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Sexual Dimorphism of
Dexamethasone as a Prophylactic
Treatment in Pathologies Associated
With Acute Hypobaric Hypoxia
Exposure
Neha Chanana1, Tsering Palmo1, Kavita Sharma1, Rahul Kumar2, Bhushan Shah3,
Sudhanshu Mahajan3, Girish M. Palleda3, Mohit D. Gupta3, Ritushree Kukreti 1,
Mohammad Faruq1, Tashi Thinlas4, Brian B. Graham2 and Qadar Pasha1,5*

1Department of Genomics andMolecular Medicine, CSIR-Institute of Genomics and Integrative Biology, Delhi, India, 2Department
of Medicine, University of California, San Francisco, San Francisco, CA, United States, 3Department of Cardiology, GB Pant
Institute of Post GraduateMedical Education and Research, NewDelhi, India, 4Department of Medicine, SonamNorbooMemorial
Hospital, Leh, Ladakh, India, 5Institute of Hypoxia Research, New Delhi, India

Dexamethasone can be taken prophylactically to prevent hypobaric hypoxia-associated
disorders of high-altitude. While dexamethasone-mediated protection against high-
altitude disorders has been clinically evaluated, detailed sex-based mechanistic
insights have not been explored. As part of our India-Leh-Dexamethasone-expedition-
2020 (INDEX 2020) programme, we examined the phenotype of control (n = 14) and
dexamethasone (n = 13) groups, which were airlifted from Delhi (~225 m elevation) to Leh,
Ladakh (~3,500 m), India, for 3 days. Dexamethasone 4mg twice daily significantly
attenuated the rise in blood pressure, heart rate, pulmonary pressure, and drop in
SaO2 resulting from high-altitude exposure compared to control-treated subjects. Of
note, the effect of dexamethasone was substantially greater in women than in men, in
whom the drug had relatively little effect. Thus, for the first time, this study shows a sex-
biased regulation by dexamethasone of physiologic parameters resulting from the hypoxic
environment of high-altitude, which impacts the development of high-altitude pulmonary
hypertension and acute mountain sickness. Future studies of cellular contributions toward
sex-specific regulation may provide further insights and preventive measures in managing
sex-specific, high-altitude–related disorders.

Keywords: high-altitude, acute mountain sickness, pulmonary hypertension, dexamethasone, sexual dimorphism

INTRODUCTION

Exposure to high-altitude (HA, ≥2500 m) can cause HA illnesses, including acute mountain sickness
(AMS), high-altitude pulmonary edema (HAPE), pulmonary hypertension (PH), and high-altitude
cerebral edema (HACE). The mechanism of these disorders is complex, involving multiple clinical
symptoms and biological pathways (Beall, 2003). Oxygen-sensing is central among the contributory
pathways. Various markers in these pathways contribute to the genotype to phenotype response,
thereby shaping the adaptation or maladaptation to hypobaric hypoxic environments (Qadar Pasha
et al., 2001; Bigham et al., 2013; Mishra et al., 2015a).
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Pulmonary hypertension (PH) is characterized by vascular
remodeling caused by abnormal smooth muscle production and
increased pulmonary arteriolar resistance, depleted
bioavailability of vasodilators such as nitric oxide (NO), and
enhanced vasoconstrictors (Naeije, 2010; Chanana et al., 2020).
PH can result from acute hypoxia and chronic exposure to high-
altitudes. Of interest, there is a phenotype of sexual dimorphism
in PH; women are known to be more predisposed to PH than
men, but men have worse outcomes after developing PH (Mair
et al., 2014; Martin and Pabelick, 2014). While female sex
hormones and their metabolites are detrimental to the
development of PH, the influence of sex hormones on the
underlying pathophysiology remains unanswered, and data are
conflicting (Dempsie and MacLean, 2013).

Dexamethasone, a corticosteroid, is commonly prescribed to
individuals upon induction to altitude or prophylactically prior to
ascending to HA (Maggiorini, 2010; Subudhi et al., 2011).
Dexamethasone increases oxyhemoglobin saturation and reduces
the hypoxia-induced rise in pulmonary arterial pressure in HAPE-
sensitive individuals (Ferrazzini et al., 1987; Maggiorini et al., 2006;
Fischler et al., 2009). Furthermore, it stimulates ventilatory
acclimatization to hypoxia, thereby ameliorating the symptoms of
acute mountain sickness (Liu et al., 2013). Mechanistically,
dexamethasone inhibits hypoxia-induced pulmonary endothelial
dysfunction and controls the HA-induced increase in pulmonary
arterial pressure by stimulating cGMP production, which activates
nitric oxide synthase and increases sympathetic activity to increase
oxygen uptake (Maggiorini et al., 2006; Maggiorini, 2010).
Furthermore, dexamethasone reduces the permeability of cells
and the capillary wall, thereby reducing the leakage of pulmonary
fluid and the associated symptoms of edema (Swenson, 2016). It is
relevant to add that both sexes travel to HA equally; however, little is
known about differences in the severity of HA disorders between the
two sexes. Both men and women are susceptible, but whether one
sex is more vulnerable due to initial clinical differences that
contribute to the physiological function is unclear. A meta-
analysis study based on 18 eligible prospective studies concluded
that women have a higher prevalence of AMS (Hou et al., 2019).
Dexamethasone is known for sex-specific clinico-physiological
actions regarding inflammatory diseases (Duma et al., 2010;
Kroon et al., 2020). However, a sex-specific regulation by
dexamethasone in the hypoxic environment of HA has not been
explored. Hence, in our India-Leh-Dexamethasone-expedition-2020
(INDEX 2020) study, we aimed to determine the sex-based efficacy
of dexamethasone prophylaxis in relation to clinical symptoms and
associated PH and AMS in lowlanders traveling to HA. We
hypothesized that compared to men, the dexamethasone
prophylaxis would offer greater protection to women from
developing AMS or high-altitude–related complications.

MATERIALS AND METHODS

Study Design and Participants
The INDEX 2020 study was conducted between 26th September
2020 and 1st October 2020, starting at the lowland in the Govind
Ballabh (GB) Pant Hospital, Delhi (~225 m), India, and traveling

to the Sonam Norboo Memorial (SNM) Hospital, Leh, Ladakh
(~3,500 m), India, to evaluate the efficacy of dexamethasone in
preventing altitude-induced clinical changes in a sex-specific
manner. Participants provided written informed consent, and
the protocol was approved by the human ethical committees of
the Council of Scientific and Industrial Research-Institute of
Genomics and Integrative Biology, Delhi, India, and the SNM
Hospital, Leh, Ladakh, India. All procedures were performed in
compliance with relevant laws and institutional guidelines.

A total of 27 healthy lowland volunteers of both genders aged
24–28 years participated in the study. The volunteers were
randomly divided into two groups: control (Ctrl, n = 14) and
dexamethasone (Dex, n = 13). For sex-based studies, the ctrl
group (n = 14) had six women and eight men, and the ex group
(n = 13) had six women and seven men. Subjects with chronic
diseases, pulmonary infection, pregnant women, or those unable
to give informed consent or who did not comply with the study
protocol were excluded.

