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Abstract

Background

Dry immersion (DI), a ground-based model of microgravity previously used in Russia, has

been recently implemented in France. The aim of this study was to analyze early events in a

short-term DI model in which all conditions are met to investigate who is first challenged

from osteo- or adipo-kines and to what extent they are associated to insulin-regulating

hormones.

Methods

Twelve healthy men were submitted to a 3-day DI. Fasting blood was collected during pre-

immersion phase for the determination of the baseline data collection (BDC), daily during DI

(DI24h, DI48H and DI72h), then after recovery (R+3h and R+24h). Markers of bone turnover,

phosphocalcic metabolism, adipokines and associated factors were measured.

Results

Bone resorption as assessed by tartrate-resistant acid phosphatase isoform 5b and N-termi-

nal crosslinked telopeptide of type I collagen levels increased as early as DI24h. At the same

time, total procollagen type I N- and C-terminal propeptides and osteoprotegerin, represent-

ing bone formation markers, decreased. Total osteocalcin [OC] was unaffected, but its

undercarboxylated form [Glu-OC] increased from DI24h to R+3h. The early and progressive

increase in bone alkaline phosphatase activities suggested an increased mineralization.

Dickkopf-1 and sclerostin, as negative regulators of the Wnt-β catenin pathway, were

unaltered. No change was observed either in phosphocalcic homeostasis (calcium and

phosphate serum levels, 25-hydroxyvitamin D, fibroblast growth factor 23 [FGF23]) or in

inflammatory response. Adiponectemia was unchanged, whereas circulating leptin concen-

trations increased. Neutrophil gelatinase-associated lipocalin [lipocalin-2], a potential
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regulator of bone homeostasis, was found elevated by 16% at R+3h compared to DI24h. The

secretory form of nicotinamide phosphoribosyl-transferase [visfatin] concentrations almost

doubled after one day of DI and remained elevated. Serum insulin-like growth factor 1 levels

progressively increased. Fasting insulin concentrations increased during the entire DI,

whereas fasting glucose levels tended to be higher only at DI24h and then returned to BDC

values. Changes in bone resorption parameters negatively correlated with changes in bone

formation parameters. Percent changes of ultra-sensitive C-reactive protein positively corre-

lated with changes in osteopontin, lipocalin-2 and fasting glucose. Furthermore, a positive

correlation was found between changes in FGF23 and Glu-OC, the two main osteoblast-/

osteocyte-derived hormones.

Conclusion

Our results demonstrated that DI induced an unbalanced remodeling activity and the onset

of insulin resistance. This metabolic adaptation was concomitant with higher levels of Glu-

OC. This finding confirms the role of bone as an endocrine organ in humans. Furthermore,

visfatin for which a great responsiveness was observed could represent an early and sensi-

tive marker of unloading in humans.

Introduction

Exposure to microgravity induces modification of physiological systems. Experimental oppor-

tunities during actual space flight are limited, so ground-based models are necessary. The most

used system for more than 20 years to expose the skeleton to reduced gravity stimulation has

been the head-down tilt bed rest. Unlike bed rest, the dry immersion (DI) model developed by

Russian scientists during the early 1970s but less well known elsewhere provides a unique

opportunity to study the physiological effects of the lack of a supporting structure for the body.

The absence of mechanical support of specific zones during immersion creates a state akin to

weightlessness called “supportlessness”. Therefore, the effects of DI are expected to be more

severe and/or earlier than in support-loaded bed rest.

Bone and calcium metabolism during bed rest studies has been well investigated in volun-

teers. Calcium excretion is increased from the beginning of bed rest leading to a sustained neg-

ative calcium balance. Calcium absorption is also reduced. After bed rest lasting for several

weeks, bone density, stiffness of bones of the lower limbs and lumbar vertebrae, and bone

architecture are altered [1,2]. A pronounced increase in bone resorption markers already

occurs after 24h of immobilization and induces a significant increase in osteoclastic activity

[3,4]. At the same time, bone formation markers remain unchanged or decreased [5]. Accom-

panying these alterations, it is consistently reported that body weight, muscle mass and muscle

strength are reduced. Furthermore, the development of insulin resistance was observed as

early as after 3 days of bed rest [6].

