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RESEARCH ARTICLE

Considering Sex as a Biological Variable in Cardiovascular Research
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Abstract

We have recently reported that hypobaric hypoxia (HH) reduces plasma volume (PV) in men by decreasing total circulating
plasma protein (TCPP). Here, we investigated whether this applies to women and whether an inflammatory response and/or en-
dothelial glycocalyx shedding could facilitate the TCCP reduction. We further investigated whether acute HH induces a short-
lived diuretic response that was overlooked in our recent study, where only 24-h urine volumes were evaluated. In a strictly con-
trolled crossover protocol, 12 women underwent two 4-day sojourns in a hypobaric chamber: one in normoxia (NX) and one in
HH equivalent to 3,500-m altitude. PV, urine output, TCPP, and markers for inflammation and glycocalyx shedding were repeat-
edly measured. Total body water (TBW) was determined pre- and postsojourns by deuterium dilution. PV was reduced after 12 h
of HH and thereafter remained 230–330 mL lower than in NX (P < 0.0001). Urine flow was 45% higher in HH than in NX
throughout the first 6 h (P = 0.01) but lower during the second half of the first day (P < 0.001). Twenty-four-hour urine volumes
(P � 0.37) and TBW (P � 0.14) were not different between the sojourns. TCPP was lower in HH than in NX at the same time
points as PV (P < 0.001), but inflammatory or glycocalyx shedding markers were not consistently increased. As in men, and de-
spite initially increased diuresis, HH-induced PV contraction in women is driven by a loss of TCPP and ensuing fluid redistribu-
tion, rather than by fluid loss. The mechanism underlying the TCPP reduction remains unclear but does not seem to involve
inflammation or glycocalyx shedding.

NEW & NOTEWORTHY This study is the first to investigate the mechanisms underlying plasma volume (PV) contraction in
response to hypoxia in women while strictly controlling for confounders. PV contraction in women has a similar time course and
magnitude as in men and is driven by the same mechanism, namely, oncotically driven redistribution rather than loss of fluid.
We further report that hypoxia facilitates an increase in diuresis, that is, however, short-lived and of little relevance for PV
regulation.
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INTRODUCTION

Extended hypoxic exposure facilitates a reduction in
plasma volume (PV) that increases hemoglobin concentra-
tion ([Hb]) and thus restores arterial O2 content (CaO2) de-
spite persistent reductions in arterial O2 saturation (1). We
have recently reported this PV contraction to reflect a fluid
shift from the intra- to the extravascular compartment,
oncotically driven by a reduction in total circulating plasma
protein (TCPP) (2). These results, however, prompted fur-
ther questions.

First, as our previous study included only males, it
remained unclear whether the results also apply to females.
In fact, some studies have indicated hypoxia-induced PV
contraction to be slower and less pronounced in women (3,
4). Confounders that can affect body fluid, such as physical
activity (5) or the menstrual cycle (6), were, however, not
controlled for in these studies. A blunted PV response to hy-
poxia in women therefore warrants confirmation in a
strictly controlled setting, along with an evaluation of the
underlying mechanisms.

Second, although the increased diuretic fluid loss was
widely considered themainmechanism for hypoxia-induced
PV contraction (1, 7, 8), we did not observe any effects of hy-
poxia on 24-h urine volumes or total body water (TBW) (2).
This finding conflicted with well-controlled studies, which
reported acute hypoxia (<12 h) to increase diuresis (7, 9, 10).
We speculated that the first hours of hypoxia facilitate an
increase in diuresis that is followed by a compensatory
reduction, thus preserving 24-h urine volume, but this
requires confirmation.

Third, the mechanism underlying the TCPP reduction
in hypoxia remained unclear. Although an inflammatory
response to hypoxia could increase the vascular perme-
ability for albumin (11, 12), the proinflammatory effect of
hypoxia is controversial as it has been observed by some
(13–17) but not by others (18, 19). As previous studies have
included only a few measurement time points, it is further
unclear whether the time course of a potential inflamma-
tory response aligns with that of PV contraction. Recent
studies (20, 21) have further indicated that hypoxia accel-
erates the shedding of the endothelial glycocalyx, which
could increase vascular permeability (22). Nevertheless,
these studies included more severe hypoxia and, in one
case (21), a strenuous 2-day ascent that could have affected
the integrity of the glycocalyx independently of hypoxia
(23). As such, it remains unclear whether these findings
apply to our setting.

Accordingly, this study investigated the effects of hypo-
baric hypoxia (HH) on PV in healthy female lowlanders,
while controlling for menstrual cycle variations. As previ-
ously published (2), subjects completed two 4-day sojourns
under strictly controlled conditions, one in normoxia (NX)
and one in HH, and the effects of the two exposures were
compared. We hypothesized that 1) the HH-induced PV con-
traction is slower and smaller than recently reported in men,
2) TCPP decreases in HH, 3) TBW is not affected by HH,
4) HH facilitates an acute increase in diuresis but no change
in 24-h urine volume, and 5) the reduction in TCPP is accom-
panied by an increase in inflammatory and/or endothelial
glycocalyx sheddingmarkers.

MATERIALS AND METHODS

This study was performed in accordance with the
Declaration of Helsinki and approved by the Ethics
Committee of the Bolzano Hospital, Italy (No. 70-2019).
Twelve healthy, nonsmoking, female lowlanders (24.0±4.2 yr,
59.6±7.4 kg, 1.68±0.08 m) without a history of high-altitude
illness were enrolled as subjects, after providing written
informed consent. An inclusion criterion was that they used
either a combined oral (n = 11) or progestin intrauterine (n = 1)
contraception. Since the study was conducted during the
COVID-19 pandemic, a further inclusion criterion was that
they were either fully vaccinated or had recovered from an
infection. Subjects always underwent a COVID-19 PCR test
before entering, and a rapid antigen test before leaving our
facilities, all of whichwere negative.

Protocol

Subjects completed two 4-day sojourns in a hypobaric
chamber (263 m; terraXcube, Eurac Research, Bolzano,
Italy): one in NX, where barometric pressure was not modi-
fied, and one in HH, where barometric pressure was reduced
to 493.5 mmHg (corresponding to �3,500-m altitude). Six
subjects started with the NX, and the other six with the HH
sojourn. Group allocation was based on the contraception
calendar of the subjects so that study attendance occurred
during the active phase of pill consumption and in the ab-
sence of menstruation for the progestin user. The onsets of
the sojourns were separated by 4 wk so that they occurred at
identical points of the subject’s contraception calendar.

Subjects reported to our facilities the evening preceding
the sojourns and spent the night there. At 06:00 the next
morning, they entered the chamber, which was then decom-
pressed (for the HH sojourn) at a rate simulating an ascent of
2 m·s�1. Four days before and throughout the sojourns, sub-
jects adhered to the same standardized diet consisting of
three mainmeals (breakfast, 08:30; lunch, 13:00; and dinner,
19:00) and three snacks (10:30, 16:00, and 22:00), providing
1,970 kcal·day�1 (48.5% carbohydrates, 36.9% fat, and 14.6%
protein) and 94.5 and 58.8 mmol·day�1 of Naþ and Kþ ,
respectively. Water intake was 2 L·day�1 divided into six
equal portions that were ingested with the meals/snacks. For
breakfast, subjects were allowed one cup of coffee or tea, the
volume of which was deducted from the breakfast water por-
tion. No alcohol was consumed. Daily step count was moni-
tored throughout the 3 days preceding the first sojourn by a
pedometer, and subjects were instructed to reproduce the
average step count on each day of the NX (6,324±2,264 steps
·day�1) and HH sojourns (6,245±2,242 steps·day�1; P = 0.07)
by walking on a treadmill. No other endurance-type exercise
was performed, but subjects were allowed light strength
training and stretching. Throughout the days, subjects were
free to work or engage in recreational activities but were con-
fined to bed between 23:00 and 07:00 with the lights turned
off. The temperature in the chamber was 22�C and the rela-
tive humidity was 30%.