Time-Frame of the Experimental Procedure
and Biomedical Assessment
After undergoing baseline clinical, hematological, blood
biochemistry, radiological, and echocardiographic evaluations
at the GB Pant Hospital, Delhi (low altitude, LA), on day 0, the
subjects were airlifted to Leh, Ladakh (high-altitude, HA), for
3 days at 3500 m. The flight took one and a half hours to reach
Leh. Dexamethasone (4 mg twice a day) (Wockhardt Ltd., India)
(Ellsworth et al., 1987) was orally administered 24 h prior to
induction to HA and continued for the next 3 days during the
stay at HA (4 days total) under the supervision of clinical
investigators. The treatment was unblinded; control subjects
received no medication. Clinical parameters including systolic
and diastolic blood pressure (BP), heart rate (HR), arterial
oxygen saturation (SaO2), and Lake Louise Acute Mountain
Sickness (AMS) Score were conducted at LA and then evaluated
every 24 h for 3 days at HA, while radiological and
echocardiographic evaluations were also assessed on day 3 at
HA. Furthermore, echocardiography was additionally re-
evaluated at LA, 7 days after returning from HA, to ascertain
the return of the clinico-physiological state of the volunteers.
Sample collection, protocol procedure, and biomedical
assessment are presented in Supplementary Table S1 in
chronological order.

Assessment of Clinical Parameters
On day 0, the medical history was recorded, and the blood
examination, including hemogram and routine biochemistry,
was performed. All participants underwent anthropometric
measurements, including height, weight, and body mass index
(BMI). Furthermore, the clinical examination included
measurement of HR, SBP, and DBP in the supine position
after 15 min of rest every 24 h for 2 days at LA, prior to travel,
and for 3 days at HA by automatic digital blood pressure monitor
(Omron HEM 7120, Japan). SaO2 was measured at LA prior to
travel to HA and twice daily at HA using finger-pulse oximetry
(Omron CMS50N Contec, Japan).
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Lake Louise Acute Mountain Sickness
Score
The Lake Louise Acute Mountain Sickness Score was evaluated
every 24 h for 3 days at HA. The score consists of four symptoms
(headache, nausea/vomiting, fatigue, and dizziness/light-
headedness), each on a scale of 0–3, and a total score ≥3
including at least one point for headache was considered
diagnostic for AMS (Roach et al., 2018).

Chest X-Ray
Chest radiographs were obtained using X-ray machines at LA and
on day 3 of HA (Siemens, Germany at LA and Allengers X-ray,
India at HA) in order to determine the high-altitude pulmonary
edema (HAPE).

Transthoracic Echocardiography
Echocardiographic examination was performed by a qualified and
experienced cardiologist blinded to treatment assignment using
Epiq-7 (Philips Medical Systems, Andover, MA, United States) at
GB Pant Hospital, Delhi (LA), and eSAOTE—MyLabAlpha,
(eSAOTE, United States) at SNM Hospital, Leh (HA). TTE was
assessed thrice: once at baseline LA before the initiation of treatment
and prior to travel to HA, on the 3rd day at HA, and again at LA
7 days after returning from HA.

The left and right heart chamber dimensions were determined
according to the American Society of Echocardiography (ASE)
recommendations (Lang et al., 2015). The ejection fraction was
calculated by the summation of disc method (biplane Simpson’s
rule) from the apical two- and four-chamber view (Lang et al., 2015).
In the apical four-chamber view, tricuspid annular plane systolic
excursion (TAPSE) was obtained by M-mode to assess RV systolic
function. Pulmonary arterial systolic pressure (PASP) was calculated
using continuous wave (CW) Doppler. A coaxial tricuspid
regurgitant (TR) jet was identified in the parasternal long-axis
(RV inflow), parasternal short axis, or apical four-chamber view
with the help of color Doppler. CW Doppler was used to achieve a
satisfactory envelope. The peak TR jet velocity of the envelope was
then measured. PASP was calculated by the modified Bernoulli
equation [PASP = 4 V2 + mean right atrial pressure (RAP)]. Mean
right atrial pressure (RAP) was estimated from inferior vena cava
(IVC) size and collapsibility using ASE recommendations (Rudski
et al., 2010). In the absence of right ventricular outflow obstruction,
PASP (pulmonary arterial systolic pressure) is equal to RVSP (right
ventricular systolic pressure).

Statistical Analysis
Data are presented as means and standard errors of the mean
(SEMs, represented by error bars in histograms). Comparisons of
the difference in the mean of two groups (±SEM) were carried out
using one-way ANOVA and the two-tailed unpaired Student’s
t-test. All statistical tests were carried out using Sigma Plot,
version 12. p < 0.05 was considered statistically significant.
The changes in clinical parameters for each group upon
induction to HA are presented as the differences between
average values of the respective parameters for 3 days at HA
and the value at day 0 at LA. Comparisons between the

intervention and control groups were made by comparing
respective changes upon induction to HA to those of LA.

RESULTS

Baseline Clinical Characteristics,
Hematocrit, and Routine Blood Chemistry
at LA
Prior to HA travel, the baseline clinical characteristics and
hematocrit profile were similar among participants in the two
groups, that is, the Ctrl and the Dex groups (p = ns for all
categories, Supplementary Table S2).

Dexamethasone Prevented Acute Mountain
Sickness at High-Altitude in a Sex-Specific
Manner
The Lake Louise Score (LLS) for the two groups for 3 days at HA
is shown in Table 1. On day 1 at HA, three control subjects out of
14 (21%) had a total score ≥3, including at least one score due to
headache in the setting of an ascent altitude. In the
dexamethasone group, three subjects out of 13 (23%) had
scores ≥3. On subsequent days at HA, the number of subjects
with elevated LLS decreased in the control group, and no subject
with AMS was seen in the dexamethasone group (Table 1).

Sex-Based Differentiation
Interestingly, two out of six women (33.3%) had LLS ≥3 on initial
exposure to HA in each of the control and dexamethasone
groups. On subsequent days at HA, the number of female
subjects with elevated LLS completely resolved in the
dexamethasone group but persisted in the control group. On
the other hand, the male subjects displayed similar AMS trends in
both the control and dexamethasone groups (Table 1). Therefore,
other clinical parameters were evaluated, emphasizing sex-
specific patterns between dexamethasone and control groups.

Dexamethasone Attenuated Blood
Pressure Elevation With Greater Protection
in Women at High-Altitude
The two groups at LA had normal SBP that elevated upon
induction to HA and remained elevated during the 3 days of
stay (Figure 1A, Supplementary Table S3A). For the 3 days at
HA, the SBP increased by a mean of 10.7 mmHg (p = 0.012) and
7.5 mmHg (p = ns) in the control and the dexamethasone groups,
respectively, compared to the SBP of the respective group at LA
(Supplementary Table S3A). Thus, dexamethasone relatively
attenuated the SBP rise by ~3.2 mmHg (Supplementary
Table S3A).

Sex-Based Differentiation
Notably, the increase in SBP and its interaction with
dexamethasone were substantially sex-biased (Figure 1B,
Supplementary Table S3B). The female control group had a
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mean SBP elevation of ~10.1 mmHg at HA compared to LA,
while the female dexamethasone group had a mean elevation of
only 3.1 mmHg with a protective effect of ~7 mmHg (p = ns,
Supplementary Table S3B pink). In contrast, the males in the

control group had a mean SBP elevation of 11.4 mmHg at HA
compared to the same at LA (p = 0.030), and the male
dexamethasone group had a rise of 12.1 mmHg under similar
comparisons (Figure 1B, Supplementary Table S3B blue).

TABLE 1 | Lake Louise Score in the control and dexamethasone groups at HA.

