow autoregulation
at sea level compared to non-CMS highlanders (Claydon et al.,
2004b). It was suggested that these responses may result from a
higher “set point” of the carotid baroreceptor-vascular resistance
reflex (Moore et al., 2006). Lower carotid chemoreceptor
and baroreceptor function may be a compensatory response
to chronically elevated sympathetic activity resulting from
chronic hypoxemia. It may also be the typical response
to chronic hypoxia exposure as previous evidence suggests
blunted hypoxic ventilatory chemosensitivity in sojourners as a
function of time spent at high-altitude (Zhuang et al., 1993).
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In either case, loss of chemoreceptor function puts individuals
with excessive erythrocytosis at higher risk of severe desaturation
during exertion or apneic periods during sleep.

CONCLUSION

We demonstrate that lower SpO2 indices during sleep and during
the day are associated with higher Hct in Andean men and,
for the first time, in women. When controlling for age and
SpO2, OAI and AHI also predicted Hct and CMS scores in
men. While the HVR is blunted in Andeans with and without
excessive erythrocytosis, lower hypoxic chemosensitivity was
associated with lower daytime SpO2 and may therefore play a
role in excessive erythrocytosis development. While these results
support previous work in this population, we are the first to
provide paired sleep and ventilatory chemoreflex measurements
in the same Andean men and women, and the first to show that
the HRR to hypoxia is also blunted in excessive erythrocytosis
in men. A limitation of this study is that we cannot determine if
more severe hypoxemia, or other phenotypes associated with Hct,
are a cause or effect of excessive erythrocytosis. Interventional
and longitudinal studies are required to determine the causal
relationships between these associations.
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Human populations at high altitude exhibit both unique physiological responses and
strong genetic signatures of selection thought to compensate for the decreased
availability of oxygen in each breath of air. With the increased availability of genomic
information from Tibetans, Andeans, and Ethiopians, much progress has been made
to elucidate genetic adaptations to chronic hypoxia that have occurred throughout
hundreds of generations in these populations. In this perspectives piece, we discuss
specific hypoxia-pathway variants that have been identified in high-altitude populations
and methods for functional investigation, which may be used to determine the underlying
causal factors that afford adaptation to high altitude.

Keywords: genetic adaptation, genome editing, high-altitude adaptation, functional investigation, adaptive
variation

INTRODUCTION

Many of humankind’s smallest but greatest secrets are packaged within the human genome. Recent
advancements have accelerated our ability to unravel these mysteries and discover how the genome
contributes to shared and distinct variations in human traits, including those that have been
essential for survival. Some of the most striking examples of adaptation within our species occurred
in populations that migrated to the Tibetan, Andean, and Ethiopian highlands in the past several
millennia. Physiologists first noted distinct characteristics among highland populations centuries
ago, postulating that specific traits were helpful or harmful to challenges imposed by environmental
hypoxia due to decreased oxygen availability at high altitudes (West, 1998). Given that many
highland populations have persisted in such environments for hundreds of generations, it was
hypothesized that genetic factors provided an adaptive advantage in these groups.

Within the past decade, it has become increasingly feasible to obtain insight into the evolutionary
past of our species through genome-wide scans in search of adaptive signatures that highlight
outlier patterns within the genome (Simonson, 2015). While many of the original studies of
highland Tibetan, Andean, and Ethiopian populations were based on analysis of “tagging”
single nucleotide changes scattered throughout the genome, whole genome sequencing (WGS)
tools have afforded an opportunity to cultivate multiple large-scale genome datasets, which
provide greater resolution for cross-population comparisons. Further technological and molecular
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advances have provided additional multi-omics insights (e.g.,
transcriptomics, epigenomics, proteomics, metabolomics), and
gene-editing techniques are now available to manipulate and
assess the functional consequences of specific genetic variants
and their impact on molecular and physiological pathways. This
wealth of information regarding genomic, -omics, and functional
variation provides an opportunity to more comprehensively
examine aspects of evolutionary change in highlanders and place
this information into the context of other large-scale, publicly
available data sets.

GENOMICS AND ASSOCIATION
STUDIES

Bioinformatic screens of human genetic variation are
increasingly used by geneticists and physiologists to better
understand features of the human genome, including
variable sites, chromosomal arrangements, and population-
level variation. Genome-wide tests of selection have been
successfully employed across continental populations, yielding
candidate genes that are putatively associated with adaptation to
high altitude (Beall et al., 2010; Bigham et al., 2010; Simonson
et al., 2010; Yi et al., 2010; Alkorta-Aranburu et al., 2012;
Scheinfeldt et al., 2012; Huerta-Sánchez et al., 2013). With
regard to the specific challenge of hypoxia at high altitude,
key players of the hypoxia inducible factor (HIF) pathway
that sense and respond to changes in oxygen availability have
been highlighted in hundreds of studies focused on genetic
adaptation to high altitude (Bigham and Lee, 2014), and other
non-HIF genes have also been reported in more than one
study (Simonson, 2015). Given the HIF pathway has been
implicated as a master transcriptional regulator of hypoxic
response on an evolutionary time scale as far back as metazoans
(Semenza, 1999; Giaccia et al., 2003; Wenger et al., 2005;
Lendahl et al., 2009), these findings have been a major focus
of high-altitude research. Last year, William Kaelin Jr, Sir
Peter Ratcliffe, and Gregg Semenza were awarded the Nobel
Prize in Physiology and Medicine for their ground-breaking
research that provided the first insights into HIF signaling,
highlighting the immense impact of this work on health and
disease (Prabhakar, 2020).

Perhaps the most celebrated genes identified as targets of
adaptation to high altitude are those involved in the HIF pathway,
e.g., EGLN1 and EPAS1. Both genes are among the top targets of
adaptation in Himalayan populations (Beall et al., 2010; Bigham
et al., 2010; Simonson et al., 2010; Yi et al., 2010), and EGLN1 was
identified among candidate genes initially described in Andeans
as well (Bigham et al., 2009, 2010). EPAS1 was recently detected in
a test for early stage selection in Andean populations (Eichstaedt
et al., 2017) and has been reported as a selection candidate gene
in other highland populations in Central Asia (Pagani et al., 2012;
Xing et al., 2013; Hackinger et al., 2016).

WGS analyses of DNA from Neanderthal and Denisovan
genomes has also provided evidence that genetic material
from these archaic human populations is present in modern
humans today. Genetic variants in the EPAS1 gene region in

Tibetans, noted as one of the strongest adaptive signatures
in Tibetans, is most similar to Denisovan DNA compared
to DNA of other human populations (Huerta-Sánchez et al.,
2014; Hu et al., 2017). While the functional variants have
yet to be determined, these studies suggest archaic genetic
admixture provided variation that helped Tibetans adapt to
the high-altitude environment. This finding highlights the
importance of understanding distinct population histories, and
unique genetic backgrounds, in studies of genetic adaptation
to high altitude.

PHENOTYPE ASSOCIATIONS AND
CODING VARIATION

Despite tremendous progress on the genomics front, the
precise variants that provide functional benefits for high-
altitude adaptation remain largely unknown. Scientists are at
the early stages of understanding which specific variants in
and around the adaptive gene regions identified in highlanders
provide functional benefits afforded by natural selection.
Phenotype associations made thus far provide a means for
prioritizing genes for further investigation. The first three
genomic studies to examine relationships between putatively
adaptive genes and phenotypes identified relationships between
hemoglobin concentration and a combination of candidate
genes that exhibited signals of selection, including EGLN1
and EPAS1 (Beall et al., 2010; Simonson et al., 2010; Yi
et al., 2010). EGLN1 encodes PHD2, one of three key prolyl
hydroxylase oxygen sensors that target the α subunits of
the HIF transcription factor for degradation under normoxic
conditions, and EPAS1 encodes HIF-2α, which serves to
activate the expression of a few hundred genes in response
to hypoxia. The downstream effects of these adaptive targets
are extensive and relevant to multiple disease states, ranging
from cardiopulmonary disease, metabolic dysfunction, to cancer
(Semenza, 2020).

Two amino acid variations in PHD2 (EGLN1) were identified
in Tibetans: p.Asp4Glu (p.D4E) and p.Cys127Ser (p.C127S)
(Lorenzo et al., 2014). While these are located outside of the
known functional domains (McDonough et al., 2006), effects on
oxygen Km and protein interactions have been observed, with
different models for p.D4E/C127S mutations resulting in gain-
or loss-of function (Lorenzo et al., 2014; Song et al., 2014). Due
to the likely effects of these two mutations on protein-protein
interactions and PHD2’s catalytic activity, further molecular
characterization will be required to determine their specific
role(s). The variants underlying adaptation at the EGLN1 locus
appear to be different in Andeans and remain to be determined
(Bigham and Lee, 2014; Heinrich et al., 2019).

A single missense EPAS1 variant p.H194R is reported as
a target of selection in Argentinian highlanders (Eichstaedt
et al., 2017), yet little is known about how this variation affects
protein stability and protein-protein interactions with binding
partners (e.g., ARNT and PHD2) in humans. However, several
variants in non-human species adapted to altitude have been
identified and modeled as gain- (Song et al., 2016; Liu et al.,
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2019) and loss- (Gou et al., 2014) of-function. Given the highly
conserved nature of EPAS1 among species, each of these variants
provide critical insight into the convergent adaptation to life
at high altitude.

While these proteins are involved in hypoxic signaling,
many others are also involved, making it difficult to discern
the effects of single mutations in a complex signaling
network. Reverse engineering these precise mutations,
whereby site-specific point mutations are introduced into
cells of a standard background in controlled environments,
provides an opportunity to functionally investigate
impacts on protein structure, protein-protein interactions,
and signal transduction as well as gene expression and
downstream effects due to alterations in regulatory variants.
Experiments in an “adapted” genome are also valuable if
multiple genetic targets of selection in that background are
carefully considered.

GENOME EDITING AND FUNCTIONAL
INVESTIGATION OF ADAPTATION

While WGS and association studies are great tools for identifying
and prioritizing genetic variants that might be involved in
both natural selection and disease phenotypes, these correlative
findings do not provide information regarding causality.
Gene-editing tools offer physiology and population genetics
communities opportunities to investigate the roles of candidate
variants and identify precise sites underlying adaptation to
hypoxia inherent to high altitude.

In addition to using existing tools, which allow for the
reverse engineering of individual single nucleotide variants
(SNVs) in isogenic cell lines, multiple SNVs may be examined
simultaneously (i.e., multiplex introduction of population
specific haplotypes) (Hoehe et al., 2019). This new approach
allows for functional investigation of multiple epistatic
mutations that are under selection, even if they are located
on different chromosomes. These tools could be used to
endogenously introduce population-specific high-altitude-
adapted haplotypes in physiologically relevant cells lines
that recapitulate hypoxic signaling, oxygen metabolism,
and posttranslational modification of hypoxia-inducible
transcription factors (e.g., A549 Human Lung Adenocarcinoma
cells, Sw.71 human trophoblast cells, and ASC52 adipose derived
mesenchymal stem cells).

Other publicly available tools may be used to assist
in understanding the relationship between genetic variation
and tissue-specific expression, including the Genotype-Tissue
Expression (GTEx) database (based on data from 17,000 samples,
representing 54 tissues from 948 different donors). This resource,
in tandem with epigenetic information gathered from resources
such as The Encyclopedia of DNA Elements (ENCODE)
Consortium, provide the potential to uncover complex gene
regulation networks within a wide array of human tissues
(Bernstein et al., 2010; Dunham et al., 2012). Such information
may be applied to better understand data from various human
studies, including those at high altitude, where tissue- and

cell-specific sampling is limited. A brief table of techniques
and tools for investigating genetic variants in this context are
provided in Table 1.

FUTURE PERSPECTIVES ON
FUNCTIONAL INVESTIGATION

As seen in Figure 1, the endogenous introduction of putatively
adaptive alleles using a precision genome editing (i.e., base-
editing signatures of natural selection into isogenic cell
lines) offers an effective proof-of-concept for the functional
investigation of locally adapted SNVs (Komor et al., 2016;
Gaudelli et al., 2018; Tong et al., 2018). However, reverse
engineering individual SNVs associated with high-altitude
adaptation does not represent the functional investigation of
the full spectrum of human genetic variation (i.e., haplotypes,
structural variation (SV), and epigenetic inheritance, etc.).
Such heterogeneity can be functionally investigated using a
number of techniques, and multiple avenues for growth are
anticipated to investigate signatures of natural selection in
both in vivo and in vitro model systems. The development
of multiplexed base-editing systems, which introduce point
mutations in aggregate (i.e., introduce haplotypes under
selection), will allow for functional investigation of not only
epistatic interactions under selection, but also the functional
impact of the inheritance of entire haplotype blocks in model
systems (Hoehe et al., 2019).

Structural Variation
Assessments of structural variation (SV), also known as copy
number variation (CNVs), include identification of insertions,
deletions, inversions, and translocations that may help explain
some unaccounted heritability (Girirajan and Eichler, 2010).
Early analyses from SNV-based microarrays identified a 3.4 kb
CNV (deletion) ∼80 kb downstream from EPAS1 in Tibetans
that is found at low frequency in other populations (Lou et al.,
2015). Newly developed population-specific genome assemblies
(Hsieh et al., 2019) allow for the identification of novel
SVs as well as the discovery of previously unknown human
genes. However, with exception of a recent long-read de novo
assembly of a Tibetan individual, population-specific SV has
been largely unexplored with respect to high-altitude adaptation
(Ouzhuluobu et al., 2019). Ouzhuluobu et al. (2019) identified a
163-bp deletion within an intergenic region of the MKL1 gene
(megakaryoblastic leukemia translocation 1), which has been
associated with lower systolic pulmonary arterial pressure in
Tibetans (Ouzhuluobu et al., 2019).

High-resolution population-specific de novo assemblies
may also be compared to archaic hominid assemblies (e.g.,
Neanderthal and Denisovan) to illuminate population-specific
evolutionary histories. Recent comparisons of high-altitude
adapted populations from the Himalayas and archaic hominids
suggest a higher frequency of genome-wide archaic hominid
introgression in Himalayan populations relative to East Asian
genomes (Huerta-Sánchez et al., 2014). In the de novo assembly
study, a potentially introgressed archaic-hominid sequence
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TABLE 1 | Techniques and tools to investigate genetic variation and their applications.

Technique or tool Pros Cons

Techniques to introduce
genetic variants

Single-base editing (Cas9) • Introduces specific nucleotide variant
within the genome

• High efficiency

• Chance of bystander mutations

Over-expression of protein variants • Introduce protein variants into cellular
systems

• Potential imbalance in systems
regulated

• Options for controlled induction • Expressed proteins may end up in
inclusion bodies

• Production is slow in stable cell lines,
especially in the case of selective
cloning

Non-homologous end joining (NHEJ);
Homology-directed repair (HDR)

• Used to edit within non-coding regions
as compared to overexpression

• Programmable nucleases can have
varying success rates

• Random insertions/deletions (indels)
• Higher rates of mutation

Techniques to assay gene
expression

RNA interference (RNAi) • Targeted knockdown of expressed
transcripts

• Variability and incompleteness of
knockdowns

• Purely a loss-of-function technique
• Unmodified siRNA easily degraded
• High-turnover transcripts hard to silence

RNA-seq • Genome-wide insight into transcript
expression (protein-coding and
non-coding genes, microRNAs)

• Capacity to explore unannotated
species

• Good option if total RNA is low
(1 ng–2 µg)

• Files may be many gigabytes; expense
of procedure and data storage

• Sensitive to library preparation protocol

Expression Microarray • More affordable
• Data files typically only a few MB

• Limited to available probes
• High background noise
• Limited dynamic range

Techniques to assay
proteomics and metabolomics

Proteomics • Identification of multiple proteins within a
biological sample

• Used to characterize splice variants and
post-translational modifications

• Quantitative applications available for
determining differences in protein levels

• Loss of intact protein information
• Multiple post-translational modifications,

chemical byproducts, and unintended
cleavages can make it difficult to identify
protein fragments in a sample

• Multiple proteins may share similar
sequences making it difficult to assign
fragment origin

• Quantitative applications rely heavily on
accuracy, precision, repeatability and
specificity; Complex samples may have
to be further refined and run multiple
times

Metabolomics (Liquid
chromatography-mass spectrometry
LCMS; Gas chromatography-tandem
mass spectrometry GC-MS)

• Identification of peptides and other
small molecules

• Quantitative applications available for
determining differences in molecular
levels

• High sensitivity
• Many databases available for identifying

spectra

• High number of spectral signals can
require time and expertise for proper
identification

• Quantitative applications rely heavily on
accuracy, precision, repeatability and
specificity

• Complex samples may have to be
further refined and run multiple times

Examples of on-line tools used
to examine genetic variants

UCSC Genome Browser
https://genome.ucsc.edu

• Provides genome assemblies and
annotations from vertebrates and model
organisms with tools for viewing and
accessing data

• Provides detailed tracks with
information from various platforms and
studies (ENCODE, GTEx, etc.)

(Continued)
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TABLE 1 | Continued

Technique or tool Pros Cons

Gene Cards
https://www.genecards.org

• Helpful information regarding gene
pathways, regulation, tissue expression,
phenotype, and genome-wide
association studies data

–

Ensembel Genome Browser https:
//uswest.ensembl.org/index.html

• Customizable
• Best for single nucleotide variant (SNV)

analysis

–

Genome Data Viewer https:
//www.ncbi.nlm.nih.gov/genome/gdv/

• Provides information on a large number
of species (∼100)

• Includes genetic and cytogenetic data
• Ability to view different assemblies

side-by-side
• Offers variety of coordinate systems

(i.e., cM, cRay, basepairs)
• Useful for big-picture analysis

–

FIGURE 1 | CRISPR-Cas9 schematics and editing efficiency. (A) CRISPR-Cas9 genome editing working model modified from Tong et al. (2018) showcasing the two
major routes genome editing via DNA double-strand break repair utilizing non-homologous end joining (NHEJ) or homology-directed repair (HDR) (Tong et al., 2018).
(B) Single-base editing utilizing modified Cas9 fusion proteins (Komor et al., 2016; Gaudelli et al., 2018).

(i.e., 662-bp intronic insertion) was identified in the SCUBE2
gene, which has been linked with lung function (i.e., FEV1/FVC
ratio) in Tibetans (He et al., 2019; Ouzhuluobu et al., 2019).

Many high-altitude adapted SVs will require functional
investigation in the appropriate in vitro/vivo systems as new
genome-editing tools emerge.

Frontiers in Genetics | www.frontiersin.org 5 May 2020 | Volume 11 | Article 471225

https://www.genecards.org
https://uswest.ensembl.org/index.html
https://uswest.ensembl.org/index.html
https://www.ncbi.nlm.nih.gov/genome/gdv/
https://www.ncbi.nlm.nih.gov/genome/gdv/
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org/
https://www.frontiersin.org/journals/genetics#articles


fgene-11-00471 May 12, 2020 Time: 19:55 # 6

Hall et al. Seq-ing Higher Ground

Epigenetics and Transgenerational
Inheritance
Nuclear genome heterogeneity does not explain the full
spectrum of high-altitude adapted phenotypes. Characterizing
environmental exposure (past or present) has the potential
to offer key insights into epigenetic and transgenerational
inheritance. Previous research indicates that altitude-induced
epigenetic changes occur (Childebayeva et al., 2019), and DNA
methylation in the promoter region of EPAS1 was lower
in individuals living at high versus low altitude in Peru
(Childebayeva et al., 2019). Another key factor is the number of
years lived at high altitude (i.e., there is a positive association
within a known methylated locus dependent on the number
of years subsisting at high altitude). Overall, these data suggest
that epigenetic modifications are potentially involved in high-
altitude adaptation both at birth and over the course of a lifetime
(Julian, 2019).

Many genomic studies suggest regulatory variation underlies
responses to hypoxia (Frisancho, 2009; Nanduri et al., 2012,
2017; Hartley et al., 2013; Brown and Rupert, 2014; Azad
et al., 2017; Hu et al., 2017). Multiple studies in other fields
have used next-generation sequencing to reveal genome-
wide associations between epigenetic modifications and
transcriptional regulatory elements and chromatin accessibility
(Fukushima et al., 2019). However, there is a dearth of
research regarding such data at altitude. Nonetheless, we
anticipate the reverse engineering of specific epigenetic
modifications and transcriptional states associated with high-
altitude adaptation using targeted in vivo/in vitro epigenome
editing systems will provide an opportunity to tease apart direct
causal/mechanistic relationships.

Organoids and Assembloids
While isogenic cellular models offer a relevant system to
functionally evaluate mutations that are putatively under
selection, two dimensional (2D) in vitro cellular systems have
a number of limitations. Three dimensional (3D) cellular
models (i.e., tissue-specific organoids) offer the opportunity
to functionally investigate the effects of cellular development,
self-organization, and tissue-specific, organ-specific function
(Sterneckert et al., 2014; Hubert et al., 2016; McCauley and Wells,
2017). 3D cellular organoids are collections or aggregations
of organ-specific cells developed from pluripotent stem cells
or organ progenitor cells. The cellular aggregates are self-
organizing and may be used to determine spatially restricted
lineage commitment similar to in vivo cellular models. When
differentiated, 3D organoids are capable of recapitulating some
of the functions of an organ of physiological interest (e.g.,
contraction, neural activity, endocrine secretion, filtration,
excretion, etc.).

Precision genome-editing systems could be used to introduce
high-altitude specific mutations (e.g., the SNVs reported in
EPAS1 or EGLN1) in pluripotent stem cell tissue systems that
may be differentiation into physiologically relevant organoid
systems. For example, human blood vessel organoids engineered
as models of diabetic vasculopathy could also be genome-edited
to create isogenic cellular models to functionally investigate the

role of specific mutations in the development and arborization
of vascular structures/networks putatively implicated in high-
altitude adaptation (Wimmer et al., 2019; Wörsdörfer et al.,
2019). Utilization of genome-edited 3D organoid models is not
limited to vascular structures (For example, through recent
emergence of dynamic “assembloid” systems, investigators are
able to engineer and self-assemble multiple compartmentalized
brain regions from human pluripotent stem cells and asses
their connectivity (Trujillo and Muotri, 2018; Yoon et al.,
2019). These technological advancements not only allow for the
functional investigation of layered tissue-specific development
but the functional investigation of the interplay between
sub-tissue systems. They offer a glimpse into the future of
functional investigation of high-altitude adapted populations,
their physiology, and the dynamic relationships between organs
and physiology under conditions of hypoxia.

Single-Cell Genome Sequencing
Another avenue for growth regarding the functional investigation
of high-altitude adaptation is the emergence of single-cell DNA
and RNA analyses. Single-cell genome sequencing analyses allow
for analysis of the entire transcriptome that may be integrated
with genome, proteome, and metabolome information. By
reverse engineering SNVs via precision genome-editing systems
into the appropriate physiological cellular model, it is possible
to provide complementary high-resolution views of -omics
pathways with in single cells adapted to hypoxia.

Reverse Engineering Hypoxic
Environments
While physiologically relevant isogenic cell lines combined with
genome-editing technology offer great insight into some of
the biological mechanisms involved in high-altitude adaptive
phenotypes, we recognize that evaluations of function and
mechanism require consideration of environmental pressure(s)
at high altitude (Fox et al., 2020). During hypoxia, HIF
transcription factors are stabilized and regulate various genes
such as those involved in oxygen transport, and there are
multiple methods used in laboratory settings to induce hypoxia
in physiologically relevant cell cultures (Wu and Yotnda, 2011).
We anticipate researchers will introduce putatively adapted
mutations in physiologically relevant cell lines to simulate
conditions of tissue-appropriate levels of hypoxia in control
incubation environments. Other species that evolved to subsist
at high altitude may be used to identify mutations associated
with hypoxia (Storz and Scott, 2019), and these mutations could
be edited in the embryotic state to either remove or introduce
mutations associated with hypoxia adaptation.

SEEKING HIGHER GROUND WITH
INDIGENOUS PEOPLES

The potential to engineer new tools to functionally investigate
genetic variation is an exciting prospect as it establishes greater
accountability in research (e.g., in population genetics, reducing
the tendency toward evolutionary adoptionism narratives (Gould
et al., 1979). While some researchers overlook the importance
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of oral history, ethnography, linguistic, and archeological data
when drawing conclusions about phenotypic observations and
evolutionary analyses (e.g., GWAS and polygenic risk scores)
(Nielsen, 2009), it is important to recognize that Indigenous
populations should be included in the co-development of
evolutionary and medically actionable narratives surrounding
human genetic variation collected in their community (Jackson
et al., 2019; Fox et al., 2020). Additionally, echoing previous
observations by Lewinton and Gould, both ‘empirical evidence
and detailed theoretical considerations’ should be used for
evolutionary explanations of phenotypic variation observed in
various Indigenous populations (Claw et al., 2018).

With the generation of data presented thus far and the
ability to manipulate and test functional relevance, the scientific
community will continue to gain meaningful insights into
hypoxia adaptation. The mechanistic characterization of these
observations, through the identification of adaptive gene targets
like EGLN1 and EPAS1, would not be made possible without
partnerships in Indigenous communities thriving at high
altitude. Understanding the function of specific variants in these
groups contributes to a more complete picture of the human

story and some of the most notable examples of adaptation
within our species.
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Background: While millions of people are living permanently at high altitude (>2,500 m)
worldwide, the mechanisms underlying their tolerance to chronic hypoxia and those
responsible for the occurrence of chronic mountain sickness (CMS) remain to be
elucidated. Excessive erythrocytosis (EE) is thought to be the main mechanism
responsible for CMS symptoms and is included in the definition of CMS, but the precise
interplay between EE and symptoms of CMS requires further investigations.

Methods: The present study benefits from an exceptional dataset coming from 1,594
dwellers of La Rinconada, the highest city in the world (5,100–5,300 m). Based on
individual clinical characteristics, subjects were categorized according to the presence
of EE and CMS diagnosis, based on current guidelines.

Results: In this population of relatively young [32 (23; 39) years] highlanders residing
in La Rinconada for only a few years [3 (2; 5) years], the internal prevalence of EE
(44%) was high, whereas the internal prevalence of CMS (14%) was similar compared
to previous reports in highlander populations living at lower altitude (∼4,000 m) in
the Andes. Individuals with EE reported less symptoms compared to individuals with
lower hematocrit values. Multivariable analysis revealed that age and sex are the main
factors associated with EE, whereas age, hematocrit and number of years living at La
Rinconada are factors associated with CMS symptoms.

Conclusion: In this specific population of La Rinconada, high hematocrit values were
observed but were associated with limited symptoms. These results raise important
questions regarding the definition of EE and CMS and their underlying mechanisms in
high-altitude populations.

Keywords: hypoxia, altitude, red blood cell, hematocrit, chronic mountain sickness

Frontiers in Physiology | www.frontiersin.org 1 July 2020 | Volume 11 | Article 773229

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/journals/physiology#editorial-board
https://www.frontiersin.org/journals/physiology#editorial-board
https://doi.org/10.3389/fphys.2020.00773
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fphys.2020.00773
http://crossmark.crossref.org/dialog/?doi=10.3389/fphys.2020.00773&domain=pdf&date_stamp=2020-07-15
https://www.frontiersin.org/articles/10.3389/fphys.2020.00773/full
http://loop.frontiersin.org/people/842347/overview
http://loop.frontiersin.org/people/525799/overview
http://loop.frontiersin.org/people/234330/overview
http://loop.frontiersin.org/people/391088/overview
http://loop.frontiersin.org/people/488789/overview
http://loop.frontiersin.org/people/36351/overview
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-11-00773 July 13, 2020 Time: 15:43 # 2

Hancco et al. Erythrocytosis and Chronic Mountain Sickness

INTRODUCTION

Approximately 140 million individuals reside at high altitude
(>2,500 m) worldwide, the largest populations of highlanders
being found in South America (Andean), central Asia (Tibetan
and Sherpa), and East Africa (Ethiopian) (West, 2017). Chronic
mountain sickness (CMS) is a clinical syndrome observed in
5 to 33% of individuals residing permanently at high altitude
(Leon-Velarde et al., 2005). It has long been recognized especially
in Andean populations (Monge, 1928, 1943) and frequently
terminates in cardiorespiratory diseases including pulmonary
hypertension and right- or left-sided heart failure. The current
international consensus statement suggests that the diagnosis of
CMS should be based on an elevated hemoglobin concentration
[Hb] (≥21 g/dL for males or ≥19 g/dL for females) and a
minimum score based on the following symptoms: breathlessness
and/or palpitations, sleep disturbances, cyanosis, dilatation
of veins, paresthesia, headaches, and tinnitus (Leon-Velarde
et al., 2005). Clinical observations indicate, however, that many
highlanders show high [Hb] but no symptoms, whereas others
report symptoms without [Hb] reaching the above thresholds
(Gonzales et al., 2013).

