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Abstract

The study examined the distinct and synergistic effects of hypoxia and bed rest

on the erythropoietin (EPO) concentration and relative changes in plasma vol-

ume (PV). Eleven healthy male lowlanders underwent three 21-day confinement

periods, in a counterbalanced order: (1) normoxic bed rest (NBR; PIO2:

133.1 � 0.3 mmHg); (2) hypoxic bed rest (HBR; PIO2: 90.0 � 0.4 mmHg,

ambient simulated altitude of ~4000 m); and (3) hypoxic ambulation (HAMB;

PIO2: 90.0 � 0.4 mmHg). Blood samples were collected before, during (days 2,

5, 14, and 21) and 2 days after each confinement to determine EPO concentra-

tion. Qualitative differences in PV changes were also estimated by changes in

hematocrit and hemoglobin concentration along with concomitant changes in

plasma renin concentration. NBR caused an initial reduction in EPO by ~39%
(P = 0.04). By contrast, HBR enhanced EPO (P = 0.001), but the increase was

less than that induced by HAMB (P < 0.01). All three confinements caused a

significant reduction in PV (P < 0.05), with a substantially greater drop in HBR

than in the other conditions (P < 0.001). Thus, present results suggest that

hypoxia prevents the EPO suppression, whereas it seems to exaggerate the PV

reduction induced by bed rest.
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Introduction

Erythropoietin (EPO), a glycoprotein hormone produced

by the adult kidney (Bauer and Kurtz 1989; Lundby et al.

2014) whose main function is to regulate the production

rate of red blood cell volume, is governed primarily

by the relative amount of O2 available to the tissues

(Jelkmann 2011). It is well established that exposure to

hypoxia prompts a rather rapid increase in EPO concen-

tration (Eckardt et al. 1989; Knaupp et al. 1992), which

reaches its zenith after 3–4 days, and is thereafter fol-

lowed by a gradual decline toward the pre-hypoxia levels

(Gunga et al. 1994; Berglund et al. 2002). There is also

evidence to suggest that the EPO secretion is modulated

by changes in blood volume (Berglund et al. 1987; Ehmke

et al. 1995; Breymann et al. 2000); albeit the underlying

mechanism is not yet clear (cf. Kirsch et al. 2005). Thus,

a prolonged period of bed rest suppresses EPO synthesis,

presumably due to the central venous pressure increase

resulting from the thoraco-cephalad blood volume shift at

the initial stage of recumbency (Gunga et al. 1996). Yet,

whether, and to what extent, a hypoxic stimulus superim-

posed on bed rest would counteract the bed rest-induced

erythropoietic suppression remains unclear.

Exposure to high altitude causes a rapid contraction in

plasma volume (PV) (Pugh 1964; Singh et al. 1990; Sawka

et al. 1996; Siebenmann et al. 2015); a response that has

been attributed to several mechanisms, viz. dehydration,

diuresis, plasma protein loss, and inhibition of the renin–
angiotensin–aldosterone axis (cf. Hoyt and Honig 1996).

A prolonged period of bed rest also leads to a substantial

reduction in PV (Greenleaf 1984; Johansen et al. 1997),

which is mainly attributable to the increased secretion of

atrial natriuretic peptide (ANP), and in part, to the reduc-

tion of total circulating plasma proteins (Fortney et al.

1996; Convertino 2007). Loeppky et al. (1993) have

suggested that the coexistence of the hypoxia and bed rest

stressors might have an additive effect on the PV response,

thereby leading to a greater degree of hypovolemia than

that induced by either hypoxia or bed rest per se; however,

this still remains unsettled.

Accordingly, the purpose of the study was to examine

the effects of 21 days of hypoxia and horizontal bed rest,

alone and in combination, on EPO concentration, and on

qualitative interconfinement differences in PV changes. We

hypothesized that normobaric hypoxia would: (1) counter-

act the bed rest-induced suppression in EPO concentration;

and (2) augment the bed rest-induced reduction in PV.

Materials and Methods

The study was part of the “PlanHab: Planetary Habitat Sim-

ulation” project investigating the effects of a 21-day hypoxic

bed rest on several functions of cardiorespiratory, muscu-

loskeletal, thermoregulatory, and neurohumoral systems.

Complete details of the study have been reported previ-

ously, including the selection procedures and characteristics

of the subjects, and a thorough description of the three con-

finements (see Debevec et al. 2014; Ciuha et al. 2015).

Subjects

Eleven healthy males (age: 27 � 6 years, stature: 179.9 �
3.2 cm, body mass: 76.6 � 11.9 kg, body fat: 21 � 5%,

peak O2 uptake: 3.1 � 0.6 L min�1) participated in the

study. Prior to the onset of the study, subjects had a thor-

ough physical examination, and their participation was

subject to a physician’s approval. None of them had his-

tory of any cardiorespiratory, hematological, or renal dis-

ease. They were physically active on a recreational basis,

and had not been exposed to altitudes >1000 m during

the 2 months preceding the experiments. Subjects were

informed in detail about the experimental procedures

before giving their written consent to participate, and

were aware that they could terminate their participation

in the study at any time. The experimental protocol was

approved by the National Committee for Medical Ethics

at the Ministry of Health of the Republic of Slovenia and

conformed to the Declaration of Helsinki.

Experimental protocol

The study was conducted at the Olympic Sports Center Plan-

ica (Rate�ce, Slovenia) that is situated at an altitude of 940 m.