Venous blood was collected in the morning before (M0)
and after (M1) chamber entry at 06:00 and 07:00, respec-
tively, the latter corresponding to � 30 min of HH exposure
in that sojourn. Further samples were obtained on the first
evening at 19:00 (E1) and on every following morning at
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07:00 (M2–M5) with total blood withdrawal remaining
<100 mL per sojourn. Morning samples were obtained
with subjects fasting and still in bed, whereas the evening
sampling was preceded by 30 min of supine rest. At the
same time points, arterial oxyhemoglobin saturation
(SpO2

) was assessed by pulse oximetry (Nonin 3150 Wrist
Ox2, Plymouth, MN), and blood pressure and heart rate
were assessed by an automatic sphygmomanometer (708-
BT, Omron HealthCare, Kyoto, Japan). Symptoms of
acute mountain sickness (AMS) were evaluated on E1 and
M2–M5 using the self-reported Lake Louise Score (LLS)
(24). Urine was continuously collected throughout both
sojourns, and body weight was measured every morning af-
ter the first voiding. Total hemoglobin mass (Hbmass) and
total body water (TBW) were measured on the evening pre-
ceding and on the last evening (E4) of the sojourns. The pro-
tocol is illustrated in Fig. 1.

Blood Analyses

[Hb] as well as plasma Cl�, Kþ , and Naþ concentrations
(ABL90 FLEX, Radiometer, Copenhagen, Denmark) and
hematocrit (Hct) (micro-method, 4 min at 13,680 g) were
measured in blood collected in heparinized syringes. The
following variables were measured by blinded investiga-
tors in plasma from blood collected in anticoagulant vacu-
tainers and centrifugated for 15 min at 1,600 g and 4�C:
creatinine (Cr) and plasma protein concentration (PPC)
were assessed by colorimetric assays (CREJ2, and TP2
Cobas, Roche Diagnostics, Basel, Switzerland). TCPP was
calculated as PPC � PV, and CaO2 as 1.34 � [Hb] � SpO2

/100
(25). Estrogen and progesterone concentrations were deter-
mined (on M0 and M5 only) by chemiluminescent immuno-
assay (Cobas, Roche Diagnostics). Plasma renin activity and
aldosterone concentration were measured by radioimmuno-
assay. Kryptor PLUS automated platforms (Thermo Fisher
Scientific, Waltham, MA) were used to measure plasma
concentrations of copeptin and midregional proANP (MR-
proANP), which served as proxies for antidiuretic hor-
mone (ADH) (26) and atrial natriuretic peptide (ANP) (27),

respectively. High-sensitivity C-reactive protein (hs-CRP) and
interleukin-6 (IL-6) concentrations were assessed by immuno-
turbidimetric assay (Cobas 8000/c702, Roche Germany
Holding, Grenzach, Germany) and electrochemiluminescence
immunoassay (Cobas 8000/e801, Roche Germany Holding),
respectively. For evaluation of endothelial glycocalyx shed-
ding, syndecan-1 (ELISA kit, Diaclone SAS, Besançon, France),
heparan sulfate (ELISA kit, Wuhan Fine Biotech, Wuhan, PR
China), and hyaluronan concentrations (ELISA kit, Echelon
Biosciences, Salt Lake City, UT) were determined on M0, M2,
andM4.

Hemoglobin Mass and Intravascular Volumes

Hbmass was determined by carbon monoxide (CO)
rebreathing as specified (28). Briefly, after 20 min of supine
rest, the subject breathed O2 through a mouthpiece for
4 min. Thereafter, they were switched via a sliding valve to
an O2-filled rebreathing circuit containing a 6-L external
lung and a CO2 scrubber. After a venous blood collection, a
CO dose of �1.2 mL·kg body wt�1 was injected into the
rebreathing circuit. After 10 min of rebreathing, a second
blood sample was collected. Furthermore, the absorbed vol-
ume of CO was determined by measuring the CO volume
remaining in the rebreathing circuit and subtracting it from
the injected volume. The blood samples were analyzed in
quadruplicate by a hemoximeter (ABL90 FLEX), and Hbmass

was calculated from the absorbed CO volume and the result-
ing increase in carboxyhemoglobin (28). Intravascular vol-
umes for M0–M5 and E1 were derived by integration of Hct
and [Hb] determined at the respective time points as 1) red
blood cell volume (RBCV) = Hbmass � Hct/[Hb], 2) blood vol-
ume (BV) = RBCV/Hct, and 3) PV = BV – RBCV. As previously
published, Hbmass measured on the evening preceding the
study was used for the calculation of intravascular volumes
on M0, M1, and E1, Hbmass measured on E4 for calculation
on M4 and M5, and the average of the two Hbmass values for
calculation onM2 andM3 (2).

Total Body Water

At 2230 (�30 min after the last food/water ingestion and
�20 min after tooth brushing), subjects voided, whereafter a
saliva sample was collected. Subsequently, �4 g (the exact
weight was recorded for each subject) of deuterium oxide
(D2O, 99.88%, Cambridge Isotope Laboratories, Tewksbury,
MA), diluted in 70 mL of tap water, were ingested. The bottle
was then rinsed with 130 mL of tap water, which was also
ingested (to preserve the daily water intake, the water por-
tion preceding the D2O ingestion was reduced by 200 mL).
At 0830 on the next morning, a second saliva sample was
collected. Saliva isotope enrichment relative to standard
mean ocean water was determined in quadruplicate by iso-
tope-ratio mass spectrometry (Gasbench II, Conflo IV, Delta
V advantage, Thermo Scientific, Bremen, Germany). TBW
was calculated as the D2O dilution space divided by 1.04 to
correct for nonaqueous exchange using the formula by
Schoeller et al. (29).

Urine Volumes and Renal Function

Urine collection started at 07:00 on the first morning of
the sojourns, after the first voiding. Volumes produced

Figure 1.Measurements performed during the 4-day NX and HH sojourns.
M0, morning presojourn; M1–M5, first to fifth morning of the sojourns,
respectively; E1 and E4, first and fourth evening of the sojourns, respec-
tively. BP, measurement of blood pressure by automatic sphygmomanom-
eter; BW, body weight measurement; HH, hypobaric hypoxia; Hbmass,
determination of total hemoglobin mass by carbon monoxide rebreathing;
LLS, assessment of acute mountain sickness symptoms with the 1993
Lake Louise scoring system (24); NX, normoxia; SpO2

, estimation of arterial
oxyhemoglobin saturation by pulse oximetry; TBW, assessment of total
body water by deuterium dilution.
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during the first 6 and 12 h of the sojourns were determined,
with subjects voiding immediately before these determina-
tions. Thereafter, 24-h urine volumes were measured
throughout the sojourns, with the sampling interval always
starting in the morning after the first voiding and ending
with the first voiding on the next day. In 24-h urine, Cl�, Kþ ,
and Naþ concentrations were determined by an ion-selec-
tive electrode (Cobas, Roche Diagnostics), Cr and protein
concentrations by colorimetric assays (CREJ2, and TP2
Cobas, Roche Diagnostics), and syndecan-1, heparan sulfate,
and hyaluronan by the same technique as for plasma.

Average glomerular filtration rate (GFR) for each day was
estimated based on Cr clearance as GFR = ([Cr]urine � urine
flow rate)/[Cr]plasma, where [Cr]plasma was the average of the
plasma Cr concentrations measured at the beginning and
end of the 24-h urine collection, respectively, and urine flow
rate of the 24-h urine volume (in mL) divided by 1,440 min.
Daily urinary excretion of protein, Naþ , Kþ , and Cl� was cal-
culated by multiplying the urine solute concentration with
the 24-h urine volume, and tubular reabsorption of the sol-
utes as GFR � average plasma solute concentration – solute
excretion·min�1. H2O reabsorption was calculated as GFR –

urine flow rate.