These observations have led to consider excessive
erythrocytosis (EE) as a specific pathophysiological entity
or a preclinical form of CMS in individuals residing permanently
at high altitude (Vargas and Spielvogel, 2006). The optimal
[Hb] at a given altitude and the definition of EE currently
based on [Hb] thresholds provided by the recommendations
for CMS diagnosis (Leon-Velarde et al., 2005) are still a matter
of debate (Villafuerte et al., 2004; Vargas and Spielvogel,
2006). First, polycythemia is essentially a required adaptive
response to long-term hypoxic exposure in order to preserve
tissue oxygen delivery and is not a hallmark of high-altitude
maladaptation. Second, the main stimulus for erythrocytosis
is hypoxemia, which depends on the altitude level, and
therefore threshold values to determine EE may depend
on the altitude of residence. Current recommendations for
EE in highlanders use threshold [Hb] values corresponding
to 2 SDs above the mean [Hb] observed in healthy young
highlanders living close to 4,000 m [(Vasquez and Villena,
2001), 4,000 m; (Monge et al., 1989), 4,300 m]. Highlanders
with [Hb] above these thresholds are considered at risk of
developing maladaptations to chronic hypoxic exposure and
CMS symptoms. However, whether these thresholds for EE
and their expected consequences on health status also apply
to highlanders at different altitudes remains an important
issue to clarify.

Chronic hypoxic exposure at high altitude can induce
respiratory, cardiovascular, and neurological dysfunctions even
in the absence of EE (Naeije and Vanderpool, 2013; Yan,
2014; Latshang et al., 2017), owing to oxidative stress and
sympathetic overactivation for instance (Zhuang et al., 1993;
Bailey et al., 2013). Therefore, in individuals living permanently
at high altitude, symptoms such as breathlessness, sleep
disturbances, palpitations, or headaches may occur, indicating
some degree of maladaptation to chronic hypoxic exposure
despite the absence of EE.

Hence, there is a need for large-scale observational studies
of populations permanently residing at high altitude to
better characterize their health status and especially the
relationship between hypoxemia, [Hb], and symptoms
considered to be associated with CMS. La Rinconada in
Peru is the highest city in the world [5,100–5,300 m (West,
2017)] with approximately 70,000 inhabitants (according
to the 2016 census, INEI-Peru) mostly involved in gold
mining activities. The present study investigates for the first
time a large sample of people living in La Rinconada in
order to disentangle the relationship between hypoxemia,
erythrocytosis, and symptoms in highlanders. We hypothesized
that EE and symptoms of CMS represent two entities at least
partly independent.

MATERIALS AND METHODS

Study Population
We evaluated 1,594 adults who volunteered to be part of the
present study between January 2016 and July 2017. Subjects were
between 18 and 57 years old and permanent residents of La
Rinconada, located between 5,100 and 5,300 m of altitude in
the San Antonio de Putina province, south of Peru (Figure 1).
Subjects were recruited during a medical consultation destined
to families of miners working in a gold mine facility in La
Rinconada, and all data were anonymized prior analysis. All
subjects had at least 1 year of residency in La Rinconada. The
study was approved by the Ethics Committees of Inter-région
Rhône-Alpes-Auvergne (IRB-5891) and Universidad Nacional
Mayor de San Marcos (CIEI-2019-002).

Data Collection
Information about age, sex, ethnic group, duration of residence
at La Rinconada, and socioeconomic status were obtained during
a medical consultation conducted by a native Spanish speaker
medical doctor (I. H.) for routine medical follow-up of miners
and their family in La Rinconada. Chronic mountain sickness was
diagnosed through the current CMS scoring system including
seven symptoms of CMS according to the Qinghai questionnaire
and the evaluation of EE (Leon-Velarde et al., 2005). After at
least 5 min of rest in a sitting position under temperate room
conditions (16–18◦C), pulse oxygen saturation (SpO2) and heart
rate were recorded from the finger (NELLCOR OxiMaxN-65;
Tyco Healthcare, Pleasanton, CA, United States). The hematocrit
was measured manually (microhematocrit) from a blood sample
obtained at the fingertip. The systolic and diastolic blood
pressures were determined using manual sphygmomanometer.

EE and CMS Classifications
Based on current recommendations to characterize CMS (Leon-
Velarde et al., 2005) and previous studies having investigated
EE and CMS symptoms in highlanders, subjects were classified
according to three distinct classifications:

1. Classification 1 [EE based on the current international
consensus statement (Leon-Velarde et al., 2005)]: subjects
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FIGURE 1 | Localization of the highest city in the World, La Rinconada, Peru (5,100–5,300 m). Adapted from Enserink (2019).

with or without EE, that is, with a hematocrit level
≥63 or <63% for males and ≥57 or <57% for females,
respectively.

2. Classification 2 (EE calculated based on the present
population): because the threshold for EE based on the
current consensus has been defined from a young healthy
group of Andeans living in Cerro de Pasco [4,300 m,
(Monge et al., 1989)], that is, approximately 1,000 m
below La Rinconada, we intended to calculate a new
threshold for EE based on the present population from
La Rinconada according to the method used in Cerro
de Pasco by Monge et al. (1989). We have calculated
this threshold as the mean + 2 SD hematocrit value of
young healthy subjects (i.e., 18–25 years, ≤2 symptoms
in the Qinghai questionnaire); thereafter, subjects were
classified as with or without EE.

3. Classification 3 [current recommendations for CMS
diagnosis (Leon-Velarde et al., 2005)]: subjects with no,
mild, moderate, or severe total CMS score (based on the
scores of the seven symptoms described above summed
with the hematocrit score, defined based on EE according
to Classification 1), that is, with a total CMS score ≤5 or
no EE, between 6 and 10 with EE, between 11 and 14 with
EE, or ≥15 with EE, respectively.

Statistical Analysis
Qualitative data were expressed as frequency and percentages,
and quantitative variables as median and interquartile range.
Comparisons between groups within each classification were
performed using χ2 test for qualitative variables and Kruskal–
Wallis test for quantitative ones. Groups or item categories with

low sample size were gathered together for analysis. A two-
tailed α level of 0.05 was used as the cutoff for significance.
Correlations between quantitative variables were assessed using
Spearman coefficient. To identify the factors associated with
EE [according to the current consensus (Leon-Velarde et al.,
2005)] and CMS symptoms (according to the seven symptoms
from the Qinghai questionnaire), a univariable analysis using
a logistic regression model was performed. Variables with a
p value threshold of 0.20 in the univariable analysis were
selected and were introduced in a multivariable logistic regression
model. A stepwise selection was performed to identify the
final model. All statistical procedures were performed on
SASv9.4 (SAS Inc., Cary, NC, United States) by S. Bailly
and S. Verges.

Role of the Funding Source
The funding sources had no role regarding study design; the
collection, analysis, and interpretation of data; writing of the
manuscript; and decision to submit it for publication.

RESULTS

Whole Population
Characteristics of the whole population are provided in Table 1.
Symptoms of CMS, hematocrit score, and total CMS score for
the whole population are provided in Table 2. Table 1 shows
the distribution of subjects according to the three different
classifications.

There were no significant correlations between hematocrit and
SpO2 (Figure 2) and between hematocrit or SpO2 and any other
quantitative variable (all Spearman correlation coefficient <0.50).
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Factors Associated With EE [According to the Current
International Consensus (Leon-Velarde et al., 2005)]
Multivariable logistic regression revealed that the factors
associated with EE were age, sex, symptoms of sleep disturbances,
headaches, and tinnitus (Figure 3A). Factors associated with
an increased probability of having EE were older age, being
male, and tinnitus scores 1 and 3. Symptoms of sleep
disturbances and headaches were associated with a decreased
probability of having EE.

Factors Associated With CMS Symptoms (According
to the 7 Symptoms From the Qinghai Questionnaire)
Multivariable logistic regression revealed that the factors
associated with CMS symptoms score were age, number of
years residing in La Rinconada, and hematocrit (Figure 3B).
Older age (>31 years), a higher number of years staying in
La Rinconada, and a higher hematocrit were associated with a
decreased probability of having CMS symptoms score >5.

Description of the CMS Classifications
Classification 1 (Tables 3, 4)
In males, all variables except ethnic group, heart rate, blood
pressure, and paresthesia were significantly different between

TABLE 1 | Description of subject characteristics for the whole population.

Median [IQR] or n (%)

Age (years) 32 [23; 39]

Sex

Female 235 (14.7)

Male 1,359 (85.3)

Ethnic group

Aymara 75 (4.7)

Quechua 1,519 (95.3)

Residency in La Rinconada (years) 3 [2; 5]

Hematocrit (%) 60 [54; 66]

Heart rate (bpm) 87 [75; 94]

SpO2 (%) 82 [78; 85]

Diastolic blood pressure (mm Hg) 70 [70; 80]

Systolic blood pressure (mm Hg) 100 [100; 110]

Classification 1 (excessive erythrocytosis, international consensus)

No excessive erythrocytosis 891 (55.9)

Excessive erythrocytosis 703 (44.1)

Classification 2 (excessive erythrocytosis, calculated threshold)

No excessive erythrocytosis 1,381 (86.6)

Excessive erythrocytosis 213 (13.4)

Classification 3 (total CMS score, international consensus)

≤5 (no CMS) 1,373 (86.1)

6–10 (mild total CMS score) 156 (9.8)

11–14 (moderate total CMS score) 52 (3.3)

>14 (severe total CMS score) 13 (0.8)

CMS, chronic mountain sickness; IQR, interquartile range; SpO2, pulse oxygen
saturation. Classifications 1 and 3 were performed according to the current
international consensus on CMS (Leon-Velarde et al., 2005), while Classification
2 was performed based on a calculated threshold for excessive erythrocytosis in
the population from La Rinconada (see section “Materials and Methods” for further
details).

TABLE 2 | Symptoms of CMS, hematocrit score, and total CMS score in the
whole population.

Median [IQR] or n (%)

Breathlessness/palpitations

0 1,230 (77.2)

1 211 (13.2)

2 145 (9.1)

3 8 (0.5)

Sleep disturbance

0 1,290 (80.9)

1 284 (17.8)

2 20 (1.3)

3 0 (0)

Cyanosis

0 1,178 (73.9)

1 280 (17.6)

2 136 (8.5)

3 0 (0)

Dilatation of veins

0 1,328 (83.3)

1 181 (11.4)

2 64 (4)

3 21 (1.3)

Paresthesia

0 1,222 (76.7)

1 293 (18.4)

2 72 (4.5)

3 7 (0.4)

Headache

0 15 (0.9)

1 1,203 (75.5)

2 321 (20.1)

3 55 (3.5)

Tinnitus

0 183 (11.5)

1 1,161 (72.8)

2 198 (12.4)

3 52 (3.3)

Hematocrit

0 891 (55.9)

3 703 (44.1)

Total CMS score 5 [3; 6]

IQR, interquartile range; CMS, chronic mountain sickness.

both groups. Subjects with EE were older, stayed in La Rinconada
for a longer duration, and had a lower SpO2 and a higher
hematocrit (by definition) compared to subjects without EE.
Males with EE reported less severe CMS symptoms than males
without EE.

In females, only hematocrit, heart rate, and symptoms were
significantly different between both groups. Females with EE
reported less severe CMS symptoms than females without EE.

Classification 2 (Tables 5, 6)
The mean + 2 SD hematocrit values in young healthy subjects
(males, n = 220; females, n = 72) from the present population
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FIGURE 2 | Correlation between pulse oxygen saturation (SpO2) and
hematocrit levels.

were 72% for males and 68% for females. These values were used
to define EE within Classification 2, that is, ≥72% for males and
≥68% for females.

In males, all variables except ethnic group, duration
of residency in La Rinconada, blood pressure, symptoms
of breathlessness/palpitations, cyanosis, and paresthesia were
significantly different between both groups. Subjects with EE
were older, had a lower SpO2 and heart rate, and a higher
hematocrit (by definition) compared to subjects without EE.
Males with EE reported less severe sleep disturbance, dilatation
of veins, headache, and tinnitus than males without EE.

In females, only 1.7% of the subjects presented EE according to
the calculated threshold, making statistical comparison between
groups with and without EE inappropriate.

Classification 3 (Tables 7, 8)
In males, all variables except ethnic group and blood pressures
were significantly different between groups. Males with no CMS
spent a larger number of years in La Rinconada that males
with mild total CMS score. The hematocrit was, by definition,
significantly higher in males with CMS and even higher in males
with moderate total CMS score compared to males with mild total
CMS score, respectively. SpO2 was significantly lower in males
with mild total CMS score compared to males with no CMS and
moderate and severe total CMS score. Heart rate was significantly
higher in males with mild total CMS score compared to males
with no CMS. The severity of breathlessness and palpitations,
cyanosis, paresthesia, and headache was higher in males with
mild, moderate, and severe total CMS score compared to males
with no CMS. The severity of dilatations of veins and tinnitus was
significantly increased only in males with moderate and severe
total CMS score compared to males with no CMS and mild total
CMS score. The severity of sleep disturbance was significantly
increased only in males with severe total CMS score compared
to the other groups.

In females, only eight subjects (3.4%) had CMS. Only
hematocrit and symptoms of cyanosis differed between groups.

Females with no CMS had a lower hematocrit and less severe
cyanosis than female with mild total CMS score.

DISCUSSION

This is the first study to provide physiological and clinical
characteristics of a large sample of highlanders living in the
highest city in the world, La Rinconada, at 5,100 to 5,300 m
of altitude. The internal prevalence of EE (44%) according to
the current international consensus is high in this population
compared to previous observations in highlanders living at
lower altitude. Conversely, the internal prevalence of CMS
(14%) is relatively similar compared to previous observations in
populations living at lower altitude (∼4,000 m). Interestingly,
the results from this specific population of relatively young
highlanders suggest a dissociation between the presence of EE
and the presence of CMS symptoms. Individuals with EE had
less severe CMS symptoms than individuals without EE, and
conversely, individuals reporting CMS symptoms had a lower
hematocrit than individuals without CMS symptoms. This study
provides unique insights into the physiological and clinical
characteristics of highlanders living in the highest city in the
world and raises important issues regarding the definition of EE
and CMS in highlanders.

Whole Population Characteristics
The population investigated in the present study comprises
relatively young individuals, with a large majority of males. This
can be explained by the fact that people in La Rinconada mostly
stay in this city for professional reasons (to work in the gold
mine), and the individuals evaluated in the present study are
employees or family members of gold mine employees. The
majority of the subjects resided in La Rinconada for a few years
only, but all originate from villages and cities >3,800 m in the
Puno region. Therefore, they represent a specific population of
native highlanders exposed at some point during their lifetime to
a greater hypoxic stress (i.e., altitude >5,000 m) for several years.
This is not a population-based study, and as a consequence, it
should be emphasized that the present results cannot apply to the
overall population of La Rinconada.

Mean SpO2 [mean (SD): 81% (5%)] is lower than values
previously reported in relatively large group of Peruvian
highlanders living in Cerro de Pasco at 4,340 m [87% in 103
males (Gonzales et al., 2011)], which most probably reflects the
lower inspiratory oxygen partial pressure at higher altitude. Only
one previous study reported hematological parameters in Andean
highlanders (n = 273) living above 5,000 m in La Rinconada
(Leon-Velarde et al., 2000). Mean hematocrit levels were similar
both in adult males (60 vs. 62%) and females (55 vs. 54%)
compared to the present study. The normal systemic blood
pressure measured in the overall population is in accordance with
previous observations in healthy highlanders at lower altitude
(Richalet et al., 2005; Corante et al., 2018). The main CMS
symptoms reported in the population of La Rinconada are
headache and tinnitus, suggesting that chronic hypoxic exposure
may be primarily associated with neurological disorders in
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FIGURE 3 | Subject physiological characteristics and symptoms associated with excessive erythrocytosis (EE (A) and CMS symptoms (B) assessed by multivariable
linear regression model analysis.

highlanders living at this extreme altitude (Thomas et al., 2000;
Bao et al., 2017).

In the highest Andean population studied previously in Cerro
de Pasco (4,340 m), the prevalence of EE defined as an [Hb]
above the mean + 2 SD value measured in young healthy
subjects was 15.4% in males between 30 and 39 years and reached

33% by the sixth decade of age (Monge et al., 1989), which is
well below the 44% (47% in males) prevalence observed overall
in the present population. Because the threshold to define EE
according to the current international consensus is based on
a population of highlanders living at 4,340 m, that is, at a
substantially lower altitude than La Rinconada, we intended to
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TABLE 3 | Comparison of male characteristics according to erythrocytosis profiles
[Classification 1, current international consensus (Leon-Velarde et al., 2005)].

Without EE n (%)
or median [IQR]

With EE n (%) or
median [IQR]

n (%) 720 (53.0) 639 (47.0)

Age (years) 27 [23; 36] 36 [27; 42]*

Ethnic group

Aymara 33 (4.6) 29 (4.5)

Quechua 687 (95.4) 610 (95.5)

Residency in La
Rinconada (years)
(years)

3 [2; 5] 3 [3; 5]*

Hematocrit (%) 56 [52; 60] 68 [65; 74]*

SpO2 (%) 82 [80; 85] 81 [78; 85]*

Heart rate (bpm) 85 [75; 93] 87 [74; 94]

Diastolic blood
pressure (mm Hg)

70 [70; 80] 70 [70; 80]

Systolic blood
pressure (mm Hg)

100 [100; 110] 100 [100; 110]

Breathlessness/palpitations

0 519 (72.1) 527 (82.5)*

1 113 (15.7) 67 (10.5)*

2–3 88 (12.2) 45 (7)*

Sleep
disturbance

0 535 (74.3) 592 (92.6)*

1–3 185 (25.7) 47 (7.4)*

Cyanosis

0 499 (69.3) 515 (80.6)*

1 149 (20.7) 84 (13.1)*

2–3 72 (10) 40 (6.3)*

Dilatation of veins

0 572 (79.4) 553 (86.5)*

1 104 (14.4) 55 (8.6)*

2 36 (5) 21 (3.3)*

3 8 (1.1) 10 (1.6)*

Paresthesia

0 538 (74.7) 497 (77.8)

1 136 (18.9) 118 (18.5)

2–3 46 (6.4) 24 (3.8)

Headache

0 502 (69.7) 551 (86.2)*

1–3 218 (30.3) 88 (13.8)*

Tinnitus

0 96 (13.3) 47 (7.4)*

1 488 (67.8) 526 (82.3)*

2 115 (16) 42 (6.6)*

3 21 (2.9) 24 (3.8)*

EE, excessive erythrocytosis; IQR, interquartile range; SpO2, pulse oxygen
saturation. Scores of symptom severity were grouped when the number of subjects
per score was too small to allow statistical analysis. *Significantly different from
subjects without EE (p < 0.05).

calculate a threshold to define EE in the present population of La
Rinconada as previously done in Cerro de Pasco. This calculation
led to high thresholds for hematocrit values defining EE (i.e.,
≥72% for males and ≥68% for females) and consequently to

TABLE 4 | Comparison of female characteristics according to erythrocytosis
profiles [Classification 1, current international consensus (Leon-Velarde et al.,
2005)].

Without EE n (%)
or median [IQR]

With EE n (%) or
median [IQR]

n (%) 171 (72.8) 64 (27.2)

Age (years) 25 [21; 35] 24.5 [22; 32]

Ethnic group

Aymara 10 (5.8) 3 (4.7)

Quechua 161 (94.2) 61 (95.3)

Residency in La
Rinconada (years)
(years)

3 [2; 5] 4 [3; 5]

Hematocrit (%) 50 [49; 54] 60 [58; 63]*

SpO2 (%) 83 [80; 85] 82 [80; 85]

Heart rate (bpm) 90 [79; 97] 86.5 [71.5; 93]*

Diastolic blood
pressure (mm Hg)

70 [70; 80] 70 [70; 80]

Systolic blood
pressure (mm Hg)

100 [100; 110] 100 [100; 105]

Breathlessness/palpitations

0 124 (72.5) 60 (93.8)*

1 29 (17) 2 (3.1)*

2–3 18 (10.5) 2 (3.1)*

Sleep
disturbance

0 99 (57.9) 64 (100)*

1–3 72 (42.1) 0 (0)*

Cyanosis

0 107 (62.6) 57 (89.1)*

1 44 (25.7) 3 (4.7)*

2–3 20 (11.7) 4 (6.3)*

Dilatation of veins

0 141 (82.5) 62 (96.9)*

1 20 (11.7) 2 (3.1)*

2 7 (4.1) 0 (0)*

3 3 (1.8) 0 (0)*

Paresthesia

0 128 (74.9) 59 (92.2)*

1 34 (19.9) 5 (7.8)*

2–3 9 (5.3) 0 (0)*

Headache

0 103 (60.2) 62 (96.9)*

1–3 68 (39.8) 2 (3.1)*

Tinnitus

0 36 (21.1) 4 (6.3)*

1 87 (50.9) 60 (93.8)*

2 41 (24) 0 (0)*

3 7 (4.1) 0 (0)*

EE, excessive erythrocytosis; IQR, interquartile range; SpO2, pulse oxygen
saturation. Scores of symptom severity were grouped when the number of subjects
per score was too small to allow statistical analysis. *Significantly different from
subjects without EE (p < 0.05).

low prevalence of EE according to these new thresholds (i.e.,
15.4% for males and 1.7% for females, Tables 5, 6). Although
it may seem reasonable to use different thresholds to define EE
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TABLE 5 | Comparison of male characteristics according to erythrocytosis profiles
(Classification 2, calculated threshold).

Variable Without EE n (%)
or median [IQR]

With EEn (%) or
median [IQR]

n (%) 1,150 (84.6) 209 (15.4)

Age (years) 31.5 [23; 38] 38 [34; 45]*

Ethnic group

Aymara 49 (4.3) 13 (6.2)

Quechua 1,101 (95.7) 196 (93.8)

Residency in La
Rinconada (years)

3 [2; 5] 3 [3; 5]

Hematocrit (%) 60 [55; 65] 75 [74; 77]*

Spo2 (%) 82 [78; 85] 81 [77; 84]*

Heart rate (bpm) 87 [75; 94] 82 [73; 90]*

Diastolic blood
pressure (mm Hg)

70 [70; 80] 70 [70; 80]

Systolic blood
pressure (mm Hg)

100 [100; 110] 100 [100; 120]

Breathlessness/palpitations

0 873 (75.9) 173 (82.8)

1 161 (14.0) 19 (9.1)

2–3 116 (10.1) 17 (8.1)

Sleep disturbance

0 931 (81.0) 196 (93.8)*

1–3 219 (19.0) 13 (6.2)*

Cyanosis

0 853 (74.2) 161 (77.0)

1 198 (17.2) 35 (16.7)

2–3 99 (8.6) 13 (6.2)

Dilatation of veins

0 949 (82.5) 176 (84.2)*

1 134 (11.7) 25 (12.0)*

2 55 (4.8) 2 (1.0)*

3 12 (1.0) 6 (2.9)*

Paresthesia

0 871 (75.7) 164 (78.5)

1 222 (19.3) 32 (15.3)

2–3 57 (5.0) 13 (6.2)

Headache

0 870 (75.7) 183 (87.6)*

1–3 280 (24.3) 26 (12.4)*

Tinnitus

0 127 (11.0) 16 (7.7)*

1 841 (73.1) 173 (82.8)*

2 146 (12.7) 11 (5.3)*

3 36 (3.1) 9 (4.3)*

EE, excessive erythrocytosis; IQR, interquartile range; SpO2, pulse oxygen
saturation. Scores of symptom severity were grouped when the number of subjects
per score was too small to allow statistical analysis. *Significantly different from
subjects without EE (p < 0.05).

in populations of highlanders living at different altitudes (from
2,500 to above 5,000 m), the current international consensus
on chronic high-altitude diseases provides a single threshold for
defining EE in populations living permanently above 2,500 m
(Leon-Velarde et al., 2005). In addition, one could consider
that if [Hb] ≥ 21 g/dL for males and [Hb] ≥ 19 g/dL for

TABLE 6 | Comparison of female characteristics according to erythrocytosis
profiles (Classification 2, calculated threshold).

Variable Without EE n (%)
or median [IQR]

With EE n (%) or
median [IQR]

n (%) 231 (98.3) 4 (1.7)

Age (years) 25 [22; 33] 22.5 [22; 23]

Ethnic group

Aymara 49 (4.3) 13 (6.2)

Quechua 1,101 (95.7) 196 (93.8)

Residency in La
Rinconada (years)

3 [2; 5] 3.5 [2; 4.5]

Hematocrit (%) 53 [49; 57] 70 [69; 73]

Spo2 (%) 83 [80; 85] 75.5 [72.5; 78]

Heart rate (bpm) 90 [77; 96] 78 [66; 93.5]

Diastolic blood
pressure (mm Hg)

70 [70; 80] 75 [70; 80]

Systolic blood
pressure (mm Hg)

100 [100; 110] 100 [100; 100]

Breathlessness/palpitations

0 180 (77.9) 4 (100)

1 31 (13.4) 0 (0)

2–3 20 (8.7) 0 (0)

Sleep
disturbance

0 159 (68.8) 4 (100)

1–3 72 (31.2) 0 (0)

Cyanosis

0 161 (69.7) 3 (75)

1 46 (19.9) 1 (25)

2–3 24 (10.4) 0 (0)

Dilatation of veins

0 199 (86.1) 4 (100)

1 22 (9.5) 0 (0)

2 7 (3) 0 (0)

3 3 (1.3) 0 (0)

Paresthesia

0 185 (80.1) 2 (50)

1 37 (16) 2 (50)

2–3 9 (3.9) 0 (0)

Headache

0 161 (69.7) 4 (100)

1–3 70 (30.3) 0 (0)

Tinnitus

0 38 (16.5) 2 (50)

1 145 (62.8) 2 (50)

2 41 (17.7) 0 (0)

3 7 (3) 0 (0)

EE, excessive erythrocytosis; IQR, interquartile range; SpO2, pulse oxygen
saturation. Scores of symptom severity were gathered together when the number
of subjects per score was too small to allow statistical analysis. No statistical
comparison has been done because of the small number of subjects with EE.

females lead to increased risks of cardiovascular dysfunctions
in highlanders living close to 4,000 m (e.g., in Cerro de Pasco),
similar risks should be expected in highlanders living at higher
altitudes. Therefore, we believe that the relatively low internal
prevalence of EE based on the calculated threshold from the
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TABLE 7 | Comparison of male characteristics according to total CMS score (Leon-Velarde et al., 2005).