To determine the distinct effects of hypoxia and bed rest, and

their synergy, all subjects underwent three 21-day confine-

ment periods, in a counterbalanced order and separated by a

washout period of at least 4 months: (1) a normoxic bed rest

(NBR), during which they were breathing room-air [fraction

of O2 (FO2): 0.21, partial pressure of inspired O2 (PIO2):

133.1 � 0.3 mmHg]; (2) a hypoxic bed rest (HBR), while

they were continuously inspiring a hypoxic gas mixture (FO2:

0.14, PIO2: 90.0 � 0.4 mmHg, ambient simulated altitude of

~4000 m); and (3) a hypoxic ambulation (HAMB), during

which subjects were exposed to the same hypoxic environ-

ment as in the HBR. Throughout the three confinements,

subjects were under 24-h care, and their daily well-being was

monitored by the medical staff. Subjects consumed a stan-

dardized diet, and were allowed to drink water and tea ad libi-

tum (see Debevec et al. 2014).

Venous blood was drawn from an antecubital vein on

six occasions: before (Pre), during (on days 2, 5, 14 and

21), and 2 days after (R2) each confinement period. The

blood was always collected at 0730 h in the morning, while

subjects rested in a horizontal, supine position after an

overnight fast. The samples were analyzed for serum
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erythropoietin (EPO) concentration, reticulocyte count,

hemoglobin concentration ([Hb]), hematocrit (Hct), total

red blood cells (RBCs), and plasma renin concentration

(see below for details). The blood samples for EPO and

renin determination were centrifuged, and the plasma and

serum were frozen to �80°C for subsequent analyses. All

hematological variables were determined in duplicate by

researchers, who were blinded as regards the intervention.

Following the blood sampling, systolic (SAP) and dias-

tolic (DAP) arterial pressure was measured with a noninva-

sive oscillometric automated sphygmomanometer (Omron

M6, Kyoto, Japan). The mean arterial pressure (MAP) was

calculated accordingly. Heart rate (HR) and capillary oxy-

hemoglobin saturation (SpO2) were recorded with short-

range telemetry (iBody, Wahoo Fitness, Atlanta, USA) and

a finger pulse oxymeter (3100 WristOx, Nonin Medicals,

Minessota), respectively.

Bed rest and ambulatory confinements

During NBR and HBR, subjects were confined to a strict

horizontal position, and were not allowed to perform any

exercise or strenuous muscle contractions. They were

allowed to move their arms in and above the horizontal

plane and to lean on their elbows during eating, personal

hygiene, and transfer between bed and gurney. During

HAMB, subjects were allowed to move freely within the

hypoxic living area and were encouraged to be active, so

as to maintain their normal daily activity level. To that

purpose, they also performed two 30-min bouts of light

exercise (average HR: 124 � 9 beats min�1), such as

stepping, cycling, or dancing, once in the morning and

once in the afternoon.

During HBR and HAMB, hypoxia in the confinement

area was achieved using an O2 dilution system (b-Cat,

Tiel, the Netherlands) based on the vacuum pressure

swing adsorption principle. The O2 level was monitored

continuously with O2 sensors (PGM-1100; Rae Systems,

San Jose, California).

Hematological analyses

EPO concentration was determined by sandwich enzyme-

linked immunoassay (Quantikine IVD EPO ELISA; R&D

Systems, Minneapolis, MN) using 100 lL of serum. Opti-

cal density was quantified on a SPECTRAmaxTM PLUS384

microplate spectrophotometer (Molecular Devices Corpo-

ration, 1311 Orleans Drive, Sunnyvale, California) set at

450 nm and corrected at 600 nm. The estimated coeffi-

cient of variation of the analysis was 2.2%.

[Hb], Hct, RBCs, and reticulocyte counts were analyzed

with an automated laser-based hematology analyser

(Advia 120; Siemens, Munich, Germany) within 8 h after

the blood sampling using clinical laboratory standards.

Plasma renin concentration was quantified by an auto-

mated sandwich chemoluminescence immunoassay (LIAI-

SON XL, DiaSorin S.p.A., Saluggia, Italy). The estimated

coefficient of variation of the analysis was 4.5%.

The interconfinement differences in PV changes were

estimated qualitatively from changes in Hct and [Hb]

(Dill and Costill 1974; Johansen et al. 1997). To ensure

that the interconfinement grading of PV changes thus

obtained were not detrimentally confounded by neoery-

throcytosis, results were compared with the concomitant

changes in plasma renin concentration (Gauer and Henry

1976). Thus, any exaggerated PV drop was considered

factual, only if accompanied by an exaggerated increase in

renin concentration.

Statistical analysis

Statistical analyses were performed using Statistica 8.0

(StatSoft, Tulsa, OK). All data are reported as

mean � SD. Analysis of the normal distribution of the

data was performed with the Kolmogorov–Smirnov test,

and the homoscedasticity was tested using the Levene’s

test. Thereafter, a two-way (confinement 9 time) general

linear model repeated measures ANOVA was used to

examine the differences in all hematological variables.

Mauchly’s test was conducted to assess for sphericity, and

the Greenhouse-Geisser e correction was used to adjust

the degrees of freedom, when the assumption of spheric-

ity was not satisfied. When ANOVA revealed significant

F-ratio for interaction, pairwise comparisons were per-

formed with Tukey HSD post hoc test to assess differences

between confinements. Changes from the prevalue within

each confinement were analyzed with a Dunnett test. Par-

tial eta-squared (g2p) effect sizes were determined for all

significant interactions and main effects revealed by the

repeated measures ANOVAs (values for g2p of ≤0.02,
≤0.13, and ≥0.26 are considered as small, moderate, and

large, respectively). Cohen’s d effect sizes were also com-

puted [d = (Mi � Mj)/SDpooled] for select contrasts (val-

ues for d of ≤0.2, ≤0.5, and ≥0.8 are considered as small,

moderate, and large, respectively) (Cohen 1988). A mod-

erate to large effect size represents a functional effect of

the confinement. Statistical power calculations in this

study ranged from 0.71 to 1.00. The alpha level of signifi-

cance was set a priori at 0.05.