The relationship between bone and energy metabolism has now been recognized. However,

it has been poorly studied during physical inactivity induced by microgravity-simulated condi-

tions. Regulation of energy metabolism has recently expanded to include the involvement of

bone in regulating glucose homeostasis, both as a target for insulin and as an endocrine organ.

Osteocalcin (OC), which is stored in the bone matrix, is released by bone resorption in its

undercarboxyalated form (the active form) and targets GPRC6A receptors on pancreatic β
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cells to increase insulin secretion and on muscle and white adipose tissue to promote glucose

homeostasis. OC action on the pancreas causes an increase in insulin secretion and in sensitiv-

ity and β-cell proliferation as shown by experiments using OC-/- mice [7,8]. Thus, total and

decarboxylated OC along with adipokines with potential roles on bone cellular activities defin-

itively need to be evaluated in microgravity-simulated situations in which resorption activity

has been shown to be greatly increased. Another hormone produced by osteocytes is fibroblast

growth factor 23 (FGF23). FGF23 is best known for its role in various disorders of mineral

metabolism [9]. However, recent studies have found an association between circulating levels

of FGF23, parathyroid hormone (PTH), leptin and insulin sensitivity [10,11]. It has been

recently shown that a strong metabolic effort of 21 days of cycling race was related to an

increase in FGF23 in plasma [12]. No data regarding inactivity in human have been published

to our knowledge. Thus, in microgravity-simulated models, all conditions are met to analyze

who is first challenged from osteo- or adipo-kines and to what extent they are associated to

insulin-regulating hormones.

Thus, the aim of this study was to analyze early events in bone cellular activities in relation

to adipokines and their regulators in order to clarify their potential associations in unloading-

induced altered energy metabolism. Doing so at the initiation of unloading is of great impor-

tance to better understand potential causative factors and consequences in a longer trial.

Short-term DI represents the model adapted to such an approach to better understand conse-

quences of severe unloading.

Material and methods

The DI study took place at the Institute for Space Medicine Physiology, MEDES Clinique

d’investigation in Toulouse, France. This study was conducted under the leadership of the

French and European Space Agencies. Study design was established in accordance with the

Declaration of Helsinki guidelines for research on human subjects (1989) and was approved

by the National Agency for the Safety of Medicines and Health Products (ANSM) as well as

the local ethics committee (CPP Sud Ouest Outre-Mer I, France). All the subjects were asked

to provide informed written consent before participating in this study. The written consent

forms are stored at the MEDES clinic in Toulouse.

Subjects

Medically and psychologically healthy male volunteers (n = 12) were recruited to undergo 3

days of DI (age 31.8±1.4 years, body height 178±2 cm, body weight 75±2 kg and body mass

index 23.6±0.4 kg.m-2, VO2max 38.8±1.1 ml.min-1.kg-1, mean± SEM). All participants were

non smokers, taking no medication or drugs. None of the men had any disorders that affected

their metabolism of calcium or bone, or any history of endocrine, renal or liver illness.

General description of the study

This study was conducted in a period lasting 9 days as described in Fig 1A. The volunteer

arrived on day 1 at the end of the afternoon. The study included the following: 3 days for

ambulatory control period (BDC: baseline data collection) (BDC-72h, BDC-24h, BDC-0); 3 days

of DI (DI24h, DI48h, DI72h); 1 day for recovery after the immersion period (R+24h). In the period

preceeding and following DI, all subjects remained active and ambulatory. All were asked not

to exercise during the 8 days of the experiment. During the DI phase, the subjects remained

continuously immersed in a supine position, except for the different protocols and hygienic

procedures; this time out of immersion was evaluated to be a total duration of 5 h between

BDC-0 and exit of immersion; however, during these procedures, subjects were maintained at
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a 6˚ head-down position. In DI, only the head and neck were not entirely immersed in water

as shown in Fig 1B. The subjects were supervised by medical control and monitored 24 h/day.

Subjects received three solid meals/day during the study with the requirement to finish all

meals. The individual energy intake was calculated by multiplying resting metabolic rate with

a physical activity level of 1.6 during pre- and post-DI and 1.3 during DI. Coffee, tea, alcohol,

smoking, and drugs were prohibited throughout the experiment. Only paracetamol was

allowed if needed.