No CMS (≤5) n (%) or
median [IQR]

Mild total CMS score
(6–10) n (%) or median

[IQR]

Moderate total CMS
score (11–14) n (%) or

median [IQR]

Severe total CMS score
(>14) n (%) or median

[IQR]

n (%) 1,146 (84) 149 (11.0) 55 (4.0) 9 (1.0)

Age (years) 32 [24; 39] 34 [26; 45]* 33 [23; 43] 40 [33; 40]

Ethnic group

Aymara 53 (4.6) 7 (4.7) 1 (1.8) 1 (11.1)

Quechua 1,093 (95.4) 142 (95.3) 54 (98.2) 8 (88.9)

Residency in La Rinconada (years) 3 [2; 5] 3 [2; 4]* 3 [2; 4] 2 [2; 3]

Hematocrit (%) 60 [55; 65] 67 [65; 73]* 70 [68; 75]*,+ 63 [63; 75]*,+

Arterial oxygen saturation (%) 82 [79; 85] 80 [78; 82]* 83 [78; 85]+ 83 [83; 83]+

Heart rate (bpm) 85 [74; 94] 88 [80; 96]* 88 [72; 92] 92 [78; 92]

Diastolic blood pressure (mm Hg) 70 [70; 80] 70 [70; 80] 70 [70; 80] 70 [70; 80]

Systolic blood pressure (mm Hg) 100 [100; 110] 100 [100; 110] 100 [90; 110] 100 [100; 110]

Breathlessness/palpitations

0 943 (82.3) 103 (69.1)* 0 (0)* 0 (0)*

1 115 (10) 32 (21.5)* 24 (43.6)* 9 (100)*

2–3 88 (7.7) 14 (9.4)* 31 (56.4)* 0 (0)*

Sleep disturbance

0 961 (83.9) 118 (79.2) 48 (87.3) 0 (0)*,+,$

1–3 185 (16.1) 31 (20.8) 7 (12.7) 9 (100)*,+,$

Cyanosis

0 1,074 (93.7) 123 (82.6)* 41 (74.5)*,+ 9 (100)*,+

1–3 72 (6.3) 26 (17.4)* 14 (25.5)*,+ 0 (0)*,+

Dilatation of veins

0 1,102 (96.2) 143 (96) 30 (54.5)*,+ 9 (100)*,+

1–3 44 (3.8) 6 (4) 25 (45.5)*,+ 0 (0)*,+

Paresthesia

0 941 (82.1) 85 (57)* 9 (16.4)*,+ 0 (0)*,+,$

1 159 (13.9) 55 (36.9)* 40 (72.7)*,+ 0 (0)*,+,$

2–3 46 (4) 9 (6)* 6 (10.9)*,+ 9 (100)*,+,$

Headache

0 928 (81) 102 (68.5)* 23 (41.8)*,+ 0 (0)*,+

1–3 218 (19) 47 (31.5)* 32 (58.2)*,+ 9 (100)*,+

Tinnitus

0 1,010 (88.1) 128 (85.9) 19 (34.5)*,+ 0 (0)*,+,$

1–3 136 (11.9) 21 (14.1) 36 (65.5)*,+ 9 (100)*,+,$

Hematocrit

0 720 (62.8) 0 (0)* 0 (0)* 0 (0)*

3 426 (37.2) 149 (100)* 55 (100)* 9 (100)*

IQR, interquartile range; CMS, chronic mountain sickness. Scores of symptom severity were grouped when the number of subjects per score was too small to allow
statistical analysis. *Significantly different from subjects with no CMS. +Significantly different from subjects with mild total CMS score. $Significantly different from subjects
with moderate total CMS score (p < 0.05).

healthy young subjects in the population of La Rinconada does
not reflect the actual burden of EE and its clinical consequences
in this population.

In regions of the central Andes of Peru (>4,000 m), the
prevalence of CMS diagnosis has been reported to be 15 to
20% in the adult male population (Villafuerte, 2015). Despite
the large prevalence of EE, CMS diagnosis was confirmed in
only 14% (15.7% in males) of the population. This relatively low
prevalence of CMS could be due to the young age of the present
population that may exhibit EE but not yet its pathophysiological
consequences (e.g., cardiovascular dysfunctions). Prevalence of
CMS has been shown indeed to increase in older highlanders

[e.g., >40 years, (Monge et al., 1989; Leon-Velarde et al., 1993)].
This low internal prevalence may also result from the fact that
subjects with EE reported few CMS symptoms according to the
Qinghai questionnaire and therefore did not reach a Qinghai
score > 5 confirming CMS diagnosis.

Excessive Erythrocytosis and CMS
Symptoms
The lower severity of CMS symptoms in subjects with EE
compared to subjects without EE is an interesting result from
the present study. This result is obtained both when using the
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TABLE 8 | Comparison of female characteristics according to total CMS score (Leon-Velarde et al., 2005).

No CMS (≤5) n (%) or
median [IQR]

Mild total CMS score
(6–10) n (%) or median

[IQR]

Moderate total CMS
score (>10) n (%) or

median [IQR]

n (%) 227 (96.6) 7 (3.0) 1 (0.4)

Age (years) 25 [22; 33] 23 [22; 33] 26 [26; 26]

Ethnic group

Aymara 12 (5.3) 1 (14.3) 0 (0)

Quechua 215 (94.7) 6 (85.7) 1 (100)

Residency in La Rinconada (years) 3 [2; 5] 3 [2; 4] 6 [6; 6]

Hematocrit (%) 53 [49; 56] 61 [57; 67]* 60 [60; 60]

SpO2 (%) 83 [80; 85] 80 [76; 83] 83 [83; 83]

Heart rate (bpm) 90 [76; 97] 90 [88; 94] 93 [93; 93]

Diastolic blood pressure (mm Hg) 70 [70; 80] 70 [70; 80] 60 [60; 60]

Systolic blood pressure (mm Hg) 100 [100; 110] 100 [100; 110] 90 [90; 90]

Breathlessness/palpitations

0 180 (79.3) 4 (57.1) 0 (0)

1 29 (12.8) 1 (14.3) 1 (100)

2–3 18 (7.9) 2 (28.6) 0 (0)

Sleep disturbance

0 155 (68.3) 7 (100) 1 (100)

1–3 72 (31.7) 0 (0) 0 (0)

Cyanosis

0 207 (91.2) 4 (57.1)* 0 (0)

1–3 20 (8.8) 3 (42.9)* 1 (100)

Dilatation of veins

0 217 (95.6) 7 (100) 1 (100)

1–3 10 (4.4) 0 (0) 0 (0)

Paresthesia

0 181 (79.7) 6 (85.7) 0 (0)

1 37 (16.3) 1 (14.3) 1 (100)

2–3 9 (4) 0 (0) 0 (0)

Headache

0 159 (70) 6 (85.7) 0 (0)

1–3 68 (30) 1 (14.3) 1 (100)

Tinnitus

0 179 (78.9) 7 (100) 1 (100)

1–3 48 (21.1) 0 (0) 0 (0)

Hematocrit

0 171 (75.3) 0 (0)* 0 (0)

3 56 (24.7) 7 (100)* 1 (100)

IQR, interquartile range; CMS, chronic mountain sickness; SpO2, pulse oxygen saturation. Scores of symptom severity were gathered together when the number of
subjects per score was too small to allow statistical analysis. *Significantly different from subjects with no CMS (p < 0.05). No statistical comparison was performed with
subject with moderate-severe total CMS score because of small sample size; no subject presented severe total CMS score.

definition of EE based on the current international consensus
[Classification 1 (Leon-Velarde et al., 2005)] and based on
the calculated thresholds from young healthy subjects in La
Rinconada (Classification 2). The multivariate logistic regressions
determining factors associated with EE and CMS symptoms also
confirm the inverse relationship between the presence of EE
and the severity of CMS symptoms in the present population
(Figure 3). This is in contrast to the traditional conception of
CMS as being the consequence of an excessive erythropoiesis,
which increases blood viscosity and ultimately leads to symptoms
characterizing CMS (Leon-Velarde et al., 2005). This conception

is supported, for instance, by the effects of hemodilution in
highlanders alleviating CMS symptoms (Cruz et al., 1979;
Winslow et al., 1985). The apparent distinction between EE and
the occurrence of CMS symptoms in the present population
may be the consequence of several factors: (i) the relatively
young age and short time of residency in La Rinconada of the
subjects who may exhibit EE but not yet CMS symptoms; (ii)
subjects with EE resided for a longer duration in La Rinconada
and may represent the subjects who were able to tolerate
living above 5,000 m without excessive symptoms, whereas the
others may have left the city prematurely; (iii) high hematocrit
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may be an inevitable response to permanent residency above
5,000 m, whereas other mechanisms (e.g., pulmonary arterial
hypertension) may underlie CMS symptoms even in subjects
without very high hematocrit values.

Systemic blood pressure was similar in subjects with or
without EE, as well as in subjects with and without CMS
diagnosis, which does not support an increased cardiovascular
risk (at least of systemic hypertension) in highlanders with
EE or CMS symptoms. Although CMS is generally thought
to potentially induce cardiovascular dysfunctions (Leon-Velarde
et al., 2005), large sets of data regarding cardiovascular
comorbidities in highlanders with and without CMS are still
missing (Corante et al., 2018). High hematocrit and no CMS
symptoms were associated with older age, which may suggest
either that these individuals were more likely to have stayed for
a longer period in La Rinconada and therefore have developed
appropriate mechanisms to tolerate chronic hypoxic exposure
(including tolerance to high hematocrit), or that with aging
highlanders may be more prone to develop EE as previously
suggested (Monge et al., 1989; Leon-Velarde et al., 1993). The
lower prevalence of EE and CMS in females than in males is
consistent with previous results showing that female highlanders
are less likely to develop high-altitude diseases (Leon-Velarde
et al., 2005), possibly due to hormonal differences (Ou et al.,
1994). Because postmenopausal females are more likely to present
EE and CMS than their premenopausal counterparts (Leon-
Velarde et al., 1997), the young age of the present female
population also probably led to a reduced prevalence of EE
and CMS. Although hypoxemia was slightly but significantly
more severe in subjects with EE compared to subjects without
EE as previously reported (De Ferrari et al., 2017; Corante
et al., 2018), there was no significant correlation between
hematocrit and hypoxemia (Figure 2), suggesting that other
factors than reduced blood oxygenation per se may promote
hematological changes (Bermudez et al., 2020). The lower
number of years spent in La Rinconada in subjects with
mild CMS symptoms and no EE may suggest either that
tolerance to chronic hypoxia may require a prolonged period
of exposure or that subjects with CMS symptoms may have
left La Rinconada prematurely. The cross-sectional design of
the study does not allow, however, to clarify this issue, and
longitudinal investigations are required to better characterize the
adaptation and health issues associated with permanent hypoxic
exposure above 5,000 m.

Limitations
It should be first emphasized that this is not a population-
based sample randomly selected from the population of La
Rinconada but instead a population of relatively young miners
and their family residing in La Rinconada for a few years only
and consulting for a medical check-up. Therefore, the present
results cannot be generalized to the overall population of La
Rinconada but provide useful insight into the physiological
characteristics and symptoms of highlanders exposed at some
point during their lifetime to very high altitude. It should
also be acknowledged that most of the individuals in the
present population worked in the gold mines, which could

have potential pathophysiological consequences (Vearrier and
Greenberg, 2011; Gibb and O’Leary, 2014), in addition to
chronic hypoxia per se. Males and females have distinct
professional activities in La Rinconada (i.e., only males work
within the mine, while females work outside) which could
be a factor explaining at least in part the difference in
prevalence of EE and CMS between males and females. Body
mass index has been shown to be a significant risk factor
for CMS [e.g., (Julian et al., 2013; De Ferrari et al., 2014)],
but this measurement was unfortunately unavailable in the
present dataset. While the present study mostly focused on
criteria defining CMS (hematocrit and symptoms), further
physiological investigations (e.g., pulmonary arterial pressure,
ventilatory response, vascular function, sleep recordings, etc.)
should be performed in future studies to better understand the
mechanisms underlying EE and CMS in the unique population
of La Rinconada.

CONCLUSION

This study reports, for the first time, the physiological
characteristics and symptoms of a large population of
highlanders living in the highest city in the world. At >5,000 m
of altitude in La Rinconada, the internal prevalence of EE
(44%) was substantially greater than previously reported
in similar Andean populations living permanently at
altitudes ∼1,000 m lower. A striking observation was the
dissociation between the presence of EE and the presence
of CMS symptoms; that is, individuals with EE reported
few symptoms, whereas symptomatic individuals had lower
hematocrit compared to asymptomatic counterparts. This
may suggest that threshold Hb values to define excessive
levels at this altitude should be reconsidered. Furthermore,
it suggests that high hematocrit values might be required to
reside in La Rinconada with limited symptoms. While the
present results apply to a population of relatively young subjects
living for some years only in La Rinconada, population-based
epidemiological studies, longitudinal studies, and additional
physiological investigations including ventilatory responses,
cardiovascular function, sleep studies, and exercise testing
are required to better clarify the mechanisms underlying EE
and CMS symptoms.
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Heme oxygenase (HO) enzymes catalyze heme into biliverdin, releasing carbon monoxide 
(CO) and iron into circulation. These byproducts of heme degradation can have potent 
cytoprotective effects in the face of stressors such as hypoxia and ischemia-reperfusion 
events. The potential for exogenous use of CO as a therapeutic agent has received 
increasing attention throughout the past few decades. Further, HO and CO are noted as 
putatively adaptive in diving mammals and certain high-altitude human populations that 
are frequently exposed to hypoxia and/or ischemia-reperfusion events, suggesting that 
HO and endogenous CO afford an evolutionary advantage for hypoxia tolerance and are 
critical in cell survival and injury avoidance. Our goal is to describe the importance of 
examining HO and CO in several systems, the physiological links, and the genetic factors 
that underlie variation in the HO/CO pathway. Finally, we emphasize the ways in which 
evolutionary perspectives may enhance our understanding of the HO/CO pathway in the 
context of diverse clinical settings.

Keywords: carbon monoxide, heme oxygenase, hypoxia, altitude, diving, evolution, cytoprotection

INTRODUCTION

In the late 1990s, a concept emerged suggesting that all cells possessed protective genes with 
the sole purpose to ensure survival (Platt and Nath, 1998). These cytoprotective genes played 
a role in the production of antioxidants, acute phase proteins, as well as regulating the effects 
of aging. A few were clearly master regulators, such that when not present, the cell or tissue 
was sensitive to stress. One of these was Hmox, which encodes the protein heme oxygenase 
(HO), the rate limiting enzyme responsible for the degradation of heme. HO catabolizes heme 
into biliverdin, which is subsequently converted to bilirubin by biliverdin reductase, releasing 
carbon monoxide (CO) and iron as byproducts. Paradoxically, CO was strictly considered a 
toxic pollutant. This notion stems from CO having a high affinity for the O2-binding site on 
hemoproteins. Therefore, elevated levels of CO can reduce O2 storage capacity and inhibit O2 
transport, resulting in CO toxicity. However, recent studies have revealed the biological effects 
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of the gas, leading to the acceptance of CO having therapeutic 
and cytoprotective effects in modulating inflammation, cell 
death, and proliferation (Motterlini and Otterbein, 2010).

Heme oxygenase genes are highly conserved and found in 
most living organisms (Wilks, 2002; Li and Stocker, 2009). 
The inducible HO-1 and constitutive HO-2 are ~40% identical 
in their amino acid sequence in humans (Cruse and Maines, 
1988), with HO-1 observed at highest levels in the spleen, 
lung, and visceral adipose and HO-2  in the testes, heart, brain, 
and stomach (GTEx, V6). Stressors known to stimulate HO-1 
expression include oxidative stress, hypoxia, cytokines, heavy 
metals, and bacterial endotoxins (Abraham, 2002). HO enzymes 
function as a crucial mechanism to recycle iron in the body 
through the degradation of heme (Wilks, 2002). The majority 
of extant vertebrates are known to utilize iron-containing 
hemoproteins (e.g., hemoglobin, myoglobin, neuroglobin, 
cytochromes, catalase, and peroxidase) as a mechanism to 
transport electrons in the respiratory chain for the production 
of ATP, to reduce oxidative stress and/or to increase the storage 
capacity and delivery of oxygen (O2) to cells (Hardison, 1996). 
Therefore, the ability to recycle iron stores in the body can 
offer an adaptive advantage if organisms find themselves 
iron-limited. The regulation of HO enzymes can also influence 
erythrocyte lifespan. Hmox1−/− mice rarely survive beyond the 
development and those that do have prolonged erythrocyte 
lifespans, reduced hemoglobin content, and a reduced erythrocyte 
size that leads to microcytic anemia (Fraser et  al., 2015). 
Moreover, human patients with reduced erythrocyte lifespans 
display elevated blood and breath CO levels, suggesting increased 
HO activity (Strocchi et  al., 1992).

Recent studies have shown that species and populations 
adapted to tolerate chronic hypoxia and/or ischemia/reperfusion 
(I/R) events have upregulated or modified the HO/CO pathway 
in a manner that could afford beneficial side effects (Herrera 
et  al., 2008; Simonson et  al., 2010; Tift et  al., 2014). Here, 
we  highlight some of those model species and populations 
and discuss how such modifications could provide an 
evolutionary advantage and how information from these studies 
may be  used to learn more about the applications of the HO/
CO pathway in the prevention and treatment of certain diseases 
(Goebel and Wollborn, 2020).

EVOLUTIONARY INSIGHTS FROM 
HYPOXIA-ADAPTED POPULATIONS

The late August Krogh stated that, “for such a large number 
of problems there will be  some animal of choice, or a few 
such animals, on which it can be  most conveniently studied” 
(Krogh, 1929). Model organisms naturally adapted for life in 
challenging conditions offer excellent opportunities to understand 
how extreme phenotypes afford protective advantages that can 
be  directed to improve the treatment and/or the prevention 
of specific human pathologies (Carey et al., 2012; Carey, 2015). 
For example, some diving mammals experience dramatic 
hypoxemia (Meir et al., 2009) and I/R events (Zapol et al., 1979) 
during their repeated long-duration breath-holds and do not 

develop injuries from this lifestyle. Species that have adapted 
to live at high altitude or under other hypoxic conditions 
(e.g., burrowing) also avoid pathologies associated with exposure 
to chronic hypoxia (Logan et  al., 2020). These natural models 
offer unique insights into the adaptive mechanisms underlying 
tolerance to hypoxia and/or I/R injury.

Some deep-diving mammals are known to experience levels 
of hypoxemia during dives that resemble arterial oxygen 
saturations of humans breathing ambient air on the summit 
of Mount Everest (Meir et  al., 2009). These deep-divers also 
appear to be  protected from repeated I/R events that occur 
in a majority of their tissues on a dive-to-dive basis as a 
result of the “dive response,” characterized by extreme bradycardia 
and peripheral ischemia to maintain mean arterial blood pressure 
during breath-holds (Halasz et  al., 1974; Zapol et  al., 1979; 
Allen and Vázquez-Medina, 2019). In 1959, Pugh reported 
levels of CO in the blood of deep-diving Weddell seals from 
Antarctica that resembled those of cigarette smokers (Pugh, 
1959). Since then, Tift et  al. (2014) have discovered that 
deep-diving northern elephant seals also maintain high levels 
of CO in the blood with carboxyhemoglobin (COHb) levels 
between 5 and 11% (Tift et  al., 2014). While CO was shown 
to be  high in the blood of two deep-diving pinnipeds, the 
distribution of CO concentrations in the blood of different 
diving species is still unknown.

The quantity of CO found in the blood of elephant seals 
is similar to that previously mentioned in laboratory studies, 
which demonstrate cytoprotective effects from exogenous CO 
delivery (Nakao et al., 2006). It is hypothesized that the elevated 
hemoprotein stores seen in deep-diving mammals are the source 
of the high CO levels, which could be  used as a mechanism 
to reduce the development of tissue injuries from the chronic 
hypoxemia and I/R events they experience while diving  
(Tift and Ponganis, 2019). These high CO levels could indicate 
alterations in the erythrocyte lifespan and HO activity in specific 
tissues of these animals. Such levels of CO would likely increase 
the O2-binding affinity of hemoglobin, impacting O2-delivery 
mechanics. Considering the low arterial pO2 values routinely 
experienced during breath-holds (<15–20 mmHg), it is possible 
that a higher hemoglobin-O2 affinity due to moderate COHb 
levels could preserve blood O2 stores, increasing O2 availability 
later in the dive (Storz, 2016). Indeed, the Haldane effect 
suggests that mice exposed to trace amounts of CO will more 
efficiently acquire O2 and survive longer under conditions of 
severe hypoxia (Roughton and Darling, 1944). Endogenous CO 
also impacts mitochondrial O2 consumption and ATP production, 
which could contribute to hypometabolism during breath-holds 
and exposure to hypoxia (D’Amico et  al., 2006).

Species adapted to live at high altitude face a different hypoxic 
challenge, in that the ambient environment has a reduced pO2. 
Certain pathologies may develop due to acute and chronic 
hypoxia exposure at altitude (e.g., pulmonary and cerebral 
edema, pulmonary hypertension, and excessive erythrocytosis). 
Considering hypoxia as a stressor that increases HO-1 activity 
(Shibahara et  al., 2007), the HO/CO pathway is of interest 
when studying organisms at high altitude. When laboratory 
rats were brought from an elevation of 1,006 to 3,048 and 
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4,572  m, their COHb levels increased linearly with altitude 
from 0.68 to 1.16, and 1.68%, respectively (McGrath, 1992). 
Similarly, when healthy adult humans were brought from an 
altitude near sea level to 3,517 m, their COHb levels increased 
from 0.79 to 0.95% within 20  h (McGrath et  al., 1993). When 
comparing neonatal sheep (lowland species) and llama (highland 
species) that underwent gestation at high altitude (3,600  m), 
only sheep developed pulmonary arterial hypertension (Herrera 
et  al., 2008; Llanos et  al., 2012). This was associated with 
reduced soluble guanylate cyclase, HO, and CO production 
despite increased nitric oxide synthase activity in the lungs 
of the sheep. In contrast, neonatal llamas avoided pulmonary 
hypertension and had an increase in pulmonary CO production 
and HO-1 expression with no change in nitric oxide levels 
(Herrera et  al., 2008). This specific HO/CO protective effect 
has not been investigated in other species adapted for living 
with chronic hypoxia.

Humans of Tibetan ancestry exhibit a lower average hemoglobin 
concentration compared to sojourners and long-term highland 
residents in the Andes, where individuals exhibit varying degrees 
of polycythemia (Beall, 2007). Whether relatively lower 
hemoglobin provides a direct adaptive effect or is the side 
effect of other traits that provide an advantage remains an 
important question in the field (Storz, 2010; Simonson 2015). 
HMOX2 has been detected as a top selection candidate gene 
in ours and others’ studies of Tibetan adaptation and is 
hypothesized to play a role in regulating heme catabolism and 
CO production (Simonson et  al., 2010; Yang et  al., 2016). A 
study of 1,250 high-altitude native Tibetans found variants at 
this locus that are associated with decreased hemoglobin 
concentration in males, and in vitro analysis indicates that a 
derived intronic variant (rs4786504) is associated with increased 
HMOX2 expression (Yang et  al., 2016). While it remains to 
be determined if regulatory variants at this locus lead to increased 
heme catabolism, such alterations could contribute to the lower 
hemoglobin concentrations seen in Tibetans living at altitude.

In contrast to Tibetans, adaptive HMOX genetic variants have 
not yet been identified in Andean or Ethiopian highlanders. 
However, HO could mitigate various challenges imposed by hypoxia 
at altitude (e.g., higher Hb-O2 affinity; Storz, 2016). Our recent 
examination in Andean adult males and females living at 4,350 m 
shows a positive relationship between endogenous CO in breath 
and blood with both hemoglobin concentration and altitude 
(Figure  1). These preliminary findings could reflect elevated 
erythrocyte destruction, reduced erythrocyte lifespan, and/or 
increased HO-1 or HO-2 activity. Genetic studies in lowlanders 
have shown that individuals with increased HO-1 expression are 
less prone to pathologies, such as diabetes, atherosclerosis, chronic 
obstructive pulmonary disease (COPD), and arthritis (Motterlini 
and Otterbein, 2010). Whether these levels contribute to the 
variability in pathologies associated with excessive erythrocytosis 
and chronic mountain sickness in Andeans remain to be determined.

CLINICAL INSIGHTS

Hypoxemia and I/R events are complications inherent to common 
disease states that often lead to a suite of downstream problems, 
including adverse cardiopulmonary effects, inflammation, and 
tissue death. Induction of a battery of stress response genes, 
such as HMOX1, respond metabolically to (1) degrade elevated 
heme released during tissue damage in part due to an increase 
in intracellular hemoproteins and (2) to generate bioactive 
products to further enhance cell and tissue recovery (Figure 2). 
Hypoxia and inflammation often occur in tandem during infection 
or I/R events, whereby the hypoxia-inducible factor (HIF) 
pathway interacts with NF-κB signaling to coordinate molecular 
responses, including regulation of HMOX1 (Lee et  al., 1997; 
Rushworth and O’Connell, 2004).

Why would evolution result in a system that increases CO in 
the height of hypoxia or an inflammatory sequelae and ongoing 
stress response that otherwise decreases tissue O2 availability? 

A B

FIGURE 1 | (A) End-tidal carbon monoxide (CO) levels (ppm) in 47 adults from Cerro de Pasco, Peru (high altitude), and 18 adults of mixed ancestry living in San 
Diego, California, USA (sea level). There was no statistical difference between males (blue) and females (red) from high or low altitude groups (p > 0.8 for both). (B) 
Relationship between total hemoglobin (g/dl) and the percent carboxyhemoglobin (COHb) in venous blood of adult males (n = 22; blue) and females (n = 21; red) 
from Cerro de Pasco, Peru (4,330 m).
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Perhaps permissive hypoxia, driven by several selective O2 
sensors such as HIF-1α, HIF-2α, and/or mitochondrial oxidases, 
serves as a mechanism by which cells can dynamically adjust 
to optimize survival in different environments. In each instance, 
the availability of O2, which we define as that which is permissive 
or allowed, dictates specific cellular responses that benefit the 
needs of the tissue. While O2 is a requisite cofactor for HO-1 
activity, HO-1 is also potently induced by hypoxia; in a somewhat 
paradoxical manner, this results in the generation of CO which 
then competes with O2 for heme binding sites (Figure  2). 
This observation has led to speculation that CO creates permissive 
hypoxia in tissues that serve to modulate cellular energetics 
and protection (D’Amico et  al., 2006).

The effects of HO-1 and CO on tissue protection have been 
clearly demonstrated in models of I/R injury and many other 
tissue ischemic pathologies (Wegiel et  al., 2014). Due to space 
constraints, we highlight a few of the seminal findings. Induction 
of HO-1 or exposure to CO offer dose-dependent anti-
inflammatory and cytoprotective effects (Otterbein et al., 2016). 
The cytoprotective effects of CO were first demonstrated in 
acute lung injury, and these findings rapidly expanded through 
the work of numerous laboratories to most models of acute 
organ injury (Hopper et al., 2018). Administration of exogenous 
CO or higher HO-1 activity increases the expression of 

anti-inflammatory cytokines and reduces expression of multiple 
pro-inflammatory cytokines during acute pulmonary inflammation 
(Konrad et  al., 2016; Zhang et  al., 2019). In particular, CO 
inhibited LPS-induced pro-inflammatory signaling by 
downregulating NADPH oxidase-dependent reactive oxygen 
species (ROS) production in macrophages, thereby inhibiting 
toll-like receptor (TLR) signaling (Nakahira et  al., 2006). 
Additionally, CO can inhibit tumor necrosis factor-induced 
apoptosis via a p38 MAPK-dependent mechanism (Ryter et  al., 
2007). These beneficial effects may also result in part from CO 
stabilization of HIF-1α (Chin et  al., 2007). This is important 
considering the impact of pulmonary function in hypoxia-induced 
diseases at high altitude (Selland et al., 1993) and the consistent 
hypoxemia and lung collapse seen during deep-dives in marine 
mammals (McDonald and Ponganis, 2012).