Results

The mean values of HR, SAP, DAP, MAP, and SpO2 dur-

ing each confinement are presented in Table 1. The daily

values of HR and SpO2 have been discussed in detail
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previously (see Debevec et al. 2014). NBR and HAMB did

not alter HR. However, HBR increased HR (P = 0.02);

HR was higher in HBR than NBR (P < 0.01). None of

the confinements changed SAP, but all confinements

increased DAP (P < 0.01). DAP tended to be higher in

the HBR than the NBR, albeit the difference was not sta-

tistically significant (P = 0.12). MAP was increased by

HBR (P = 0.01), and there was a statistical tendency for

an elevated MAP in NBR (P = 0.06). HBR and HAMB

reduced SpO2 (P < 0.001), which was lower in these con-

ditions than in NBR (P < 0.001).

Serum erythropoietin

The mean absolute values of EPO concentration during

the three confinements are presented in Figure 1. Figure 2

illustrates the mean and individual relative changes of

EPO on day 2 of each confinement. There was a confine-

ment 9 time interaction (P < 0.001, g2p = 0.73), and a

main effect for confinement (P < 0.001, g2p = 0.83) and

time (P < 0.001, g2p = 0.79). HAMB increased EPO on

day 2 and 5 (P < 0.001). HBR enhanced EPO on day 2

(P < 0.001, d = 1.66); the increase was less in HBR than

in HAMB (P ≤ 0.01). Contrary to the hypoxic confine-

ments, NBR caused an initial reduction in EPO by ~39%
(P = 0.04, d = 2.33). EPO levels were significantly lower

in NBR compared to in HBR on days 2 and 5 (P ≤ 0.01),

and to in HAMB throughout the confinement

(P ≤ 0.001). After the cessation of both hypoxic confine-

ments, EPO was decreased by ~48% (P < 0.05); no such

drop was observed following NBR.

Reticulocytes

There was a confinement 9 time interaction (P = 0.05,

g2p = 0.18), and a main effect for confinement

(P < 0.001, g2p = 0.97) and time (P = 0.001, g2p = 0.49)

(Fig. 3A). Both hypoxic confinements caused a significant

increase in reticulocytes (HAMB: P ≤ 0.01; HBR:

P < 0.001). During NBR, the reticulocytes were elevated

on day 2 and 5 (P ≤ 0.01), and thereafter returned to the

baseline level. From day 5 to the end of the confinement,

the count of reticulocytes was constantly lower in NBR

than in both hypoxic confinements (P ≤ 0.05). During

the postconfinement period, the reticulocytes were less in

NBR than in HBR (P = 0.01).

Hemoglobin

There was a confinement 9 time interaction (P = 0.004,

g2p = 0.34), and a main effect for confinement

(P = 0.002, g2p = 0.45) and time (P < 0.001, g2p = 0.73)

(Fig. 3B). [Hb] was significantly increased throughout the

Table 1. Systolic (SAP), diastolic (DAP) and mean (MAP) arterial pressure, heart rate (HR), and capillary oxyhemoglobin saturation (SpO2)

before, during, and after the 21-day hypoxic bed rest (HBR), normoxic bed rest (NBR), and hypoxic ambulation (HAMB).

Pre HBR R2 Pre NBR R2 Pre HAMB R2

HR (beats min�1) 64 � 12 73 � 7†* 68 � 9 64 � 11 61 � 8 66 � 8 64 � 9 69 � 7 66 � 16

SAP (mmHg) 115 � 11 120 � 9 111 � 14 112 � 7 117 � 6 114 � 8 113 � 13 116 � 8 110 � 11

DAP (mmHg) 66 � 5 75 � 7† 68 � 12 62 � 6 69 � 6† 66 � 5 64 � 5 71 � 6† 67 � 9

MAP (mmHg) 82 � 7 90 � 7† 83 � 13 78 � 5 85 � 5 82 � 6 81 � 7 86 � 6 82 � 8

SpO2 (%) 97 � 1 88 � 1†* 97 � 1 98 � 0 97 � 1# 98 � 1 97 � 1 87 � 1† 97 � 1

Values are � SD.
†Significantly different from the Pre. *Significant differences between HBR and NBR. #Significant differences between NBR and HAMB.

(P < 0.05).
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Figure 1. Absolute values of serum erythropoietin concentration

([EPO]) before (Pre), during (day 2, 5, 14 and 21), and after (R2) the

21-day hypoxic bed rest (HBR), normoxic bed rest (NBR), and

hypoxic ambulation (HAMB). Values are mean � SD. †Significantly

different from the Pre. *Significant differences between HBR and

NBR. §Significant differences between HBR and HAMB. #Significant

differences between NBR and HAMB. (P < 0.001).
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three confinements (P < 0.001). However, [Hb] was

greater in HBR compared to HAMB on day 5 and 14

(P < 0.05), and to NBR on day 14 and 21 (P < 0.001).

[Hb] was still elevated on R2 after both bed rest confine-

ments (HBR: P = 0.05; NBR: P = 0.01).

Hematocrit

There was a confinement 9 time interaction (P < 0.001,

g2p = 0.33), and a main effect for confinement (P = 0.02,

g2p = 0.31) and time (P < 0.001, g2p = 0.70) (Fig. 3C).