DI design

A description of the DI method was detailed previously [13]. Briefly, the experiments with DI

were performed in a specially designed bath filled with tap water (Fig 1B). A special highly elas-

tic waterproof fabric was attached to a metal rim around the external margin of the bath. The

area of the fabric considerably exceeded the area of the water surface (if the bath was empty,

the fabric would reach the bottom). The bath had a built-in lift for lowering and raising the

subject. The subject, dressed in a comfortable sport suit, was placed on the waterproof fabric

after the fabric had first been covered with a cotton sheet for hygienic reasons. The subject was

Fig 1. Description of the study. A Time line of the experiment with the timing of different blood samples. Blue area corresponds to

the DI phase. BDC: baseline data collection; DI: dry immersion; R: recovery. B A volunteer in the DI bath.

https://doi.org/10.1371/journal.pone.0182970.g001
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lowered slowly into the water on the lift and his body was gradually covered with the folds of

fabric together with the water they contained. The fabric was thin and of sufficient area to

allow the subject to appear to be ‘‘freely suspended” in the water mass, under conditions that

were similar to a complete lack of structural support. Thus, subjects remained immersed in a

supine position and were permitted to put their hands out to work with a computer, eat, read,

and perform experimental tasks. The water temperature was regulated automatically. It was set

to 33±0.5˚C (thermoneutral) and was adjusted for comfort within these limits at the subject’s

request. The air temperature was approximately 25˚C, in order to maintain the heat balance

when the subject was to be raised from the bath. The subject remained under constant medical

observation 24 h/day. For physical examinations and visual inspections of the skin, the folds of

fabric could be moved apart without changing the experimental conditions substantially.

Blood sampling

Fasting blood samples were collected always at the same time (around 7.30 am) during the

course of the study, namely at baseline 3 days (BDC-72h), 1 day (BDC-24h) and just before the

commencement of immersion (BDC-0), after 24 h- (DI24h), 48 h- (DI48h), and 72 h- (DI72h)

immersion, then after the return to loading conditions, i.e., at 3 h (R+3h) and 24 h (R+24h) of

recovery. Of note, blood at R+3h was sampled after the tilt test which was made at the exit of

immersion so that this sample was not made at fasting state. Serum was immediately separated

after blood collection on BD Vacutainer1 SST™ tubes (with clotting activator). BD Vacutai-

ner1 EDTA K3 tubes were used for plasma generation. Serum and plasma were frozen at

-80˚C right away after the centrifugation until analysis. Measurements were carried out simul-

taneously in all samples at the end of the study.

Measurements of biological markers

Calcium, phosphorus and 25-hydroxyvitamin D were measured at BDC-72h and at R+24h. All

other parameters were measured at each BDC timing, at DI24h, DI48h and R+3h, except for insu-

lin, glucose and leptin which were not measured at R+3h but at DI72h. Moreover, leptin, glu-

cose, insuline and ultrasensitive C-reactive protein (usCRP) were also quantified at R+24h.

Serum samples. C-terminal crosslinked telopeptide of type I collagen [CTx], procollagen

type I N-terminal propeptide [P1NP], bone alkaline phosphatase [bAP], intact and N-mid

fragment [OC] and insulin-like growth factor 1 [IGF1] were determined by automated chemi-

luminescence immunoassay (IDS-iSYS automated analyzer, Boldon, UK). The following

parameters were measured by enzyme-immunoassay (EIA) kits: N-terminal crosslinked telo-

peptide of type I collagen [NTx] (Osteomark1NTx, Ostex International, Inc., Seattle, WA,

USA); tartrate-resistant acid phosphatase isoform 5b [TRAP5b], procollagen type I C-terminal

propeptide [P1CP] and sclerostin [Sost] (Quidel Corporation San Diego, CA, USA); undercar-

boxylated [Glu-OC] and carboxylated [Gla-OC] OC (Takara Bio, Inc., Otsu, Japan); dickkopf-

1 [DKK1] (Biomedica, Wien, Austria); secretory form of nicotinamide phosphoribosyl-trans-

ferase [visfatin] (Adipogen AG, Liestal, Switzerland). Serum intact parathyroid hormone [1–