CO is also hypothesized to play a role in the control of breathing 
via peripheral O2 sensing in the carotid body, where HO-2 is 
expressed (Prabhakar, 2012). In the presence of hypoxia, decreased 
HO-2 activity in glomus cells may reduce CO generation and, 
since CO inhibits cystathionine-γ-lyase production of the excitatory 
gasotransmitter H2S, decreased CO generation may result in 
increased sensory activity of the glomus cells. This is intriguing 
given that the gene HMOX2 is under evolutionary selection in 
Tibetan populations, who maintain elevated hypoxic ventilatory 
responses compared to other high-altitude groups (Beall, 2007).

Organ transplant has been perhaps the most well studied 
when considering translational potential of the HO/CO pathway. 
The role of HO-1/CO in the kidney was first described in 
models of I/R injury, where induction of HO-1 or exposure to 
CO protected the kidney (Schaaf-Lafontaine and Courtoy, 1986; 
Blydt-Hansen et  al., 2003). This large body of work culminated 
in the initiation of multiple clinical trials, where exogenous CO 
has safely been administered to transplant patients1. The mechanism 
by which CO imparts its salutary effects remain incompletely 
understood, but likely targets include hemoproteins such as 
mitochondria oxidases and therein the regulation of bioenergetics, 
ROS formation, and consumption of O2 (Schallner and Otterbein, 
2015; Otterbein et  al., 2016). The beneficial effects of HO-1 
and CO in organ injury result from preserving mitochondrial 
health and would dovetail with the observations observed in 
diving mammals and populations that live at altitude. It is 
intriguing to speculate that one mechanism for the cytoprotective 
effects of CO, in instances of tissue hypoxia, may be  that CO 
permits displacement and redistribution of O2 within intracellular 
stores. The activity of HO-1 is known to increase during hypoxia, 
increasing CO production, which can alter cellular metabolism; 
thus, another potential mechanism of CO that plays a role in 
hypoxia tolerance is slowing or shifting oxidative metabolism 
to glycolysis through permissive use of O2 (Figure  2).

The HO/CO pathway has also been the focus of many 
reports in models of cardiovascular disease, including heart 
failure and cardiac arrest (Shih et  al., 2011). Cardiac muscle 
cells deficient in HO-1 accumulate lethal amounts of ROS, 
and mice that survive with embryonic HO-1 deletion 
exhibit many deleterious effects (Kapturczak et  al., 2004). 

1 www.clinicaltrials.gov

FIGURE 2 | Impacts of aerobic exercise, breath-hold diving, and exposure 
to altitude on the HO/CO pathway. The stress response protein heme 
oxygenase-1 (HO-1) responds to intense aerobic exercise and/or skeletal 
muscle microtrauma by (1) degrading heme that is released during tissue 
injury as a danger associated molecular pattern and (2) generating bioactive 
products that contribute to cell and tissue recovery. *Simonson et al., 2010.
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Furthermore, Hmox1−/− mice are highly susceptible to I/R injury 
and, after hypoxia, these animals show evidence of right 
ventricular infarction (Yoshida et  al., 2001; Liu et  al., 2005). 
During reperfusion in the heart, CO administration can decrease 
infarct size, reduce apoptosis, and increase inotropy. Although 
those effects were examined mostly in a cardiovascular system, 
HO-1 also affects other cell types, including skeletal muscle 
and the physiologic response to exercise (Kozakowska et al., 2018).

Skeletal muscle comprises almost 40% of total body mass in 
humans, exhibiting major metabolic activity by contributing up 
to 30% of the resting metabolic rate in adults (Zurlo et al., 1990). 
The tissue can respond to numerous environmental and physiological 
challenges (e.g., hypoxia and I/R events) by changing its phenotypic 
profile and is one commonality across diving animals and individuals 
living at altitude (Pette and Staron, 2001; Spangenburg et  al., 
2008; Pabst et  al., 2016). Skeletal muscle contraction during 
exhaustive exercise generates ROS that can promote oxidative 
damage to myofibers (Reid, 2001), and it has been suggested 
that HO-1 can protect against exercise-induced injury (Saxena 
et  al., 2010). HO-1 is normally expressed at very low levels in 
skeletal muscle, but increases dramatically with exhaustive exercise 
(Pilegaard et al., 2000). The discovery that CO induces mitochondrial 
biogenesis through specific signaling pathways has raised the 
possibility that it contributes to the resolution of skeletal muscle 
injury during and after episodes of oxidative stress, such as exercise 
or I/R events (Suliman et  al., 2007). Intermittent CO breathing 
after a single exercise test led to an increase in mitochondrial 
oxidative stress markers and mitochondrial fusion protein expression 
indicative of mitochondrial biogenesis in skeletal muscle.

From a clinical perspective, based on high disease prevalence 
and consequences, there is intense interest in both intermittent 
hypoxemia (as seen in obstructive sleep apnea-OSA) and 
sustained hypoxemia (as seen in COPD or at high altitude; 
Soler et  al., 2015; Benjafield et  al., 2019). The combination 
of these stimuli (sustained plus intermittent hypoxemia) occurs 
in some clinical settings, including overlap syndrome (OSA 
plus COPD), or in OSA patients at high altitude (Marin et al., 
2010). The deleterious effects of hypoxemia are well established 
(Drager et  al., 2015; Umeda et  al., 2020), although some 
literature supports a potential protective role of ischemic 
preconditioning with more mild levels of hypoxemia (Sánchez-
de-la-Torre et  al., 2018). Regarding CO, some data support 
its role as a biomarker in OSA (Kobayashi et  al., 2008), 
although its biological impact in these patients has been 
debated (Owens et  al., 2008). Further translational research 

is certainly encouraged to apply knowledge regarding hypoxia 
and CO from comparative biology to the clinical setting.

CONCLUSIONS

The concept that evolutionary mechanisms have optimized the 
biology and physiology of HO and CO is relevant in the 
context of hypoxia adaptation. Examples can be observed across 
species and under varying physiologic and pathophysiologic 
conditions ranging from diving mammals to individuals living 
at altitude, as well as physical exercise and in response to 
tissue injury. Increasing our understanding of the natural activity 
and regulation of the HO/CO pathway associated with injury 
avoidance and maintenance of cellular health will contribute 
valuable knowledge regarding the benefits of tissue-specific, 
moderate-level CO exposure.
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Over millions of years, vertebrate species populated vast environments spanning the
globe. Among the most challenging habitats encountered were those with limited
availability of oxygen, yet many animal and human populations inhabit and perform life
cycle functions and/or daily activities in varying degrees of hypoxia today. Of particular
interest are species that inhabit high-altitude niches, which experience chronic hypobaric
hypoxia throughout their lives. Physiological and molecular aspects of adaptation to
hypoxia have long been the focus of high-altitude populations and, within the past
decade, genomic information has become increasingly accessible. These data provide
an opportunity to search for common genetic signatures of selection across uniquely
informative populations and thereby augment our understanding of the mechanisms
underlying adaptations to hypoxia. In this review, we synthesize the available genomic
findings across hypoxia-tolerant species to provide a comprehensive view of putatively
hypoxia-adaptive genes and pathways. In many cases, adaptive signatures across
species converge on the same genetic pathways or on genes themselves [i.e., the
hypoxia inducible factor (HIF) pathway). However, specific variants thought to underlie
function are distinct between species and populations, and, in most cases, the precise
functional role of these genomic differences remains unknown. Efforts to standardize
these findings and explore relationships between genotype and phenotype will provide
important clues into the evolutionary and mechanistic bases of physiological adaptations
to environmental hypoxia.

Keywords: hypoxia, high-altitude adaption, Tibetan, Andean, Ethiopian, EPAS1, HIF pathway, genomic
adaptations

INTRODUCTION

Some of the most challenging environments for terrestrial life are those in which oxygen availability
is limited. For terrestrial vertebrates, such hypoxic environments occur in high-altitude niches,
where ambient oxygen levels are reduced relative to sea level due to lower barometric pressure,
and in underground burrows, wherein animal respiration combined with poor gas diffusion
through the surrounding soils results in decreased oxygen availability. A key distinction between
these environments is that hypoxia is constant at high-altitude, whereas in underground burrows,
hypoxia varies both in its intensity and consistency. Despite the challenges that hypoxia imposes
on physiology, humans have inhabited hypoxic high-altitude regions for 10, 000 of years, while
other mammals have evolved to adapt to life under conditions of hypoxia over millions of years or
were brought to high altitudes via human intervention (e.g., domesticated animals) within a few
hundred to several 1000 years ago (Qi et al., 2013; Witt and Huerta-Sanchez, 2019). Therefore, it
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is possible to explore common physiological and genetic
adaptations to hypoxia across varied and distinct time
spans and environmental conditions in both human and
animal populations.

Limited oxygen availability is one of the strongest drivers
of evolutionary adaptation and has resulted in the appearance
of a wide variety of adaptive strategies. Over the past several
decades, much effort has gone into characterizing physiological
and molecular adaptations to hypoxia in various species adapted
to life at high altitude or in underground burrows, and this
work has been reviewed elsewhere (Hochachka, 1986; Hochachka
et al., 1996; Bickler and Buck, 2007; Ramirez et al., 2007;
Pamenter, 2014, 2016; Dzal et al., 2015; Pamenter and Powell,
2016; McClelland and Scott, 2019). These adaptations mitigate
the impact of reduced environmental oxygen availability by
enhancing its delivery through the body (i.e., increased supply)
or, in situations where enhanced delivery is not sufficient, by
reducing the need for oxygen at the tissue level to generate
cellular energy (i.e., by decreasing metabolism; decreased
demand) (Dzal et al., 2015; McClelland and Scott, 2019). The
primary sites of adaptation in terms of oxygen supply reside
within the cardio-respiratory system, whose primary function
is to extract oxygen from the atmosphere and deliver it to the
mitochondria of cells through four primary steps: ventilation,
diffusion of oxygen from the air into the blood, circulation, and
diffusion of oxygen from the blood into the cells (Figure 1).
Common adaptations to hypoxia that have been observed in
this oxygen transport cascade include changes in the sensitivity
of chemosensory cells and organs to hypoxia, alterations in the
anatomy, mechanics, and neural/cellular control of ventilation
and cardiac function, biochemical changes to the oxygen carrying
capacity of the blood, and anatomical adjustments that alter the
diffusion distance across which gases must travel between the
blood and tissues (and vice versa) (Dzal et al., 2015).

On the demand side of the hypoxia/energy balance reside
systemic and cellular adaptations that minimize energy demand,
either through reduced behaviors (i.e., torpor or hibernation),
shutting down non-essential tissues to preserve energy for
oxygen-sensitive organs, or by reducing energy demand at the
cellular level by turning off specific processes (e.g., protein
synthesis, thermogenesis, etc.) (Hochachka, 1986; Hochachka
et al., 1996). Examining differences in the function and
composition of the various components of the oxygen transport
cascade and also cellular consumers of energy, and the control
of these responses between species adapted to environments with
variable oxygen availability has provided important insight into
the evolution and function of oxygen-dependent processes.

Until somewhat recently, most studies have relied exclusively
upon physiological and/or molecular approaches. While these
studies have provided remarkable insight into the scope and
variability of physiological responses and cellular adaptations to
hypoxia, it is only with more recent genomic analysis of hypoxia-
adapted human and animal populations that we have begun to
understand the genetic underpinnings of these adaptations, their
evolutionary origins, and, in a very few cases, links between
genetic mutations and specific physiological and molecular
characteristics.

In this review, we focus on the genomic aspects of hypoxia-
adapted animals and humans from whom such information is
available (regardless of the availability of matching physiological
data) and identify overlap in common genes reported as
top candidates for selection. The most commonly reported
adaptation-associated genes are those related to the control and
function of the hypoxia-inducible factor (HIF) pathway and/or
downstream genes of this family of transcriptional regulators.
This commonality has received considerable attention in
comparative analysis of hypoxia-mediated genetic adaptation;
however, many other genes have been identified across species,
suggesting that there are multiple genetic avenues by which
molecular and physiological adaptations to hypoxia might have
evolved (Simonson, 2015). Adaptations in mammalian, bird, and
ectothermic species that are native to high-altitude environments
or that have been brought to high altitude as domesticated
animals by humans, as well as species that experience hypoxia
at low altitudes (e.g., mammals that live in densely populated
underground burrows) are included for comparative purposes.
There are many hypoxia-tolerant species in which physiological
mechanisms of hypoxia-tolerance have been extensively
described but for which genetic information is not available;
discussion of these adaptations is outside the scope of the present
review. However, many excellent reviews have been published
recently that describe physiological adaptations to hypoxia and
the interested reader is encouraged to consult these for further
information (e.g., Bickler and Buck, 2007; Gilbert-Kawai et al.,
2014; Dzal et al., 2015; Simonson, 2015; Moore, 2017).

HYPOXIA SIGNALING AND THE HIF
PATHWAY

Hypoxia inducible factors (HIFs) are the master regulators
of cellular response to hypoxia. These transcriptional factors
are involved in many processes such as cellular metabolism,
angiogenesis, erythropoiesis, regulation of bone and connective
tissue development, and fetal development (Bigham and Lee,
2014). The HIF family of transcriptional factors is comprised
of four protein orthologs, HIF-1α, HIF-2α, HIF-3α, and HIF-
1β (Semenza, 2020). HIF-1α and HIF-1β are present and highly
conserved among metazoans (Loenarz et al., 2011) and are
expressed in all mammalian tissues (Wiener et al., 1996). HIF-
2α and HIF-3α are found in vertebrates and are expressed in
a cell-type specific manner (Semenza, 2020). HIF-1α has been
shown to be essential to embryonic development (Cerychova
and Pavlinkova, 2018), and HIF-2α is noted for regulation of
EPO transcription, to produce erythropoietin (EPO) protein
postnatally in the kidney (Gruber et al., 2007; Haase, 2013). While
these transcription factors regulate thousands of genes, the roles
of HIF-3α remain to be extensively characterized (Yang S. L. et al.,
2015; Duan, 2016). The genes encoding the HIF proteins, HIF1A
(HIF-1α), EPAS1 (HIF-2α), and HIF3A (HIF-3α), each encode
a number of protein isoforms via alternative splicing adding
additional functional capabilities (Drutel et al., 2000; Gothié et al.,
2000; Maynard et al., 2003; Dales et al., 2010; Pasanen et al., 2010;
Heikkilä et al., 2011; Yang S. L. et al., 2015).
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FIGURE 1 | Schematic representation of the oxygen transport cascade. Physiological mechanisms that increase oxygen supply (green arrows) and decreased
demand (red arrows) are indicated. Modified with permission from Dzal et al. (2015).

HIFs 1-3 share a conserved domain structure consisting
of an N-terminal basic helix-loop-helix (bHLH) DNA binding
domain, two Per-Arnt-Sim (PAS) domains, an oxygen-dependent
degradation domain, and two transactivation domains (Figure 2;
Beaudry et al., 2016). HIF-1β, also known as the aryl hydrocarbon
nuclear translocator (ARNT) protein, shares some homology to
HIFs 1-3 but lacks an oxygen-dependent degradation domain.
The bHLH and PAS-A domains interact with DNA while the
PAS domains are key for heterodimerization (Jiang et al., 1996;
Wu et al., 2015). The oxygen-dependent degradation domain
interacts with a number of regulatory proteins which modulate
molecule stability and target the molecule for degradation
(Metzen and Ratcliffe, 2004), and the transactivation domains
recruit coactivators p300 and CREB-binding protein in the
nucleus (Arany et al., 1996).

Under normoxic conditions, HIF-1α and HIF-2α are regulated
post-translationally via hydroxylation of specific proline residues
within the oxygen-dependent degradation domain (Jaakkola
et al., 2001; Figure 3). Hydroxylation is carried out by prolyl
hydrolase domain (PHD) proteins PHD1-3 (Appelhoff et al.,
2004). Hydroxylated HIF-α is recognized by von Hippel-
Lindau (VHL) protein, which targets HIFs for degradation
through the ubiquitin–proteasome pathway (Maxwell et al.,
1999; Ivan et al., 2001). Under hypoxic conditions, this oxygen-
dependent modification is arrested, leading to stabilization
and accumulation of HIF-1α and/or HIF-2α within the cell
(Taylor et al., 2016). HIF-1α and/or HIF-2α localize to the
nucleus and dimerize with HIF-1β, which is required for DNA
binding and transcriptional modulation (Ruas and Poellinger,
2005; Taylor et al., 2016). HIF-1 and HIF-2 complexes (HIF-
1α/2α and HIF-1β dimer) recognize hypoxia response elements

(HREs), which contain short conserved DNA sequences (5′-
RCGTG-3′) (Semenza et al., 1996; Wu et al., 2015). HREs
activate the expression of hypoxia-associated genes [e.g., EPO,
VEGF (angiogenesis), ALDOA, ENO1, and LDHA (glycolytic
enzymes) (Semenza et al., 1996)]. In addition to gene activation,
HIF complexes can activate transcriptional repressors via the
HIF target gene RE1-silencing transcription factor (REST)
(Cavadas et al., 2016).

Genomic studies in search of adaptive signatures to high
altitude indicate many HIF pathway genes and their downstream
targets are top candidates for positive selection in humans
(e.g., EPAS1, the gene the encodes HIF-2α and EGLN1, the
gene that encodes PHD2) (reviewed in Bigham and Lee, 2014;
Simonson, 2015). Studies in various high-altitude species have
focused on these candidates and report specific variants, many
of which are missense mutations and appear to be deleterious.
It is interesting to note that while HIF-1α and HIF-2α have
many overlapping and distinct targets, HIF1A does not repeatedly
appear in selective sweeps like EPAS1. This may be due to the
tendency of HIF mutations to be deleterious, HIF-1α playing a
key role in embryonic development, and HIF-2α playing a major
role in other processes with more plasticity.

Investigating Structural Variations
Among Species Within EPAS1
Numerous variants have been identified within HIF-2α

which have been associated with high-altitude adapted
species and disease states (Table 1). With a number of
crystal structures available for HIF-2α, PHD2, and VHL,
structural analysis and insights into how alterations in protein
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FIGURE 2 | Domain structure of human HIF pathway proteins. Domain structure for HIF-1α, HIF-2α, HIF-3α, HIF-1β, and PHD2 are shown. The overall domain
layout for the HIF proteins are similar with an N-terminal bHLH domain, followed by two PAS domains and an oxygen dependent degradation domain (absent in
HIF-1β). HIF-1α and HIF-2α contain two transactivation domains in the C-terminal portion of the protein, while HIF-3α and HIF-1β have one. PHD2 has a domain
layout containing an N-terminal MYND-type (myeloid, Nervy, and DEAF-1) zinc finger domain and a C-terminal prolyl-4-hydroxylase catalytic domain.
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FIGURE 3 | The HIF pathway. (Left) Under normoxic conditions, PHD2 hydroxylates proline 531 of HIF-2α, which can then be recognized by VHL, targeting it for
ubiquitylation and degradation. (Right) Under hypoxic conditions, PHD2 cannot hydroxylate HIF α subunits, allowing it to be stabilized and translocate to the
nucleus to dimerize with ARNT; the HIF-α-ARNT complex in the nucleus triggers transcriptional activation at hypoxia response elements (HREs).

sequence translate to perturbation of HIF pathway signaling
are under investigation. The structure of the DNA binding
and dimerization domain of HIF-2α (Residues 8-360) in
complex with ARNT (Wu et al., 2015) is shown in Figure 4.
Post-translational modification sites in HIF-2α that have been
identified in humans cluster along the “top” of this domain while
the majority of variants among species cluster along dimerization
interfaces on the opposite side of the PAS domains. While little
is known about how these mutations affect protein structure
and function, predictive analysis and co-immunoprecipitation
studies suggest mutations along the bHLH and PAS domains
are typically disruptive in nature, leading to loss-of-function
(Wu et al., 2015; VonHoldf et al., 2017). Understanding how
these variants affect HIF-2α structure, domain dynamics, and
protein−protein interactions with binding partners (e.g., ARNT
and PHD2) are key for understanding the role HIF-2α structure
plays in high-altitude adaptation and hypoxic signaling within
the cell (Hall et al., 2020).

Of the variants listed in Table 1, only a few have been
functionally investigated in vivo to establish the effects upon
hypoxic signaling. Within the PAS domain of HIF-2α, R144C
has been identified as a gain-of-function adaptation in Tibetan
horses (Liu et al., 2019), G305S has been identified in high-
altitude dogs (Gou et al., 2014), and N203H has been associated
with patent ductus arteriosus in Tibetan humans (Pan et al.,
2018). The R144C variant was functionally investigated in
human lung adenocarcinoma A549 cells, and this variation
is reported to stabilize the PAS domain leading to increased
ARNT binding. In the case of high-altitude dogs, G305 is

highly conserved and invariant among other animals. Homology
modeling and prediction of functional effects has suggested
that the mutation of G305S may affect thermostability of the
PAS domain and is most likely causal mutation for the EPAS1
selective sweep in high-altitude dogs (Gou et al., 2014; Wang
et al., 2014). The N203H variant has been linked to non-
syndromic congenital heart disease in Tibetans, and functional
studies suggest that this particular mutation not only shows
decreased transcriptional activity but also results in enhanced
protein−protein interactions with both PHD2 and VHL (Pan
et al., 2018). Outside of the PAS domains, other identified
mutations identified as gain-of-function in the HIF-2α gene are
reported in patients with erythrocytosis (Gardie et al., 2014;
Pan et al., 2018). These variations are found in the oxygen-
dependent degradation domain, clustering around Proline 531,
which can disrupt residue hydroxylation and/or recognition of
HIF-2α by VHL (Furlow et al., 2009), leading to increased
cellular levels of HIF-2α. Aside from general perturbation of
protein structure and stability, these variations within the HIF-
2α PAS domain highlight how amino acid substitutions can affect
protein−protein interactions, post-translational modification,
and transcriptional activation, leading to a myriad of adaptive
or maladaptive results. These effects can further be perturbed
through additional variation within PHD2 and VHL, which have
been identified in disease states associated with erythrocytosis
and several cancers (Gardie et al., 2014).

Recently, H194R, located at an intramolecular domain
interface within HIF-2α that is also part of a binding groove
for ARNT binding (Figure 4), was identified as a missense
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TABLE 1 | Amino acid variants in EPAS1 among species.

Species Region Variation in EPAS1 Disease State (if
associated)

Predicted effect of variation References

Human Andean H194R Eichstaedt et al., 2017

Tibetan N203H Patent ductus arteriosus Decreased transcriptional activity,
enhanced interactions with PHD2 and
VHL

Pan et al., 2018

G724W Ventricular septal defect

Patients with
erythrocytosis

F374Y I533V P534L Erythrocytosis Reduction of hydroxylation by PHD2 and
decreased recognition by VHL

Gardie et al., 2014

M535T M535V M535I Disruption of PHD2 interaction

G537W G537R D539E
F540L

Reduction of hydroxylation by PHD2 and
decreased recognition by VHL

Horse Tibetan R144C Gain-of-function, increased affinity for
ARNT binding

Liu et al., 2019

G263D

Dog Tibetan G305S Predicted destabilization of the PAS
domain

Gou et al., 2014; Wang
et al., 2014

D494E V500M P750S

Chicken Tibetan Y333C* Li et al., 2017

Hot spring snake Tibetan R65H Li J. T. et al., 2018

Beef cattle United States E270Q P362L A671G
L701F A606T G610S

Pulmonary hypertension Heaton et al., 2016

Cashmere goat Tibetan Q579L** Reduction of hydroxylation by PHD2 and
decreased recognition by VHL

Song et al., 2016

Variants in bold have been identified in high-altitude adapted studies and correspond to residues mapped on to the crystal structure in Figure 3. *Y333 corresponds to
Y342 in humans and mice. **Q579 Corresponds to Q557 in humans.

mutation in high-altitude Andeans (Eichstaedt et al., 2017).
The location of the H194R mutation may play a role in not
only the stability of the intramolecular domain interface of
HIF-2α but also in ARNT binding. In addition to structural
effects, H194R is adjacent to K191, which has been identified in
proteomic studies as a ubiquitylation site in humans (Akimov
et al., 2018). The proximity of a bulky positive residue next
to this ubiquitylation site may interfere with ubiquitylation
(Radivojac et al., 2010) via the VHL-associated E3 ubiquitin
ligase complex, which would in turn lead to elevated levels of
HIF-2α within the cell. While more functional investigation for
variants within HIF-2α and PHD2 need to be conducted to
determine specific contributions of the individual variations on
hypoxic signaling, the information currently available on the
locations and specific variations in EPAS1 among different species
showcase how this gene, and others, can provide many different
avenues for affecting transcriptional regulation and physiological
adaptation toward hypoxia.

HUMAN STUDIES

Human populations have resided for hundreds of generations
in the Tibetan, Andean and Ethiopian highlands in Central
Asia, South America, and East Africa, respectively. Over several
millennia and despite challenges imposed by environmental
hypoxia at altitudes greater than 3500 m, these populations have
continuously inhabited and successfully passed down heritable
traits necessary for survival. The Tibetan highlands have been

continuously inhabited the longest, with a human presence
noted 30, 000−40, 000 years before present (Zhang et al., 2018).
Initial settlements of high-altitude regions in the Andes date
to approximately the Terminal Pleistocene (∼ 12,000 years
before present) shortly after the arrival of modern humans in
South America (Rademaker et al., 2014), while populations have
migrated in and out of the Ethiopian highlands for possibly
the past 70, 000 years (Hassen, 1990). The unique sets of
traits exhibited by highlanders today suggest distinct population
histories have shaped the adaptive and maladaptive milieu in each
population, although there is notable within-population variation
in several key traits.

The key physiological traits exhibited by each continental
population have been recently summarized (Gilbert-Kawai et al.,
2014; Simonson, 2015; Moore, 2017; Bhandari and Cavalleri,
2019). On average, Tibetan and Ethiopian highlanders tend to
exhibit hemoglobin concentrations that are lower relative to
acclimatized sojourners and Andeans at high altitude (Beall,
2007). There is, however, substantial variation within these
groups, and Andeans have increased incidence of excessive
erythrocytosis and chronic mountain sickness (CMS) (Monge
et al., 1989; León-Velarde et al., 2005; Corante et al., 2018). Many
Andeans, relative to Tibetans, also exhibit a decreased hypoxic
ventilatory response and minute ventilation (Beall et al., 1997)
and experience further hypoxia challenges during sleep (Pham
et al., 2017, Heinrich et al., 2020), which may exacerbate mal-
adaptations in this population. In addition to these hallmark
differences, there are notable distinctions across developmental
stages and various physiological systems. A detailed list of
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FIGURE 4 | Known EPAS1 variants mapped to the structure of the DNA binding and dimerization domain of HIF-2α in various species. (Top) “Top” view of HIF-2α

structure (PDB ID 4ZPK). (Middle) “Side” view of HIF-2α. Spheres representing locations of interest are mapped onto HIF-2α with magenta representing sites of
ubiquitylation in humans (K186, K191, K291, and K299) (Akimov et al., 2018), yellow representing phosphorylation sites (S10, S12, T182, and T324), and green
representing the locations of identified variants from genetic studies. The species, variation, and publication are listed in Table 1. (Bottom) “Side” view of HIF-2α

bound to ARNT and DNA (PDB ID 4ZPK). HIF-2α is shown in gray. ARNT is shown in blue. The DNA double helix is shown in Orange. Note: Tyr333 in chickens maps
to residue Tyr342 in humans.
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gene names, protein names, and functions mentioned in this
review can be found in Table 2. Efforts to examine the
functional roles of this variation are necessary to unravel the
complexities of adaptive and maladaptive physiological responses
(Hall et al., 2020).

The Power of Detecting Selection in
Human Genomes
Advances in high-throughput genomic technologies have
provided unprecedented insight into population-specific
patterns of variation, including signals indicative of genetic
adaptations. The power of this approach was first illustrated in
human data, whereby adaptive regions of the genome may be
revealed in as few as 30 individuals (Pickrell et al., 2007). The
extent of distinct and shared genetic adaptations and how these
factors relate to the distinct suite of physiological traits exhibited
within and across populations is an active area of research
(Wuren et al., 2014; Jha et al., 2016; Cole et al., 2017).