Both hypoxic confinements caused an increase in Hct

(P ≤ 0.01); on day 14, the increase was greater in HBR

than in HAMB (P = 0.05). NBR caused an increase in

Hct on day 2, 5, and 14 (P ≤ 0.01); still, Hct was lower

in NBR than in HBR on day 14 and 21 (P < 0.001).

Red blood cells

The mean values of RBCs are summarized in Table 2.

There was a confinement 9 time interaction (P < 0.001,

g2p = 0.40), and a main effect for confinement

(P < 0.001, g2p = 0.54) and time (P < 0.001, g2p = 0.73).

RBCs were elevated throughout the three confinements

(P < 0.001). RBCs were higher in HBR than in HAMB

on day 5, 14, and 21 (P < 0.001), and than in NBR on

day 14 and 21 (P < 0.001).

Plasma renin

There was a confinement 9 time interaction (P = 0.006,

g2p = 0.29), and a main effect for confinement

(P < 0.001, g2p = 0.78) and time (P < 0.001, g2p = 0.42)

(Fig. 4). NBR increased renin on day 5 and 14

(P < 0.05). HBR enhanced renin on day 5, 14, and R2

(P ≤ 0.001). On days 14 and R2, the increase was greater

in HBR than in NBR (P < 0.001). HAMB did not alter

renin at any time point (P > 0.05).

Qualitative interconfinement differences in
plasma volume

The mean and individual changes from baseline values of

PV are illustrated in Figure 5. There was a confine-

ment 9 time interaction (P < 0.008, g2p = 0.32), and a

main effect for confinement (P = 0.002, g2p = 0.44) and

time (P < 0.001, g2p = 0.70). All three confinements

caused a significant drop in PV (P < 0.05). However, the

reduction in PV was greater in HBR than in NBR on day

14 and 21 (P < 0.001), and than in HAMB on day 14
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Figure 2. Mean and individual changes from prevalues of serum erythropoietin concentration ([EPO]) on day 2 of the 21-day hypoxic bed rest

(HBR; A), normoxic bed rest (NBR; B), and hypoxic ambulation (HAMB; C). Values are mean � SD.

Table 2. Count of red blood cells per unit volume of blood (RBCs) before (Pre), during (day 2, 5, 14 and 21), and after (R2) the 21-day

hypoxic bed rest (HBR), normoxic bed rest (NBR), and hypoxic ambulation (HAMB).

Pre Day 2 Day 5 Day 14 Day 21 R2

RBCs (91012 L�1)

HBR 5.16 � 0.29 5.58 � 0.33† 5.90 � 0.39†§ 6.22 � 0.36†*§ 6.08 � 0.49†*§ 5.34 � 0.49

NBR 5.10 � 0.38 5.53 � 0.40† 5.55 � 0.40† 5.59 � 0.37† 5.48 � 0.47† 5.39 � 0.88†

HAMB 5.01 � 0.33 5.41 � 0.28† 5.41 � 0.47† 5.54 � 0.39† 5.64 � 0.47† 5.10 � 0.41

Values are � SD.
†Significantly different from the Pre. *Significant differences between HBR and NBR. §Significant differences between HBR and HAMB.

(P < 0.001).
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(P < 0.001). The changes in PV were mirrored by the

changes in plasma renin concentration, so that the largest

drop in PV coincided with the largest increase in plasma

renin and so forth (Fig. 4).

Discussion

A substantial reduction in serum EPO concentration was

observed in all subjects on the second day of NBR; a find-

ing that is in line with a previous bed rest study (Gunga

et al. 1996). Although the secretion of EPO is primarily

mediated via an intrarenal O2-dependent mechanism

(Bauer and Kurtz 1989; Lundby et al. 2014), EPO tran-

scription is also modulated by changes in the blood-

volume distribution in the body (Ehmke et al. 1995;

Kirsch et al. 2005). During the early stages of bed rest, a

thoraco-cephalad fluid shift prevails, resulting in a rapid

and transient increase in central venous pressure (Nixon

et al. 1979; Linnarsson et al. 1985). It has been postulated

(Gunga et al. 1996) that this central venous pressure

increase is detected by the cardiac atrial volume receptors,

which suppress EPO production, either by affecting the

renin–angiotensin system (Freudenthaler et al. 1999,

2000; Donnelly and Miller 2001), or via a humoral modu-

lator stemming from the hypothalamic–hypophyseal sys-
tem (Pagel et al. 1989; von Wussow et al. 2005). In this
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from the Pre. *Significant differences between HBR and NBR.
§Significant differences between HBR and HAMB. #Significant

differences between NBR and HAMB. (P = 0.006).

2016 | Vol. 4 | Iss. 7 | e12760
Page 6

ª 2016 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of

the American Physiological Society and The Physiological Society.

Effects of Hypoxic Bedrest on Erythropoietin & Plasma Volume M. E. Keramidas et al.



regard, the report by Breymann et al. (2000) showing that

the increase in central venous pressure in a group of

hypervolemic hemodiluted individuals was closely associ-

ated with a reduction in EPO is also of interest. Aside

from the blood volume changes, Robertson et al. (1994)

have suggested that reduced sympathetic nervous activity

might explain the EPO suppression during bed rest. How-

ever, judging by the arterial pressure and HR responses,

NBR did not reduce sympathetic nervous activity in this

study.

Notably, the hypoxic stimulus counteracted any bed

rest-induced EPO suppression, resulting in marked

increase in the serum EPO during HBR. In keeping

with our findings, Stevens et al. (1966) have reported

that hypoxia during a 4-week bed rest prevented a loss

in red cell mass. Yet, in this study, it is noteworthy

that the EPO increment in HBR was less than that

detected in HAMB, despite the similar levels of PIO2 in

the two confinements, suggesting that the bed rest-

induced central hypervolemia was still capable of blunt-

ing the hypoxia-driven erythropoiesis. Thus, present

results support the notions that tissue hypoxia is the

prime mover of renal EPO synthesis (Jelkmann 2011),

and that the blood-volume distribution constitutes an

additional regulatory determinant for EPO

production.