Day 1 at HA Day 2 at HA Day 3 at HA

AMS No AMS AMS No AMS AMS No AMS

Control group (n = 14, 6F+8M)
Number 3 (21.4%) 11 2 (14.3%) 12 1 (7.1%) 13
Females 2F (33.3%) 4F 2F (33.3%) 4F 1F (16.7%) 5F
Males 1M (12.5%) 7M 0M (0%) 8M 0M (0%) 8M
Mean ± SD 4.0 ± 1.4 1.5 ± 1.2 3.5 ± 0.5 1.0 ± 0.9 3.0 ± 0.0 0.8 ± 1.1

Dexamethasone group (n = 13, 6F+7M)
Number 3 (23.1%) 10 0 13 0 13
Females 2F (33.3%) 4F 0F 6F 0F 6F
Males 1M (14.3%) 6M 0M 7M 0M 7M
Mean ± SD 4.0 ± 0.0 1.1 ± 1 0.8 ± 0.8 0 1 ± 1.2

Data are presented as mean ± SEM. AMS, acute mountain sickness; n, number of subjects.

FIGURE 1 | Dexamethasone attenuated BP elevation at HA with a greater protection to women. (A) Dexamethasone attenuated SBP-elevation by ~3.2 mmHg for
3 days at HA compared to the elevation in the control groups. (B) Dexamethasone attenuated SBP-elevation in women by ~7.0 mmHg, while it did not control SBP in
men. (C) Dexamethasone attenuated DBP-elevation by ~10.8 mmHg when compared to the elevation in the control groups. (D) Dexamethasone controlled DBP-
elevation at HA in women by ~15.4 mmHg and in men by ~6.9 mmHg compared to elevations in the respective control groups. Data are presented as mean ± SE
and are compared by one-way ANOVA. */#p < 0.05, **/##p < 0.01, and ***/###p < 0.001 were considered statistically significant. * represents significance within each
group compared to respective control at day 0 at LA, while # represents significance between the control group and dexamethasone group for the respective time point.
LA0, day 0 at low altitude; LA1, day 1 at low altitude; HA1, day 1 at high-altitude; HA2, day 2 at high-altitude; HA3, day 3 at high-altitude.
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The two groups had normal DBP at LA, which increased upon
induction to HA and remained elevated during the 3 days of stay
(Figure 1C, Supplementary Table S4A). For the 3 days at HA,
the DBP was elevated by a mean of ~13.3 mmHg in the control
group (p ≤ 0.001), while the DBP increased by only 2.5 mmHg in
the dexamethasone group (p = ns) (Supplementary Table S4A).
Dexamethasone relatively attenuated the DBP rise by a mean of
~10.8 mmHg (p < 0.05) against the elevation in the control group
(Supplementary Table S4A).

Sex-Based Differentiation
The DBP trend was similar to SBP for the total period of the
experiment and was sex-biased (Figure 1D, Supplementary Table
S4B). The female control group had an elevation of 16.3 mmHg in
DBP (p ≤ 0.05, Supplementary Table S4B pink). Of note, however,
DBP in women who received dexamethasone only increased by
0.9 mmHg (p = ns) (Figure 1D, Supplementary Table S4B pink),
showing an effective protection of 15.4 mmHg (p< 0.05) (Figure 1B,
Supplementary Table S4B Pink). In comparison, the male control
group had an elevation of ~11.1 mmHg (p < 0.01, Figure 1D,
Supplementary Table S4B blue), and the male dexamethasone
group had a DBP elevation of 4.2 mmHg (p = ns) (Figure 1B),
showing effective protections of 6.8 mmHg (p < 0.05); thus,
dexamethasone was significantly more effective at controlling the
DBP rise (Figure 1D, Supplementary Table S4B blue).

Dexamethasone-Mediated Heart Rate
Control Was More Evident in Women at
High-Altitude
The two groups had an average heart rate (HR) of ~71 beats/min
(bpm) at LA, but it elevated significantly upon induction to HA
and remained elevated for the 3 days of stay (Figure 2A,
Supplementary Table S5A). For the 3 days at HA, HR

increased by a mean of ~30.1 bpm in controls (p ≤ 0.001) and
15.4 bpm in the dexamethasone group (p ≤ 0.001; Figure 2A,
Supplementary Table S5A). Dexamethasone controlled the HR
efficiently at HA, with the HR attenuation being ~50% (p < 0.05,
Supplementary Table S5A).

Sex-Based Differentiation
Furthermore, sex-based differences in HR were seen at HA
(Figure 2B). At HA, the HR increased by ~36.2 bpm in the
female control group and ~25.7 bpm in the male control group
(p ≤ 0.001, Figure 2B, Supplementary Table S5B). The HA-
induced HR elevation in the dexamethasone-treated groups was
~15.3 bpm (p = 0.005) in women and ~15.4 bpm (p = ns) in men
(Figure 2B), showing a protective effect of 20.9 bpm in women
(p = 0.004) versus ~10.3 bpm in men (p = 0.043) against the
respective controls (Figure 2B, Supplementary Table S5B).

Dexamethasone Attenuated Pulmonary
Pressures at High-Altitude More
Predominantly in Women
Echocardiography-based heart function parameters differed in
the two groups at HA (Table 2, Supplementary Table S6).

At HA, PASP elevated by approximately 16.7 and 13.6 mmHg
in control (p = 0.023) and dexamethasone (p = 0.010) groups,
respectively (Figure 3A, Table 2A). Dexamethasone attenuated
the PASP elevation by ~3.1 mmHg. PASP returned to near pre-
induction levels in both groups upon returning to LA.

Sex-Based Differentiation
In women, PASP increased by 22.7 mmHg in the control group
(p = 0.067) and by ~13.3 mmHg in the dexamethasone group (p =
0.082) (Figure 3B, Table 2A pink), with an attenuation of
~9.5 mmHg. Induction of men to HA caused almost similar

FIGURE 2 |Dexamethasonemediated-HR control at HAwasmore evident in women. (A)Dexamethasone controlled HR-elevation at HA by ~14.7 bpm compared
to controls. (B) Dexamethasone controlled HR-elevation at HA in women by ~20.9 bpm and in men by ~10.3 bpm compared to elevation in the respective control
groups. Data are presented as mean ± SE and are compared by one-way ANOVA. */#p < 0.05, **/##p < 0.01, and ***/###p < 0.001 were considered statistically
significant. * represents significance within each group compared to respective control at day 0 at LA, while # represents significance between the control group
and dexamethasone group for the respective time point. HA1, day 1 at high-altitude; HA2, day 2 at high-altitude; HA3, day 3 at high-altitude.
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mean elevations in PASP of 12.0 and 14.0 mmHg in control and
dexamethasone groups, respectively (p = ns, Figure 3B and
Table 2A blue). Thus, dexamethasone could protect against
the HA-induced rise in PASP in women but not in men.

The IVC diameter for both the sexes at LA and HA are
provided in Supplementary Table S6. Upon induction to HA,
the IVC diameter increased by 0.8 and 0.6 cm in the control (p ≤
0.001) and dexamethasone (p ≤ 0.001) groups, respectively
(Supplementary Table S6A). Upon returning to LA, the IVC
size was restored to near normal in all the groups. In addition, at
HA, the IVC was collapsible (IVC collapsibility >50%) in eight
control subjects out of 14 and in nine dexamethasone subjects out
of 13 (Supplementary Table S6B). The calculated RAP increased
by an average of 2.7 and 1.5 mmHg in the control and
dexamethasone groups (p = 0.007 and p = 0.033), respectively
(Table 2C). Thus, dexamethasone attenuated the HA-induced
RAP elevation by 1.2 mmHg compared to the elevation in the
control group.