Statistical Analyses

Statistical analyses were performed using SAS 9.4 (SAS
Institute, Cary, NC). Data are presented as means ± SD,
unless stated otherwise. We assessed potential preexposure
differences between NX and HH using paired t tests or
Wilcoxon signed-rank tests, as appropriate. Data from M0 to
M5 were analyzed by mixed model for repeated measure-
ments (MMRM) with fixed factors of “altitude” (NX vs. HH),
order of sojourns (NX-HH vs. HH-NX), measurement time
points, and with random effect of the subject. To isolate the
effect of HH from any other effects of the chamber con-
finement, pairwise comparisons of matched time points
were performed as contrasts within the MMRM model and
adjusted for multiplicity by Sidak’s method. Changes over
time within a given sojourn were not evaluated as the
study was not designed for this and to preserve statistical
power. We did not impute missing data, as MMRM analysis
controls type I error and minimizes bias. Values below the
detection threshold were estimated as half that threshold.

RESULTS

One subject left the study for personal reasons after com-
pleting the HH sojourn only. Her data were included in the
statistical analyses and written results, whereas in the fig-
ures, they are presented as individual data points but not
included in average values. Another subject completed the
NX sojourn but left the chamber on the last evening of the
HH sojourn for health problems that were, to the best of our
knowledge, unrelated to the study interventions. Her value
for TBW at that time point and all her data for M5 in HH are
hencemissing.

In HH, the LLS indicated mild AMS (LLS = 3 to 4) in four
subjects on E1, and in another subject on M2 and M4.
However, LLS� 3 were reported in NX as well, namely, on E1
(n = 2) and M2 (n = 1), and the LLS was not different between

the sojourns at any time point (all P � 0.44). SpO2
was lower

in HH than in NX from M1 (86.8± 2.2 vs. 97.4±0.8%, P <
0.0001) to M5 (89.7 ± 1.9 vs. 97.8±0.8%, P < 0.0001), whereas
CaO2 was lower in HH from M1 to M3 (all P � 0.01) but not
different fromNX onM4 (P = 0.70) andM5 (P = 0.32).

Sex Hormones

Plasma estrogen concentrations were not different between
NX and HH on M0 (9.46± 14.78 vs. 16.95±17.09 pg·mL�1, P =
0.15) and M5 (13.14±19.20 vs. 9.44± 14.15 pg·mL�1, P > 0.99),
and this was also the case for progesterone concentrations
(M0, 0.25±0.15 vs. 0.32±0.11 ng·mL�1, P = 0.12; and M5,
0.25±0.09 vs. 0.27±0.16 ng·mL�1, P = 0.88). No correlations
(Spearman, all P > 0.05) were found between individual pro-
gesterone or estrogen concentrations (average between M0
and M5 values of the HH sojourn) and the magnitude of the
HH-induced PV contraction.

Intravascular Volumes

Hbmass was not different between NX and HH both before
(568± 75 vs. 559±79 g, P = 0.99) and at the end of the
sojourns (548±82 vs. 547±79 g, P = 0.51). PV (Fig. 2A) did not
differ between NX and HH at M0 (P = 0.44) and M1 (P = 0.19)
but was 230–330 mL lower in HH at all later time points
(all P < 0.0001). As a result, [Hb] and Hct (Fig. 2, B and C)
were higher, and BV was lower in HH than NX from E1 to
M5 (all P < 0.0001).

Body Fluid Regulation

Urine flow (Fig. 3A) was 45% higher in HH than in NX
throughout the first 6 h (P = 0.01) of the sojourns, not differ-
ent between sojourns throughout the 6- to 12-h interval (P =
0.99) and lower in HH throughout the 12- to 24-h interval
(P < 0.01). Consequentially, none of the 24-h urine volumes
(Fig. 3B) differed between the sojourns (all P � 0.37). Body
weight (Fig. 3C) did not differ between the sojourns on M1
and M2 but was 0.3–0.5 kg lower in HH than NX from M3 to
M5 (all P � 0.01). TBW (Fig. 3D) was not different between
NX and HH both on the evenings preceding the sojourns (P =
0.14) and on E4 (P = 0.19). For unknown reasons, analysis of
three saliva samples collected in NX on E4 yielded D2O val-
ues that resulted in an implausibly high TBW; these values
were not included in the analyses but are shown in the figure
as outliers.

Plasma and Urine Proteins

PPC (Fig. 4A) did not differ between the sojourns on M0
and M1 (all P � 0.37), tended to be higher in HH on E1 (P =
0.06), and was higher in HH from M2 until the end of the
sojourns (all P � 0.01). TCPP (Fig. 4B) was not different
between sojourns on M0 and on M1 (both P � 0.28), but
lower in HH from E1 until the end of the sojourns (all P <
0.0001). An apparent measurement error occurred for one
value on E1 in HH (PPC= 3.2 g·dL�1, corresponding to a
TCPP of 63 g). These data were excluded from analyses
and not shown in the plots as they would have consider-
ably expanded the y-axis.

Daily urinary protein excretion was not different
between the sojourns at any time point (all P � 0.22),
resulting in a total protein excretion of 460 ± 300 and
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390± 177 mg (P = 0.46) throughout the NX and HH sojourns,
respectively.

Markers of Inflammation and Endothelial Glycocalyx
Shedding

Inflammatory markers are presented in Table 1. Hs-CRP
concentrations remained below the detection threshold (0.1
mg·dL�1) for 55.8 and 30.5% of the samples collected in NX
and HH, respectively. Similarly, IL-6 concentrations were
below the detection threshold (1.5 pg·mL�1) for 74.0 and
62.2% of the samples collected in NX and HH, respectively.
Given this large fraction of values below the detection
threshold, it did not appear justified to perform statistical
analyses on these variables. Plasma syndecan-1 concentra-
tions (Fig. 5A) were lower in HH than in NX onM0 (P < 0.01)
and M2 (P = 0.01) but not different between the sojourns on

M4 (P = 1.00), whereas urine syndecan-1 concentrations (Fig.
5B) did not differ between the sojourns on any day (all P �
0.18). Plasma heparan sulfate concentrations (Fig. 5C) were
lower in HH than in NX on M0 (P = 0.04) but higher in HH
than in NX onM2 (P = 0.04) and M4 (P < 0.001). Urine hepa-
ran sulfate concentrations (Fig. 5D) were higher in HH than
in NX on day 3 (P < 0.001) but did not differ between the
sojourns on any other day (all P � 0.84). Plasma hyaluronan
concentrations (Fig. 5E) were below the detection threshold
(40 ng·mL�1) on M0 for 90.9 and 72.7% of the samples col-
lected in NX and HH, respectively, and did not differ
between the sojourns at any time points (all P � 0.23). Urine
hyaluronan concentrations (Fig. 5F) were lower in HH than
in NX on day 1 (P < 0.0001), higher on day 3 (P < 0.0001),
and not different between the sojourns on days 2 and 4 (both
P� 0.53).