Human Genetic Adaptation to High
Altitude: Himalayan Highlanders
The Tibetan Plateau is one of the largest and longest continuously
inhabited high-altitude regions in the world, and its inhabitants
are the most extensively studied human populations in terms
of genetic adaptation to hypoxia. Some of the first genomic
studies of Tibetans, revealed adaptive candidate genes involved
in hypoxia sensing and response pathways (Beall et al., 2010;
Bigham et al., 2010; Simonson et al., 2010; Yi Z. et al.,
2010), including EPAS1 and EGLN1 and PPARA (Peroxisome
Proliferator Activated Receptor Alpha); these genes were further
associated with relatively lower hemoglobin concentration in
Tibetans (reviewed in Simonson, 2015). Subsequent studies
identified associations between the adaptive PPARA candidate
gene and metabolic parameters suggesting reduced fatty acid
oxidation (Ge et al., 2012), in addition to greater oxygen
utilization and protection from oxidative stress in skeletal muscle
(Horscroft et al., 2017; O’Brien et al., 2019). In addition to Tibetan
populations, various studies across Sherpa and Central Asian
populations provide further support of key adaptive signatures
in these populations (Foll et al., 2014; Jeong et al., 2014; Arciero
et al., 2018; Gnecchi-Ruscone et al., 2018).

Shared Signatures of Adaptation Within
and Across Himalayan Populations
Numerous studies, conducted across various locations within the
Qinghai-Tibetan Plateau and Central Asia, corroborate many of
the initial findings regarding key genetic adaptations (Bigham
et al., 2010; Peng et al., 2011; Xu et al., 2011; Jeong et al.,
2014; Wuren et al., 2014). In addition to EPAS1 and EGLN1
HIF-related genes, several non-HIF pathway targets have been
reported in more than one independent study, including the
hemoglobin gene cluster HBB/HBG2, HFE, PKLR, CYP17A1, and
HMOX2 (Simonson, 2015). A recent study across Himalayan
populations provides additional gene candidates, including HLa-
DQB1/HLA-DPB1, ANKH, RPaa-384F7.2, AC068633.1, ZNF532,
and COL4A4 (Yang et al., 2016a; Arciero et al., 2018).

Despite tremendous progress on the genomics front, the precise
functional variants that provide functional benefits in Tibetans
and other populations remain largely unknown (Hall et al., 2020).
One exception is at the EGLN1 gene, whereby variants in the first
exon found at high frequency in Tibetans (Asp4Glu; Cys127Ser)
are reported to result in a gain of PHD2 function, which leads
to increased HIF degradation under hypoxic conditions and
erythroid progenitor disruption (Lorenzo et al., 2014). Other
reports suggest these variants underlie a loss of PHD2 function
via defective binding of co-chaperone p23 that would lead to
increased HIF activity (Aggarwal et al., 2010; Song et al., 2014)
and possibly ventilatory responses (Song et al., 2020).

Archaic Mixture in Tibetans
Whole-genome sequencing of DNA from archaic populations,
including Neanderthal and Denisovan individuals, has provided
the opportunity to search for genetic admixture within the
genomes of modern human populations. Some of the exchanged
genetic material has proven adaptive over many generations and
provide examples of what is termed adaptive introgression. One
notable example of adaptive introgression occurred in Tibetans
at the EPAS1 gene locus, which exhibits one of the strongest
adaptive signatures in Tibetans and is most similar to Denisovan
DNA compared to DNA from other human populations
(Huerta-Sánchez et al., 2014; Hu et al., 2017). Therefore,
archaic genetic admixture provided variation that putatively
helped Tibetans adapt to the high-altitude environment. This
finding highlights the importance of understanding distinct
population histories and unique genetic backgrounds in studies
of genetic adaptation to high altitude. Interestingly, EPAS1
is one of the genes reported most frequently as a candidate
gene for high-altitude adaptation in other high-altitude species
(Supplementary Table S1), and is further noted to exhibit a
signature of adaptive introgression across species.

Human Genetic Adaptation to High
Altitude: Andean Highlanders
The first analysis of genome-wide adaptation in two Andean
populations, the Quechua and Aymara, and subsequent
comparison with Tibetans, concluded the genetic basis for
altitude adaptation was dissimilar in the two continental
populations, although an exception was noted at the EGLN1 gene
region (Bigham et al., 2010). Of the reported Tibetan variants
in the first exon of EGLN1, c.12C > G (Asp4Glu) is absent and
380G > C (Cys127Ser) is found at low frequency in Andeans
from Cerro de Pasco, Peru (Heinrich et al., 2019), further
supporting the occurrence of different adaptive mechanisms
despite an overlap in the adaptive genetic signal. Preliminary
epigenetic investigation of specific sites in the EGLN1 region
in Andeans suggests distinct levels of methylation between
Andeans with and without excessive erythrocytosis (Julian,
2017; Julian and Moore, 2019), and recent studies show variants
at this locus are associated with exercise capacity in Andeans
(Brutsaert et al., 2019). More than 30 other genes were reported
by Bigham et al. (2010), including EDNRA and PRKAA1,
which were both associated with birthweight and the latter
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TABLE 2 | Genes and associated protein names and functions.

Gene name Protein abbreviation Protein name Role/function References

HIF1A HIF-1α Hypoxia inducible factor 1α Transcription factor Wang et al., 1995
EPAS1 HIF-2α Hypoxia inducible factor 2α; Endothelial PAS Domain

Protein 1
Transcription factor Liu et al., 2020

HIF3A HIF-3α Hypoxia inducible factor 3α Transcription factor Zhang P. et al., 2014
ARNT HIF-1β / ARNT Aryl Hydrocarbon Receptor Nuclear Translocator Transcription factor Hankinson, 2002
EGLN2 PHD1 Hypoxia-inducible factor prolyl hydroxylase 1 Prolyl hydroxylase Schofield and Ratcliffe, 2004
EGLN1 PHD2 Hypoxia-inducible factor prolyl hydroxylase 2 Prolyl hydroxylase Schofield and Ratcliffe, 2004
EGLN3 PHD3 Hypoxia-inducible factor prolyl hydroxylase 3 Prolyl hydroxylase Schofield and Ratcliffe, 2004
VHL VHL Von Hippel–Lindau tumor suppressor Tumor suppressor Lerman, 2002
EPO EPO Erythropoietin Hormone Lacombe and Mayeux, 2008
VEGF VEGF Vascular endothelial growth factor Signaling protein; angiogenic factor Li, 2001
ALDOA ALDOA Aldolase, Fructose-Bisphosphate A Plays a key role in glycolysis and gluconeogenesis. Catalyzes the

reversible conversion of fructose-1, 6-bisphosphate to
glyceraldehyde 3-phosphate (G3P) and dihydroxyacetone
phosphate (DHAP)

Semenza et al., 1996

ENO1 ENO1 Enolase 1 Glycolytic enzyme. Catalyzes the conversion of 2-phosphoglycerate
to phosphoenolpyruvate

Semenza et al., 1996; Park et al.,
2016

LDHA LDHA; LDH5 Lactate Dehydrogenase A Catalyzes the inter-conversion of pyruvate and L-lactate with
concomitant inter-conversion of NADH and NAD+

Semenza et al., 1996

REST REST RE1-Silencing Transcription factor Transcriptional repressor Liu et al., 2015
PPARA PPARα; NR1C1 Peroxisome proliferator-activated receptor alpha Transcription factor. A major regulator of lipid metabolism in the liver Popeijus, 2018
HBB HBB Hemoglobin subunit beta Protein molecule in red blood cells that carries oxygen Antonini and Brunori, 1970
HBG2 HBG2 Hemoglobin subunit gamma Protein molecule in red blood cells that carries oxygen (Normally

expressed in the fetus)
Adachi et al., 1990

HFE HFE Human homeostatic iron regulator protein Regulates circulating iron uptake Enns, 2006
PKLR PKLR Pyruvate Kinase L/R Catalyzes the production of pyruvate and ATP from

phosphoenolpyruvate
Jarrar et al., 2020

CYP17A1 CYP17A1 Cytochrome P450 Family 17 Subfamily A Member 1 Steroid 17α-monooxygenase Tan et al., 2017; Jarrar et al., 2020
HMOX2 HMOX2 Heme oxygenase 2 Cleaves heme to form biliverdin, which is converted to bilirubin by

biliverdin reductase, and carbon monoxide
Yang et al., 2016b

HLa-DQB1 HLA-DQB1 Major histocompatibility complex, class II, DQ beta 1 Part of a cell surface receptor that plays a central role in the
immune system through presenting peptides derived from
extracellular proteins

Jones et al., 2006

HLA-DPB1 HLA-DPB1 Major Histocompatibility Complex, Class II, DP Beta 1 Part of a cell surface receptor that plays a central role in the
immune system through presenting peptides derived from
extracellular proteins

Jones et al., 2006

ANKH ANKH Progressive ankylosis protein homolog Transmembrane protein that controls pyrophosphate levels Zaka and Williams, 2006
ZNF532 ZNF532 Zinc Finger Protein 532 May function as a transcription factor Alekseyenko et al., 2017
COL4A4 COL4A4 alpha4 (IV) chain of type IV collagen Part of type IV collagen Mariyama et al., 1994
EDNRA EDNRA Endothelin Receptor Type A Human G protein-coupled receptor Maguire and Davenport, 2015
PRKAA1 PRKAA1 Protein Kinase AMP-Activated Catalytic Subunit Alpha 1 Kinase Seza et al., 2019
VEGFB VEGFB Vascular Endothelial Growth Factor B Signaling protein; angiogenic factor Li, 2001
ELTD1 ELTD1 EGF, latrophilin and seven transmembrane

domain-containing protein 1
Involved in angiogenesis Nechiporuk et al., 2001

BRINP3 BRINP3 BMP/Retinoic Acid Inducible Neural Specific 3 Inhibits neuronal cell proliferation by negative regulation of the cell
cycle transition

Crawford et al., 2017
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TABLE 2 | Continued

Gene name Protein abbreviation Protein name Role/function References

NOS2 NOS2 Nitric oxide synthase 2 Produces nitric oxide (NO) Bigham et al., 2009
TBX5 TBX5 T-Box Transcription Factor 5 Transcription factor Krishnan et al., 2008
SENP1 SENP1 SUMO Specific Peptidase 1 Catalyzes maturation of SUMO protein (small ubiquitin-related modifier) Cheng et al., 2007; Krishnan et al.,

2008
ANP32D ANP32D Acidic nuclear phosphoprotein 32 family member D Tumor suppressor Zhou et al., 2013
FAM213A PRXL2A; PAMM;

FAM213A
Peroxiredoxin-like 2 activated in M-CSF stimulated
monocytes (PAMM); REDOX-regulatory protein FAM213A

Involved in redox regulation of the cell Valverde et al., 2015

SFTPD SFTPD Surfactant Protein D Innate immune system collectin Ito et al., 2011
GPR126 GPR126; Adgrg6 Adhesion G protein–coupled receptor G6 G protein-coupled receptor Cui et al., 2014
THRB THRB Thyroid Hormone Receptor Beta Nuclear hormone receptor that can act as a repressor or activator of

transcription
Otto and Fandrey, 2008

EDNRB EDNRB Endothelin receptor type B G protein-coupled receptor Stobdan et al., 2018
BHLHE41 BHLHE41 Basic Helix-Loop-Helix Family Member E41; SHARP1;

DEC2
Transcriptional repressor Azmi et al., 2003

VAV3 VAV3 Vav guanine nucleotide exchange factor 3 Guanine nucleotide exchange factor Ulc et al., 2017
RORA RORA; RORα; NR1F1 RAR-related orphan receptor A; RAR-related orphan

receptor alpha; nuclear receptor subfamily 1, group F,
member 1

Exchange factor for GTP-binding proteins RhoA, RhoG and, to a lesser
extent, Rac1; involved in angiogenesis

Li H. et al., 2018

CIC CIC Capicua transcriptional repressor Transcriptional repressor Udpa et al., 2014
LIPE LIPE Lipase E, hormone-sensitive type Hydrolyzes stored triglycerides to free fatty acids; converts cholesteryl

esters to free cholesterol for steroid hormone production
Briançon-Marjollet et al., 2016

PAFAH1B3 PAFAH1B3 Platelet-activating factor acetylhydrolase 1B catalytic
subunit 3

Inactivates paf by removing the acetyl group at the sn-2 position Tjoelker and Stafforini, 2000

SIRT7 SIRT7 Sirtuin 7 NAD-dependent deacetylase Hubbi et al., 2013
RYR2 RYR2 Ryanodine receptor 2 Calcium channel that mediates the release of Ca2+ from the

sarcoplasmic reticulum into the cytoplasm
Liao et al., 2011

ANGPT1 ANGPT1 Angiopoietin 1 Signaling protein involved in angiogenesis Liu et al., 2008
ANGPTL4 Angptl4 Angiopoietin-like 4 Serum protein that is involved with modulating triacylglycerol

homeostasis
Zhu et al., 2012

ADAM17 ADAM17; TACE ADAM Metallopeptidase Domain 17; tumor necrosis
factor-α-converting enzyme

Cleaves the membrane-bound precursor of TNF-α to its mature soluble
form

Chen et al., 2017

ARG2 ARG2 Arginase 2 Catalyzes the hydrolysis of arginine to ornithine and urea Jiang et al., 2015
FIGF FIGF; VEGF-D C-fos-induced growth factor; vascular endothelial growth

factor D
Growth factor active in angiogenesis Morfoisse et al., 2015

PGF PGF Placental Growth Factor Growth factor active in angiogenesis Tudisco et al., 2017
TMPRSS6 TMPRSS6 Transmembrane Serine Protease 6; Matriptase-2 Serine protease which hydrolyzes a range of proteins including type I

collagen, fibronectin, and fibrinogen
Maurer et al., 2012

ADORA2A ADORA2A Adenosine A2a Receptor G protein-coupled receptor Liu and Xia, 2015
CCL2 CCL2 C-C Motif Chemokine Ligand 2 Cytokine Baay-Guzman et al., 2012
ENG ENG Endoglin Role in the development of the cardiovascular system and in vascular

remodeling
Tian et al., 2010

PIK3C2A PIK3C2A Phosphatidylinositol-4-Phosphate 3-Kinase Catalytic
Subunit Type 2 Alpha

Generates phosphatidylinositol 3-phosphate (PtdIns3P) and
phosphatidylinositol 3, 4-bisphosphate [PtdIns(3, 4)P2]

Alam et al., 2009

ATP12A ATP12A ATPase H+/K+ transporting non-gastric alpha2 subunit Catalytic subunit of the ouabain-sensitive H+/K+ -ATPase that
catalyzes the hydrolysis of ATP coupled with the exchange of H+ and
K+ ions across the plasma membrane

Ge et al., 2013
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TABLE 2 | Continued

Gene name Protein abbreviation Protein name Role/function References

NOS3 NOS3 Nitric Oxide Synthase 3 Produces nitric oxide (NO) Ge et al., 2013
ANGPTL3 ANGPTL3 Angiopoietin-like protein 3 Secretory protein that regulates plasma lipid levels Carbone et al., 2018
PRCP PRCP Lysosomal prolylcarboxypeptidase Cleaves C-terminal amino acids linked to proline in peptides Hagedorn, 2011
SEC24B SEC24B SEC24 Homolog B, COPII Coat Complex Component;

Protein transport protein Sec24B
Part of the coat protein complex II (COPII) which promotes the
formation of transport vesicles from the endoplasmic reticulum (ER)

Verma et al., 2018

EPHA1 EPHA1 Erythropoietin-Producing Hepatoma Receptor A1; EPH
Tyrosine Kinase 1

Receptor tyrosine kinase Gale and Yancopoulos, 1999

MCAM MCAM; MUC18;
CD146

Melanoma Cell Adhesion Molecule Cell adhesion Shih and Kurman, 1996

KAT6A KAT6A Lysine Acetyltransferase 6A Histone acetyltransferase Shukla et al., 2018
MYH9 MYH9 Myosin Heavy Chain 9 Appears to play a role in cytokinesis, cell shape, and cytoskeletal

reorganization
Wang et al., 2019

CYSLTR2 CYSLTR2 Cysteinyl Leukotriene Receptor 2 G protein-coupled receptor Shao et al., 2015
MYLK MYLK Myosin light chain kinase Calcium/calmodulin-dependent myosin light chain kinase Pandey et al., 2015
SPINT1 SPINT1 Serine Peptidase Inhibitor, Kunitz Type 1 Inhibitor of HGF activator and matriptase Susen et al., 2019
PPAP2B LPP3; PLPP3; PAP-2b;

PPAP2B
Lipid phosphate phosphohydrolase 3; phospholipid
phosphatase 3; phosphatidic acid phosphatase type 2B

Hydrolyzes extracellular lysophosphatidic acid (LPA) and short-chain
phosphatidic acid

Ren et al., 2013

STRA6 STRA6 Signaling Receptor And Transporter Of Retinol STRA6 Retinol transporter Shao et al., 2015
SLC29A1 ENT1 Equilibrative nucleoside transporter 1 Sodium-independent transporter for purine and pyrimidine nucleosides

and for some nucleobases
Eltzschig et al., 2005

MYO5B MYO5B Myosin VB May be involved in vesicular trafficking via its association with the CART
complex

Shao et al., 2015

AJUBA JUB; AJUBA LIM Domain-Containing Protein Ajuba Adapter/scaffold protein Shao et al., 2015
TGFBR3 TGFBR3 Transforming Growth Factor Beta Receptor 3 Binds to TGF-α Chu et al., 2011
VASN VASN Vasorin May act as an inhibitor of TGF-beta signaling Choksi et al., 2011
ACAA2 ACAA2 Acetyl-CoA Acyltransferase 2; 3-ketoacyl-CoA thiolase,

mitochondrial
Catalyzes the last step of the mitochondrial fatty acid beta oxidation
pathway

Foll et al., 2014

PINK1 PINK1 PTEN Induced Kinase 1 Lin et al., 2014
SIRT1 SIRT1 Sirtuin 1 NAD-dependent deacetylase Chen et al., 2011
SIRT2 SIRT2 Sirtuin 2 NAD+ (nicotinamide adenine dinucleotide)-dependent deacetylase Ekambaram and Parasuraman,

2017
SOD2 SOD2 Superoxide Dismutase 2 Converts superoxide into hydrogen peroxide and diatomic oxygen van Patot and Gassmann, 2011
NARFL NARFL; CIAO3 Nuclear Prelamin A Recognition Factor-Like Protein;

Cytosolic Iron-Sulfur Assembly Component 3
Component of the cytosolic iron-sulfur protein assembly (CIA) complex;
seems to negatively regulate the level of HIF1A expression

Huerta-Sánchez et al., 2013

COX1 COX-1; PTGS Cyclooxygenase; prostaglandin-endoperoxide synthase Key enzyme in prostaglandin biosynthesis Gautier-Veyret et al., 2013
ADAM9 ADAM9 Disintegrin and Metalloproteinase Domain-Containing

Protein 9
Cleaves and releases a number of molecules with important roles in
tumorigenesis and angiogenesis

Ahmed et al., 2017

ADAMTS9 ADAMTS9 ADAM Metallopeptidase With Thrombospondin Type 1
Motif 9

Cleaves the large aggregating proteoglycans, aggrecan, and versican Rodríguez-Manzaneque et al., 2015

UBE2D1 UBE2D1 Ubiquitin-conjugating enzyme E2 D1 Accepts ubiquitin from the E1 complex and catalyzes its covalent
attachment to other proteins

David et al., 2010

SRF SRF Serum response factor Transcription factor Olson and Nordheim, 2010
TXNRD2 TXNRD2 Thioredoxin Reductase 2 Involved in the control of reactive oxygen species levels and the

regulation of mitochondrial redox homeostasis
Yoshioka, 2015

WNT7B WNT7B Wingless-Type MMTV Integration Site Family, Member 7B Ligand for frizzled family receptors; required for central nervous system
(CNS) angiogenesis and blood-brain barrier regulation

Qu et al., 2013
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with metabolic homeostasis in subsequent genotype-phenotype
analysis (Bigham et al., 2014). Several additional genes reported
in these studies have since been reported as adaptive in other
Andean populations or identified in other highland populations
(e.g., the beta hemoglobin (HBB) cluster region and EDNRA)
(Simonson, 2015; Supplementary Table S1).

Additional studies of Andean adaptation suggest genes related
to cardiac function, rather than hypoxia responses, are essential
for survival in this population. Cardiac-related genes VEGFB and
ELTD1 were identified within the strongest regions of selection
in the Colla population from the Argentinian Andes (Eichstaedt
et al., 2014). Analysis of low-coverage whole-genome sequence
highlighted a distinct set of genes related to cardiovascular
function (BRINP3, NOS2, and TBX5) and suggested these genes,
rather than those in hypoxia-response pathways, are the strongest
targets of selection in Andeans (Crawford et al., 2017).

Another whole-genome analysis based on analyses of Andeans
with and without CMS reported SENP1 and ANP32D as
top targets for adaptation (Zhou et al., 2013), and gene
expression in fibroblasts is lower in cells derived from individuals
without compared to those with CMS (Zhou et al., 2013).
Additional studies based on single nucleotide polymorphism
(SNP) microarray analysis indicate FAM213A and SFTPD
(Valverde et al., 2015), are associated with oxidative stress and
respiration and innate defenses, respectively, in Quechua and
Aymara populations.

Using a new statistical approach to detect very recent positive
selection, Eichstaedt et al. (2017) compared whole-genome
sequences from high-altitude Argentinians and lowland Native
Americans and identified a missense variant in the EPAS1 gene,
one of the major adaptive genes reported in Tibetans, and another
in GPR126, which was associated with lung function (Eichstaedt
et al., 2017). This is the first study to report EPAS1 as adaptive in
Andean populations and, like EGLN1, suggests different variants
play pivotal roles in each population’s adaptive genetic profile.

Human Genetic Adaptation to High
Altitude: Ethiopian Highlanders
Highland Ethiopians also exhibit distinct physiological and
genetic adaptations to high altitude, although they have been
less studied than their Tibetan and Andean counterparts. The
population history of Ethiopian highlanders is complex, due to
repeated migrations into and out of the Ethiopian highlands
spanning the past 70, 000 years (Hassen, 1990). Several genomic
studies published thus far provide important insights into
convergence of the HIF as well as distinct adaptive pathways
(Scheinfeldt et al., 2012; Bigham and Lee, 2014; Petousi and
Robbins, 2014; Simonson, 2015; Moore, 2017).

Putatively adaptive copies of the THRB gene region as
well as PPARA and EPAS1 identified in Tibetans (Simonson
et al., 2010) show relationships with hemoglobin concentration
in Amhara Ethiopians (Scheinfeldt et al., 2012). EDNRB
(endothelial receptor B), previously reported as a top selection
candidate in Andeans (Bigham et al., 2010), is also reported
in Amhara Ethiopians, and knockdown of this gene increases
hypoxia tolerance in mice (Udpa et al., 2014). The gene family

member EDNRA is also a top candidate gene in Tibetans
(Simonson et al., 2010). BHLHE41, although not associated
with hemoglobin, is a key HIF pathway gene and top selection
candidate in Amhara, Oromo, and Tigray Ethiopians (Huerta-
Sánchez et al., 2013). In addition to these hypoxia-associated
genes, three others (VAV3, which encodes vav guanine nucleotide
exchange factor 3, and RORA that encodes the RAR-related
orphan receptor A), are reported as top candidates in Amhara
Ethiopians (Scheinfeldt and Tishkoff, 2013). Whole-genome
sequence analyses indicate three genes contained within the
same region of chromosome 19 identified as adaptive targets
in Oromo and Simen Ethiopians, CIC, LIPE, and PAFAH1B3
(that encode capicua transcriptional repressor, lipase E hormone-
sensitive type, and platelet-activating factor acetylhydrolase 1b
catalytic subunit 2, respectively) have orthologs in Drosophila that
afford tolerance to hypoxia (Udpa et al., 2014). Comparison of
genome-wide epigenetic profiles from saliva samples collected in
high and low altitude Oromo Ethiopians indicated differences at
several genes (Alkorta-Aranburu et al., 2012).

While various candidate genes are highlighted due to
replication and/or association with phenotype, hundreds of
distinct putatively adaptive gene regions have been identified
and may or may not be reported in individual studies to date.
Therefore, inconsistencies among studies may reflect differences
in analytical approaches and reporting, variation within a
continental region, and/or the stage and degree of adaptation.
Additional efforts to standardize analysis within and across
continental populations are needed to fully understand the extent
of overlap among humans.

Many genes originally highlighted as adaptive targets in
human high-altitude studies have also emerged as top candidates
for genetic adaptation in other species under various conditions
of environmental hypoxia. For example, as in high-altitude
human populations, adaptations involving hematological values
are found in most hypoxia-adapted high-altitude animal
populations. Specifically, high-O2 affinity hemoglobin is found
in many highland animals, including alpacas (Piccinini et al.,
1990), Andean and bar-headed geese (Jessen et al., 1991; Zhang
et al., 1996; Liang et al., 2001), deer mice (Storz et al., 2007,
2009), and yaks (Weber et al., 1988) (among others), and also in
many lowland animals that are adapted to hypoxia, such as naked
mole-rats (Johansen et al., 1976). Despite major overlap in genetic
pathways (i.e., the hemoglobin gene cluster and associations with
blood-O2 affinity and the hypoxia HIF pathway genes, e.g., EPAS1
and EGLN1), different variants with putatively distinct functions
are reported as targets of selection among highland human and
other animal populations.

More recent analyses of whole genome sequences (e.g., in
Andeans, Zhou et al., 2013; in Tibetans, Hu et al., 2017)
indicate that non-protein coding variants, including those in
heterochromatic or DNA methylated portions of the genome,
are crucial for adaptation. In such cases, the effects of increased
or decreased gene expression could vary across tissues and/or
stages of development (in contrast to protein-coding variants that
result in uniform alterations across all cells). An understanding
of these fine-tuned, context-specific changes could provide much
needed insight into molecular mechanisms of adaptation that
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influence genetic pathways in ways that are similar or not to other
hypoxia-adapted species.

ANIMALS

Domesticated High-Altitude Mammal
Populations
As humans spread across the globe and to altitude, they brought
a variety of domesticated mammals for companionship, labor,
defense, and food. As a result, these animals have undergone
strong selection for the tasks they perform for their human
masters (e.g., for size, etc.), and so analysis of genetic adaptations
to altitude in these populations must take this into account.
Nonetheless, the study of domesticated high-altitude mammal
populations provides an opportunity to contrast adaptive
strategies to hypoxia between relatively short- and long-term
(on a generational scale) exposures to low oxygen environments
(Witt and Huerta-Sanchez, 2019).

One good example of such anthropocentric-driven short-
term adaptation to chronic hypoxia in domesticated mammals
can be found in feral horses of the Andean Paramo. This
region of the Andes is a challenging environment with large
temperature, humidity, and rainfall variance, high radiation,
and minimal food availability. As a result, ungulates that had
naturally evolved to live in this niche have largely shifted
their range to more temperate regions. Conversely, populations
of feral horses, which were originally introduced by Spanish
conquistadores in the 1500’s, have thrived in this niche and
the success of these introduced horses over the past ∼200
generations provides an important opportunity to evaluate
genetic changes driven by this relatively short-term population-
history exposure to hypoxia at altitude. Importantly, genes in
Andean feral horse populations can be easily compared to those
of their lowland Iberian ancestors (Hendrickson, 2013). A recent
genomic analysis between these two populations revealed a
mutation in EPAS1 in the high-altitude population. Specifically,
BIEC2– 310909 (rs69041973) is highly different between the
lowland and highland species, although this SNP is intronic and
has no known function. Unfortunately, little is known regarding
physiological adaptations to hypoxia in this species and so it
is difficult to draw direct comparisons between human studies
in this case; however, the commonality of the occurrence of
mutations in HIF-related genes in high-altitude populations is
important to note and will be a recurring theme in this section.