Sex-Based Differentiation
In women at HA compared to those at LA, the IVC diameter
increased by 0.7 and 0.6 cm in the control (p = 0.006) and
dexamethasone (p = 0.003) groups, respectively

(Supplementary Table S6A pink). In addition, the IVC was
collapsible (IVC collapsibility >50%) in two control subjects
out of six and in four dexamethasone subjects out of six
(Supplementary Table S6B pink). Based on changes in the
IVC size and collapsibility, RAP was increased by ~3.3 and
~1.7 mmHg in female control (p = 0.065) and dexamethasone
(p = ns) groups, respectively (Table 2C pink). In men at HA
compared to those at LA, the IVC diameter increased by 0.8 and
0.7 cm in the control (p ≤ 0.001) and dexamethasone (p = 0.001),
groups, respectively (Supplementary Table S6A blue). In
addition, the IVC was collapsible for six control subjects out
of eight and five dexamethasone subjects out of seven
(Supplementary Table S6B blue). Based on changes in the
IVC size and collapsibility of men, the RAP increased by
approximately 1.3 and 1.4 mmHg in the control and
dexamethasone groups, respectively (p = ns, Table 2C blue),
indicating that dexamethasone was comparatively less effective
in men.

PH was calculated based on the PASP values at HA
(Table 2C). It was concluded that six control subjects out of
14 (42.8%) displayed PH (Table 2C). Of these six subjects, four
had mild PH (PASP: 35–50 mmHg), one had moderate PH
(PASP: 50–70 mmHg), and one had severe PH (PASP:

TABLE 2 | Echocardiogram parameters, PASP, RAP, and pulmonary hypertension at LA and HA in the control and the dexamethasone groups.

Parameters Time-point Control p-value Dexamethasone p-value

group (n = 14) group (n = 13)

A. PASP mmHg mmHg
All subjects LA (Pre-induction to HA) 19.0 ± 1.1 - 17.0 ± 1.2 -

HA 35.7 ± 4.4 * 30.6 ± 3.3 **
LA (Upon return from HA) 21.1 ± 1.8 20.7 ± 2.4

Females LA (Pre-induction to HA) 20.0 ± 1.4 - 17.3 ± 1.4 -
HA 42.7 ± 7.3 ns 30.6 ± 4.2 ns
LA (Upon return from HA) 22.4 ± 2.7 20.0 ± 2.4

Males LA (Pre-induction to HA) 17.7 ± 1.5 - 16.7 ± 1.9 -
HA 29.7 ± 4.0 ns 30.7 ± 4.9 ns
LA (Upon return from HA) 19.8 ± 2.1 21.3 ± 3.5

B. RAP mmHg mmHg
All subjects LA (Pre-induction to HA) 4.4 ± 0.0 - 5.0 ± 0.0 -

HA 7.1 ± 0.6 p = 0.007 6.5 ± 0.6 p = 0.033
LA (Upon return from HA) 5.0 ± 0.0 5.0 ± 0.0

Females LA (Pre-induction to HA) 5.0 ± 0.0 - 5.0 ± 0.0 -
HA 8.3 ± 1.0 p = 0.065 6.7 ± 1.0 ns
LA (Upon return from HA) 5.0 ± 0.0 5.0 ± 0.0

Males LA (Pre-induction to HA) 5.0 ± 0.0 - 5.0 ± 0.0 -
HA 6.3 ± 0.8 ns 6.4 ± 0.8 ns
LA (Upon return from HA) 5.0 ± 0.0 5.0 ± 0.0

C. PH
All subjects Total PH 6/14 = 42.8% 4/13 = 30.8%

Mild PH (PASP: 35–50 mmHg) 4 4
Moderate PH (PASP: 50–70 mmHg) 1 0
Severe PH (PASP: >70 mmHg) 1 0

Females Total PH 4/6 = 66.7% 1/6 = 16.7%
Mild PH 2 1
Moderate PH 1 0
Severe PH 1 0

Males Total PH 2/8 = 25% 2/7 = 28.6%

*p < 0.05 was considered statistically significant; ns, nonsignificant.
Data are presented as mean ± SEM.; n, number of subjects; PASP, pulmonary arterial systolic pressure; RAP, right atrial pressure; PH, pulmonary hypertension; LA, low altitude; HA, high-
altitude
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>70 mmHg). On the other hand, four dexamethasone subjects
out of 13 (30.8%) displayed mild PH (Table 2C).

Sex-Based Differentiation
In women, four control subjects out of six (66.7%) displayed PH at
HA (Table 2C pink). Of these, two hadmild, one hadmoderate, and
one had severe PH. On the other hand, one of six dexamethasone
subjects (16.7%) showed onlymild PH (PASP: 35–50mmHg) at HA
(Table 2C pink). In the case of men, two control subjects out of eight
(25%) displayed mild PH (PASP: 35–50mm) (Table 2C blue),
whereas two dexamethasone-treated male subjects out of seven
(28.6%) displayed mild PH (PASP: 35–50mmHg) (Table 2C
blue). Thus, we observed a superior influence of dexamethasone
in controlling the PH in women at HA.

Other echocardiography parameters including left ventricle
and right ventricle function, left ventricle size, left auricle and
right auricle size, interventricular septum dimension in end-
diastole, and posterior wall in the end-diastole did not change
upon induction to HA in the two groups (Supplementary
Table S7).

Dexamethasone-Mediated SaO2 Control
Was Similar in Both Sexes
SaO2 was normal at LA for the two groups; upon induction to HA
and subsequent 3 days’ stay, it decreased by approximately 6.9%
(p < 0.001) and 5.2% (p < 0.001) in the control and
dexamethasone groups, respectively (Figure 4A,
Supplementary Table S8A); a protection of 1.7% (p = ns)
(Figure 4A).

Sex-Based Differentiation
SaO2 at HA was similar between the two sexes (Figure 4B). On
moving from LA to HA, SaO2 decreased by ~6.6% (p < 0.01) and

~7.2% (p < 0.05) (Figure 4B, Supplementary Table S8B) in the
female and male control groups, respectively. The respective
decrease in SaO2 was ~4.9% (p < 0.05) and ~5.4% (p ≤ 0.001)
in the dexamethasone female and male groups (Figure 4B,
Supplementary Table S8B). Thus, the effect of dexamethasone
was approximately 1.7% in women and 1.8% in men (Figure 4B).

Chest X-Rays Were Normal for Both the
Groups at High-Altitude
Chest X-ray including bilateral lung fields, bilateral hila, bilateral
CP (costophrenic) angle, cardiac shadow, and bony and soft
tissue was normal in all participants in the two groups at both LA
and HA (data not shown).

DISCUSSION

In this study, we analyzed high-altitude–associated clinical and
cardiac changes, along with susceptibility toward PH, AMS, or
HAPE with and without dexamethasone in young, healthy
volunteers of both sexes traveling to HA. A significant finding
was sexual dimorphism in response to dexamethasone, with a
more pronounced protective effect observed in women than in
men. In general, dexamethasone appeared effective at blocking
the effects of high elevation, except the decrease in SaO2 at HA.

We observed elevated BP, HR, and pulmonary pressure and
depleted SaO2 levels in the subjects ascending from LA to HA.
These observations align with the available reports (Ba€rtsch, and
Gibbs, 2007; Parati et al., 2013). The increase in BP and HR is
likely associated with the hypoxia-mediated increased
sympathetic activity (Ba€rtsch and Gibbs, 2007; Parati et al.,
2013), resulting in greater cardiac contractility and heart rate,
coupled with increased constriction of peripheral blood vessels.