The confinement-dependent reduction in PV was

greater in HBR than in the other conditions, which is in

agreement with the suggestion by Loeppky et al. (1993).

The underlying mechanisms for the exaggerated depres-

sion of PV in HBR are difficult to discern from the cur-

rent results. It appears unlikely that the exaggerated PV

drop was due to increased diuresis, since water intake

and urine output were well preserved in all confinements

and did not differ between them (see Debevec et al.

2014). Presumably, the HBR-induced hypovolemia was

attributable to a higher sympathetically mediated vascular

tone, mainly induced by the hypoxic stimulus (Kanstrup

et al. 1999; Hansen and Sander 2003), as indicated by the

higher values of HR and DAP during HBR than NBR. An

increased peripheral vasoconstriction during HBR might

have prompted blood redistribution from the periphery

to the central circulation, with a more pronounced raise

in right atrial pressure and hence stimulating the release

of ANP, and leading to a greater degree of hypovolemia.

An alternative mechanism might be that HBR caused a

greater loss of plasma proteins, reducing vascular osmotic

pressure. Thus, both hypoxia (Sawka et al. 1996) and bed

rest (Van Beaumont et al. 1972; Cirillo et al. 2002) may

induce hypoproteinemia. Lastly, the increased concentra-

tion of EPO in HBR could also have contributed, at least

to some extent, to the PV reduction (Lundby et al. 2007).

Still, the mechanisms underlying the HBR-induced hypo-

volemia remain speculative, and need to be further inves-

tigated.

Notwithstanding the EPO suppression, NBR increased

reticulocytes and RBCs, responses that presumably were

attributable to the bed rest-induced PV contraction

(Lawrence and Berlin 1952). Trudel et al. (2009) have

also suggested that the bed rest-induced hematopoietic

stimulation might be associated with accumulation of

fat in the bone marrow, leading to an increased avail-

ability of cytokines (i.e., leptin, adiponectin) locally in

the hematopoietic vertebrae, which, in turn, may stimu-

late hematopoiesis (Bennett et al. 1996; Yokota et al.

2000). Yet, in this study, the rise of reticulocytes was

apparent already 2 days after the initiation of bed rest,

which seems an insufficiently short time period to

induce significant fat accumulation in hematopoietic

bone marrow. Of note is, however, that HBR, despite

resulting in a less pronounced [EPO] elevation, caused

a greater increase in reticulocytes and RBCs than did

HAMB, suggesting that HBR-induced hematopoiesis

may have been of mixed origin, and not solely EPO

dependent; the mechanisms need to be further eluci-

dated.
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Figure 5. Mean changes from baseline values of plasma volume

(DPV) before (Pre), during (day 2, 5, 14 and 21), and after (R2) the

21-day hypoxic bed rest (HBR), normoxic bed rest (NBR), and

hypoxic ambulation (HAMB). Values are mean � SD. Data in all

confinements were significantly different than the Pre. *Significant

differences between HBR and NBR. §Significant differences between

HBR and HAMB. (P = 0.008). Note that the absolute values of PV

should be interpreted with caution, and that the interconfinement

differences reported are also based on coinciding changes in

plasma renin concentration (see Fig. 4), as described in the

methods section.
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HAMB reduced the plasma renin by ~25% on days 2

(d = 0.41) and 5 (d = 0.36), albeit the difference was not

statistically significant (P = 0.99): it was reduced in eight

and increased in three subjects. Indeed, the findings

regarding the effect of prolonged hypoxic exposure on

renin are equivocal; a few studies have reported a reduc-

tion (Hogan et al. 1973; Humpeler et al. 1980; Sieben-

mann et al. 2015), whereas others have shown either a

rise (Slater et al. 1969; Milledge et al. 1983a,b), or no

change (Sutton et al. 1977; Keynes et al. 1982; Robach

et al. 2000). Considering that the response of renin to

hypoxia is dependent on the degree of physical activity

(Milledge et al. 1983a,b), the interindividual variability

observed in the present HAMB confinement might be

explained by the exercise regimen in this condition. Con-

versely, HBR and NBR caused a significant increase in the

renin concentration, which was most likely mediated by

the level of hypovolemia (Gauer and Henry 1976); the

increase was more profound in HBR due to the greater

PV drop. Furthermore, after the cessation of HBR, the

concentration of renin was significantly higher than in

the preconfinement period. This “paradoxical” overshoot-

ing, which has also been observed following a prolonged

high-altitude exposure (Robach et al. 2000), might be

ascribed to a transient imbalance of two conflicting stim-

uli, the inhibition of the hypoxia-induced renin suppres-

sion during reoxygenation (Siebenmann et al. 2015), and

the stimulation of renin secretion during reambulation

(Brown et al. 1966; Nielsen and Moller 1968).

Methodological considerations

In this study, the interconfinement differences in PV

changes were graded qualitatively by comparing PV

changes as estimated indirectly from changes in [Hb] and

Hct (Dill and Costill 1974) with the concomitant changes

in plasma renin concentration (see Materials and Meth-

ods). Although the Dill and Costill method (Dill and

Costill 1974) might underestimate the actual changes in

PV at the early phase of postural changes (Johansen et al.