Another useful study model are dogs, whose range has
expanded in step with their human companions since the
paleolithic era (Germonpre et al., 2009). On the Tibetan plateau,
Tibetan mastiffs, which are derived from the native lowland
Chinese Native dog, have undergone human-driven selection for
life at high altitude (Li and Zhang, 2012). As a result, these
mastiffs have lower hemoglobin levels than do Chinese native
dogs (Wen and Yuan, 1998), and genome analysis revealed a
mutation in EPAS1 and also in SIRT7, which negatively regulates
HIF1 and HIF2 (Li et al., 2014). The frequency of specific variants
within these genes scale with altitude, as demonstrated by a
second study that compared the genomes of five dog species

whose range spans continuous altitudes along the Tea Horse
Road in the Tibetan Plateau and a European dog species as
an out-group (Gou et al., 2014). In this analysis, four novel
non-synonymous mutations in EPAS1 were found between the
high-altitude dog population and both the mid- and low-
altitude populations studied. Furthermore, all remaining genes
that varied in this comparison are regulated by the HIF pathways,
including the HBB cluster region, similar to Tibetan and
Andean human populations. These researchers also examined
hematological properties in these species and found that the high-
altitude populations had a lower peripheral vascular resistance,
which would enhance the flow of blood otherwise made more
viscous by higher hemoglobin concentrations at altitude.

Intriguingly, and as we see in high-altitude human
populations, this adaptation in high-altitude adapted dogs
may be due to accelerated adaptations through admixture: i.e.,
the spread of beneficial alleles between closely related species.
In this case, there is evidence that mutations to EPAS1 in
high-altitude dogs is due to admixture from interbreeding with
Tibetan wolves (VonHoldf et al., 2017). The gray wolf is the
most widely distributed terrestrial mammal with as many as 32
sub-species. One of these is the Tibetan gray wolf (Canis lupis
chanco), which is endemic to the Tibetan plateau (Aggarwal et al.,
2003). Genetic comparison between the Tibetan gray wolf and
low-altitude wolf populations in China revealed positive selection
of hypoxia-related genes in HIF-signaling pathways, including
three SNPs unique to the highland populations in EPAS1, two
in RYR2, and one in ANGPT1 (Zhang W. P. et al., 2014). Along
with EPAS1, ANGPT1 functions in the HIF pathway and can
increase vascularization and thereby oxygen delivery (Prabhakar
and Semenza, 2012). ANGPTL4 functions in this same gene
pathway is reported as an adaptive gene candidate in Tibetans
(Simonson et al., 2010). A recent study examined the degree of
admixture between Tibetan mastiffs and wolves at the EPAS1
gene and reported an excess of highland gray wolf ancestry at
the EPAS1 locus in the highland domestic dogs (VonHoldf et al.,
2017). This finding suggests that an adaptive variant of EPAS1
was transferred from wolves to dogs through interbreeding,
thereby accelerating the adaptation to high altitude in the later
species through adaptive introgression.

A similar adaptive history is apparent in analysis of Tibetan
sheep (Ovis aries), which were also brought to altitude as a
domesticated animal by humans [∼ 3, 100 years ago (Hu et al.,
2019)]. Contrary to in dogs, higher hemoglobin concentration is
observed in high altitude-resident populations of Tibetan sheep
relative to lowland populations, along with higher hematocrit
(Wei et al., 2016) (although peripheral vascular resistance has
not been examined in this species and adaptations here may
compensate for increased blood viscosity). These adaptations are
associated with shorter-term life histories at altitude. However,
positive selection has occurred in the form of 12 mutations
to the EPAS1 gene in Tibetan sheep (Wei et al., 2016).
Importantly, this study also examined the effect of several
splice variants of EPAS1 on hematological parameters and
determined that at least one mutation was associated with a
gain of hemoglobin concentration. This divergent physiological
phenotype, despite evolutionary pressure on the same gene,
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highlights the complexity of relating physiological and genetic
studies of adaptation to high altitude. Interestingly, as in dogs,
the changes in the sheep genome may be due to adaptive
introgression from local species, in this case from argali (Ovis
ammon), which may have accelerated the adoption of mutations
to commonly targeted genes (Hu et al., 2019), similar to reports
of high-altitude dog populations.

Another interesting model, and one of the largest resident
mammals on the Tibetan Plateau, are yaks (Bos grunniens). Yaks
currently exist in both domesticated and wild populations on the
plateau, but which were initially brought to altitude∼ 4, 500 years
ago by humans (Meyer et al., 2009; Qi et al., 2013; Qiu et al.,
2015). Relative to other high-altitude mammals, the physiology
of yaks has been reasonably well-characterized, and adaptations
to hypoxia in this species include an increased pulmonary surface
area, reduced gas diffusion barriers, lower hemoglobin, and larger
lungs, than are found in lowland cattle (Qi et al., 2019). Yaks at sea
level and at altitudes of 2260−4500 m exhibit lower pulmonary
artery pressures (Ishizaki et al., 2005). Genomic analysis of yaks
indicates several HIF-specific mutations have occurred in high vs.
low altitude populations, including to two important regulators
of HIF (ADAM17 and ARG2) (Qiu et al., 2012, 2015; Guang-
Xin et al., 2019). Furthermore, transcriptomic analysis of yaks
endemic to an altitudinal gradient demonstrated that EPAS1
expression increases with altitude (Qi et al., 2019). Intriguingly,
genomic analysis of Tibetan cattle also suggests introgression of
adaptive mutations driven by life in hypoxia due to hybridization
with yaks (Wu et al., 2018). Clearly, this is a common route of
accelerating adaptive mutations in domesticated species brought
to high-altitude by humans.

Wild High-Altitude Animal Populations
At the other end of this spectrum are species that have lived
at high altitude for hundreds of thousands of years in the wild
(and/or that have been domesticated by high altitude human
populations but not transported to high altitude). One example
species are Tibetan wild boars, which live at ∼ 4300m. A recent
genome comparison between this species and the European
domestic Duroc pig revealed 13 positively selected genes in
the “response to hypoxia” category (Li et al., 2013), of which
several are downstream targets of HIF pathways, including FIGF,
PGF, and VEFPC. A similar phenotype is found in Tibetan pigs,
which are native to the Tibetan Plateau and inhabit a niche
ranging in altitude from 2, 900 to 4, 300 m. Intriguingly, and
similarly to adapted Tibetan human populations, Tibetan pigs
have a blunted erythropoietic response to high-altitude hypoxia
and have lower hemoglobin concentrations relative to lowland
pigs at sea level or acclimated to high-altitude (Ai et al., 2014).
At the genetic level, genome analysis revealed that Tibetan
pig populations (after considering various sub populations and
back flow of genes from low altitude populations) exhibit a
loss of function mutation in EPAS1 (Ai et al., 2013, Ai et al.,
2014; Li et al., 2013). In addition, another study demonstrated
that mutations to an intron 5′-CGTG-3′ sequence of TMPRSS6
increase with increasing residence altitude in Tibetan pigs
(Kong et al., 2019). TMPRSS6 is a downstream gene of the
HIF pathway that is associated with serum iron concentration

and hemoglobin levels (Chambers et al., 2009; Tanaka et al.,
2010). Hemoglobin also scaled with altitude in this study (Kong
et al., 2019). The 5′-CGTG-3′ intron sequence is associated
with binding to HREs (Camenisch et al., 2001), suggesting
that HIF modulation of blood properties is under Darwinian
selection with increasing altitude in this species. This mutation
thus likely contributes to blunted erythropoietic response to
hypoxia in these pigs.

An opposing hematological phenotype is found in Tibetan
cashmere goats (Capra hircus), which are one of the more ancient
domesticated species in Tibet and have the broadest altitudinal
range of Chinese herbivores, spanning from sea level to the top
of the Tibetan Plateau (∼ 0 – 5,000 m) (Wang et al., 2011).
Unlike many large high-altitude mammals, some physiological
data is available regarding their adaptations to altitude relative
to lowland populations: highland populations have a higher
hemoglobin concentration and a lower resting heart rate (Huang,
1980; Renzheng and Ciren, 1992). This is in striking contrast to
previous studies in Tibetan human and pig populations, wherein
hemoglobin concentrations are lower relative to non-adapted
human populations but blood flow is higher. Here, genetic
analysis revealed a missense mutation in EPAS1 which results
in an amino acid substitution in HIF-2α at a site adjacent to its
dimerization interface with HIF-1β (Wang et al., 2011; Song et al.,
2016). This is intriguing and suggests that mutations to EPAS1
may result in either an up or down-regulation of HIF-related
signaling pathways. This divergence in gene-driven physiological
function, which is dependent upon the site of mutation, may be a
key determinant of adaptation vs. maladaptation to high altitude
in various animal and human populations.

Another ungulate, the Tibetan antelope (Pantholops
hodgsonii), is a particularly athletic species found at elevations
of ∼4, 000−5, 000 m. A recent genomic study examined
conserved genetic changes between this species and two species
of high-altitude pika: the American Pika (Ochotona princeps),
and the Tibetan Pika (O. curzoniae) (Ge et al., 2013). This study
identified seven genes (ADORA2A, CCL2, ENG, PIK3C2A,
PKLR, ATP12A, and NOS3) as being under positive selection in
all three high-altitude species. Of particular interest is NOS3,
which influences nitric oxide production and thereby blood
vessel diameter. In addition, PKLR is a top candidate of selection
in Tibetans (Simonson et al., 2010, 2012; Yi X. et al., 2010).

One of the best studied high-altitude mammals is also one of
the smallest. The plateau zokor (Myospalax baileyi) inhabits the
Tibetan plateau and dwells in underground nests, in which the
ambient oxygen level is likely even lower than that at the surface
of the plateau (Zhou and Dou, 1990). Relative to lowland rodents,
plateau zokors have high hemoglobin and hematocrit, and a
low heart rate (Wei and Ma, 2001; Wei et al., 2006). A genetic
comparison between this species and the Norwegian rat (Rattus
norvegicus) revealed positively selected genes in the blood vessel
development category, including ANGPTL3, PRCP, SEC24B,
EPHA1, MCAM, KAT6A, MYH9, CYSLTR2, MYLK, SPINT1,
PPAP2B, and STRA6 (Shao et al., 2015). Most of these genes are
under regulation by the HIF pathway. In addition, evaluation of
parallel evolution between the plateau zokor and the naked mole-
rat (see below) revealed several genes related to hypoxia that were
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similarly modified in both hypoxia-tolerant species, including
EPAS1, SLC29A1, MYO5B, AJUBA, TGFBR3, VASN, ACAA2,
PINK1, SIRT1, SIRT2, SOD2, and NARFL. Of particular interest
is that EPAS1 mutations in both naked mole-rats and plateau
zokors are identical. AJUBA is also a key regulator of HIF function
(Bridge and Sharp, 2012) and is similarly mutated in both species
(Shao et al., 2015). Furthermore, transcriptome analysis between
different populations of Zokors endemic to increasing elevations
indicated that mutations to EPAS1, COX1, and EGLN1 all scaled
with increasing altitude (Cai et al., 2018).

Birds
Many avian species live in high-altitude regions and/or transverse
high-altitude regions in their annual migrations (Altshuler, 2006;
Bishop et al., 2015). In addition to the hypoxic and hypothermic
challenges faced by other species at altitude, birds face additional
challenges during active flight related to low air density and cold
air (Sun et al., 2016). Some birds that are resident to high-altitude
environments compensate for these challenges with increases
in wing size and stroke amplitude (Altshuler et al., 2004; Sun
et al., 2016); however, this comes with the added cost of greater
body mass and a higher metabolic rate, which in turn enhances
energetic challenges in hypobaric hypoxia. Thus, the lifestyles of
different bird species likely have a large effect on the evolution of
adaptations to life at high-altitude.

Perhaps the best example of an avian species endemic to
high altitude with high exercise requirements are apex avian
predators, such as raptors. On the Tibetan Plateau, this is the
saker falcon (Falco cherrug), which colonized this region as
recently as 2000 years ago (Pan et al., 2017). Little is known
regarding physiological adaptations to hypoxia in this species,
but a recent study compared the genomes of falcon populations
across Eurasia at three elevations (lowland, steppe, and Tibetan
Plateau) and found a strong positive exonic selection signal
on the EPAS1 gene (Pan et al., 2017), despite this very short
colonization time at altitude. Hemoglobin was also altered in
this comparison, and transcriptomic analyses revealed that 50%
of the transcripts (6/12) that were upregulated in the saker
falcon were related to hypoxia response or hematopoiesis. Here,
transcripts that are regulated by EPAS1 transcription were also
elevated in the saker falcon and transcripts whose expression
levels correlated with that of EPAS1 were almost uniformly
elevated (21/24 transcripts).

Another avian population of interest are Andean ducks,
of which there are many species that include both low and
high-altitude populations, making these an excellent model for
comparison. A recent study examined convergent evolution at
the HIF pathway between high and low elevation populations
of the yellow-billed pintail (Anas georgica), the cinnamon
teal (A. cyanoptera), and the speckled teal (A. flavirostris
flavirostris/A. f. oxyptera) (Graham and McCracken, 2019). This
study revealed strong support for convergent evolution on the
HIF pathway, with common mutations found in the high-altitude
populations on the exonic regions of EPAS1 and the intronic
regions of ELGN1.

An interesting alternative model are flightless birds. For
example, the Tibetan ground tit (Parus humilis), which is a largely

ground-bound bird that is endemic to the Tibetan Plateau and is
only found above the treeline (i.e., above 3, 300 m) (Qu et al.,
2013). Genetic analysis of the Tibetan ground tit revealed that
the majority of gene ontology (GO) categories modified in this
species [relative to the closely related great tit (P. major) and
yellow-cheeked tit (P. spilonotus)], were associated with increased
energy metabolism (Qu et al., 2013), presumably to support heat
production in this cold climate. Furthermore, and similar to
Tibetan human populations, some genes related to hypoxia are
also under positive selection in the ground tit, including the HIF-
1 alpha subunit inhibitor (HIF1AN), ANGP4 (ANGPTL4), which
is involved in angiogenesis, and ADAM9 (ADAMTS9), which
is an important regulator of HIF1 (Qiu et al., 2012; Qu et al.,
2013). Each of these is reported within the top 2% of selection
candidate genes in Tibetans (Simonson et al., 2010). Interestingly,
EPAS1 was not under selection in this avian species, at least in
this comparison.

Similarly, the Tibetan chicken (Gallus gallus), which is an
aboriginal breed found on the Tibetan plateau, is flightless
and adapted to life at high altitude. Compared to low altitude
chickens, the Tibetan chicken is smaller, and has higher
hematocrit and hemoglobin concentration and also a higher
hemoglobin-oxygen affinity (Zhang et al., 2007). A recent study
sequenced and compared SNPs of Tibetan and lowland chickens
to test for potential variations in EPAS1 in these species (Li et al.,
2017), and this analysis revealed two SNPs in G. gallus EPAS1 that
correlate with high-altitude adaptation.

Ectotherms
A key consideration in evaluating genetic changes in animals
and human populations that are resident to high altitude is
that such environments also incorporate numerous powerful
evolutionary drivers in addition to hypoxia. For example, reduced
atmospheric protection at altitude results in increased UV
exposure and radiation (Blumthaler et al., 1997); annual and daily
temperature and humidity swings are also more pronounced
at high altitude than at lower altitudes. As a result, it can be
difficult to filter out genetic changes that underlie adaptations
to life in hypoxia from genetic changes that are due to other
selective pressures. This limitation can be partially overcome by
studying ectothermic species that live at high altitude, in which
endogenous thermoregulatory complications endemic to life at
elevation may be removed from consideration. Toward this aim,
the genomes of three Tibetan hot-spring snakes (Thermophis)
were recently sequenced and compared to those of lowland
ectotherms (Li J. T. et al., 2018). Not surprisingly, this study
identified three shared amino acid replacement mutations in
the EPAS1 gene of hot-spring snakes that are consistent with a
downregulation in function relative to that of the lowland species.
One of these mutations was in the DNA-binding domain of
EPAS1, and this mutation limited erythropoietin expression in
human 293T cells when transfected using a plasmid approach.
This study indicates that common mutations in the HIF-
signaling architecture have occurred in response to the adaptive
pressure of high-altitude hypoxia in both resident endothermic
and ectothermic species and that, similar to the other studies
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discussed above, point mutations in EPAS1 may have up or
down-regulating effects on physiological adaptations.

Another ectothermic species of interest is the toad-headed
sand lizard (Phrynocephalus erythrurus), which typically live
at altitudes of >4, 500 m and are generally considered to
be the most high-altitude-adapted lizard known (Yang Y. Z.
et al., 2015). A comparative analysis between the genomes
of this species and that of a lower-altitude adapted congener
(P. putjatia) revealed that UBE2D1 was positively selected for in
the high-altitude population (Yang Y. Z. et al., 2015). This gene
enables the ubiquitination of HIF1 alpha. Not surprisingly, the
hemoglobin concentration and capillary density of P. erythrurus
is greater than in the lowland cousin (He et al., 2013). Another
study comparing lowland and highland populations of toad-
headed sand lizards (P. przewalskii and P. vlangalii, respectively)
found similar results (Yang et al., 2014). Specifically, ADAM17
was positively selected in the high-altitude population, and
so was MB, which encodes for myoglobin. Once again, in
this comparison the high-altitude population expresses higher
hemoglobin concentration and hematocrit than the lowland
population (He et al., 2013). Interestingly, a similar analysis of
a pair of ranid frog species, including the high-altitude dwelling
Rana kukunoris and the low-altitude dwelling R. chensinensis
similarly revealed positive selection on UBE2D1, suggesting
convergent evolution at this site in ectotherms adapted to
hypobaric hypoxia (Yang Y. Z. et al., 2015).

Fish
As is clear from the studies reviewed above, the study of
genomic adaptations to life at high altitude has largely focused
on endothermic species and a small number of ectothermic
vertebrates. However, there are also numerous aquatic species
that are native to highland bodies of water and fish in these
niches are beginning to draw attention as model systems in
which to study adaptations to life at altitude. To date, no study
has examined genomic adaptation in a highland fish but the
genomes of two fish species that are endemic to the Tibetan
plateau – Glyptosternon maculatum and Trilophysa tibetana –
have been recently sequenced with an eye toward future use of
these genomes to evaluate mutations associated with life at high
altitude (Liu et al., 2018; Yang et al., 2019).

Summary of Common Gene Targets in
High-Altitude Animal Populations
It is clearly apparent that life in hypobaric hypoxia at altitude
has driven genetic and physiological adaptations related to
hematological parameters in almost all species studied to date.
Similarly, this evolutionary pressure appears to have modified
angiogenesis, which is largely initiated by the HIF pathway (Rey
and Semenza, 2010), suggesting that vascular changes are a
crucial response to life in chronic hypoxia. Indeed, candidate
genes that contribute to angiogenesis and/or vasculogenesis have
been detected in numerous species living at high altitudes,
although there is little overlap in specific genes among species.
For example, positive selection of SRF, TXNRD2, and WNT7B
were detected in the ground tit (Qu et al., 2013), NOS3 was

detected in the Tibetan antelope (Ge et al., 2013), and ADAM17
was detected in both the pig (Ai et al., 2013), toad-headed lizard
(Yang et al., 2014), yak (Qiu et al., 2012), and humans (Simonson
et al., 2010), and all modify vascularity. These findings suggest
the potential occurrence of convergent evolution along multiple
genetic pathways toward a common physiological phenotype in
high-altitude adapted populations, although additional studies
are required to link genotypes to phenotypes. As we will see
in the next section, hypoxia in lowland niches has driven
similar adaptations. An extensive table of genes associated
with high-altitude adaptation shared among humans and other
hypoxia-adapted species, along with references, can be found in
Supplementary Table S1.

Hypoxia-Tolerant Species Endemic to
Low Altitudes
Beyond studies in high-altitude resident ectotherms, studies in
species that are native to low altitude hypoxic environments
are perhaps more useful in teasing out genetic adaptations
that commonly arise as a result of hypoxia specifically, from
those related to damage repair (e.g., following radiation) or
thermoregulation. Indeed, hypoxia and hypothermia often have
opposing effects on development, with the former favoring small
body size and low metabolic rates and the later favoring the
opposite. Therefore, physiological and genetic studies of high-
altitude populations may be confounded by these opposing
evolutionary drivers, clouding the impact of hypoxia-alone on
genetic mutations and physiological adaptations. Fortunately,
hypoxic environments are commonly found beyond high altitude
niches. For example, underground burrows and frozen lakes and
ponds and are lowland niches in which many hypoxia-tolerant
species are found, across the animal kingdom. A key caveat in
this comparison, however, is that lowland hypoxic environments
are likely not consistently or uniformly hypoxia; denizens of
these niches likely experience gradients of hypoxia and even
periods of normoxia in their day-to-day activities. This periodic
intermittent hypoxic exposure results in divergent stresses to
which these animals must adapt (e.g., reoxygenation injury,
hypercapnia) and therefore likely exerts a different selection
pressure than life in hypobaric hypoxia; the effects of normobaric
and hypobaric hypoxia further remain unclear and require
additional standardized analyses (Coppel et al., 2015). However,
genomic analysis where available has revealed genetic mutations
that in many cases are common in their target to those found in
high-altitude adapted animal populations.

Of particular interest are naked mole-rats (Hetercephalus
glaber), which are among the most hypoxia-tolerant mammal
presently identified and tolerate minutes of complete anoxia,
hours at 3% O2, and days to weeks at 8% O2 (Pamenter et al.,
2015; Chung et al., 2016; Park et al., 2017). Naked mole-rats
are endemic to north eastern Africa and are not found at high-
altitudes. However, they live in large colony groups and putatively
experience severe hypoxia in their crowded nest chambers due
to the combination of a large number of animals breathing in
small space and poor gas diffusion through the surrounding
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soil. A recent genome study of this species revealed mutations
in the VHL binding domain (Kim et al., 2011), which results
in a high endogenous expression of HIF protein in this species.
Perhaps not surprisingly, naked mole-rats exhibit a hemoglobin-
oxygen affinity that is similar to that of neonatal rodents
(Johansen et al., 1976). These observations highlight that chronic
hypoxia may not be required to drive the physiological and
genomic mutations that are commonly found in high-altitude
vertebrate populations.

As mentioned above, genes in the HIF pathway have been
targets of selection across multiple species. How these variants
relate to phenotypes within and across species will provide import
insight into the primary and secondary effects of adaptations and
maladaptation to hypoxia (Storz and Scott, 2019) and require
detailed functional assessments (Hall et al., 2020).

FUTURE DIRECTIONS

From studies of high-altitude adapted human and animal
populations it has become abundantly clear that life in hypobaric
hypoxia has driven the convergent evolution of specific genetic
pathways across very disparate animals. In species that have
lived at altitude for shorter periods of time, admixture from
other species that have lived at altitude for longer has played
a key role in accelerating these adjustments. Intriguingly, the
occurrence of hematological adaptations that enhance blood flow
seems to be a common theme at both the physiological and
genetic levels, which are easily studied across species. In recent

years, genetic analyses have in some ways outpaced physiological
studies as high-throughput population-wide approaches become
more widely utilized. However, the physiological impact of many
of the mutations identified in high-altitude populations and
species are unknown, and it is highly likely that adaptations
beyond hematological function will prove to be important in
tolerating hypoxia at altitude. Indeed, it is very likely that
adaptations at the metabolic and cellular levels are critical to
tolerating life in hypoxia. Conversely, numerous studies have
examined physiological adaptations to hypoxia in a systemic
context in a wide variety of comparative animal species; however,
genetic information is lacking for many of these species. As such,
the next major step in this field will be to marry genetic, omic, and
physiological knowledge to fully elucidate beneficial physiological
adaptations to hypoxia and their evolutionary origins.
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Concern is often voiced over the ongoing loss of atmospheric O2. This loss, which is
caused by fossil-fuel burning but also influenced by other processes, is likely to continue
at least for the next few centuries. We argue that this loss is quite well understood,
and the eventual decrease is bounded by the fossil-fuel resource base. Because the
atmospheric O2 reservoir is so large, the predicted relative drop in O2 is very small even
for extreme scenarios of future fossil-fuel usage which produce increases in atmospheric
CO2 sufficient to cause catastrophic climate changes. At sea level, the ultimate drop in
oxygen partial pressure will be less than 2.5 mm Hg out of a baseline of 159 mmHg. The
drop by year 2300 is likely to be between 0.5 and 1.3 mmHg. The implications for normal
human health is negligible because respiratory O2 consumption in healthy individuals is
only weakly dependent on ambient partial pressure, especially at sea level. The impacts
on top athlete performance, on disease, on reproduction, and on cognition, will also be
very small. For people living at higher elevations, the implications of this loss will be even
smaller, because of a counteracting increase in barometric pressure at higher elevations
due to global warming.

Keywords: atmospheric oxygen, fossil fuels, global change, evolution, V̇O2max , human health, hypoxia, high altitude

INTRODUCTION

Direct observations since 1989 confirm that the atmospheric O2 abundance has been decreasing
steadily year by year (Keeling and Manning, 2014). The O2 loss is the flip side of the CO2
buildup from fossil-fuel burning, and is expected to continue throughout the fossil-fuel era. The
CO2 buildup is a major environmental concern, with consequences for global climate via the
“greenhouse effect,” for land plants via “CO2 fertilization,” and for marine organisms via “ocean
acidification” (Ciais et al., 2013). In comparison to the CO2 buildup, the O2 loss is very small in
relative terms. CO2 has now risen from a preindustrial level of ∼277 ppm to a level of 410 ppm in
year 2020 (Friedlingstein et al., 2020). The measured O2 loss has been of comparable magnitude in
moles, but this dwarfed by the massive atmospheric store of O2, which comprises 21% of air. Still,
the fact that O2 is measurably in decline raises concerns. Considering that O2 is essential for aerobic
life, how sure are we that the continuing O2 decline won’t eventually have significant impacts?
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We are aware of two prior reviews of this topic. The first,
by Broecker (1970), makes a compelling case that the projected
future O2 changes would be very small and likely insignificant.
The second, by Martin et al. (2017), uses projections of much
larger future O2 loss based on a parabolic model of Livina
et al. (2015). Martin et al. (2017) systematically considered the
major factors determining the potential impact of atmospheric
oxygen (O2) depletion on human survival. They discussed
the different time domains of effects of hypoxia, from acute
responses, such as increased breathing and circulation, to longer-
term physiological and cellular acclimatization, such as increased
blood-O2 carrying capacity, and ultimately evolutionary genetic
adaptations that increase reproductive success in high altitude
populations. They also considered the range of responses, from
relatively benign conditions such as acute mountain sickness to
loss of consciousness and ultimately extinction. However, as we
discuss below, the larger projected O2 losses from Livina et al.
(2015) do not have a sound geochemical basis.

The purpose of this article is to reassess possible future
O2 loss to address its possible importance for human
physiology and health. We begin by reviewing the geochemical
controls on O2 discussing likely magnitudes of changes and
offering a critique of the Livina et al. (2015) prediction. Second,
we provide scenarios for possible O2 trends over the next
1,000 years, accounting for impacts on O2 from fossil-fuel usage,
land-use, warming, rising CO2, and changes in barometric
pressure. At high elevations, global warming is predicted to
increase barometric pressure (Moore and Semple, 2009), an
effect which offsets the impact of O2 loss on the O2 partial
pressure and which dominates above 3,000 m. To assess whether
these O2 changes have potential physiological consequences,
we then review the original research literature on the effects
of hypoxia on human physiology. In addition to general
physiological considerations, we discuss specific impacts on
athletic performance, disease, altitude effects, reproduction, and
evolution. In essence, we find that the physiological effects are
too small to be of concern.

This article does not address a parallel question of whether
the rising atmospheric CO2 might also have direct physiological
impacts. This topic has been broached recently in studies focusing
on cognitive impacts in indoor settings. Interested readers should
consult Karnauskas et al. (2020) and references therein.