FIGURE 3 | Dexamethasone-mediated PASP-control at HA was predominant in women. (A) Dexamethasone attenuated the PASP elevation by ~3.1 mmHg. (B)
Dexamethasone attenuated PASP by ~9.5 mmHg in women, while it could not control the rise in PASP in men. Data are presented as mean ± SE and are compared by
one-way ANOVA. *p < 0.05, **p < 0.01, and ***p < 0.001 were considered statistically significant. * represents significance within each group compared to respective
control. LA1, day 1 at low altitude; HA1, day 1 at high-altitude; HA3, day 3 at high-altitude.
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Increased PASP is clinically correlated with several diseases
including PH and heart failure (Bursi et al., 2012; Maron
et al., 2018). Hypoxia-induced vascular remodeling is
associated with several physiological processes including
potassium and calcium channel activities, reduced vasodilators
such as nitric oxide, and increased vasoconstrictors such as
endothelin, thromboxane A2, and angiotensin-converting
enzyme 1 (Ali et al., 2012; Dunham-Snary et al., 2017). PH is
known to occur in several high-altitude illnesses and is a key
feature of HAPE (Maggiorini and Leon-Velarde, 2003). In this
study, we observed AMS in a few of the subjects, but no cases
of HAPE.

A striking finding was that the high-altitude–associated
clinical changes were sex-biased. Sex differences occur in the
regulation of BP; men having higher SBP and HR than women
(Boos et al., 2017; Horiuchi et al., 2019). Testosterone contributes
to BP via the renin–angiotensinogen aldosterone system and
oxidative stress (Reckelhoff, 2001). In this study, men had greater
increases in SBP, and women had greater increases in DBP and
HR at HA. These data are in agreement with previous studies
(Reckelhoff, 2001; Boos et al., 2017; Horiuchi et al., 2019) looking
at the perturbation of signaling pathways at HA, including
vascular, anti-diuretic, and vascular growth factors (Mishra
et al., 2015b; Richalet, 2016; Chanana et al., 2020). The HA-
associated increase in pulmonary pressure was comparatively
more in women than in men. A recent study showed that women
were more likely to have higher PASP than men and were more
predisposed to heart failure (Lakshmanan et al., 2020).
Furthermore, this study aligns with the increased incidence of
PH in women than men, where endogenous sex hormones,
especially 17β-estradiol and its metabolites, play a role in
developing the disease (White et al., 2011; Mair et al., 2014).

Another important respiratory parameter at HA is SaO2,
which is known to decrease upon induction to HA (Beall,

2003). In this study, the fall in SaO2 was comparatively greater
in men than in women, which aligns with previous studies
(Bhaumik et al., 2008; Nishimura et al., 2020). The lower
levels of SaO2 tend to alter several hypoxia-sensing genes, such
as HIF-1α, HIF-2α, EGLN1, and others (Mishra et al., 2013).
Differential regulation of these genes contributing to varied
regulation of several dependent markers can alter physiological
functions (Petousi and Robbins, 2014).

Dexamethasone is prescribed to check AMS symptoms at HA,
either preventatively or by reversal (Subudhi et al., 2011). In this
study, prophylactic treatment with dexamethasone effectively
controlled high-altitude–associated clinical changes at HA.
Dexamethasone reduces PAP, raises oxygen saturation, and
has been reported to suppress NFĸB-mediated inflammation,
thereby decreasing hypoxia-induced PH in HA sojourners
(O’Hara et al., 2014; Price et al., 2015). Furthermore, there is a
possibility that dexamethasone blocks Rho kinase mediated acute
vasoconstriction directly through unknown mechanisms or
indirectly by blocking the recruitment of inflammatory
immune cells in hypoxia (Kumar et al., 2020). In addition,
increased apical alveolar membrane Na+ channels, basal
Na+K+-ATPase, stimulated surfactant secretion, and protein
exudate prevention may add to dexamethasone-mediated
protection (Guney et al., 2007).

Here, we found that the effect of dexamethasone prophylaxis on
HA-induced pathophysiology was sex-biased; these observations
are the first of their kind. Dexamethasone could be an effective
treatment to control the BP, HR, and PASP; these changes were
more apparent in women than in men. Consequently,
dexamethasone provided greater protection to women by
lowering their susceptibility toward PH and AMS. Such a
female-oriented protective action of dexamethasone at HA
could be related to its greater transcriptional regulation of
hypoxia signaling pathways (Duma et al., 2010), differences in

FIGURE 4 | Dexamethasone-mediated SaO2-control at HA was similar in both the sexes. (A) Dexamethasone ameliorated SaO2 by ~1.7% compared to controls.
(B) Dexamethasone showed a similar control of SaO2 in both the sexes, that is, by ~1.7% in women and ~1.8% in men. Data are presented as mean ± SE and are
compared by one-way ANOVA. *p < 0.05, **p < 0.01, and ***p < 0.001 were considered statistically significant. * represents significance within each group compared to
respective control. LA1, day 1 at low altitude; HA1, day 1 at high-altitude; HA3, day 3 at high-altitude.

Frontiers in Pharmacology | www.frontiersin.org May 2022 | Volume 13 | Article 8738678

Chanana et al. Sex-Specific Regulation by Dexamethasone at High-Altitude

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


the epigenetics present in women, or other female-specific
hormonal differences. Moreover, glucocorticoid
receptor–mediated gender-specific regulation of inflammatory
gene expression could also regulate the observed gender-specific
dexamethasone responses (Quinn and Cidlowski, 2016).
Furthermore, glucocorticoid crosstalk with sex hormones,
described for metabolic disease, cancer, and inflammation
(Kroon et al., 2020), could contribute to sexual dimorphism.
However, the underlying mechanisms need further validation.

In conclusion, this study identified sex-specific clinical
changes upon induction to HA (Figure 5); women were more
vulnerable to AMS and PH at HA but dexamethasone
prophylaxis effectively controlled such changes in women.
This novel finding opens avenues to explore the cellular and
molecular mechanistic insights underlying such a sex-specific
regulation by dexamethasone at high-altitude. Our study
underscores sex to be considered a key biological variable in
the design and interpretation of clinical studies. Further
validation and mechanistic studies may substantiate the
current findings, and the clinicians may consider these data as
to how best to approach the prophylactic treatment of high-
altitude travelers.

Limitation to the Study
Our study with a subject size of 27 provided a precise sex-biased
regulation in physiologic parameters by dexamethasone under
the high-altitude hypoxic environment. Nonetheless, further
validation is needed in a larger sample size of male/female
subgroups and/or in animal models. Transporting a larger
number of humans to high-altitudes in the two groups could
be challenging. In addition, we did not identify HAPE by X-ray
findings in this group; hence, the effectiveness of dexamethasone
in HAPE prevention could not be investigated and correlated
with other parameters. An increased sympathetic tone can raise
RVSP/mPAP via either increased cardiac output and/or increased
pulmonary vascular resistance (PVR); thus, echocardiographic
stroke volume (SV) and cardiac output (CO) estimation can be
included in future investigations.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material, further inquiries can be
directed to the corresponding author.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by the Council of Scientific and Industrial Research-
Institute of Genomics and Integrative Biology, Delhi, India, and
by the SNM Hospital, Leh, Ladakh, India. The patients/
participants provided their written informed consent to
participate in this study. Written informed consent was
obtained from the individual(s) for the publication of any
potentially identifiable images or data included in this article.