1998), it accurately reflects the PV changes during a pro-

longed period of normoxic bed rest, provided that the

horizontal, supine position is used as the reference

(Johansen et al. 1997). Indeed, in this study, blood draws

were performed in the morning, while subjects rested in a

horizontal supine position, according to standard operat-

ing procedures. It should be taken into account, however,

that any neoerythrocytosis occurring during the hypoxic

confinements may have led to an overestimation of PV

values derived by the Dill and Costill equation (Dill and

Costill 1974) during the later phase of HAMB and HBR.

It nevertheless appears clear that hypoxia aggravated the

bed rest-induced PV reduction, as a substantially more

pronounced elevation in plasma renin concentration was

observed during HBR than NBR. Even though it appears

clear that the PV drop was larger in HBR than NBR, it

must be emphasized that, for the aforementioned reasons,

the methods employed do not permit us to draw firm

conclusions regarding the exact magnitude of PV changes.

It should hence be considered to use a direct tracer-dilu-

tion method to study PV changes in any future hypoxic

bed rest studies.

Based on the topical debate regarding potential differ-

ences between normobaric and hypobaric hypoxia (cf.

Millet et al. 2012; Mounier and Brugniaux 2012), present

results are pertinent only to normobaric hypoxia condi-

tions, and it remains to be settled whether the responses

reported herein would be identical in hypobaric hypoxic

circumstances. Lastly, in view of the evidence that the bed

rest-induced hypovolemia might be less in women than

men (Fortney et al. 1994), the fluid distribution in

females during a prolonged period of hypoxic bed rest

needs to be examined.

In conclusion, present findings demonstrate that the

bed rest-induced suppression of serum EPO concentra-

tion is reverted by hypoxia, whereas hypoxia seems to

exaggerate the bed rest-induced reduction in PV.

Conflict of Interest

None declared.

Acknowledgments

We are grateful to all the subjects for their participation.

We thank the personnel at the Olympic Sports Center of

Planica. We also express special thanks to Prof. Hans-

Christian Gunga (Charit�e University Medicine), Iva

Krumpek (Jozef Stefan Institute, University of Munich),

Marion H€orl (University of Munich), and Barbara Nor-

man (Karolinska Institute) for their valuable assistance.

References

Bauer, C., and A. Kurtz. 1989. Oxygen sensing in the kidney

and its relation to erythropoietin production. Annu. Rev.

Physiol. 51:845–856.
Bennett, B. D., G. P. Solar, J. Q. Yuan, J. Mathias, G. R.

Thomas, and W. Matthews. 1996. A role for leptin and its

cognate receptor in hematopoiesis. Curr. Biol. 6:1170–1180.

Berglund, B., P. Hemmingsson, and G. Birgegard. 1987.

Detection of autologous blood transfusions in cross-country

skiers. Int. J. Sports Med. 8:66–70.

Berglund, B., M. Gennser, H. Ornhagen, C. Ostberg, and L.

Wide. 2002. Erythropoietin concentrations during 10 days

of normobaric hypoxia under controlled environmental

circumstances. Acta Physiol. Scand. 174:225–229.

2016 | Vol. 4 | Iss. 7 | e12760
Page 8

ª 2016 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of

the American Physiological Society and The Physiological Society.

Effects of Hypoxic Bedrest on Erythropoietin & Plasma Volume M. E. Keramidas et al.



Breymann, C., R. Rohling, A. Huch, and R. Huch. 2000.

Intraoperative endogenous erythropoietin levels and changes

in intravascular blood volume in healthy humans. Ann.

Hematol. 79:183–186.

Brown, J. J., D. L. Davies, A. F. Lever, D. McPherson, and J. I.

Robertson. 1966. Plasma renin concentration in relation to

changes in posture. Clin. Sci. 30:279–284.

Cirillo, M., D. Stellato, M. Heer, C. Drummer, L. Bellini, and

N. G. De Santo. 2002. Urinary albumin in head-down bed

rest. J. Gravit. Physiol. 9:P195–P196.
Ciuha, U., O. Eiken, and I. B. Mekjavic. 2015. Effects of

normobaric hypoxic bed rest on the thermal comfort zone.

J. Therm. Biol 49–50:39–46.

Cohen, J. 1988. Statistical power analysis for the behavioral

sciences (2nd edition). Lawrence Erlbaum Associates,

Publishers, Hillsdale, New Jersey.

Convertino, V. A. 2007. Blood volume response to physical

activity and inactivity. Am. J. Med. Sci. 334:72–79.
Debevec, T., T. C. Bali, E. J. Simpson, I. A. Macdonald,

O. Eiken, and I. B. Mekjavic. 2014. Separate and combined

effects of 21-day bed rest and hypoxic confinement on body

composition. Eur. J. Appl. Physiol. 114:2411–2425.
Dill, D. B., and D. L. Costill. 1974. Calculation of percentage

changes in volumes of blood, plasma, and red cells in

dehydration. J. Appl. Physiol. 37:247–248.

Donnelly, S. M., and J. A. Miller. 2001. Losartan may

modulate erythropoietin production. J. Renin Angiotensin

Aldosterone Syst. 2:255–260.
Eckardt, K. U., U. Boutellier, A. Kurtz, M. Schopen, E. A.

Koller, and C. Bauer. 1989. Rate of erythropoietin formation

in humans in response to acute hypobaric hypoxia. J. Appl.

Physiol. (1985) 66:1785–1788.
Ehmke, H., A. Just, K. U. Eckardt, P. B. Persson, C. Bauer,

and H. R. Kirchheim. 1995. Modulation of erythropoietin

formation by changes in blood volume in conscious dogs.