Volume-Regulating Hormones

Plasma renin activity (Fig. 6A) did not differ between NX
and HH at any time point (all P � 0.11). Plasma aldosterone
concentrations (Fig. 6B) tended to be lower in HH than in
NX on M1 (P = 0.07) and M3 (P = 0.08) and were lower on M2
(P = 0.02) but did not differ from NX at any other time point
(P > 0.67). One subject exhibited very high aldosterone con-
centrations (440–835 pg·mL�1) before and throughout the
HH sojourn. These values were considered outliers, excluded
from analyses, and not shown in the plot to avoid excessive
expansion of the y-axis. Plasma copeptin concentrations
(Fig. 6C) were higher in HH than in NX on E1 (P < 0.01) and
M3 (P< 0.01) but not different between sojourns at any other
time point (all P � 0.16). Plasma MR-proANP concentrations
(Fig. 6D) did not differ between NX and HH from M0 to M2
(all P � 0.16) but were lower in HH from M3 (P = 0.01) to M5
(P< 0.0001).

Renal Water and Electrolyte Handling

GFR (Fig. 7A) and tubular H2O reabsorption (Fig. 7B) did
not differ between NX and HH throughout the first 3 days
(all P � 0.47) but were both lower in HH on day 4 (P = 0.015
and P = 0.014, respectively). Tubular Naþ reabsorption
(Fig. 7C) was not different between NX and HH throughout
the first 3 days (all P � 0.37) but was lower in HH on day 4
(P = 0.01), whereas Naþ excretion (Fig. 7D) did not differ
between NX and HH at any time point (all P > 0.14).
Tubular Cl� reabsorption (Fig. 7E) was not different
between sojourns at any time point (all P � 0.29), although
it tended to be lower in HH on day 4 (P = 0.05), whereas Cl�

excretion (Fig. 7F) never differed between sojourns (P �
0.85). Tubular Kþ reabsorption (Fig. 7G) was not different
between sojourns (all P � 0.45), although it tended to be
lower in HH on day 4 (P = 0.07). Kþ excretion (Fig. 7H) was
lower in HH on day 2 (P = 0.03) and not different between
sojourns at any other time points (all P> 0.22).

DISCUSSION

We investigated the regulation of the PV response to HH
in healthy women. The PV reduction became statistically
significant after 12 h of HH and reached a maximum of 330
mL, corresponding to 12.3%. In our recent study in men, the
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tively; E1, first evening of the sojourns. Large symbols represent means;
small symbols represent individual data. 			P < 0.001 for time point com-
parisons between NX and HH by mixed model for repeated-measurement
analyses. Dotted line marks the onset of the sojourns, and gray shaded
area marks measurements performed in the evening.
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PV contraction became significant after 24 h (2) and reached
a maximum of 340 mL, which corresponded to only 10.8%.
Therefore, we reject the hypothesis of a slower and blunted
PV contraction in women. In line with our hypotheses, how-
ever, PV contraction occurred in concert with a reduction in
TCPP and unchanged TBW, supporting oncotically driven
fluid redistribution from the intra- to the extravascular
compartment. As further hypothesized, HH exposure led
to an acute increase and ensuing reduction in urine flow
but no changes in 24-h urine volumes. Finally, and con-
trary to our last hypothesis, markers of inflammation and
endothelial glycocalyx shedding were not consistently
increased by HH.

PV contraction is an almost universally observed response
to hypoxic exposure (1), and we have recently identified
oncotically driven fluid redistribution from the intra- to the
extravascular compartment as the underlying mechanism
in males (2). By replicating that study in a female cohort,
we demonstrate here that not only the time course and
magnitude of the PV contraction but also the underlying

mechanisms are the same for both sexes. As in men, the PV
contraction occurred in the absence of changes in 24-h
urine output and TBW, confirming fluid redistribution
rather than sensible or insensible water loss as the underly-
ing mechanism, while the reduction in TCPP again sup-
ports that the fluid redistribution was oncotically driven. Of
note, a raise in albumin and fibrinogen synthesis has been
reported in subjects exposed to HH (30), suggesting that the
amount of protein disappearing from the circulation could
have been even greater than indicated by the TCPP reduc-
tion. What remains unclear is the fate of these proteins.
Although Biollaz et al. (31) in their study recently reported
ascent to 4,559-m altitude to induce mild microalbuminu-
ria in subjects confined to bedrest, urinary protein excre-
tion was identical between the sojourns in the current
study. Transvascular protein escape has been suggested to
occur as hypoxia-induced inflammation (11, 12) and/or endo-
thelial glycocalyx shedding increase vascular permeability
for albumin (21), but the unchanged inflammatory markers
and inconsistent changes inmarkers for glycocalyx shedding
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in our study do not support these explanations. Regarding
inflammation, we additionally performed an exploratory
multiplex evaluation (Bio-Plex ProTMHuman Cyokine 17-
plex Assay kit, Bio-Rad, Hercules, CA) of 16 inflammatory
markers and found>90% of results to be below the detection
threshold with no apparent difference between NX and HH
(results not shown). The low and unchanged inflammatory
status of our subjects could have reflected the absence of
physical exercise (32, 33) and/or the relatively mild degree of
hypoxia, since studies reporting an inflammatory response
to hypoxia have commonly been conducted at much higher
altitudes (13, 14, 16) or included hiking (15, 17). The low inci-
dence of AMS could also have played a protective role, as
inflammatory markers have been found to be increased with
AMS (15, 16), although this is not a universal finding (13, 18).
Regarding endothelial glycocalyx shedding, our results are
somewhat more difficult to interpret. Although plasma hep-
aran sulfate concentrations were indeed higher in HH than
in NX on M2 and M4, hyaluronan and syndecan-1 concen-
trations were similar or even lower. Figure 5 further illus-
trates that the difference in heparan sulfate between the

sojourns primarily reflected fluctuations throughout the NX,
rather than the HH sojourn. In 24-h urine, the increased con-
centrations of heparan sulfate and hyaluronan on day 3 are
noteworthy, even though they were not accompanied by
increased syndecan-1 concentrations. Nevertheless, it should
be remembered that the HH-induced TCPP reduction pri-
marily took place over the first 24 h of the HH sojourn, where
urinary markers of glycocalyx shedding were similar to or
even lower than in NX. Finally, the functional significance of
all the observed differences in glycocalyx shedding markers
between NX and HH is questionable, since all the plasma
concentrations remained within previously published nor-
mal ranges (34, 35) and since it was recently postulated that
only fivefold or higher increases constitute evidence for gly-
cocalyx shedding (36).

Although the unchanged 24-h urine volumes in our
previous study seemed to refute the broadly accepted
paradigm that hypoxic exposure increases diuresis, it
was difficult to explain why other well-controlled studies
have found acute hypoxia to increase urine flow (7, 9, 10).
Here, we provide an explanation for these apparently
conflicting outcomes by demonstrating that acute HH
induces a transient increase in urine flow, followed by a
compensatory reduction that preserves 24-h urine vol-
ume. Loeppky et al. (10) in their study found indications
for a similar biphasic response to a more severe HH, at
least in subjects who tolerated the exposure well; how-
ever, in that study, water intake was adjusted to urine out-
put, which made the interpretation more difficult than in
the current setting. A short-lived diuresis increase within
1 h after arrival at 4,559 m altitude was also reported in a
study by Biollaz et al. (31), although the authors attributed
this phenomenon to the excitement associated with the
passive ascent by helicopter. The acute increase in urine
flow in HH could have been mediated by the reduction in
circulating aldosterone that was observed on M1 (even
though it did not quite reach statistical significance).
Alternatively, it could have reflected renal excretion of bi-
carbonate compensating for the alkalosis resulting from the
increased pulmonary ventilation in HH (9). Another expla-
nation suggested by Swenson et al. (7), who found fluid-reg-
ulating hormone changes in acute hypoxia not to correlate
with the concomitant increase in urine flow, is that activa-
tion of arterial chemoreceptors increases diuresis through a
direct neuronal pathway or an unknown diuretic factor.
Conversely, the reduction in urine flow after 12 h in HH
could have been driven by the increase in ADH that was
indicated by the elevated plasma copeptin concentration
on E1. Whatever the mechanism, it is unlikely that the
short-lived diuretic response contributed to PV contraction
since it increased the urine volume accumulated over the
first 6 h of HH by only 256 mL. Given the unrestricted fluid
exchange between the intra- and extravascular compart-
ment, this volume must have been drawn from the entire
extracellular compartment, of which PV constitutes only
�20%. It should further be considered that the ensuing
reduction in urine output presumably restored any initial
reductions in extracellular fluid volume. Taken together,
although our data confirm that the diuretic response to hy-
poxia commonly referred to as “altitude diuresis” occurs
even in the absence of confounding factors, it also reveals
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this phenomenon as short-lived and of little relevance for
PV regulation.