GEOCHEMICAL CONTEXT

We first briefly discuss units for O2 (see also Appendix A). The
current atmospheric O2 inventory corresponds to 37125 Pmol O2
(1 Pmol = 1015 mol). A common unit for physiological studies is
the O2 partial pressure that would be obtained if the air were fully
dried at the same total pressure, which we call P′O2

. (The presence
of water vapor reduces the actual O2 partial pressure slightly
below P′O2

). P′O2
is typically reported in mm of mercury (mmHg)

(1 atm = 1013.25mb = 760.0 mm Hg) yielding a typical sea level
value of 0.2094× 760 = 159.1 mmHg. A further unit is changes in
O2/N2 mole ratio, the conventional basis for reporting measured
atmospheric O2 changes. These units are physically distinct but

can be approximately related by simple scaling as discussed in
Appendices A,B.

The main controls on atmospheric O2 are shown in Figure 1.
Gains or losses of atmospheric O2 are tied to gains or losses
of dissolved O2 in the oceans or gains or losses of carbon in
organic reservoirs. The chemistry of photosynthesis CO2 + H2O
→ CH2O + O2 produces O2 and organic carbon (represented
schematically as CH2O). Both on land and in the oceans, virtually
all organic matter produced by photosynthesis is eventually
decomposed via the reverse reaction CH2O + O2→ CO2 + H2O.
The full cycle of life is therefore a do-nothing loop with respect
to O2 production, as the O2 produced during photosynthetic
production of organic matter is offset by O2 consumed during
its eventual decomposition. The stability of atmospheric O2
therefore hinges the stability of the organic carbon reservoirs
rather than on gross rates of photosynthesis and respiration. As
shown in Figure 1, however, the reservoirs of organic carbon
on land and in the ocean, such as vegetation, soils, permafrost,
and dissolved organic matter, and the reservoir of dissolved O2
in the ocean are all very small when compared to the massive
atmospheric O2 reservoir. For example, even if all photosynthesis
were to cease while the decomposition continued, eventually
oxidizing all tissues in vegetation and soils, including permafrost,
this would consume 435 Pmol, equivalent to a 1.9 mm Hg (1.2%)
drop in P′O2

at sea level. Although land and marine biota can
impact O2 at small detectible levels, they are not the “lungs of
the planet” in the sense of ensuring global O2 supply. Similarly,
wildfire does not threaten the O2 supply, not just because fire
is usually followed by regrowth, but also because the impact is
bounded by limited pool of carbon in vegetation. These issues are
widely misunderstood in popular science.

Earth’s O2 supply is actually a massive geologic deposit, stored
in the atmosphere rather than the solid earth and closely tied
to organic matter stored in sedimentary rocks (Royer, 2014).
While this deposit is a distant byproduct of photosynthesis, its
size is controlled by geological processes: (1) the incorporation of
organic detritus into newly forming sea-floor sediments isolated
from the atmosphere, and (2) by the uplift and exposure ancient
sediments and volcanic gases to atmospheric oxidation. These are
very slow processes, which are capable of producing significant
changes in atmospheric O2 only on time scales of millions of years
(Berner, 1999). These processes also control the global amount
of organic carbon stored in sedimentary formations, such as
shales. Very little of this carbon has economic value, but a small
component is exploitable as fossil-fuels.

At current rates, the extraction and burning of fossil
fuels is equivalent to at least a 100-fold acceleration of the
global exposure process, which thereby dominates humanity’s
small impact on atmospheric O2 (Shaffer et al., 2008).
The estimated fossil-fuel reserves in Figure 1 are based on
Ciais et al. (2013). The upper estimate corresponds to an
equivalent O2 loss of ∼309 Pmol or a drop of 1.3 mm
Hg in P′O2

from the preindustrial level. This would be
achieved in ∼200 years if consumption continues at the
current rate. This high estimate is not a categorically upper
bound, however. If large unconventional and undiscovered
fossil energy resources are ultimately exploited, an even larger
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FIGURE 1 | The global oxygen cycle, from Keeling (1988), showing short-term and long-term sources and sinks and coupling with the reservoirs of organic carbon
in units of 1015 moles and 1015 moles year-1. Oxygen fluxes and reservoirs are denoted by solid lines and solid boxes. Organic fluxes reservoirs are denoted by gray
boxes with dashed perimeter, and organic fluxes with dashed lines. Organic matter is expressed in terms of O2 equivalent, i.e., the amount of O2 consumed when
the material is fully oxidized. Organic reservoirs other than surface biota and sedimentary rocks have been updated using recent estimates from Ciais et al. (2013)
using O2/C oxidative ratios of 1.1 (vegetation, soils, permafrost), 1.3 (dissolved organic carbon), and for fossil-fuel by fuel type from Keeling (1988). Fluxes and
reservoirs other than fossil-fuel burning are notionally for a pre-industrial steady state. Fossil-fuel burning is for year 2019 (Friedlingstein et al., 2020).

decline in O2 is possible. Taking an estimate of ∼5,000 Pg
C for the ultimate resource of fossil-fuels (Rogner, 1997)
and assuming an oxidative ratio of 1.4 for fossil-fuels yields
an upper bound on O2 loss of 580 Pmol O2 or a P′O2
drop of 2.5 mmHg.

Figure 2 compares the observed changes in O2/N2 from 1991
to 2018 against simulations using a simple carbon/climate model
by Shaffer et al. (2009) for the so-called A2 and B1 scenarios
(Nakicenovic et al., 2000). These simulations account for O2
changes from fossil fuel burning and land use, which promotes

decomposition of vegetation and soils, and account for the
impact on ocean O2 and land carbon from CO2 fertilization and
warming effects. Further details on these simulations are given
in Appendix C. Without being explicitly tuned for O2 changes,
the model for the A2 scenario accurately simulates the O2/N2
changes over the period of direct observations from 1991 to
2018. The success is partly attributable to the fact that fossil-fuel
emissions from 1991 to 2018 have tracked the A2 scenario quite
closely. The success also depends on quasi-realistic accounting
for global influences on atmospheric O2 from land biospheric

Frontiers in Physiology | www.frontiersin.org 3 March 2021 | Volume 12 | Article 571137274

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-12-571137 February 24, 2021 Time: 17:7 # 4

Keeling et al. Atmospheric O2 Loss and Human Physiology

FIGURE 2 | Modeled changes in atmospheric O2 from Shaffer et al. (2009)
versus observed global averages from the Scripps O2 program (Keeling and
Manning, 2014). The O2 levels are shown on left as fractional change in O2

partial pressure relative to a preindustrial reference and on right as absolute
partial pressure. The observations, originally reported as changes in O2/N2

ratio in per meg units (see Appendix A), were converted to dP′O2 /P′O2 and
offset with an additive constant to align with the model results. Global
averages are based on the data from Alert (82.5◦N), La Jolla (32.9◦N), and
Cape Grim (40.7◦S) stations, following Keeling et al. (1996).

and ocean processes, which partly offset the O2 loss from fossil-
fuel burning. The simulations are useful for documenting that the
recent O2 changes are quite well understood. The observed drop
in O2/N2 over 28 years from 1991 to 2018 period corresponds
to 20 Pmol O2 or -0.09 mmHg. The model suggest that the full
drop from before the industrial revolution to 2018 has been 48
Pmol or 0.21 mmHg.

So what should be made of the large predicted future O2
losses of Livina et al. (2015)? Their prediction is based on an
extrapolation of parabolic fit to recent atmospheric observations,
an approach which lacks a geochemical basis. The success of
the model simulations in Figure 2 shows that there is no
evidence of a major missing process justifying such an open-
ended approach. The Livina et al. loss curve is equivalent
to extrapolating fossil-fuel consumption into the future based
on recent fuel-use trends without accounting for eventual
resource limitations.

Predicted Changes in Atmospheric O2
Over the Next 1,000 Years
Figure 3 shows the predictions of the A2 and B1 scenarios
from the Shaffer et al. (2009) model extended out for the next
1,000 years. The A2 scenario is a high-end emissions scenario
that assumes that fossil-fuel consumption is capped at 403 Pmol
O2, which is slightly above the fossil-fuel reserves upper bound in
Figure 1. The A2 scenario is similar to the more recent RCP8.5
scenario, which assumes an improbable fivefold expansion of
coal use by 2100 and neglects competition from renewable
energy sources, such as wind and solar (Hausfather and Peters,
2020). Warming in the A2 scenario peaks at 5.2◦C, CO2 peaks
at ∼1,200 ppm, and P′O2

at sea level drops by 1.3 mmHg in
year 2300. The B1 scenario is a middle-of-the-road scenario,

allowing for modest mitigation effort, and assumes fossil-fuel
consumption is capped at 159 Pmol O2. In B1, warming peaks
at 2.9◦C, CO2 peaks at ∼550 ppm, and P′O2

at sea level drops
by 0.50 mmHg in year 2300. In both scenarios, the O2 loss
from fossil-fuel burning and land-use is partially offset by O2
release from the ocean due to warming and release from the land
biosphere due to CO2 fertilization of plant growth. Without these
offset, the O2 decline (from fossil-fuel and land use) would have
amounted to 1.8 mmHg in the A2 scenario and 0.7 mmHg in
the B1 scenario.

Shaffer et al. (2009) do not address changes in O2
partial pressure at higher altitudes, where barometric pressure
is expected to increase due to upwards expansion of the
atmosphere with warming (increasing scale height). In Table 1,
we estimate the expected barometric pressure increase as a
function of altitude corresponding to 3◦C of surface warming
for two cases, corresponding either to tropical or mid latitude
atmospheric profiles. The calculations allow for uncertainty
in the pressure increase associated with alternate assumptions
for how the temperature lapse rate evolves, bracketed by
assuming either that the lapse rate remains unchanged, or
assuming it decreases in magnitude with warming as for a
saturated moist adiabatic lapse rate. Current understanding
suggests the lapse rate changes will lie between these limits
(Bony et al., 2006). The differences between the tropical and
mid latitude cases are small. In the following we consider only
the tropical case.

Figure 4 shows the resulting estimates for future variations in
P′O2

at various altitudes. These calculations account for changes
in P′O2

due both to changes in the global O2 inventory from
Shaffer et al. (2009), as well as the changes in barometric pressure
with altitude, assuming pressure increases linearly with surface
warming using the central estimates for the tropics from Table 1.
At 2 km above sea level (ASL) the predicted P′O2

changes are
considerably smaller than those at sea level, while at 4 and
6 km, the P′O2

is predicted to increase as the barometric pressure
change more than offsets the O2 losses. The cross-over altitude
at which there is effectively no change in P′O2

is 3.6 km for A2
and 2.5 km for B1.

EVALUATION OF PHYSIOLOGICAL
CONSEQUENCES OF THE PREDICTED
O2 DECLINES

At the outset, it is clear that any physiological effects of these
O2 changes must be very small because the O2 changes under
consideration are very small. The physiological effect of O2 is
determined by the partial pressure, which depends on the product
of the O2 concentration and total barometric pressure. Whether
the O2 partial pressure changes from changing barometric
pressure or O2 concentration, the physiological consequences
are similar, especially for small O2 changes (Richalet, 2020).
Table 2 summarizes the predicted changes in P′O2

for year
2300 for the A1 and B1 scenarios, as well as the equivalence
of these changes in terms of altitude shift. The equivalent
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FIGURE 3 | Predicted changes in atmospheric O2 partial pressure (P′O2
), temperature, and CO2 mole fraction from model simulations of Shaffer et al. (2009).

TABLE 1 | Barometric pressure increase at altitude driven by 3◦C of surface warming.

Tropical Mid latitude

Initial temperature at sea level 25◦C 15◦C

Constant lapse rate 4.5◦C km−1 6◦C km−1

Altitude (km ASL) Initial pressure (hPa)a Pressure increase (hPa)b Initial pressure (hPa)a Pressure increase (hPa)b

6 494.59 4.6 ± 0.9 475.34 5.0 ± 1.0

4 633.21 3.6 ± 0.6 618.99 3.9 ± 0.6

2 804.00 2.2 ± 0.3 796.13 2.2 ± 0.2

0 1031.25 0 1031.25 0

aCalculated as the average of two separate pressure profiles ((Pmoist + Pconst)/2), where Pmoist assumes a moist adiabatic lapse rate and Pconst assumes the specified
constant lapse rate. The value of the constant lapse was selected so that Pconst is similar to Pmoist up to 6 km. Calculations done with formulae and constants from
Jacobson et al. (2005).
bPressure increase caused by 3◦C of surface warming, computed by averaging the pressure changes expected for constant versus moist lapse rates:
1P = (1Pmoist + 1Pconst)/2 where1Pmoist = Pmoist, f – Pmoist, i and 1Pconst = Pconst, f – Pconst, i and where i and f denote initial and final profiles. The constant lapse rate is
not changed between initial and final profiles, while the moist lapse rate changes as expected with temperature. The uncertainties are set equal to ± (1Pmoist - 1Pconst)/2.
The moist lapse rate case yields the larger pressure increase, i.e. 1Pmoist > 1 Pconst.

altitude change is consistently 70 m or less over all altitudes of
human habitation (<5 km). These changes in P′O2

are similar
in magnitude or smaller than the changes that occur during the

passage of moderately strong storm systems. We are aware of
no studies that have attempted to resolve physiological impacts
of such tiny changes in PO2 , which would be in the noise
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FIGURE 4 | Predicted changes in O2 partial pressure (P′O2
) at different elevations. The curves for sea level are from Shaffer et al. (2009) and repeated from Figure 2.

The curves for other elevations were calculated by accounting both for global O2 loss and for changes in barometric pressure with warming (Table 1), scaled by the
modeled temperature changes from Shaffer et al. (2009).

range for physiological studies. Our analysis thus draws on
inferences from studies over larger ranges in PO2 and from
theoretical considerations.

Normal Healthy Individuals
To understand how changes in O2 may affect humans, we
consider the basics of respiratory physiology for healthy humans
(Guyton and Hall, 1996) using an approach similar to that of
Martin et al. (2017) but focusing on much smaller decreases
in PO2 consistent with the geochemical analysis presented
above. O2 is essential for life because it provides electrons to
mitochondria, cellular organelles that use these electrons to
generate the molecule ATP. ATP is vital as the primary fuel
for cellular ion pumps that are necessary for nerve and brain
function, muscle contraction and movement, the heart beat and
breathing, digestion and metabolic functions, the synthesis of

reproductive hormones and all other physiological functions
necessary to sustain life.

Figure 5 shows how the cellular process of generating ATP
depends on the amount of O2 available. Isolated mitochondria
studied in vitro can maintain a maximum rate of ATP production
and maximum O2 consumption, which is abbreviated as V̇O2max,
until O2 drops to very low values (Gnaiger, 2001). O2 levels
are shown as partial pressure (PO2 ) because this determines the
“pressure head” driving diffusion for O2 into mitochondria, as
well as O2 diffusion from the lungs into blood and from the
blood into cells. The results shown in Figure 5 are obtained
in vitro by adding metabolic substrates to a solution with
mitochondria at high PO2 levels until a maximum value of O2
consumption is measured, i.e., V̇O2max. Then the level of substrate
is maintained while PO2 is decreased. V̇O2max is expressed as
the ratio (in percent) to the value of V̇O2max at normal PO2
values of 159 mmHg, known as “normoxia.” Figure 5 shows
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TABLE 2 | Baseline values and changes in year 2,300 relative to baseline.

Alt-itude Baro-metric pressure P′O2
V̇O2max V̇O2max slope Equiv. altitude Change in P′O2

Change in

(km ASL) (mb) (mmHg) (% of sl value) (% mmHg−1)a change (m) (mmHg) V̇O2max (%)

A2 B1 A2 B1 A2 B1

6 494.59 74.7 66 0.89 –50 –38 +0.50 +0.39 +0.45 +0.35

4 633.21 97.2 80 0.46 –8 –16 +0.09 +0.20 +0.04 +0.09

2 804.00 125.0 93 0.27 32 6 –0.50 –0.09 –0.13 –0.02

0 1031.25 159.1 100 <0.27 70 26 –1.32 –0.50 (–0.4)b (–0.1)b

aFor healthy untrained individual. Slope at sea level is unknown but very small. In elite athletes, a larger slope has been measured (see text).
bUpper bound.

FIGURE 5 | Maximal O2 consumption (V̇O2max, as % of the maximum value at
PO2 = 150 mmHg) measured at different ambient PO2 conditions for isolated
mitochondria in a saline suspension (open symbols) and humans on a bicycle
ergometer (closed symbols). V̇O2max decreases at inspired PO2 levels in
exercising humans much greater than those necessary to decrease V̇O2max in
isolated mitochondria, which can be explained by PO2 around the
mitochondria in exercising humans falling to less than 1 mmHg (see text). After
Gnaiger (2001) and Pugh et al. (1964).

that no significant change in V̇O2max observed in mitochondria
until PO2 drops below 1–2 mmHg; V̇O2max decreases to 50%
of the normoxic value when PO2 is <0.5 mmHg. V̇O2max is a
reproducible and biologically meaningful way to quantify the
effects of decreased PO2 on physiological processes.

The effects of decreasing PO2 on V̇O2max are very different,
however, when they are measured in humans doing exercise as
also illustrated in Figure 5. For this experiment data, a person
is asked to pedal an exercise bike as hard as possible and
the resistance or work load is increased while the subject’s O2
consumption is measured (with gas analyzers connected to a
mouthpiece used to measure ventilation, Pugh et al., 1964). At
some point, O2 consumption will reach a plateau as the work
rate increases. This point defines the V̇O2max (any additional work
possible beyond this is powered by anaerobic metabolism, e.g.,
from lactic acid). The same can be repeated at different levels
of ambient PO2 , establishing a curve of V̇O2max as a function of
ambient PO2 . In most healthy subjects (though not highly trained
athletes as discussed below), the measured V̇O2max plateaus when
PO2 approaches a normal sea level value of around 159 mmHg.

However, V̇O2max decreases dramatically with modest decreases
in PO2 , in stark contrast to the isolated mitochondria (Figure 5).
V̇O2max falls to half the value measured at sea level when
inspired PO2 is dropped to 60 mmHg. The isolated mitochondria
experiment demonstrated that basic cellular function is not
affected by such modest decreases in PO2 so something is different
in whole organisms that makes us more sensitive to decreased
PO2 , i.e., hypoxia.

This difference can be understood via the “oxygen cascade,”
which quantifies the fall in PO2 at sequential steps of physiological
transport of O2 from the atmosphere to the mitochondria.
Figure 6A shows this cascade using values typical of a healthy
subject at rest (Richardson et al., 2006). Two curves are shown,
one for sea level and one for 1.5 km ASL. At the first step, PO2
decreases when air is inspired from the atmosphere into the
nose and upper airways. The decrease occurs because the air
gains water vapor, as it saturates at a normal body temperature
of 37◦C, yielding a water vapor pressure 47 mmHg. The PO2
in the airway is designated PIO2 . At current O2 levels, PIO2
is 149 mmHg at sea level and 123 mmHg at 1.5 km ASL.
Because the humidity in the airway is fixed by body temperature,
the inspired PO2 level is independent of ambient humidity. In
contrast, the PO2 in the atmosphere will be higher if the air is
drier. A suitable measure of ambient O2 which determines PIO2
is the partial pressure that would be obtained in perfectly dry
air at ambient pressure, the quantity defined in the previous
section as P′O2

. The drop in PO2 from dry ambient air to inspired
air is ∼10 mmHg whether at sea level or 1.5 km ASL. The
humidification effect is relatively larger at high altitude since
it remains constant at 10 mmHg regardless of atmospheric
pressure and temperature; e.g. on the summit of Mt. Everest
where barometric pressure is only 1/3 that at sea level (West,
1996), PO2 decreases almost 20% with humidification versus
6% at sea level.

A significant decrease in PO2 occurs at the step between
inspired PO2 in the airways and the alveoli in the lungs where
O2 exchange with blood occurs (Figure 6A). The magnitude
of this decrease depends on the efficiency of convective (bulk)
transport of air into the lungs by ventilation. The next step occurs
as O2 diffuses from the alveoli into capillary blood in the lungs
and is pumped by the heart to the tissues in arterial blood. The
decrease between alveolar and arterial PO2 is very small, at least
in healthy lungs that have an excess of diffusing capacity under
resting conditions. There are some small differences in PO2 to this
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FIGURE 6 | Oxygen cascade, showing how PO2 decreases from the atmosphere to mitochondria along the physiological O2 transport chain at sea level (red) and
high altitude (blue). (A) person at rest, (B) person at maximum exercise.

point in the oxygen cascade at moderately high altitude versus sea
level, since breathing rate increases at high altitude to maintain
alveolar PO2 near normal levels, at least under resting conditions.

A large decrease in PO2 occurs also along the oxygen
cascade between arterial and venous PO2 . The amount of O2
transported by blood flow is a non-linear function of the PO2
of the blood, rising rapidly at low PO2 but then saturating at
higher PO2 . The relationship is explained by O2-hemoglobin
equilibrium, curve shown in Figure 7, which relates PO2 to
the actual O2 concentration [O2], or the O2 saturation, SO2 , of
hemoglobin available in the blood (Guyton and Hall, 1996). SO2
is conveniently measured with a finger pulse oximeter and is
the most widely used measure of arterial oxygenation. Of critical
importance is the arterial to venous difference in [O2] which
represents the amount of O2 that diffused out of capillaries to
be consumed by the mitochondria. This difference depends on
(1) the rate of O2 consumption by the tissues and (2) the blood
flow to the tissues, e.g., cardiac output. Since the O2 demand and
cardiac output are similar at rest at sea level and high altitude, the
arterial-venous difference in [O2] is similar. Due to the non-linear
shape of the O2-hemoglobin equilibrium curve, this translates
into larger differences in PO2 at sea level versus altitude. As long
as venous PO2 remains above a few mm Hg, as required by the
mitochondrial V̇O2max curve (cf. Figure 5), this is sufficient to
satisfy mitochondrial demand.

It is also instructive to consider cases of increased O2 demand,
which are illustrated in Fig. 6B. showing the effects of exercise
on the oxygen cascade at sea level and high altitude (Richardson
et al., 2006). As O2 consumption increases, alveolar PO2 can
actually increase from hyperventilation, especially at high altitude
where there is already a reflex increase in ventilation to counteract
decreased O2 supply. The decrease from alveolar to arterial PO2
can increase with exercise too, especially at high altitude where
diffusion may not be adequate even in healthy lungs to support
complete equilibration in PO2 between the alveoli and pulmonary
capillaries. Also, exercise generally decreases venous PO2 because
cardiac output cannot increase as much as O2 consumption (5–7
fold versus 10–20 fold, Guyton and Hall, 1996). Finally, increased
O2 demand requires greater diffusion of O2 across the capillaries
into the mitochondria. Since the diffusion rate is proportional
to the gradient in PO2 , increased demand therefore produces an
even larger drop in PO2 in the mitochondria than in the venous

FIGURE 7 | O2-hemoglobin equilibrium curve plotting the % hemoglobin
saturation with O2 (left) or O2 concentration in blood (right) versus PO2 . The
sigmoidal shape of the curve allows a similar change in O2 concentration for a
smaller change in PO2 in hypoxia versus normoxia.

blood at the end of the capillaries. The ultimate limit on O2
demand is set at the point at which PO2 in the mitochondria
drops below ∼1 mmHg, thus limiting ATP synthesis as for
mitochondria in vitro (Figure 5). In principle, this limit (or
equivalently V̇O2max) is sensitive to all of the steps in the O2
cascade including ambient P′O2

levels (Wagner, 1996).
Of critical importance to assessing the impacts of declining

atmospheric O2 on normal human metabolism is the plateau
of the V̇O2max curve near normal sea level P′O2

levels. This
plateau implies that small changes in P′O2

can have only a very
small impact on maximum O2 uptake rates. Although V̇O2max is
ultimately determined by the combined interaction of all steps
in the oxygen cascade, the existence of the plateau depends on
normal humans having SO2 close to 100%, where the SO2 is almost
independent of arterial P′O2

(Wagner, 1996). This helps buffer
arterial O2 supply from upstream changes in lung function or
ambient P′O2

.
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We are not aware of measurements of slope of the V̇O2max
curve for healthy individuals at sea level, as this slope is in any
case very small. In Table 2, we adopt as an upper bound a value
corresponding to the slope at 2 km, which together with the
estimated change in P′O2

from the A2 scenario in year 2300 yields
an estimated change in V̇O2max of -0.4%. A best guess might be
between -0.1 and -0.2%, taking a more reasonable estimate of
the eventual O2 loss and a lower slope of the V̇O2max curve. We
note that a slightly larger change in V̇O2max is expected for elite
athletes, who are more sensitive to changes in P′O2

, as discussed
below. However, the decrease in P’O2 would have to be an order
of magnitude greater than the ∼1.3 mm Hg predicted to have a
significant effect on performance, if we consider a 10% reduction
in V̇O2max is not observed until PO2 drops to 125 mm Hg in
healthy individuals at sea level (Figure 5).

The V̇O2max curve as shown in Figure 5 applies to an
individual exposed to short-term changes in PO2 . For long-
term exposure, the responses are typically smaller because of
physiological acclimatization, whereby the body increases its
capacity to uptake and deliver O2. Acclimatization has been
observed, not just for large changes in PO2 , but also for quite small
changes (Donoghue et al., 2005). This is yet another reason why
the changes in V̇O2max driven by falling P′O2

are likely to be very
small for a healthy individual.

Highly Trained Athletes
Highly trained athletes are likely more sensitive to changes
in O2 levels than most people. For example, elite athletes
actually show decreased arterial O2 saturation during maximum
exercise at sea level because they have extremely high cardiac
outputs and high pulmonary blood flow so there is insufficient
time for O2 equilibration in the lungs, resulting in a diffusion
impairment. Consequently mild increases in O2 (5% inspired,
PIO2 = 149–185 mmHg) significantly increases V̇O2max in trained
athletes with an average V̇O2max = 70 ml O2/kg/min but not
in normal subjects with an average V̇O2max = 57 ml O2/kg/min
(Powers et al., 1989). Such athletes do not show as pronounced
a plateau in whole body V̇O2max versus PO2 at normal sea
level PO2 as indicated in Figure 5. Trained athletes have both
increased mitochondria and capillary surface area for increased
O2 diffusion in tissues, in addition to increased O2 transport at
other stages along the oxygen cascade, to support this increased
O2 consumption.

In a study with trained athletes, Wehrlin and Hallén (2006)
detected a decrease in V̇O2max for an increase in altitude from
only 300 to 800 m ASL (Wehrlin and Hallén, 2006) associated
with an 8 mmHg decrease in inspired PO2 (144–136 mm Hg).
The change was consistent with measurements over a larger
altitude range showing a decrease of 6.3% in V̇O2max for every
1 km increase in altitude ASL (Wehrlin and Hallén, 2006),
corresponding to a slope of ∼0.37% per mmHg. On this basis, if
P′O2

at sea level drops by 2 mmHg, as might occur in an extreme
scenario, this would yield a decrease of 0.75% in V̇O2max. The
more likely scenario assuming 0.5 mmHg decrease would yield
a 0.18% drop in V̇O2max. This study used subjects with V̇O2max
of ∼ 66 ml O2/kg/min (Wehrlin and Hallén, 2006) compared to

a normal value for a healthy individual of ∼40 ml O2/kg/min.
Other reviews of the literature have found linear decreases in
V̇O2max with inspired PO2 between 150 and 80 mmHg and predict
a similar decrease in V̇O2max of less than 1% for the 1.5 mmHg
decrease (Gonzalez and Kuwahira, 2018).