J. Physiol. 488(Pt 1):181–191.
Fortney, S. M., C. Turner, L. Steinmann, T. Driscoll, and C.

Alfrey. 1994. Blood volume responses of men and women to

bed rest. J. Clin. Pharmacol. 34:434–439.
Fortney, S. M., V. S. Scneider, and J. E. Greenleaf. 1996. The

physiology of bed rest. Pp. 889–939 in M. J. Fregly, C. M.

Blatteis, eds. Handbook of physiology, Sect IV, Environmental

physiology, Vol II. Oxford University Press, New York, USA.

Freudenthaler, S. M., K. Schreeb, T. Korner, and C. H. Gleiter.

1999. Angiotensin II increases erythropoietin production in

healthy human volunteers. Eur. J. Clin. Invest. 29:

816–823.
Freudenthaler, S. M., I. Lucht, T. Schenk, M. Brink, and

C. H. Gleiter. 2000. Dose-dependent effect of angiotensin II

on human erythropoietin production. Pflugers Arch.

439:838–844.
Gauer, O. H., and J. P. Henry. 1976. Neurohormonal control

of plasma volume. Int. Rev. Physiol. 9:145–190.

Greenleaf, J. E. 1984. Physiology of fluid and electrolyte

responses during inactivity: water immersion and bed rest.

Med. Sci. Sports Exerc. 16:20–25.
Gunga, H. C., K. Kirsch, L. Rocker, and W. Schobersberger.

1994. Time course of erythropoietin, triiodothyronine,

thyroxine, and thyroid-stimulating hormone at 2315 m.

J. Appl. Physiol. (1985) 76:1068–1072.

Gunga, H. C., K. Kirsch, F. Baartz, A. Maillet, C. Gharib,

W. Nalishiti, et al. 1996. Erythropoietin under real and

simulated microgravity conditions in humans. J. Appl.

Physiol. (1985) 81:761–773.

Hansen, J., and M. Sander. 2003. Sympathetic neural

overactivity in healthy humans after prolonged exposure to

hypobaric hypoxia. J. Physiol. 546:921–929.
Hogan, R. P. 3rd, T. A. Kotchen, A. E. Boyd 3rd, and

L. H. Hartley. 1973. Effect of altitude on renin-aldosterone

system and metabolism of water and electrolytes. J. Appl.

Physiol. 35:385–390.
Hoyt, R. W., and A. Honig. 1996. Body fluid and energy

metabolism at high altitude. Pp. 1277–1289 in M. J. Fregly

and C. M. Blatteis, eds. Handbook of physiology, Sect IV,

Environmental physiology, Vol. II. American Physiological

Society, Oxford University Press, New York, USA.

Humpeler, E., F. Skrabal, and G. Bartsch. 1980. Influence of

exposure to moderate altitude on the plasma concentraton

of cortisol, aldosterone, renin, testosterone, and

gonadotropins. Eur. J. Appl. Physiol. Occup. Physiol.

45:167–176.
Jelkmann, W. 2011. Regulation of erythropoietin production.

J. Physiol. 589:1251–1258.
Johansen, L. B., C. Gharib, A. M. Allevard, D. Sigaudo,

N. J. Christensen, C. Drummer, et al. 1997. Haematocrit,

plasma volume and noradrenaline in humans during

simulated weightlessness for 42 days. Clin. Physiol. 17:

203–210.

Johansen, L. B., R. Videbaek, M. Hammerum, and P. Norsk.

1998. Underestimation of plasma volume changes in

humans by hematocrit/hemoglobin method. Am. J. Physiol.

274:R126–R130.
Kanstrup, I. L., T. D. Poulsen, J. M. Hansen, L. J. Andersen,

M. H. Bestle, N. J. Christensen, et al. 1999. Blood pressure

and plasma catecholamines in acute and prolonged hypoxia:

effects of local hypothermia. J. Appl. Physiol. (1985)

87:2053–2058.

Keynes, R. J., G. W. Smith, J. D. Slater, M. M. Brown, S. E.

Brown, N. N. Payne, et al. 1982. Renin and aldosterone at

high altitude in man. J. Endocrinol. 92:131–140.
Kirsch, K. A., M. Schlemmer, N. G. De Santo, M. Cirillo,

A. Perna, and H. C. Gunga. 2005. Erythropoietin as a

volume-regulating hormone: an integrated view. Semin.

Nephrol. 25:388–391.
Knaupp, W., S. Khilnani, J. Sherwood, S. Scharf, and

H. Steinberg. 1992. Erythropoietin response to acute

ª 2016 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of
the American Physiological Society and The Physiological Society.

2016 | Vol. 4 | Iss. 7 | e12760
Page 9

M. E. Keramidas et al. Effects of Hypoxic Bedrest on Erythropoietin & Plasma Volume



normobaric hypoxia in humans. J. Appl. Physiol. (1985)

73:837–840.

Lawrence, J. H., and N. I. Berlin. 1952. Relative polycythemia;

the polycythemia of stress. Yale J. Biol. Med. 24:498–505.

Linnarsson, D., B. Tedner, and O. Eiken. 1985. Effects of

gravity on the fluid balance and distribution in man.

Physiologist 28:S28–S29.

Loeppky, J. A., R. C. Roach, M. A. Selland, P. Scotto,

F. C. Luft, and U. C. Luft. 1993. Body fluid alterations

during head-down bed rest in men at moderate altitude.

Aviat. Space Environ. Med. 64:265–274.

Lundby, C., J. J. Thomsen, R. Boushel, M. Koskolou,

J. Warberg, J. A. Calbet, et al. 2007. Erythropoietin

treatment elevates haemoglobin concentration by increasing

red cell volume and depressing plasma volume. J. Physiol.