The responses of the volume-regulating hormones to
HH were also similar to those recently observed in men,
consisting of a tendency for renin and aldosterone sup-
pression throughout the first half and a reduction in MR-

proANP release throughout the second half of the sojourn.
The latter presumably reflected a decrease in central blood
volume secondary to the PV contraction (37). However,
one difference is that in women, we did not detect the
marked increase in MR-proANP that occurred in men after
30 min of HH. As ANP release in acute hypoxia has been

Table 1. Markers of inflammation during two 4-day sojourns in NX and HH

M0 M1 E1 M2 M3 M4 M5

High-sensitivity C-reactive protein, mg·dL�1

NX 0.10 [0.05–0.20] 0.10 [0.05–0.20] 0.10 [0.05–0.10] 0.05 [0.05–0.10] 0.05 [0.05–0.10] 0.05 [0.05–0.10] 0.05 [0.05–0.20]
Values < detec-
tion threshold	

5/11 5/11 5/11 6/11 8/11 7/11 7/11

HH 0.10 [0.05–0.20] 0.10 [0.05–0.20] 0.10 [0.05–0.20] 0.10 [0.06–0.20] 0.10 [0.05–0.20] 0.10 [0.05–0.20] 0.10 [0.05–0.20]
Values < detec-
tion threshold	

4/12 3/11 4/12 3/12 4/12 4/12 3/11

Interleukin-6, pg·mL�1

NX 1.60 [0.75–2.6] 1.80 [0.75–4.60] 1.50 [0.75–1.70] 0.75 [0.75–1.70] 0.75 [0.75–0.75] 0.75 [0.75–0.75] 0.75 [0.75–0.75]
Values < detec-
tion threshold	

5/11 5/11 5/11 8/11 11/11 11/11 9/11

HH 0.75 [0.75–1.78] 0.75 [0.75–1.90] 1.23 [0.75–2.00] 0.75 [0.75–1.70] 0.75 [0.75–1.73] 0.75 [0.75–1.39] 0.75 [0.75–1.80]
Values < detec-
tion threshold	

7/12 6/11 6/12 8/12 8/12 9/12 7/11

Values are medians [25–75% interquartile ranges]. 	Values below detection threshold were estimated as half that threshold (i.e., 0.05
mg·dL�1 for high-sensitivity C-reactive protein and 0.75 pg·mL�1 for interleukin-6). The number of values below the detection threshold
is provided for each time point. NX, normoxia; HH, hypobaric hypoxia; M0, morning presojourn; M1–M5, first to fifth morning of the
sojourns, respectively; E1, first evening of the sojourns.
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Figure 5. Effects of hypoxia on endothe-
lial glycocalyx shedding. Plasma and 24-
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attributed to an increase in right ventricular afterload
resulting from hypoxic pulmonary vasoconstriction (HPV)
(38–40), the absence of a significant MR-proANP response
could have reflected an attenuated HPV (41–43), even
though a study (44) reported HPV to be greater in women
than in men. Also, the effects of HH on renal water and
electrolyte handling do not appear to differ between sexes:
as in men, GFR was reduced in HH toward the end of the
sojourn, likely because of a PV contraction-induced reduc-
tion in renal plasma flow (45), whereas the concomitant
reduction in tubular water and sodium reabsorption pre-
sumably explains why this reduction in GFR did not trans-
late into a lower urine output.

An observation that was not made in the male cohort (2)
was that BW decreased in HH by �0.5 kg despite the con-
trolled diet and maintained TBW. This weight loss could
have reflected, at least in part, the raise in basal metabolic
rate (BMR) that often (46–48), but not always (49), occurs
during hypoxic exposure. Nevertheless, if the weight loss
was indeed a consequence of a higher BMR, it is surprising
that it did not occur in men, where hypoxia has been
reported to facilitate a more pronounced and longer increase
in BMR than in women (50).

Finally, we again found the incidence of AMS associated
with rapid ascent to a simulated altitude of 3,500 m to be
negligible (2), which seems in contrast with the literature
(51). Of note, when using the revisited LLS that excludes the
evaluation of sleep (52), the AMS incidence in our study was
even lower. On one hand, this low incidence could have
been attributable to the absence of strenuous exercise (53),
adequate hydration (54), or an ascent in the early morning,
which extended the acclimatization time preceding the first
night, where AMS incidence usually peaks (51). On the other
hand, it may have reflected that the diagnosis of AMS was

not a primary aim of this study. Indeed, it has been recently
discovered that studies explicitly focusing on AMS report
markedly higher incidences, presumably as they increase
participants’ expectations of experiencing the nonspecific
symptoms that characterize AMS (55).

There are methodological aspects to consider. We investi-
gated the isolated effects of HH, which, during high-altitude
expeditions, may be confounded by changes in other envi-
ronmental or behavioral factors. As previously published (2),
we chose an exposure duration of 4 days since the major
changes in PV occur during this period and a severity of HH
that reduces PV (1) while not being associated with a high
risk for severe AMS. The latter could have resulted in not
only dropouts but also in water and salt homeostasis pertur-
bation because of water retention and increased sodium
reabsorption (10) or gastrointestinal symptoms (56).

We have used CO rebreathing to measure Hbmass and
inferred PV by integration of Hct and [Hb] (28). This approach
has also been used in our previous study in men (2), thus
allowing a comparison of results. Of note, in a previous study,
CO rebreathing indicated a decrease in PV following 24 h of
HH exposure that was not detected by the Evans blue dye
dilution technique (57). Nevertheless, as Evans blue binds to
albumin, an increased vascular permeability for proteins
could have increased its dilution space, thus leading to an
overestimation of PV inHH (57).

In conclusion, HH-induced PV contraction in women has
a similar time course and magnitude as in men and is driven
by the same mechanism, namely, an oncotically driven fluid
shift from the intra- to the extravascular compartment. We
furthermore confirm the existence of an “altitude diuresis,”
that is, however, short-lived and seems irrelevant for PV reg-
ulation. Finally, as we find no support for the theory that hy-
poxia-induced inflammation and/or endothelial glycocalyx
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Figure 6. Effects of hypoxia on volume-reg-
ulating hormones. Renin activity (A), aldo-
sterone (B), copeptin (C), and midregional
proatrial natriuretic peptide (MR-proANP;
D) concentrations in plasma throughout
4-day sojourns in normoxia (NX) and hypo-
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data. 	P < 0.05; 		P < 0.01; 			P < 0.001
for time point comparisons between NX
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the evening. One subject exhibited very
high aldosterone concentrations in HH that
were considered as outliers, excluded from
analyses, and not shown in the plots.
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shedding increase vascular permeability for plasma proteins,
the mechanism underlying the TCPP reduction in hypoxia
remains unclear.
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Figure 7. Effects of hypoxia on renal water
and electrolyte handling. Glomerular filtra-
tion rate (GFR; A) and tubular H2O reabsorp-
tion (B), as well as tubular electrolyte
reabsorption (C, E, and G) and excretion (D,
F, and H) throughout 4-day sojourns in nor-
moxia (NX) and hypobaric hypoxia (HH).
Large symbols represent means; small sym-
bols represent individual data. 	P < 0.05
for time point comparisons between NX
and HH by mixed model for repeated-mea-
surement analyses.