84 PTH] was measured using electrochemiluminescence immunoassay (Cobas18000 modular

analyzer, Roche Diagnostics Ltd., Rotkreuz, Switzerland). Calcium and phosphorus were

quantified using photometric, potentiometric and turbidimetric methods (Architect c8000

clinical chemistry analyzer, Abbott Park, Illinois, USA). 25-hydroxyvitamin D was measured

using chemiluminescence immunoassay (Architect i2000SR chemiflex analyzer, Abbott Park,

Illinois, USA). Insulin and leptin were evaluated using the Architect c16000 automated clinical

chemistry analyzer (Abbott Park, Illinois, USA).

Effects of short-term dry immersion on bone remodeling markers, insulin and adipokines

PLOS ONE | https://doi.org/10.1371/journal.pone.0182970 August 14, 2017 5 / 17

https://doi.org/10.1371/journal.pone.0182970


Plasma samples. The following parameters were measured also by EIA kits: osteopontin

[OPN] (Immuno-Biological Laboratories Co. Ltd, Gunna, Japan); osteoprotegerin [OPG] and

receptor activator of nuclear factor kappa β ligand [RANKL] (Biomedica, Wien, Austria); adi-

ponectin (TECOmedical AG, Sissach, Switzerland); neutrophil gelatinase-associated lipocalin

[lipocalin-2] (Epitope Diagnostics, Inc., San Diego, CA, USA); Fibroblast Growth Factor 23

[FGF23] (Immutopics, Inc., San Clemente, CA, USA); proinflammatory cytokines [IL-1α, IL-

6, IL-17 and TNFα] (R&D systems, Inc., Minneapolis, USA). Glucose and usCRP were evalu-

ated using the Architect c16000 automated clinical chemistry analyzer (Abbott Park, Illinois,

USA).

Statistical analysis

For each parameter, baseline level (BDC) was calculated as the mean value of the measured

variables at BDC-72h, BDC-24h and BDC-0. Data were expressed as median and interquartile

range (IQR). The change from baseline (BDC), at DI24h to DI72h or R+3h and/or R+24h for all

parameters, was expressed as the percent difference from baseline. The statistical significance

of the change with respect to baseline was assessed using non parametric Friedman rank-sum

test. Wilcoxon tests corrected by the fdr adjustment method of Benjamini & Hochberg [14]

were used for post hoc comparisons. The relationships between changes in parameters at

DI48h (expressed vs. BDC) were investigated using nonparametric Spearman correlations. All

statistical tests were carried out with the R statistic software supported by the R Foundation for

Statistical Computing. P values less than 0.05 were considered to be statistically significant.

Results

Body weight

Body weight was found significantly decreased after 1 day immersion and remained so during

all the immersion period (74.7±2.1 kg on BDC vs. 73.4±2.0 kg on DI24h and 73.2±2.0 kg on

DI72h, p = 0.005 and 0.006, respectively). Body weight did not fully normalize after 2 days

reloading (74.1±2.1 kg on R+48h, p = 0.005 vs. BDC).

Bone metabolism

Baseline data and measurements of different markers at each point of the immersion period

are summarized in Tables 1 and 2.

Phosphocalcic metabolism. No difference in calcemia and phosphatemia were observed

between BDC and R+24h. Also, serum 25-hydroxyvitaminD levels were unchanged between

BDC and R+24h. Serum intact PTH levels decreased during DI and its values became signifi-

cantly lower at DI48h by 11%. Serum FGF23, a major regulator of phosphate excretion, was not

significantly challenged under DI but a trend towards decrease was seen at DI24h leading to

obtain values at this timing to be significantly different vs. DI48h and R+3h.

Bone resorption activity. Serum NTx and TRAP5b significantly increased as soon as the

first day of immersion and reached 7% higher levels at DI48h compared to BDC (Fig 2). Serum

CTx increased later, becoming significantly higher by 13% after 2 days immersion. At return

to loading conditions (R+3h), CTx and NTx levels decreased below BDC; at the same time, ele-

vated TRAP5b activity was maintained.