AUTHOR CONTRIBUTIONS

QP, NC, TP, KS, RaK, and BBG designed the study. TT, MG, and
GP supervised the medication and the volunteers. QP, NC, TP,
and KS handled all the subjects and collected the clinical
information. BS and SM conducted the echocardiography. BS,
SM, GP, and MG guided investigations at the GB Pant Hospital,

FIGURE 5 | Sex-biased clinical regulation by dexamethasone at high-
altitude. The height of arrow represents the numerical change in the respective
parameter on moving from low-altitude to high-altitude, and the upside and
downside direction represents the increase or decrease, respectively.
(A) Change in parameters, except for SBP and SaO2, was more evident in
women than in men in the control group, that is, women were more
susceptible to high-altitude. (B)However, the change in parameter, except for
RAP, was less in women than in men in the dexamethasone group.
Dexamethasone controlled DBP, HR, and PASP more effectively and
prevented AMS and PH at HA in women. AMS, acute mountain sickness;
SBP, systolic blood pressure; DBP, diastolic blood pressure; HR, heart rate;
PASP, pulmonary arterial systolic pressure; RAP, right atrial pressure; SaO2,
arterial oxygenation; PH, pulmonary hypertension.

Frontiers in Pharmacology | www.frontiersin.org May 2022 | Volume 13 | Article 8738679

Chanana et al. Sex-Specific Regulation by Dexamethasone at High-Altitude

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


Delhi, and TT at the SNMHospital, Leh. MF and RiK contributed
to manuscript writing and supported the study. QP and NC
performed the extensive analyses of data and interpretation
presentation of the results and wrote the manuscript. RaK and
BBG contributed to writing and editing of the manuscript. All
participated in the discussions on the interpretation of results and
the conclusions. QP conceived and designed the project,
supervised all research activities, acquired and interpreted the
data and results, and wrote the manuscript.

FUNDING

This study was funded by the Cardiovascular Medical Research and
Education, Philadelphia, United States (IGIB grant code CLP0032).
NC andKSwere supported by CardiovascularMedical Research and
Education, Philadelphia, United States (IGIB grant code CLP0032).
TP avails the fellowship awarded by CSIR-UGC, New Delhi ref [21/
06/2015(i) EU-V]. BBG was supported by NIH grants
R01HL135872, P01HL014985, and P01HL152961. RaK was
supported by the Career Development Awards from the

American Heart Association (19CDA34730030; UCSF grant code
A134169), the ATS Foundation/Pulmonary Hypertension
Association (UCSF grant code A134842), and The Cardiovascular
Medical Research and Education Fund (UCSF grant code A136122).
QP was supported by the Indian Council of Medical Research, New
Delhi, India [(ICMR No. 74/6/2015- Pers. EMS)].

ACKNOWLEDGMENTS

The authors thank the volunteers of this study for their
participation, the Director, CSIR-IGIB for his support, and the
staff and faculty at CSIR-IGIB, Delhi, SNMHospital, Leh, and GB
Pant Hospital, New Delhi, for their cooperation.

SUPPLEMENTARY MATERIAL

The SupplementaryMaterial for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fphar.2022.873867/
full#supplementary-material

REFERENCES

Ali, Z., Mishra, A., Kumar, R., Alam, P., Pandey, P., Ram, R., et al. (2012).
Interactions Among Vascular-Tone Modulators Contribute to High Altitude
Pulmonary Edema and Augmented Vasoreactivity in Highlanders. Plos One 7,
e44049. doi:10.1371/journal.pone.0044049

Ba€rtsch, P., and Gibbs, J. S. R. (2007). Effect of Altitude on the Heart and the Lungs.
Circulation 116, 2191–2202. doi:10.1161/CIRCULATIONAHA.106.650796

Beall, C. M. (2003). High-altitude Adaptations. Lancet 362, s14–5. doi:10.1016/
s0140-6736(03)15058-1

Bhaumik, G., Dass, D., Lama, H., and Chauhan, S. K. (2008). Maximum Exercise
Responses of Men andWomenMountaineering Trainees on Induction to High
Altitude (4350 M) by Trekking. Wilderness Environ. Med. 19, 151–156. doi:10.
1580/07-WEME-OR-121.1

Bigham, A. W., Wilson, M. J., Julian, C. G., Kiyamu, M., Vargas, E., Leon-Velarde,
F., et al. (2013). Andean and Tibetan Patterns of Adaptation to High Altitude.
Am. J. Hum. Biol. 25, 190–197. doi:10.1002/ajhb.22358

Boos, C. J., Vincent, E., Mellor, A., O’Hara, J., Newman, C., Cruttenden, R., et al.
(2017). The Effect of Sex on Heart Rate Variability at High Altitude. Med. Sci.
Sports Exerc. 49, 2562–2569. doi:10.1249/MSS.0000000000001384

Bursi, F., McNallan, S. M., Redfield, M. M., Nkomo, V. T., Lam, C. S., Weston, S. A.,
et al. (2012). Pulmonary Pressures and Death in Heart Failure: a Community
Study. J. Am. Coll. Cardiol. 59, 222–231. doi:10.1016/j.jacc.2011.06.076

Chanana, N., Palmo, T., Newman, J. H., and Pasha, M. A. Q. (2020). Vascular
Homeostasis at High-Altitude: Role of Genetic Variants and Transcription
Factors. Pulm. Circ. 10, 2045894020913475–11. doi:10.1177/
2045894020913475

Dempsie, Y., and MacLean, M. R. (2013). The Influence of Gender on the
Development of Pulmonary Arterial Hypertension. Exp. Physiol. 98,
1257–61. doi:10.1113/expphysiol.2012.069120

Duma, D., Collins, J. B., Chou, J. W., and Cidlowski, J. A. (2010). Sexually
Dimorphic Actions of Glucocorticoids Provide a Link to Inflammatory
Diseases with Gender Differences in Prevalence. Sci. Signal. 3, ra74–24.
doi:10.1126/scisignal.2001077

Dunham-Snary, K. J., Wu, D., Sykes, E. A., Thakrar, A., Parlow, L. R. G., Mewburn,
J. D., et al. (2017). Hypoxic Pulmonary Vasoconstriction: from Molecular
Mechanisms to Medicine. Chest 151, 181–192. doi:10.1016/j.chest.2016.09.001

Ellsworth, A. J., Larson, E. B., and Strickland, D. (1987). A Randomized Trial of
Dexamethasone and Acetazolamide for Acute Mountain Sickness Prophylaxis.
Am. J. Med. 83, 1024–30. doi:10.1016/0002-9343(87)90937-5

Ferrazzini, G., Maggiorini, M., Kriemler, S., Bärtsch, P., and Oelz, O. (1987).
Successful Treatment of Acute Mountain Sickness with Dexamethasone. Br.
Med. J. (Clin Res. Ed. 294, 1380–2. doi:10.1136/bmj.294.6584.1380

Fischler, M., Maggiorini, M., Dorschner, L., Debrunner, J., Bernheim, A., Kiencke,
S., et al. (2009). Dexamethasone but Not Tadalafil Improves Exercise Capacity
in Adults Prone to High-Altitude Pulmonary Edema. Am. J. Respir. Crit. Care
Med. 180, 346–52. doi:10.1164/rccm.200808-1348OC

Güney, S., Schuler, A., Ott, A., Höschele, S., Zügel, S., Baloglu, E., et al. (2007).
Dexamethasone Prevents Transport Inhibition by Hypoxia in Rat Lung and
Alveolar Epithelial Cells by Stimulating Activity and Expression of Na+-K+-
ATPase and Epithelial Na+ Channels. Am. J. Physiol. Lung Cel Mol Physiol 293,
L1332–8. doi:10.1152/ajplung.00338.2006