PLASMA VOLUME RESPONSE TO HYPOXIA IN WOMEN

AJP-Heart Circ Physiol � doi:10.1152/ajpheart.00394.2022 � www.ajpheart.org H1077
Downloaded from journals.physiology.org/journal/ajpheart at Copenhagen Univ Lib (130.226.230.027) on December 7, 2022.

https://doi.org/10.1152/japplphysiol.00118.2017
http://www.ajpheart.org


2. Schlittler M, Gatterer H, Turner R, Regli IB, Woyke S, Strapazzon
G, Rasmussen P, Kob M, Mueller T, Goetze JP, Maillard M, Hall
G. V, Feraille E, Siebenmann C. Regulation of plasma volume in
male lowlanders during 4 days of exposure to hypobaric hypoxia
equivalent to 3500 m altitude. J Physiol 599: 1083–1096, 2021.
doi:10.1113/JP280601.

3. Hannon JP, Shields JL, Harris CW. Effects of altitude acclimatization
on blood composition of women. J Appl Physiol 26: 540–547, 1969.
doi:10.1152/jappl.1969.26.5.540.

4. Beidleman BA, Staab JE, Muza SR, Sawka MN. Quantitative model
of hematologic and plasma volume responses after ascent and accli-
mation to moderate to high altitudes. Am J Physiol Regul Integr Comp
Physiol 312: R265–R272, 2017. doi:10.1152/ajpregu.00225.2016.

5. Convertino VA, Keil LC, Bernauer EM, Greenleaf JE. Plasma vol-
ume, osmolality, vasopressin, and renin activity during graded exer-
cise in man. J Appl Physiol Respir Environ Exerc Physiol 50: 123–
128, 1981. doi:10.1152/jappl.1981.50.1.123.

6. Stachenfeld NS. Sex hormone effects on body fluid regulation. Exerc
Sport Sci Rev 36: 152–159, 2008. doi:10.1097/JES.0b013e31817be928.

7. Swenson ER, Duncan TB, Goldberg SV, Ramirez G, Ahmad S,
Schoene RB. Diuretic effect of acute hypoxia in humans: relationship
to hypoxic ventilatory responsiveness and renal hormones. J Appl
Physiol (1985) 78: 377–383, 1995. doi:10.1152/jappl.1995.78.2.377.

8. Bestle MH,Olsen NV, Poulsen TD, Roach R, Fogh-Andersen N, Bie
P. Prolonged hypobaric hypoxemia attenuates vasopressin secre-
tion and renal response to osmostimulation in men. J Appl Physiol
(1985) 92: 1911–1922, 2002. doi:10.1152/japplphysiol.00936.2001.

9. Hildebrandt W, Ottenbacher A, Schuster M, Swenson ER, B€artsch
P. Diuretic effect of hypoxia, hypocapnia, and hyperpnea in humans:
relation to hormones and O(2) chemosensitivity. J Appl Physiol
(1985) 88: 599–610, 2000. doi:10.1152/jappl.2000.88.2.599.

10. Loeppky JA, Icenogle MV, Maes D, Riboni K, Hinghofer-Szalkay
H, Roach RC. Early fluid retention and severe acute mountain
sickness. J Appl Physiol (1985) 98: 591–597, 2005. doi:10.1152/
japplphysiol.00527.2004.

11. Hansen JM, Olsen NV, Feldt-Rasmussen B, Kanstrup IL, D�echaux
M, Dubray C, Richalet JP. Albuminuria and overall capillary perme-
ability of albumin in acute altitude hypoxia. J Appl Physiol (1985) 76:
1922–1927, 1994. doi:10.1152/jappl.1994.76.5.1922.

12. Robach P, Lundby C. Plasma volume contraction at altitude: where
does the plasma go? J Physiol 599: 1013–1014, 2021. doi:10.1113/
JP281028.

13. Julian CG, Subudhi AW, Wilson MJ, Dimmen AC, Pecha T, Roach
RC. Acute mountain sickness, inflammation, and permeability: new
insights from a blood biomarker study. J Appl Physiol (1985) 111:
392–399, 2011. doi:10.1152/japplphysiol.00391.2011.

14. Rohm I, Ratka J, Pistulli R, Goebel B, Gecks T, Figulla HR,
Yilmaz A, Jung C. Impact of systemic normobaric short-term hy-
poxia on pro-inflammatory and anti-inflammatory cytokines in
healthy volunteers. Clin Lab 61: 1053–1059, 2015. doi:10.7754/
clin.lab.2015.141226.

15. Boos CJ, Woods DR, Varias A, Biscocho S, Heseltine P, Mellor AJ.
High altitude and acute mountain sickness and changes in circulat-
ing endothelin-1, interleukin-6, and interleukin-17a. High Alt Med Biol
17: 25–31, 2016. doi:10.1089/ham.2015.0098.

16. Liu B, Chen J, Zhang L, Gao Y, Cui J, Zhang E, Xu G, Liang Y, Liang
Y, Wang J, Gao Y. IL-10 dysregulation in acute mountain sickness
revealed by transcriptome analysis. Front Immunol 8: 628, 2017.
doi:10.3389/fimmu.2017.00628.

17. Lundeberg J, Feiner JR, Schober A, Sall JW, Eilers H, Bickler PE.
Increased cytokines at high altitude: lack of effect of ibuprofen on
acute mountain sickness, physiological variables, or cytokine levels.
High Alt Med Biol 19: 249–258, 2018. doi:10.1089/ham.2017.0144.

18. Swenson ER, MacDonald A, Vatheuer M, Maks C, Treadwell A,
Allen R, Schoene RB. Acute mountain sickness is not altered by a
high carbohydrate diet nor associated with elevated circulating cyto-
kines. Aviat Space Environ Med 68: 499–503, 1997.

19. Malacrida S, Giannella A, Ceolotto G, Reggiani C, Vezzoli A,
Mrakic-Sposta S, Moretti S, Turner R, Falla M, Brugger H,
Strapazzon G. Transcription factors regulation in human peripheral
white blood cells during hypobaric hypoxia exposure: an in-vivo ex-
perimental study. Sci Rep 9: 9901, 2019. doi:10.1038/s41598-019-
46391-6.

20. Johansson PI, Bergstr€om A, Aachmann-Andersen NJ, Meyer MAS,
Ostrowski SR, Nordsborg NB, Olsen NV. Effect of acute hypobaric
hypoxia on the endothelial glycocalyx and digital reactive hyperemia
in humans. Front Physiol 5: 459, 2014. doi:10.3389/fphys.2014.00459.

21. Swenson KE, Berger MM, Sareban M, Macholz F, Schmidt P,
Schiefer LM, Mairb€aurl H, Swenson ER. Rapid ascent to 4559m
is associated with increased plasma components of the vascular
endothelial glycocalyx and may be associated with acute moun-
tain sickness. High Alt Med Biol 21: 176–183, 2020. doi:10.1089/
ham.2019.0081.

22. Rehm M, Zahler S, L€otsch M, Welsch U, Conzen P, Jacob M,
Becker BF. Endothelial glycocalyx as an additional barrier determin-
ing extravasation of 6% hydroxyethyl starch or 5% albumin solutions
in the coronary vascular bed. Anesthesiology 100: 1211–1223, 2004.
doi:10.1097/00000542-200405000-00025.

23. Sapp RM, Evans WS, Eagan LE, Chesney CA, Zietowski EM, Prior
SJ, Ranadive SM, Hagberg JM. The effects of moderate and high-
intensity exercise on circulating markers of endothelial integrity and
activation in young, healthy men. J Appl Physiol (1985) 127: 1245–
1256, 2019. doi:10.1152/japplphysiol.00477.2019.