Bone formation activity. P1CP and P1NP decreased progressively during all immersion

periods reaching significantly lower levels by 12% and 9% at DI48h and 21% and 16%, at ream-

bulation, respectively (Fig 2). Serum bAP concentrations increased early by 11% as soon as
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1-day immersion and remained elevated during all the course of study (14% at DI48h and 16%

at R+3h). Serum OPN was unaltered by immersion conditions.

Circulating serum levels of both OPG and RANKL were found significantly decreased by

8% and 45% at DI48h, respectively. This induced a decrease in RANKL/OPG ratio of 37% at

DI48h and 50% and R+3h vs. BDC.

Total intact OC level was unchanged during the immersion phase. Nevertheless, a slight

decrease in its carboxylated forms (Gla-OC) and an increase in its undercarboxylated forms

(Glu-OC) were observed (Fig 3). At reambulation, while Glu-OC level maintained its elevated

level, circulating Gla-OC concentrations continued to decline, thus leading to a significant fall

in total OC by 14% compared with BDC. These changes induced a progressive increase in

Glu/Gla-OC ratio during all the study.

Osteocyte activity. Sclerostin and DKK1, Wnt signaling antagonists produced predomi-

nantly by osteocytes and considered to be inhibitors of osteoblast activity, were unaltered by

immersion conditions (Table 2).

Energy metabolism and hormones levels

In spite of a significant decrease between DI24h and DI48h, adiponectemia was not clearly

affected by immersion conditions when compared to BDC. Circulating leptin concentrations

increased under immersion so that levels increased significantly at DI72h. Lipocalin-2, a poten-

tial regulator of bone homeostasis, was found higher by 16% at R+3h compared to DI24h. Visfa-

tin concentrations almost doubled after 1 day of immersion and remained elevated (Fig 3).

Fasting glucose levels tended to increase (p<0.10) only after 24 h immersion; then they

returned to BDC values (Fig 3). At the same time, fasting insulin concentrations increased dur-

ing all the DI phase. Furthermore, circulating IGF1 levels progressively increased during

immersion. At the systemic level, no inflammation was observed as assessed by unchanged

usCRP values and undetectable levels in inflammatory cytokines (IL-1β, IL-6, TNFα, IL-17).

Associations between biochemical blood markers

Significant correlations were detected between changes in blood markers measured at DI48-h

(Fig 4). Firstly, percent changes of usCRP positively correlated with changes of OPN,

Table 1. Serum markers for different metabolic pathways during the 3-day dry immersion and/or after 24 h- recovery.

BDC DI24h DI48h DI72h R+24h

Markers for phosphocalcic metabolism

Calcium (mg/L) 94.5(92.8–96.0) 94.0(92.8–97.0)

Phosphorus (mg/L) 37.5(35.5–41.5) 39.0(36.8–41.0)

25OH-D (ng/mL) 19.5(15.0–26.8) 20.5(15.8–26.5)

Markers for insulino-resistance

Glucose (mmol/L) 4.9(4.8–5.0) 5.2(4.8–5.4) 5.0(4.7–5.1) 4.8(4.7–5.0) 4.9(4.7–4.9

Insulin (μU/mL) 4.9(4.0–6.1) 6.4(5.4–7.0) a 5.6(5.0–6.7) 7.3(5.7–7.8) a 6.7(5.2–7.8) a

Marker for adipocyte activity

Leptin (ng/mL) 1.63(1.29–2.86) 1.84(1.58–3.06) 1.82(1.15–3.06) 1.75(1.57–3.32) a,c 1.44(1.23–2.73) d

Markers for Inflammatory response

usCRP (mg/L) 0.40(0.3–0.5) 0.35(0.3–0.7) 0.50(0.2–0.8) 0.55(0.4–0.8) 0.55(0.3–0.8)

Measurements were made at baseline (BDC), during dry immersion (DI) and after recovery. Data are expressed as median(interquartile range) for n = 12.
a,b,c,d: significantly different (p<0.05) vs. BDC, DI24h, DI48h, and DI72h, respectively.

25OH-D: 25-hydroxyvitamin D; usCRP: ultrasensitive C-reactive protein.

https://doi.org/10.1371/journal.pone.0182970.t001
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lipocalin-2 and fasting glucose. Furthermore, a positive correlation was established between

changes in FGF23 and Glu-OC. Lastly, changes in bone resorption markers (CTx or NTx) neg-

atively correlated with changes in bone formation markers (P1CP or Gla-OC).