578:309–314.
Lundby, A. K., S. Keiser, C. Siebenmann, L. Schaffer, and

C. Lundby. 2014. Kidney-synthesized erythropoietin is the

main source for the hypoxia-induced increase in plasma

erythropoietin in adult humans. Eur. J. Appl. Physiol.

114:1107–1111.

Milledge, J. S., D. M. Catley, M. P. Ward, E. S. Williams, and

C. R. Clarke. 1983a. Renin-aldosterone and angiotensin-

converting enzyme during prolonged altitude exposure. J.

Appl. Physiol. Respir. Environ. Exerc. Physiol. 55:699–702.

Milledge, J. S., D. M. Catley, E. S. Williams, W. R. Withey,

and B. D. Minty. 1983b. Effect of prolonged exercise at

altitude on the renin-aldosterone system. J. Appl. Physiol.

Respir. Environ. Exerc. Physiol. 55:413–418.

Millet, G. P., R. Faiss, and V. Pialoux. 2012. Point: Hypobaric

hypoxia induces different physiological responses from

normobaric hypoxia. J. Appl. Physiol. (1985) 112:1783–1784.
Mounier, R., and J. V. Brugniaux. 2012. Counterpoint:

Hypobaric hypoxia does not induce different responses from

normobaric hypoxia. J. Appl. Physiol. (1985) 112:1784–1786.

Nielsen, I., and I. Moller. 1968. The relationship between

plasma renin activity and hemoconcentration. Acta Med.

Scand. 183:381–386.
Nixon, J. V., R. G. Murray, C. Bryant, R. L. Johnson Jr, J. H.

Mitchell, O. B. Holland, et al. 1979. Early cardiovascular

adaptation to simulated zero gravity. J. Appl. Physiol.

Respir. Environ. Exerc. Physiol. 46:541–548.

Pagel, H., W. Jelkmann, and C. Weiss. 1989. O2-supply to the

kidneys and the production of erythropoietin. Respir.

Physiol. 77:111–117.
Pugh, L. G. 1964. Blood Volume and Haemoglobin

Concentration at Altitudes above 18,000 Ft. (5500 M). J.

Physiol. 170:344–354.

Robach, P., M. Dechaux, S. Jarrot, J. Vaysse, J. C. Schneider,

N. P. Mason, et al. 2000. Operation Everest III: role of

plasma volume expansion on VO(2)(max) during prolonged

high-altitude exposure. J. Appl. Physiol. (1985) 89:29–37.

Robertson, D., S. B. Krantz, and I. Biaggioni. 1994. The

anemia of microgravity and recumbency: role of

sympathetic neural control of erythropoietin production.

Acta Astronaut. 33:137–141.
Sawka, M. N., A. J. Young, P. B. Rock, T. P. Lyons, R.

Boushel, B. J. Freund, et al. 1996. Altitude acclimatization

and blood volume: effects of exogenous erythrocyte volume

expansion. J. Appl. Physiol. (1985) 81:636–642.
Siebenmann, C., A. Cathomen, M. Hug, S. Keiser, A. K.

Lundby, M. P. Hilty, et al. 2015. Hemoglobin mass and

intravascular volume kinetics during and after exposure to

3454 m altitude. J. Appl. Physiol. (1985) 119:1194–1201.
Singh, M. V., S. B. Rawal, and A. K. Tyagi. 1990. Body

fluid status on induction, reinduction and prolonged stay

at high altitude of human volunteers. Int. J. Biometeorol.

34:93–97.
Slater, J. D., R. E. Tuffley, E. S. Williams, C. H. Beresford, P.

H. Sonksen, R. H. Edwards, et al. 1969. Control of

aldosterone secretion during acclimatization to hypoxia in

man. Clin. Sci. 37:327–341.
Stevens, P. M., P. B. Miller, T. N. Lynch, C. A. Gilbert, R. L.

Johnson, and L. E. Lamb. 1966. Effects of lower body

negative pressure on physiologic changes due to four weeks

of hypoxic bed rest. Aerosp. Med. 37:466–474.
Sutton, J. R., G. W. Viol, G. W. Gray, M. McFadden, and P.

M. Keane. 1977. Renin, aldosterone, electrolyte, and cortisol

responses to hypoxic decompression. J. Appl. Physiol.

Respir. Environ. Exerc. Physiol. 43:421–424.
Trudel, G., M. Payne, B. Madler, N. Ramachandran, M.

Lecompte, C. Wade, et al. 2009. Bone marrow fat

accumulation after 60 days of bed rest persisted 1 year after

activities were resumed along with hemopoietic stimulation:

the Women International Space Simulation for Exploration

study. J. Appl. Physiol. (1985) 107:540–548.
Van Beaumont, W., J. E. Greenleaf, and L. Juhos. 1972.

Disproportional changes in hematocrit, plasma volume, and

proteins during exercise and bed rest. J. Appl. Physiol.

33:55–61.

von Wussow, U., J. Klaus, and H. Pagel. 2005. Is the renal

production of erythropoietin controlled by the brain stem?

Am. J. Physiol. Endocrinol. Metab. 289:E82–E86.
Yokota, T., K. Oritani, I. Takahashi, J. Ishikawa, A.

Matsuyama, N. Ouchi, et al. 2000. Adiponectin, a new

member of the family of soluble defense collagens,

negatively regulates the growth of myelomonocytic

progenitors and the functions of macrophages. Blood

96:1723–1732.

2016 | Vol. 4 | Iss. 7 | e12760
Page 10

ª 2016 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of

the American Physiological Society and The Physiological Society.

Effects of Hypoxic Bedrest on Erythropoietin & Plasma Volume M. E. Keramidas et al.