24. Roach R, Bartsch P, Hackett P, Oelz O. The Lake Louise acute
mountain sickness scoring system. In: Hypoxia and Molecular
Medicine, edited by Sutton JR, Houston CS, Coates G. Burlington,
VT: Queen City Press, 1993, p. 272–274.

25. Pittman RN. Measurement of oxygen. In: Regulation of Tissue
Oxygenation. San Rafael, CA: Morgan & Claypool Life Sciences,
2022.

26. Hunter I, Alehagen U, Dahlstr€om U, Rehfeld JF, Crimmins DL,
Goetze JP. N-terminal pro-atrial natriuretic peptide measurement in
plasma suggests covalent modification. Clin Chem 57: 1327–1330,
2011. doi:10.1373/clinchem.2011.166330.

27. Alehagen U, Dahlstr€om U, Rehfeld JF, Goetze JP. Association of
copeptin and N-terminal proBNP concentrations with risk of cardio-
vascular death in older patients with symptoms of heart failure.
JAMA 305: 2088–2095, 2011. doi:10.1001/jama.2011.666.

28. Siebenmann C, Keiser S, Robach P, Lundby C. CORP: the assess-
ment of total hemoglobin mass by carbon monoxide rebreath-
ing. J Appl Physiol (1985) 123: 645–654, 2017. doi:10.1152/
japplphysiol.00185.2017.

29. Schoeller DA, van Santen E, Peterson DW, Dietz W, Jaspan J,
Klein PD. Total body water measurement in humans with 18O and
2H labeled water. Am J Clin Nutr 33: 2686–2693, 1980. doi:10.1093/
ajcn/33.12.2686.

30. Imoberdorf R, Garlick PJ, McNurlan MA, Casella GA, Peheim E,
Turgay M, B€artsch P, Ballmer PE. Enhanced synthesis of albumin
and fibrinogen at high altitude. J Appl Physiol (1985) 90: 528–537,
2001. doi:10.1152/jappl.2001.90.2.528.

31. Biollaz J, Buclin T, Hildebrandt W, D�ecosterd LA, Nussberger J,
Swenson ER, B€artsch P. No renal dysfunction or salt and water
retention in acute mountain sickness at 4,559 m among young rest-
ing males after passive ascent. J Appl Physiol (1985) 130: 226–236,
2021. doi:10.1152/japplphysiol.00382.2020.

32. Fischer CP. Interleukin-6 in acute exercise and training: what is the
biological relevance? Exerc Immunol Rev 12: 6–33, 2006.

33. LaVoy ECP, McFarlin BK, Simpson RJ. Immune responses to exer-
cising in a cold environment. Wilderness Environ Med 22: 343–351,
2011. doi:10.1016/j.wem.2011.08.005.

34. Warttinger U, Kr€amer R. Instant determination of the potential bio-
marker heparan sulfate in human plasma by a mix-and-read fluores-
cence assay (Preprint). arXiv, 2017.

35. Hulde N, Rogenhofer N, Brettner F, Eckert NC, G€otzfried I, Nguyen
T, Pagel J-I, Kammerer T, Hofmann-Kiefer KF, Schelling G,
Dendorfer A, Rehm M, Thaler CJ. The CYCLOCALYX study:
Ovulatory cycle affects circulating compartments of the endothelial
glycocalyx in blood. Am J Reprod Immunol 79: e12767, 2018.
doi:10.1111/aji.12767.

36. Hahn RG, Patel V, Dull RO. Human glycocalyx shedding: systematic
review and critical appraisal. Acta Anaesthesiol Scand 65: 590–
606, 2021. doi:10.1111/aas.13797.

37. Gatterer H, Rauch S, Regli IB, Woyke S, Schlittler M, Turner R,
Strapazzon G, Brugger H, Goetze JP, Feraille E, Siebenmann
C. Plasma volume contraction reduces atrial natriuretic peptide
after four days of hypobaric hypoxia exposure. Am J Physiol

PLASMA VOLUME RESPONSE TO HYPOXIA IN WOMEN

H1078 AJP-Heart Circ Physiol � doi:10.1152/ajpheart.00394.2022 � www.ajpheart.org
Downloaded from journals.physiology.org/journal/ajpheart at Copenhagen Univ Lib (130.226.230.027) on December 7, 2022.

https://doi.org/10.1113/JP280601
https://doi.org/10.1152/jappl.1969.26.5.540
https://doi.org/10.1152/ajpregu.00225.2016
https://doi.org/10.1152/jappl.1981.50.1.123
https://doi.org/10.1097/JES.0b013e31817be928
https://doi.org/10.1152/jappl.1995.78.2.377
https://doi.org/10.1152/japplphysiol.00936.2001
https://doi.org/10.1152/jappl.2000.88.2.599
https://doi.org/10.1152/japplphysiol.00527.2004
https://doi.org/10.1152/japplphysiol.00527.2004
https://doi.org/10.1152/jappl.1994.76.5.1922
https://doi.org/10.1113/JP281028
https://doi.org/10.1113/JP281028
https://doi.org/10.1152/japplphysiol.00391.2011
https://doi.org/10.7754/clin.lab.2015.141226
https://doi.org/10.7754/clin.lab.2015.141226
https://doi.org/10.1089/ham.2015.0098
https://doi.org/10.3389/fimmu.2017.00628
https://doi.org/10.1089/ham.2017.0144
https://doi.org/10.1038/s41598-019-46391-6
https://doi.org/10.1038/s41598-019-46391-6
https://doi.org/10.3389/fphys.2014.00459
https://doi.org/10.1089/ham.2019.0081
https://doi.org/10.1089/ham.2019.0081
https://doi.org/10.1097/00000542-200405000-00025
https://doi.org/10.1152/japplphysiol.00477.2019
https://doi.org/10.1373/clinchem.2011.166330
https://doi.org/10.1001/jama.2011.666
https://doi.org/10.1152/japplphysiol.00185.2017
https://doi.org/10.1152/japplphysiol.00185.2017
https://doi.org/10.1093/ajcn/33.12.2686
https://doi.org/10.1093/ajcn/33.12.2686
https://doi.org/10.1152/jappl.2001.90.2.528
https://doi.org/10.1152/japplphysiol.00382.2020
https://doi.org/10.1016/j.wem.2011.08.005
https://doi.org/10.1111/aji.12767
https://doi.org/10.1111/aas.13797
http://www.ajpheart.org


Regul Integr Comp Physiol 320: R526–R531, 2021. doi:10.1152/
ajpregu.00313.2020.

38. Reeves JT, Wagner WW, McMurtry IF, Grover RF. Physiological
effects of high altitude on the pulmonary circulation. Int Rev Physiol
20: 289–310, 1979.

39. Kawashima A, Kubo K, Hirai K, Yoshikawa S, Matsuzawa Y,
Kobayashi T. Plasma levels of atrial natriuretic peptide under acute
hypoxia in normal subjects. Respir Physiol 76: 79–91, 1989.
doi:10.1016/0034-5687(89)90019-4.

40. Vonmoos S, Nussberger J, Waeber B, Biollaz J, Brunner HR,
Leuenberger P. Effect of metoclopramide on angiotensins, aldoste-
rone, and atrial peptide during hypoxia. J Appl Physiol (1985) 69:
2072–2077, 1990. doi:10.1152/jappl.1990.69.6.2072.

41. Sylvester JT, Gordon JB, Malamet RL, Wetzel RC. Prostaglandins
and estradiol-induced attenuation of hypoxic pulmonary vasocon-
striction. Chest 88: 252S–254S, 1985. doi:10.1378/chest.88.4_
supplement.252s.