Discussion

This study provided a biochemical assessment of adaptation to a human unloading model to

investigate some of the effects of space-flight without the limitations of spaceflight itself. DI is a

ground-based model of prolonged conditions of microgravity previously used in Russia. It has

been recently implemented in France (CNES and MEDES) and we are reporting here results

Table 2. Serum markers for bone turnover and bone metabolism regulators during the 3-day dry immersion and after 3 h- recovery.

BDC DI24h DI48h R+3h
†

Markers for bone turnover

Resorption activity

TRAP5b (U/L) 3.37(2.58–4.48) 3.62(2.71–4.61) a 3.56(2.85–4.81) a 3.56(2.89–4.46) a

CTx (pmol/L) 6658(4857–9560) 6971(4968–9862) 7192(5739–11138) a 3178(2260–3696) a,b,c

NTx* (nmolBCE/L) 19.0(16.5–21.9) 20.0(17.5–22.6) a 21.6(17.3–26.0) a 15.6(13.5–17.7) a,b,c

Formation activity

P1CP (μg/L) 158.1(135.6–231.9) 157.7(115.0–197.1) a 152.0(111.3–181.8) a,b 127.9(99.8–169.6) a,b,c

P1NP (μg/L) 74.9(56.2–89.2) 70.5(51.0–78.4) a 70.3(49.8–80.3) a 66.0(48.1–76.0) a,b,c

bAP (μg/L) 16.5(12.1–19.8) 18.6(13.9–21.7) a 18.7(14.9–22.2) a 18.9(15.5–22.4) a

OPN (ng/mL) 467.6(422.0–520.9) 455.2(402.2–502.5) 480.7(397.8–593.5) 509.4(416.8–562.0)

OPG (pmol/L) 3.35(2.68–3.65) 3.25(2.39–3.44) 2.99(2.65–3.40) a 3.28(2.81–3.31)

RANKL (pmol/L) 0.16(0.12–0.24) 0.12(0.07–0.17) 0.07(0.05–0.15) a,b 0.06(0.05–0.13) a,b,c

RANKL/OPG 0.05(0.04–0.08) 0.04(0.02–0.07) 0.03(0.02–0.06) a 0.02(0.01–0.06) a

Intact OC (ng/mL) 22.1(19.4–24.8) 23.2(18.1–24.6) 21.0(19.3–23.9) 19.9(14.8–22.1) a,b,c

Gla-OC (ng/mL) 14.0(11.1–16.3) 13.2(11.3–16.4) 12.3(10.5–15.9) a,b 9.9(8.9–12.7) a,b,c

Glu-OC (ng/mL) 6.3(4.7–8.4) 6.6(5.2–10.6) 6.6(6.3–10.4) a 6.4(6.0–10.8) a

Glu-/Gla-OC 0.51(0.30–0.66) 0.59(0.35–0.81) 0.69(0.42–0.83) a,b 0.75(0.59–0.84) a,b,c

Osteocyte activity

DKK1 (pmol/L) 51.7(40.4–64.2) 57.7(42.5–67.5) 59.4(48.3–68.6) 55.6(47.0–69.4)

Sclerostin (ng/mL) 0.40(0.38–0.45) 0.45(0.37–0.47) 0.43(0.39–0.47) 0.41(0.35–0.47)

Regulators for phosphocalcic metabolism

FGF23 (pg/mL) 42.6(33.3–46.3) 32.9(23.5–46.2) 42.4(33.7–48.8) b 44.3(39.1–50.6) b

PTH (ng/L) 20.7(20.1–29.4) 21.0(19.8–27.2) 19.9(16.8–27.4) a 23.5(15.4–28.2)

Metabolism regulators

Adiponectin (μg/mL) 5.1(3.1–7.6) 5.3(2.8–7.3) 3.8(2.1–5.4) b 3.9(2.8–7.0)

Visfatin (ng/mL) 4.0(1.9–5.2) 7.4(3.8–10.1) a 6.1(4.2–9.6) a 6.9(3.0–10.3) a

Lipocalin-2 (ng/mL) 139.7(123.3–143.1) 133.3(126.0–137.7) 133.6(125.3–140.0) 146.8(139.7–150.4) b,c