Horiuchi, M., Kirihara, Y., Fukuoka, Y., and Pontzer, H. (2019). Sex Differences in
Respiratory and Circulatory Cost during HypoxicWalking: Potential Impact on
Oxygen Saturation. Sci. Rep. 9, 9550–0. doi:10.1038/s41598-019-44844-6

Hou, Y. P., Wu, J. L., Tan, C., Chen, Y., Guo, R., and Luo, Y. J. (2019). Sex-based
Differences in the Prevalence of Acute Mountain Sickness: a Meta-Analysis.
Mil. Med. Res. 6, 38–12. doi:10.1186/s40779-019-0228-3

Kroon, J., Pereira, A. M., and Meijer, O. C. (2020). Glucocorticoid Sexual
Dimorphism in Metabolism: Dissecting the Role of Sex Hormones. Trends.
Endocrinol. Metab. 31, 357–367. doi:10.1016/j.tem.2020.01.010

Kumar, R., Mickael, C., Kassa, B., Sanders, L., Hernandez-Saavedra, D., Koyanagi,
D. E., et al. (2020). Interstitial Macrophage-Derived Thrombospondin-1
Contributes to Hypoxia-Induced Pulmonary Hypertension. Cardiovasc. Res.
116, 2021–2030. doi:10.1093/cvr/cvz304

Lakshmanan, S., Jankowich, M., Wu, W. C., Blackshear, C., Abbasi, S., and
Choudhary, G. (2020). Gender Differences in Risk Factors Associated with
Pulmonary Artery Systolic Pressure, Heart Failure, and Mortality in Blacks:
Jackson Heart Study. J. Am. Heart Assoc. 9, e013034. doi:10.1161/JAHA.119.
013034

Lang, R.M., Badano, L. P., Mor-Avi, V., Afilalo, J., Armstrong, A., Ernande, L., et al.
(2015). Recommendations for Cardiac Chamber Quantification by
Echocardiography in Adults: an Update from the American Society of
Echocardiography and the European Association of Cardiovascular Imaging.
Eur. Heart J. Cardiovasc. Imaging 16, 233–70. doi:10.1016/j.echo.2014.10.003

Liu, C., Croft, Q. P., Kalidhar, S., Brooks, J. T., Herigstad, M., Smith, T. G., et al.
(2013). Dexamethasone Mimics Aspects of Physiological Acclimatization to
8 hours of Hypoxia but Suppresses Plasma Erythropoietin. J. Appl. Physiol.
(1985) 114, 948–56. doi:10.1152/japplphysiol.01414.2012

Maggiorini, M., Brunner-La Rocca, H. P., Peth, S., Fischler, M., Böhm, T.,
Bernheim, A., et al. (2006). Both tadalafil and Dexamethasone May Reduce

Frontiers in Pharmacology | www.frontiersin.org May 2022 | Volume 13 | Article 87386710

Chanana et al. Sex-Specific Regulation by Dexamethasone at High-Altitude

https://www.frontiersin.org/articles/10.3389/fphar.2022.873867/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphar.2022.873867/full#supplementary-material
https://doi.org/10.1371/journal.pone.0044049
https://doi.org/10.1161/CIRCULATIONAHA.106.650796
https://doi.org/10.1016/s0140-6736(03)15058-1
https://doi.org/10.1016/s0140-6736(03)15058-1
https://doi.org/10.1580/07-WEME-OR-121.1
https://doi.org/10.1580/07-WEME-OR-121.1
https://doi.org/10.1002/ajhb.22358
https://doi.org/10.1249/MSS.0000000000001384
https://doi.org/10.1016/j.jacc.2011.06.076
https://doi.org/10.1177/2045894020913475
https://doi.org/10.1177/2045894020913475
https://doi.org/10.1113/expphysiol.2012.069120
https://doi.org/10.1126/scisignal.2001077
https://doi.org/10.1016/j.chest.2016.09.001
https://doi.org/10.1016/0002-9343(87)90937-5
https://doi.org/10.1136/bmj.294.6584.1380
https://doi.org/10.1164/rccm.200808-1348OC
https://doi.org/10.1152/ajplung.00338.2006
https://doi.org/10.1038/s41598-019-44844-6
https://doi.org/10.1186/s40779-019-0228-3
https://doi.org/10.1016/j.tem.2020.01.010
https://doi.org/10.1093/cvr/cvz304
https://doi.org/10.1161/JAHA.119.013034
https://doi.org/10.1161/JAHA.119.013034
https://doi.org/10.1016/j.echo.2014.10.003
https://doi.org/10.1152/japplphysiol.01414.2012
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


the Incidence of High-Altitude Pulmonary Edema: a Randomized Trial. Ann.
Intern. Med. 145, 497–506. doi:10.7326/0003-4819-145-7-200610030-00007

Maggiorini, M., and Léon-Velarde, F. (2003). High-altitude Pulmonary
Hypertension: a Pathophysiological Entity to Different Diseases. Eur. Respir.
J. 22, 1019–25. doi:10.1183/09031936.03.00052403

Maggiorini, M. (2010). Prevention and Treatment of High-Altitude Pulmonary
Edema. Prog. Cardiovasc. Dis. 52, 500–6. doi:10.1016/j.pcad.2010.03.001

Mair, K. M., Johansen, A. K., Wright, A. F., Wallace, E., andMacLean, M. R. (2014).
Pulmonary Arterial Hypertension: Basis of Sex Differences in Incidence and
Treatment Response. Br. J. Pharmacol. 171, 567–79. doi:10.1111/bph.12281

Maron, B. A., Wertheim, B. M., and Gladwin, M. T. (2018). Under Pressure to
Clarify Pulmonary Hypertension Clinical Risk. Am. J. Respir. Crit. Care Med.
197, 423–426. doi:10.1164/rccm.201711-2306ED

Martin, Y. N., and Pabelick, C. M. (2014). Sex Differences in the Pulmonary
Circulation: Implications for Pulmonary Hypertension. Am. J. Physiol. Heart
Circ. Physiol. 306, H1253–64. doi:10.1152/ajpheart.00857.2013

Mishra, A., Kohli, S., Dua, S., Thinlas, T., Mohammad, G., and Pasha, M. A.
(2015a). Genetic Differences and Aberrant Methylation in the Apelin System
Predict the Risk of High-Altitude Pulmonary Edema. Proc. Natl. Acad. Sci. U S
A. 112, 6134–9. doi:10.1073/pnas.1422759112

Mishra, A., Mohammad, G., Norboo, T., Newman, J. H., and Pasha, M. A. (2015b).
Lungs at High-Altitude: Genomic Insights into Hypoxic Responses. J. Appl.
Physiol. (1985) 119, 1–15. doi:10.1152/japplphysiol.00513.2014

Mishra, A., Mohammad, G., Thinlas, T., and Pasha, M. A. (2013). EGLN1 Variants
Influence Expression and SaO2 Levels to Associate with High-Altitude
Pulmonary Oedema and Adaptation. Clin. Sci. (Lond) 124, 479–89. doi:10.
1042/CS20120371

Naeije, R. (2010). Physiological Adaptation of the Cardiovascular System to High
Altitude. Prog. Cardiovasc. Dis. 52, 456–66. doi:10.1016/j.pcad.2010.03.004

Nishimura, T., Ugarte, J., Ohnishi, M., Nishihara, M., Alvarez, G., Yasukochi, Y.,
et al. (2020). Individual Variations and Sex Differences in Hemodynamics with
Percutaneous Arterial Oxygen Saturation (SpO2) in Young Andean
Highlanders in Bolivia. J. Physiol. Anthropol. 39, 31–8. doi:10.1186/s40101-
020-00240-y

O’Hara, R., Serres, J., Dodson, W., Wright, B., Ordway, J., Powell, E., et al. (2014).
The Use of Dexamethasone in Support of High-Altitude Ground Operations
and Physical Performance: Review of the Literature. J. Spec. Oper. Med.
14, 53–8.