42. Lahm T, Crisostomo PR, Markel TA, Wang M, Weil BR, Novotny
NM, Meldrum DR. The effects of estrogen on pulmonary artery vas-
oreactivity and hypoxic pulmonary vasoconstriction: potential new
clinical implications for an old hormone. Crit Care Med 36: 2174–
2183, 2008. doi:10.1097/CCM.0b013e31817d1a92.

43. Xu D, Niu W, Luo Y, Zhang B, Liu M, Dong H, Liu Y, Li Z.
Endogenous estrogen attenuates hypoxia-induced pulmonary hyper-
tension by inhibiting pulmonary arterial vasoconstriction and pul-
monary arterial smooth muscle cells proliferation. Int J Med Sci 10:
771–781, 2013. doi:10.7150/ijms.5906.

44. Fatemian M, Herigstad M, Croft QPP, Formenti F, Cardenas R,
Wheeler C, Smith TG, Friedmannova M, Dorrington KL, Robbins
PA. Determinants of ventilation and pulmonary artery pressure dur-
ing early acclimatization to hypoxia in humans. J Physiol 594: 1197–
1213, 2016. doi:10.1113/JP270061.

45. Pichler J, Risch L, Hefti U, Merz TM, Turk AJ, Bloch KE, Maggiorini
M, Hess T, Barthelmes D, Schoch OD, Risch G, Huber AR.
Glomerular filtration rate estimates decrease during high altitude
expedition but increase with Lake Louise acute mountain sickness
scores. Acta Physiol (Oxf) 192: 443–450, 2008. doi:10.1111/j.1748-
1716.2007.01758.x.

46. Butterfield GE, Gates J, Fleming S, Brooks GA, Sutton JR, Reeves
JT. Increased energy intake minimizes weight loss in men at high
altitude. J Appl Physiol (1985) 72: 1741–1748, 1992. doi:10.1152/
jappl.1992.72.5.1741.

47. Mawson JT, Braun B, Rock PB, Moore LG, Mazzeo R, Butterfield
GE. Women at altitude: energy requirement at 4,300 m. J Appl
Physiol (1985) 88: 272–281, 2000. doi:10.1152/jappl.2000.88.1.272.

48. Berryman CE, Young AJ, Karl JP, Kenefick RW, Margolis LM,
Cole RE, Carbone JW, Lieberman HR, Kim I-Y, Ferrando AA,
Pasiakos SM. Severe negative energy balance during 21 d at high
altitude decreases fat-free mass regardless of dietary protein
intake: a randomized controlled trial. FASEB J 32: 894–905, 2018.
doi:10.1096/fj.201700915R.

49. Oltmanns KM, Gehring H, Rudolf S, Schultes B, Schweiger U, Born
J, Fehm HL, Peters A. Persistent suppression of resting energy ex-
penditure after acute hypoxia. Metabolism 55: 669–675, 2006.
doi:10.1016/j.metabol.2006.01.004.

50. Palmer BF, Clegg DJ. Ascent to altitude as a weight loss method:
the good and bad of hypoxia inducible factor activation. Obesity
(Silver Spring) 22: 311–317, 2014. doi:10.1002/oby.20499.

51. Luks AM, Swenson ER, B€artsch P. Acute high-altitude sickness. Eur
Respir Rev 26: 160096, 2017. doi:10.1183/16000617.0096-2016.

52. Roach RC, Hackett PH, Oelz O, B€artsch P, Luks AM, MacInnis MJ,
Baillie JK; Lake Louise AMS Score Consensus Committee. The
2018 Lake Louise acute mountain sickness score. High Alt Med Biol
19: 4–6, 2018. doi:10.1089/ham.2017.0164.

53. Beidleman BA, Tighiouart H, Schmid CH, Fulco CS, Muza SR.
Predictive models of acute mountain sickness after rapid ascent to
various altitudes. Med Sci Sports Exerc 45: 792–800, 2013.
doi:10.1249/MSS.0b013e31827989ec.

54. Castellani JW,Muza SR, Cheuvront SN, Sils IV, Fulco CS, Kenefick
RW, Beidleman BA, Sawka MN. Effect of hypohydration and altitude
exposure on aerobic exercise performance and acute mountain
sickness. J Appl Physiol (1985) 109: 1792–1800, 2010. doi:10.1152/
japplphysiol.00517.2010.

55. B€artsch P. The impact of nocebo and placebo effects on reported
incidence of acute mountain sickness. High Alt Med Biol 23: 8–17,
2022. doi:10.1089/ham.2021.0078.

56. Westerterp KR, Robach P, Wouters L, Richalet JP. Water balance
and acute mountain sickness before and after arrival at high altitude
of 4,350 m. J Appl Physiol (1985) 80: 1968–1972, 1996. doi:10.1152/
jappl.1996.80.6.1968.

57. Poulsen TD, Klausen T, Richalet JP, Kanstrup IL, Fogh-
Andersen N, Olsen NV. Plasma volume in acute hypoxia: compar-
ison of a carbon monoxide rebreathing method and dye dilution
with Evans’ blue. Eur J Appl Physiol Occup Physiol 77: 457–461,
1998. doi:10.1007/s004210050360.

PLASMA VOLUME RESPONSE TO HYPOXIA IN WOMEN

AJP-Heart Circ Physiol � doi:10.1152/ajpheart.00394.2022 � www.ajpheart.org H1079
Downloaded from journals.physiology.org/journal/ajpheart at Copenhagen Univ Lib (130.226.230.027) on December 7, 2022.

https://doi.org/10.1152/ajpregu.00313.2020
https://doi.org/10.1152/ajpregu.00313.2020
https://doi.org/10.1016/0034-5687(89)90019-4
https://doi.org/10.1152/jappl.1990.69.6.2072
https://doi.org/10.1378/chest.88.4_supplement.252s
https://doi.org/10.1378/chest.88.4_supplement.252s
https://doi.org/10.1097/CCM.0b013e31817d1a92
https://doi.org/10.7150/ijms.5906
https://doi.org/10.1113/JP270061
https://doi.org/10.1111/j.1748-1716.2007.01758.x
https://doi.org/10.1111/j.1748-1716.2007.01758.x
https://doi.org/10.1152/jappl.1992.72.5.1741
https://doi.org/10.1152/jappl.1992.72.5.1741
https://doi.org/10.1152/jappl.2000.88.1.272
https://doi.org/10.1096/fj.201700915R
https://doi.org/10.1016/j.metabol.2006.01.004
https://doi.org/10.1002/oby.20499
https://doi.org/10.1183/16000617.0096-2016
https://doi.org/10.1089/ham.2017.0164
https://doi.org/10.1249/MSS.0b013e31827989ec
https://doi.org/10.1152/japplphysiol.00517.2010
https://doi.org/10.1152/japplphysiol.00517.2010
https://doi.org/10.1089/ham.2021.0078
https://doi.org/10.1152/jappl.1996.80.6.1968
https://doi.org/10.1152/jappl.1996.80.6.1968
https://doi.org/10.1007/s004210050360
http://www.ajpheart.org

	bkmk_bookmark_1
	bkmk_bookmark_2
	bkmk_bookmark_3
	bkmk_bookmark_4
	bkmk_bookmark_5
	bkmk_bookmark_6
	bkmk_bookmark_7
	bkmk_bookmark_8
	bkmk_bookmark_9

	bkmk_bookmark_10
	bkmk_bookmark_11
	bkmk_bookmark_12
	bkmk_bookmark_13
	bkmk_bookmark_14
	bkmk_bookmark_15
	bkmk_bookmark_16
	bkmk_bookmark_17

	bkmk_bookmark_18
	bkmk_bookmark_19
	bkmk_bookmark_AC
	bkmk_bookmark_20
	bkmk_bookmark_21
	bkmk_bookmark_22
	bkmk_bookmark_23