IGF1 (μg/L) 203.0(182.7–214.0) 225.3(205.5–234.8) a 230.3(211.1–245.1) a,b 234.8(209.6–252.4) a,b

Measurements were made at baseline (BDC), during dry immersion (DI) and after recovery. Data are expressed as median (interquartile range) for n = 12

except for NTx* which was made for n = 6 only.
a,b,c: significantly different (p<0.05) vs. BDC, DI24h, DI48h, respectively.
†Of note R+3h is not at fasting state.

TRAP5b: tartrate-resistant acid phosphatase isoform 5b; CTx: C-terminal crosslinked telopeptide of type I collagen; NTx: N-terminal crosslinked telopeptide

of type I collagen; P1CP: procollagen type I C-terminal propeptide; P1NP: procollagen type I N-terminal propeptide; bAP: bone alkaline phosphatase; OPN:

osteopontin; OPG: osteoprotegerin; RANKL: receptor activator of nuclear factor kappa β ligand; OC: osteocalcin; DKK1: dickkopf-1; FGF23: fibroblast

growth factor 23; PTH: parathyroid hormone; IGF1: insulin growth factor 1.

https://doi.org/10.1371/journal.pone.0182970.t002
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of the first campaign. As it is expected to induce severe discomfort [13], this first experiment

was planned for a short duration of 3 days.

Body weight

The decrease in body mass of near 1.5 kg confirms the result already reported in previous stud-

ies of DI [15,16]. It was similar to the loss observed after ten days of bed rest [17]. This loss of

weight is coherent with the “relative dehydrated status” induced by these 3 days in immersion

conditions leading to a 17% decrease in plasma volume as reported by Treffel et al. [18]. Sur-

prisingly, protein concentrations in the plasma did not increase during DI despite the reduc-

tion in plasma volume. As well discussed by Navasiolava et al. [13], this might be explained by

the partial transfer of plasma proteins to the interstitial fluid due to an increased transcapillary

escape rate and decreased lymphatic return.

Fig 2. Effect of dry immersion on bone metabolism. Changes in bone resorption (at left) and formation or

mineralization (at right) markers during dry immersion. Values are expressed as medians ± interquartile range for

n = 12 except for NTx* which was made for n = 6 only. a,b,c indicate significant differences vs. BDC, DI24h and DI48h,

respectively. CTx: C-terminal crosslinked telopeptide of type I collagen; NTx: N-terminal crosslinked telopeptide of

type I collagen; TRAP5b: tartrate-resistant acid phosphatase isoform 5b; P1CP: procollagen type I C-terminal

propeptide; P1NP: procollagen type I N-terminal propeptide; bAP: bone alkaline phosphatase.

https://doi.org/10.1371/journal.pone.0182970.g002
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Bone remodeling activity

Markers of bone tissue resorption such as TRAP and CTx were shown to slightly increase dur-

ing Russian DI for 7 days [19]. However, Markin et al. [20] did not find any changes in the

activity of total acid phosphatase during a similar period of immersion. From urinary NTx and

Deoxypyridinoline (Dpyr) as bone turnover markers, previous reports have shown that already

24 hours of bed rest induce a significant rise in resorption activity in healthy subjects [3,4].

However, when resorption activity is evaluated from blood analysis, resorption markers mea-

sured from the 5th day of bed rest became significantly increased only beyond 10 days [21].

Our results showed that circulating levels of both TRAP5b and NTx were already elevated as

early as the first day of immersion and during all the immersion phase. CTx was also elevated

at DI48h. Thus, DI has an earlier effect than bed rest on bone resorption. The substantial

decrease of RANKL leading to decreased RANKL/OPG ratio at DI48h was unexpected in view

of increased bone resorption markers. However, circulating RANKL is likely to be influenced

Fig 3. Effect of dry immersion on the different forms of osteocalcin and on the insulinic response. At Top,

changes in carboxylated (Gla-OC) and decarboxylated (Glu-OC) forms of osteocalcin during dry immersion. At

middle, changes in values of glucose and insulin during dry immersion. At bottom, changes in values of IGF1 and

visfatin during dry immersion. Values are medians ± interquartile range for n = 12. a,b,c indicate significant

differences vs. BDC, DI24h and DI48h, respectively; a’ different vs. BDC p<0.10.