Athletic performance in aerobic sports such as long distance
running has been shown to correlate with V̇O2max when
comparing individuals with large differences in V̇O2max (Bassett
and Howley, 2000). On this basis it is conceivable that a 0.5 mm
Hg decrease in P′O2

due to global O2 loss could cause a 0.18%
drop in V̇O2max in elite athletes, and this in turn could cause a
∼0.18% increase in e.g., marathon times. But this extrapolation
is fraught with uncertainty. Establishing a causal connection
between small (e.g., <1%) changes in V̇O2max and performance
is very difficult because other metabolic factors, such as lactic
acid accumulation and running economy, dominate over such
small ranges (Bassett and Howley, 2000). It thus seems very
unlikely that the small conceivable change in performance due to
dropping P′O2

, occurring over centuries, could be detected in the
face of changes in training, nutrition, talent recruitment, genetic
changes, doping, etc.

High Altitude
The non-linearity of the V̇O2max curve implies greater sensitivity
to PO2 changes at altitude. However, the modeling of atmospheric
changes discussed earlier produces an interesting result that P′O2
may actually increase above 3,000 m in 2300 CE versus today
due to increasing barometric pressure with warming. One way
to assess these competing effects is to calculate the expected
changes V̇O2max at different altitudes, accounting the predicted
changes in PO2 and the non-linearity of the V̇O2max curve. Table 2
summarizes this calculation for year 2300 at sea level, 2, 4, and
6 km ASL. At 2 km and below, V̇O2max is calculated to decline,
but the magnitude of the changes is extremely small, less than
0.4% for both A2 and B1 scenarios. At 4 and 6 km V̇O2max is
calculated to increase, with larger gains at the highest altitudes.
Not only are these changes very small over all altitudes of
normal human habitation <5 km ASL (West, 2002), but they also
neglect the possibility of acclimatization, which would reduce
impacts further. The calculated changes apply to an individual,
living at sea level and traveling to higher altitude, who has
NOT acclimatized to the small P′O2

changes at sea level. The
impact on V̇O2max at altitude after any such acclimatization would
necessarily be even smaller.

Even greater gains in PO2 and V̇O2max can be expected above
6 km. As discussed by Moore and Semple (2009), this may have
benefits for high altitude mountaineering, although Moore and
Semple (2009) slightly overestimate the benefits because they
consider only the impact of changes in barometric pressure and
not the impact of global O2 loss.

It is interesting that the reversal of the direction of change
in PO2 and V̇O2max versus altitude with global change occurs
very near the threshold for acute mountain sickness (AMS) in
today’s atmosphere. AMS symptoms include headache, insomnia,
lassitude, anorexia, and/or nausea that occur above 3,000 m in
most subjects, but can occur in the most sensitive individuals
with rapid ascent to only 2,400 m (Hultgren, 1997). Hence,
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AMS could occur in the most sensitive subjects at lower altitude
in the future while less sensitive subjects may be better able
to tolerate higher altitude, i.e., the altitude range over which
AMS symptoms appear could be expanded with global change.
The altitude threshold changes are very small in any case, e.g.,
<50 m. Similar predictions can be made for more serious altitude
illnesses such as high altitude pulmonary or cerebral edema that
are extremely rare with even rapid ascent to altitude less than
2,400 or 2,700 m, respectively (Hultgren, 1997).

Disease
Lung disease reduces the efficiency of O2 uptake causing arterial
PO2 levels to be lower in patients compared to normal subjects
for a given inspired PO2 . Such hypoxemia has a major impact
on many physiological functions and provides the rationale for
supplemental oxygen therapy in patients with chronic heart
and lung disease. The American College of Physicians (ACP)
recommends supplemental long-term oxygen therapy in all
patients who have severe resting hypoxemia, defined as an arterial
PO2 ≤59–55 mmHg (depending on the complications) or SO2
≤88% (Qaseem et al., 2011). The ACP does not recommend a
target to which SO2 should be restored, but there are British
guidelines for 88–92% (NICE, 2016). An increase in SO2 of 87–
90% corresponds to a ∼4 mmHg increase in arterial PO2 , which
is about three-times the predicted changes in P′O2

predicted for
2300 for the A2 scenario (Table 2). The drop in P′O2

thus cannot
have a significant impact on the recommended threshold for
supplemental O2 usage.

High altitude studies provide another way to consider the
physiological consequences of global changes in O2. Patients
with emphysema living at 7,000 feet ASL show increased
cardiovascular complications compared to similar patients living
only 4,500 feet ASL (Moore et al., 1982). Also, the patients living
at 2,133 m ASL (7,000 ft ASL) died at 68.1 years on average
versus 70.1 years for the patients living at 1,372 m ASL (4,500 ft
ASL). However, the decrease in PIO2 between these altitudes is
from 126 to 115 mmHg, which is over sevenfold greater than the
decrease in PO2 predicted at with global change by 2300 for the A2
scenario. If age at death scaled similarly with PIO2 at sea level, the
change in life expectancy for year 2300 would be a few months.
This is an upper bound to impacts because individuals at sea level
are less sensitive to changes in P′O2

, as discussed above.
Interestingly, almost the same decrease in inspired PO2 was

found to be significant for another study of patients with chronic
obstructive pulmonary disease (COPD) trying to determine if
hypoxia during air travel proposed a risk (Gong et al., 1984).
Generally, airplanes are pressurized to maintain an equivalent
altitude of no higher than 8000 ft, which maintains arterial O2-
hemoglobin saturation >85%, corresponding to a PO2 of about
55 mmHg, in healthy subjects (De La Zerda and Powell, 2014).
In the patients studied by Gong et al. (1984), arterial PO2 fell
from a safe level of 55 mmHg at 5000 ft altitude to 50 mmHg at
7,000 ft, a level which requires supplemental O2. The difference
in inspired PO2 between these altitudes is 124–115, or 9 mmHg,
which again is seven times the predicted change in P′O2

for the A2
scenario. Patients at sea level are almost certainly considerably
less sensitive to small changes in P′O2

, which further reinforces

the view that the predicted changes in P′O2
are too small to be

significant for these patients.
In considering the effects of global O2 decline on disease,

it is important to note that changes in arterial PO2 can also
exacerbate disease through processes not directly related to O2
delivery by the lungs or circulation. In fact, this significance
of O2 for health and disease was recently recognized with the
2019 Nobel Prize for Physiology or Medicine being awarded to
Kaelin, Ratcliffe and Semenza for their discoveries about how
cells sense and adapt to O2 availability1. A key part of their
discoveries related to O2-sensitive control of gene expression and
specifically Hypoxia Inducible Factor-1α (HIF-1α). HIF-1α was
identified by Semenza as the transcription factor for the hormone
erythropoietein (EPO), which increases red blood cell production
in response to hypoxemia. Originally it was a surprise that HIF-1α

was expressed in essentially every type of cell tested—including
cancer cells—but now this is recognized as a hallmark of the
vital central role of O2 in homeostasis. Recent studies show that
HIF-1α plays an important role in physiological processes as
diverse as inflammatory responses (Zinkernagel et al., 2007) and
neural plasticity (Moya et al., 2020), illustrating how O2 levels
affect much more than just mitochondrial function. Hence, it may
not be surprising that there appears to be natural selection for
O2-sensitive transcription factors in high altitude populations as
discussed below, although again the magnitude of O2 decreases
may be greater than the global changes we are considering.

Reproduction
A major challenge to long-term habitation at high elevation
is reduced birth weight impacting reproductive success. In the
Rocky Mountains, Moore et al. (1998) found that birth weight
decreases by ∼100 g for every km ASL, corresponding to a
decrease in inspired PO2 of 13 mmHg. Assuming this relationship
also holds at sea level, and assuming PO2 at sea level drops by
2 mmHg, as assumed the most extreme scenario, this would
decrease birth weight by ∼15 g relative to a normal birth weight
of 2,500 g. This is likely an upper bound because it is based
on an extreme estimate of O2 loss and because of the non-
linearities in O2 exchange discussed earlier. The impacts at higher
altitude would also be small because predicted PO2 changes are
also small (Table 2).

Evolution
Over geologic time, changes in O2 are known to have had a
large impact on evolution of mammals and other organisms
(Falkowski et al., 2005; Powell, 2010). These evolutionary changes
have been in response to fairly large changes in in O2, ranging
from 60 to 140% of present atmospheric levels.

Hypoxia at high altitude is also known to be a potent
force of natural selection in humans. Hundreds of studies
published to date provide evidence that Tibetan, Andean, and
Ethiopian highland populations have genetic adaptations to
high altitude that involve various hypoxia sensing and response
genes, including those in the HIF pathway (Simonson, 2015;
Moore, 2017). The genomes of Tibetan individuals exhibit

1https://www.nobelprize.org/prizes/medicine/2019/summary/
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adaptive signatures at several genes, including EPAS1, which
encodes the α subunit of the HIF-2 transcription factor (HIF-
2α), and EGLN1, prolyl hydroxylase 2 (PHD2) that targets HIF-α
subunits for degradation under conditions of normoxia. Both
are associated with relatively lower hemoglobin concentration in
Tibetans resident at high altitude (Beall et al., 2010; Simonson
et al., 2010; Yi et al., 2010). The genomes from Andean and
Ethiopian highlanders also exhibit various adaptive signals,
including some of the same gene regions identified in Tibetans,
although the precise adaptive changes appear to be distinct.
For example, functional variants identified at the EGLN1 locus
in Tibetans are absent or found at low frequency in Andeans
(Heinrich et al., 2019). The distinct population histories of
continental populations (e.g., different genetic backgrounds,
admixture events, and generations at altitude) are important
factors that contribute to variation across and even within
continental populations (Wuren et al., 2014; Simonson, 2015).

It seems possible that natural selection of populations at
higher elevations is still ongoing. What is clear from our analysis,
however, is that this trajectory cannot be significantly modified
by the impacts of fossil-fuel burning on atmospheric O2, because
these changes are tiny compared to even modest changes in
elevation (Table 2).

Cognition
Brain function is critically sensitive to O2 supply, as the brain
typically consumes about 20% of the body’s O2 uptake while
comprising only 2% of body mass (Guyton and Hall, 1996;
West, 2016). Brain impairment on exposure to high altitude has
been demonstrated for both short-term and long-term exposure,
including during childhood development (West, 2017). It should
be noted, however, that our understanding of cognitive impacts of
long-term exposure to low P′O2

is informed by very few studies.
Childhood development studies are especially difficult because
they require comparing one group of individuals to another
group, with potential confounding influences of cultural and
environmental factors. Significant effects have been resolved only
for large changes in altitude. The studies on young adults by
Yan et al. (2011), for example, involve comparing a group raised
between 2,400 and 4,200 m, with a control group raised below
400 m. These groups were thus exposed to changes in P′O2

that are
25–100 times larger than the predicted drop in P′O2

in sea level by
year 2300. Because the future losses of O2 are equivalent to such
small changes in altitude, we conclude that any cognitive impacts
of this loss can be at most of very minor significance.

DISCUSSION

From measurements and models it is well established that the
background level of O2 in the atmosphere is declining slowly.
The decline is mostly caused by fossil-fuel burning with smaller
impacts from changes in ocean and land biogeochemistry. These
processes are estimated to have caused the O2 partial pressure at
sea level to drop by ∼0.21 mmHg from a preindustrial times to
2018 from a baseline of 159 mmHg. Based on results presented
here, we estimate that, if no steps are taken to mitigate continued
exploitation of fossil-fuels, O2 will continue to decline, eventually

dropping by 1.3 mmHg over a several hundred-year time frame.
If humans additionally exploit resources comprising currently
uneconomic or undiscovered fossil fuels, the ultimate decrease
might amount to 2.5 mmHg many centuries into the future.
In either of these very extreme scenarios, atmospheric CO2
will rise above 1,200 ppm, associated with global warming of
5◦C or more, triggering climate changes considered “beyond
catastrophic” (Xu and Ramanathan, 2017). In a less extreme
scenario, in which dependence on fossil-fuels is reduced before
reserves are exhausted, capping the CO2 rise to ∼550 ppm, the
O2 drop will likely be around 0.5 mmHg. Warming would then be
reduced to ∼3◦C, which is still considered catastrophic (Xu and
Ramanathan, 2017). More aggressive measures to curtail fossil-
fuel emissions and warming would likely lead to even smaller
O2 changes. Above sea level, the declines in O2 partial pressure
will be smaller than at sea level, due to an offsetting increase
in barometric pressure from warming. In fact, above ∼3,000 m
ASL, O2 partial pressure to is expected slightly increase, despite
O2 loss globally.

Relatively small changes in altitude or barometric pressure are
required to produce similar changes in O2 partial pressure. In the
high-end A2 scenario considered here, a person living at sea level
in year 2300 will experience an O2 partial pressure similar to a
person living at an altitude of 70 m ASL today. A person living at
4,000 m altitude in year 2300 will experience a O2 partial pressure
similar to someone living at∼3,992 m today.

We have considered the possible impacts of these small O2
changes on human health, focusing on normal human function,
athletic performance, disease, human reproduction, evolution,
and cognition. In no case do we find that the changes are
significant enough to raise concerns.

These conclusions are based on changes in O2 partial pressure
in a clean outdoor setting, but a consideration of the additional
impacts of O2 changes due to local combustion or respiration
within an indoor or urban setting does not alter our conclusions.
The OSHA occupational exposure limit for indoor CO2 is
5,000 ppm,2 which compares to the natural background of
∼400 ppm. To raise the CO2 concentration by respiration within
a confined space from 400 to 5,000 pm, yields a drop P′O2

of ∼
(0.005 - 0.0004) × 760 = ∼ 4 mmHg at sea level, which is similar
to the drop that occurs on ascent of ∼220 m. Typical indoor
CO2 exposures are <∼1,400 ppm (Karnauskas et al., 2020), so
this limit in fact is rarely achieved. As background O2 partial
pressures drop in the future, indoor partial pressures will drop
in parallel from their lower starting point. Our purpose is not to
analyze the physiological impact of a ∼4 mmHg indoor O2 loss
(though we expect it is very small). But clearly the incremental
impact of an additional loss over the next few centuries of
1.3 mmHg, for example, will be very minor.

The ongoing changes in atmospheric O2 could also potentially
impact other aerobic life, such as animals, plants, fungi, bacteria,
etc., a topic which remains to be carefully reviewed. We note that
even in oxygen-starved aquatic systems, however, the impacts
will generally be small because the low O2 levels in these
systems are controlled by processes below the water surface, such
as solubility, sluggish circulation and high inputs of detritus.

2https://www.osha.gov/dsg/annotated-pels/tablez-1.html
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Tiny changes in the atmospheric boundary condition will not
normally have much impact on these systems. Rather, the specter
of large future expansion of ocean suboxic zones with dire
consequences for ocean life rests firmly on the effects of global
warming itself by way of reduced O2 solubility and ocean
circulation change (Shaffer et al., 2009; Oschlies et al., 2018).

The O2 loss over the next few centuries will be dominated
by fossil-fuel burning. The ultimate potential loss is capped
by known reserves of fossil-fuel, and future trajectory will be
largely governed by actual usage trajectories. The model used
here predicts that O2 loss from fossil-fuel burning will be offset
at the ∼30% level by O2 sources from the land and ocean. The
land source is driven by fertilization from rising CO2 leading
to accumulation of land biomass. The ocean source is driven
by warming-induced solubility changes of O2 in seawater and
by increased ocean stratification, which increases atmospheric
O2 at the expense of greater deficits of dissolved O2 in the
ocean interior. These processes are known to be offsetting O2
losses today, and the model is credible because it accounts
well for changes in O2 to date. Future predictions of these
biogeochemical responses are clearly speculative, but they are
in any case of secondary importance. We find no basis to
support the higher estimate of O2 loss from Livina et al.
(2015) which is based on mathematical extrapolation without
geochemical underpinning.

In theory, O2 loss could be exacerbated by strategies to reduce
CO2 emissions, such as carbon capture and storage (CCS),
which captures CO2 and stores it underground. CCS offsets the
CO2 emission from fossil-fuel burning and the associated global
warming, but does not offset the O2 loss because the captured
carbon is in the form of CO2, rather than biomass. Although
the model simulations presented here did not consider CCS, it
is easy to set bounds on O2 by considering an extreme version
of the A2 scenario in which all the CO2 eventually released from
fossil-fuel burning is captured and stored. Because this eliminates
warming and CO2 buildup, the O2 loss is governed by fossil-fuel
usage alone, yielding an ultimate drop of 1.8 mmHg or 1.1% of
the initial pressure of 159 mm Hg. This fractional change would
be felt throughout the atmospheric column, equivalent to a nearly
uniform upwards shift in altitude of ∼90 m. The societal benefit

of this outcome in terms of climate mitigation would greatly
outweigh any small impacts from the changes in O2. This merely
illustrates that concern over O2 loss is a very weak argument
against CCS as a mitigation strategy.

More generally, there is now clearly an urgent need to curtail
fossil-fuel CO2 emissions to avoid catastrophic climate change,
which will certainly dominate the impact on human health. The
corresponding loss of O2, which is of biogeochemical interest,
is merely a physiological curiosity in comparison. The case for
action rests on the consequences for CO2, not O2.
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APPENDIX A. O2 UNITS

Total Atmospheric O2 Inventory
This can be expressed in moles or mass of O2. Using the O2 mole fraction of 0.2094 from Tohjima et al. (2005) for year 2000, a
corresponding molecular weight of dry air of 28.96 g/mol, and the total mass of dry air of 5.135 × 1018 kg (Trenberth and Smith,
2005) yields an O2 inventory of 3.7125× 1019 moles or 37125 Pmol.

O2 Mole Fraction in Dry Air, XO2
This unit express the ratio of moles of O2 per mole of dry air in a sample, often loosely called “concentration” and typically expressed
as percent or in ppm.

O2 Partial Pressure, PO2, P′O2
This unit is used to describe O2 tension in blood, for example, which is relevant to assess O2 transport to vital tissues. Typical
units are atmospheres, or mmHg, Torr or kPa for physiology. For physiological applications, it is useful to quantity ambient PO2
in relation to air with the same pressure but zero humidity, which is given by P′O2

= XO2 × Ptot, where Ptot is the total barometric
pressure (including water vapor), and XO2 is the O2 dry air mole fraction. At sea level and 1 standard atmosphere this yields
P′O2

= (0.2094)(760 mmHg) = 159.1 mmHg.

Inspired O2 Partial Pressure, PIO2
Another physiologically relevant measure of the ambient O2 is the partial pressure in the lung airways, which is lower than P′O2

due
to dilution by water vapor (as XO2 and Ptot are unchanged). This quantity is known as the inspired O2 partial pressure, given by
PIO2 = XO2 × (Ptot – Psat(37)) = P′O2

– XO2 ·Psat(37), where Psat(37) = 47 mmHg is the saturation vapor pressure of water at body
temperature 37◦C and XO2 × Psat(37) = 10 mmHg.

Present Atmospheric Level (PAL)
This unit is used in the geochemistry community to express the abundance of O2 in the atmosphere in the distant past. The unit
measures the total O2 abundance level in the atmosphere in relation to the present 21% level. An atmosphere containing 1.1 PAL has
10% more O2 molecules or 10% more O2 mass than our current atmosphere.

δ(O2/N2)
This is the conventional unit for reporting changes in atmospheric O2 abundance in the modern atmosphere. This unit expresses the
relative deviation in the molar O2/N2 ratio from a standard value of this ratio:

δ (O2/N2) = ((O2/N2)sample − (O2/N2)standard)/ (O2/N2)standard

δ(O2/N2) is typically multiplied by 106 and expressed in “per meg units,” where 1 per meg = 0.0001%. The O2/N2 ratio can be
influenced both by changes in O2 or N2, but changes in N2 are typically much smaller.

Example Calculation
We start with an idealized well-mixed dry atmosphere that initially contains 21% O2, 78% N2, and 1% Ar. These figures refer to mol%.
We assume the sum of the partial pressure of these gases equals 1 atm at sea level. We assume ideal gas behavior. The sea-level partial
pressure of O2 is thus 0.21 atm, the dry air O2 mole fraction is 21% and the O2/N2 ratio is 21/78, which is taken as the standard ratio.
The initial value of δ(O2/N2) is thus 0% or 0 per meg.

Suppose that 1% of the O2 content of the atmosphere is removed without any changes in N2 or Ar. With these assumptions, the
final PAL level is 0.99 and the final O2/N2 ratio value is 0.99 × 21/79 corresponding to δ(O2/N2) = -1% or -10,000 per meg. The final
dry air O2 mole fraction is 0.99× 0.21/(0.79 + 0.99× 0.21) = 0.208338, where the denominator (0.79 + 0.99× 0.21) accounts for the
decrease in total moles caused by the O2 loss. If CO2 is produced in association with the O2 loss, this would tend to offset the changes
in the denominator. The final O2 partial pressure is given to a good approximation by 0.99 × 0.21 = 0.2079 atm, which assumes that
total barometric pressure drops in proportion to total moles. Some minor limitations to this assumption are discussed in Appendix B.

Unit Conversion Factors
The above considerations suggest these conversion factors for global changes at sea level: 1 PAL = 37125 Pmol O2 = 106 per meg
(δ(O2/N2)) = 159.1 mmHg (dry air partial pressure, P′O2

). Conversion based on these factors may be in error by a few percent
depending also on changes in N2, CO2, and H2O, as discussed in Appendix B.
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APPENDIX B. ON THE PROPORTIONALITY BETWEEN P′O2
AND GLOBAL O2

INVENTORY

Figure 3 computes changes in P′O2
from the results of Shaffer et al. (2009) on the assumption that P′O2

is proportional to the total O2
inventory. Here we identify several corrections to this assumption, showing they are all small.

To relate P′O2
to the composition of the atmosphere, we take

P′O2
= XO2 × Ptot (B1)

XO2 = NO2/
(
NN2 +NO2 +NAr +NCO2 + . . .

)
(B2)

Ptot =
(
g/A

)
· (NN2 ·mN2 +NO2 ·mO2 +NAr ·mAr +NH2O ·mH2O +NCO2 ·mCO2 + . . .) (B3)

WO2 = NO2 ×mO2/(NN2 ·mN2 +NO2 ·mO2 +NAr ·mAr +NH2O ·mH2O +NCO2 ·mCO2 + . . .) (B4)

where Ni and mi are the number of moles and molecular mass of species i, XO2 is the dry air O2 mole fraction (0.2094), WO2 is the
O2 mass fraction of the entire atmosphere (∼0.2314), Ptot is barometric pressure at sea level, g is gravitational acceleration, and A is
Earth’s surface area. The sums in B2–B4 implicitly include contributions from all other trace gases in dry air. The sums in B3 and B4
also include the contribution from water vapor but the sum B2 for dry air does not.

To evaluate the dependence of P′O2 on O2 amount, we take the logarithmic derivative of Eq. B1 with respect to NO2 with
substitutions from B2 to B4, yielding

dP
′

O2
/P
′

O2
= (1+WO2 − XO2)δNO2/NO2 ≈ 1.022δNO2/NO2 (A5)

The assumption that P′O2
is proportional to NO2 thus underestimates changes in P′O2

by 2.2%. This small correction arises because
barometric pressure at sea level does not scale in proportion to the number of moles of air (as would be true for an ideal gas in a
constant volume) but rather with atmospheric mass. O2 has a molecular weight (32) that exceeds the average molecular weight of air
(29) and thus makes a proportionally larger contribution to total mass than total moles.

P′O2
is also sensitive to changes in the abundance of CO2, via the presence of NCO2 in equations B2 and B3. Taking the logarithmic

derivative of Eq. B1 with respect to NCO2 with substitutions from B2 to B4 yields

dP
′

O2
/P
′

O2
=

(
WCO2 − XCO2

)
δNCO2/NCO2 ≈ ((WCO2 − XCO2)/XCO2)δXCO2 = 0.516δXCO2 (A6)

where WCO2 and XCO2 are the weight and mole fractions of CO2 in air, defined similarly to B2 and B4. Assuming CO2 eventually
rises to from a preindustrial level of 280 ppm to 1000 ppm (per A2 in Figure 3), this yields dP′O2

= (159)(0.516)(0.00100-
0.000280) = 0.06 mmHg, which is negligible.

Atmospheric water vapor is also expected to increase with climate warming. Water vapor has no impact on the dry air mole fraction
XO2 but comprises 0.25% of the mass of the atmosphere (Trenberth and Smith, 2005), and thus contributes 0.25% to Ptot in Eq. B1.
Assuming that the water content scales with warming according to the saturation vapor curve, and adopting warming estimate of 5◦C
from the A2 scenario (Figure 3), this yields an increase in water vapor of∼40%. This causes barometric pressure to increase by 0.1%,
corresponding to an increase in P′O2

at sea level of 0.001× (159 mmHg) = 0.16 mmHg. This compares to the drop in P′O2
of 1.4 mmHg

estimated under the A2 scenario due to global O2 loss (Figure 3) at year 2150, when Earth has warmed by 5C.
Warming causes the oceans to release N2 to the atmosphere due to the temperature dependence of the N2 solubility in seawater.

Keeling et al. (2004) estimate a sensitivity of∼2× 10−6 of the atmospheric N2 inventory per 100 ZJ of ocean warming. Assuming the
oceans as a whole eventually warm by an average of∼4◦C for the A2 scenario (e.g., Shaffer et al., 2009), this yields a relative increase in
atmospheric N2 inventory of 0.04%, which in turn impacts both XO2 and Ptot at the 0.04% level but in opposite directions. The impact
on P′O2

via Eq. B1 is less than 0.01% because the contributions from XO2 and Ptot nearly cancel, and is thus completely negligible.
In summary, we have quantified several small corrections required to the estimated changes in P′O2

in Figure 3. One correction
results from changes in molecular weight of dry air with O2 loss, leading to a ∼2% correction in the direction of amplifying the P′O2
decrease. A second and larger correction results from an increase in atmospheric water vapor which increases P′O2

through the impact
on barometric pressure. In the context of the future scenarios, this water vapor impact amounts to ∼12% of the calculated decrease
in P′O2

due to O2 loss, partially offsetting the overall P′O2
decrease. The combined impact of both corrections is of order ∼10% in the

direction of offsetting the P′O2
decrease. Adjusting our calculation for these small effects would not change any conclusions. Other

corrections due to changes in CO2 and N2 are even smaller.

APPENDIX C. Shaffer et al. (2009) MODEL DETAILS

The A2 and B1 scenarios used in Shaffer et al. (2009) prescribe future fossil-fuel burning and land-use change, which drive CO2
emissions and O2 loss. The scenarios ascribe minor importance to land-use change emissions going forward. The intermediate-
complexity carbon/climate model used in Shaffer et al. (2009) computes changes in CO2 and global temperature which drive additional
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changes in O2 from changes in ocean and land biogeochemistry (Shaffer et al., 2008). Shaffer et al. (2009) extend these scenarios past
year 2100 using polynomial functions that taper emissions gradually toward zero around 2200. The A2 and B1 scenarios are often
considered to bracket possible outcomes: the A2 scenario allows for emissions growth without any mitigation (“business as usual”),
while B1 assumes emissions are partly curtailed to mitigate climate changes. The model assumes O2:C stoichiometric ratios of 1.391
for fossil-fuel burning and 1.1 for land biospheric exchanges.

Shaffer et al. (2009) report O2 changes in units of partial pressure, which they calculate by multiplying the estimated preindustrial
sea level O2 partial pressure of 0.2094 atm by the relative change in the total atmospheric O2 inventory from their model. From the
considerations Appendix B, we interpret these results as corresponding to P′O2

.
The predictions shown in Figure 3 used a prescribed climate sensitivity of 3◦C per doubling of CO2. Shaffer et al. (2009) also

carried out simulations with a higher sensitivity of 4.8◦C. The choice of climate sensitivity has very little impact on decreases in P′O2
at

sea level because this sensitivity impacts only the land and ocean O2 sources and not the O2 losses from fossil-fuels and land-use. The
changes in P′O2 at higher altitudes are somewhat sensitive to the assumed climate sensitivity. Higher climate sensitivity causes more
warming and therefore larger increases in barometric pressure and P′O2 at higher altitude while also lowering the cross-over altitude.
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