Parati, G., Revera, M., Giuliano, A., Faini, A., Bilo, G., Gregorini, F., et al. (2013).
Effects of Acetazolamide on central Blood Pressure, Peripheral Blood Pressure,
and Arterial Distensibility at Acute High Altitude Exposure. Eur. Heart J. 34,
759–66. doi:10.1093/eurheartj/ehs140

Petousi, N., and Robbins, P. A. (2014). Human Adaptation to the Hypoxia of High
Altitude: the Tibetan Paradigm from the Pregenomic to the Postgenomic Era.
J. Appl. Physiol. (1985) 116, 875–84. doi:10.1152/japplphysiol.00605.2013

Price, L. C., Shao, D., Meng, C., Perros, F., Garfield, B. E., Zhu, J., et al. (2015).
Dexamethasone Induces Apoptosis in Pulmonary Arterial Smooth Muscle
Cells. Respir. Res. 16, 114–6. doi:10.1186/s12931-015-0262-y

Qadar Pasha, M. A., Khan, A. P., Kumar, R., Grover, S. K., Ram, R. B., Norboo, T.,
et al. (2001). Angiotensin Converting Enzyme Insertion Allele in Relation to

High Altitude Adaptation. Ann. Hum. Genet. 65, 531–6. doi:10.1017/
S0003480001008879

Quinn, M. A., and Cidlowski, J. A. (2016). Endogenous Hepatic Glucocorticoid
Receptor Signaling Coordinates Sex-Biased Inflammatory Gene Expression.
FASEB J. 30, 971–82. doi:10.1096/fj.15-278309

Reckelhoff, J. F. (2001). Gender Differences in the Regulation of Blood Pressure.
Hypertension 37, 1199–208. doi:10.1161/01.hyp.37.5.1199

Richalet, J. P. (2016). Physiological and Clinical Implications of Adrenergic
Pathways at High Altitude. Adv. Exp. Med. Biol. 903, 343–56. doi:10.1007/
978-1-4899-7678-9_23

Roach, R. C., Hackett, P. H., Oelz, O., Bärtsch, 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

Rudski, L. G., Lai, W. W., Afilalo, J., Hua, L., Handschumacher, M. D.,
Chandrasekaran, K., et al. (2010). Guidelines for the Echocardiographic
Assessment of the Right Heart in Adults: a Report from the American
Society of Echocardiography Endorsed by the European Association of
Echocardiography, a Registered branch of the European Society of
Cardiology, and the Canadian Society of Echocardiography. J. Am. Soc.
Echocardiogr. 23, 685–8. doi:10.1016/j.echo.2010.05.010

Subudhi, A. W., Dimmen, A. C., Julian, C. G., Wilson, M. J., Panerai, R. B., and
Roach, R. C. (2011). Effects of Acetazolamide and Dexamethasone on Cerebral
Hemodynamics in Hypoxia. J. Appl. Physiol. (1985) 110, 1219–25. doi:10.1152/
japplphysiol.01393.2010

Swenson, E. R. (2016). Pharmacology of Acute Mountain Sickness: Old Drugs and
Newer Thinking. J. Appl. Physiol. (1985) 120, 204–15. doi:10.1152/japplphysiol.
00443.2015

White, K., Dempsie, Y., Nilsen, M., Wright, A. F., Loughlin, L., andMacLean, M. R.
(2011). The Serotonin Transporter, Gender, and 17β Oestradiol in the
Development of Pulmonary Arterial Hypertension. Cardiovasc. Res. 90,
373–82. doi:10.1093/cvr/cvq408

Conflict of Interest: 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.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors, and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Chanana, Palmo, Sharma, Kumar, Shah, Mahajan, Palleda,
Gupta, Kukreti, Faruq, Thinlas, Graham and Pasha. 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 Pharmacology | www.frontiersin.org May 2022 | Volume 13 | Article 87386711

Chanana et al. Sex-Specific Regulation by Dexamethasone at High-Altitude

https://doi.org/10.7326/0003-4819-145-7-200610030-00007
https://doi.org/10.1183/09031936.03.00052403
https://doi.org/10.1016/j.pcad.2010.03.001
https://doi.org/10.1111/bph.12281
https://doi.org/10.1164/rccm.201711-2306ED
https://doi.org/10.1152/ajpheart.00857.2013
https://doi.org/10.1073/pnas.1422759112
https://doi.org/10.1152/japplphysiol.00513.2014
https://doi.org/10.1042/CS20120371
https://doi.org/10.1042/CS20120371
https://doi.org/10.1016/j.pcad.2010.03.004
https://doi.org/10.1186/s40101-020-00240-y
https://doi.org/10.1186/s40101-020-00240-y
https://doi.org/10.1093/eurheartj/ehs140
https://doi.org/10.1152/japplphysiol.00605.2013
https://doi.org/10.1186/s12931-015-0262-y
https://doi.org/10.1017/S0003480001008879
https://doi.org/10.1017/S0003480001008879
https://doi.org/10.1096/fj.15-278309
https://doi.org/10.1161/01.hyp.37.5.1199
https://doi.org/10.1007/978-1-4899-7678-9_23
https://doi.org/10.1007/978-1-4899-7678-9_23
https://doi.org/10.1089/ham.2017.0164
https://doi.org/10.1016/j.echo.2010.05.010
https://doi.org/10.1152/japplphysiol.01393.2010
https://doi.org/10.1152/japplphysiol.01393.2010
https://doi.org/10.1152/japplphysiol.00443.2015
https://doi.org/10.1152/japplphysiol.00443.2015
https://doi.org/10.1093/cvr/cvq408
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

	Sexual Dimorphism of Dexamethasone as a Prophylactic Treatment in Pathologies Associated With Acute Hypobaric Hypoxia Exposure
	Introduction
	Materials and Methods
	Study Design and Participants
	Time-Frame of the Experimental Procedure and Biomedical Assessment
	Assessment of Clinical Parameters
	Lake Louise Acute Mountain Sickness Score
	Chest X-Ray
	Transthoracic Echocardiography
	Statistical Analysis

	Results
	Baseline Clinical Characteristics, Hematocrit, and Routine Blood Chemistry at LA
	Dexamethasone Prevented Acute Mountain Sickness at High-Altitude in a Sex-Specific Manner
	Sex-Based Differentiation

	Dexamethasone Attenuated Blood Pressure Elevation With Greater Protection in Women at High-Altitude
	Sex-Based Differentiation
	Sex-Based Differentiation

	Dexamethasone-Mediated Heart Rate Control Was More Evident in Women at High-Altitude
	Sex-Based Differentiation

	Dexamethasone Attenuated Pulmonary Pressures at High-Altitude More Predominantly in Women
	Sex-Based Differentiation
	Sex-Based Differentiation
	Sex-Based Differentiation

	Dexamethasone-Mediated SaO2 Control Was Similar in Both Sexes
	Sex-Based Differentiation

	Chest X-Rays Were Normal for Both the Groups at High-Altitude

	Discussion
	Limitation to the Study

	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References