https://doi.org/10.1371/journal.pone.0182970.g003
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Fig 4. Association between biochemical blood markers. Spearman correlations between percent changes at DI48h in

bone and energy metabolism parameters for n = 12 except for NTx* which was made for n = 6 only. Changes are expressed

in percent from BDC. OPN: osteopontin; usCRP: ultrasensitive C-reactive protein; P1CP: procollagen type I C-terminal

propeptide; CTx: C-terminal crosslinked telopeptide of type I collagen; OC: osteocalcin; Gal-OC and Glu-OC: carboxylated

and uncarboxlalted forms of OC, respectively; NTx: N-terminal crosslinked telopeptide of type I collagen; usCRP:

ultrasensitive C-reactive protein; FGF23: fibroblast growth factor 23.

https://doi.org/10.1371/journal.pone.0182970.g004
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by a variety of non-osseous processes including inflammatory, infectious and immunological

processes [22,23].

In our study, CTx and NTx levels measured at R+3h greatly decreased compared to BDC. A

similar observation was made for OC level at R+3h. These results might not be solely related to

immersion condition and/or recovery but also to the fact than blood sampling at this timing

was not made at fasting, a parameter known to affect bone marker circadian variation [24,25].

In our study, elevated bone resorption was associated with a decrease in markers of bone

formation (P1NP, P1CP) whereas bAP increased after 24- h DI. A lack of changes in P1NP

and bAP was reported by Kopp [19] after 5 and 7 days of immersion. Our changes in bAP are

in agreement with studies of unloading by experimental bed rest, which have also shown an

early increase of its activity suggesting an enhanced mineralization of the collagenous matrix

[21,26,27]. On the other hand, data from bed rest studies are discordant with regard to bone

formation parameters. Indeed, P1NP levels usually display either no obvious changes or slight

decreases. Thus, reduced P1NP concentrations were reported after 6 to 11 days and main-

tained reduced during 21 days of bed rest [27,28]. In contrast, Belavy et al. [21] did not find

any change in P1NP level during 60 days of bed rest. Also no change in P1CP was observed

during 42 days of bed rest by Uebelhart et al. [29].

In summary, our findings show that DI challenged bone remodeling activity more dramati-

cally than the head-down bed rest, possibly related to the lack of body support and propriocep-

tive deprivation in DI. This unbalance between bone cellular activities supports the rapid onset

of bone alterations as reported by Kotov et al. [30]. These authors observed that, after 7 days of

DI, the bone mineral density of the lower part of the skeleton (proximal epiphysis of the

femur) tends to be approximately 2% lower and that of the upper part (skull, hand, costal

bones) tends to be 2% higher when compared to baseline.

Bone remodeling and energy metabolism

Blood glucose concentration increased after 24- h DI, then it normalized to baseline level after

48- h DI. At the same time, we could observe higher blood levels of both insulin and IGF1.

These results suggest an activation of hepatic metabolism via the stimulation of growth hor-

mone as such findings were already reported in previous DI studies [20,31]. This favors the

hypothesis that insulin resistance develops during DI, similarly to that observed after 6 days of

head-down bed rest [32]. As shown by Karsenty’s group, insulin was identified as a key molec-

ular link between bone remodeling and energy metabolism. Indeed, insulin signaling in osteo-

blasts limits production of OPG, an inhibitor of osteoclast maturation [33,34]. In our study,

decreased OPG and increased bone resorption activity can be related to increasing insulin sig-

naling. Bone resorption occurs at acid pH enough to decarboxylate proteins; thus osteoclasts

determine the carboxylation status and function of OC. Lee et al. [7] reported that Glu-OC

was the active form of the molecule in rodent models. In our study, all forms of this molecule

(i.e. Glu-OC, Gla-OC and total intact OC) have been measured; this allowed us to evidence

that DI does not change circulating OC but increased the proportion of Glu-OC released by

the osteoclasts as a result of enhanced resorption activity. Noteworthy, we found a positive

relationship between changes of Glu-OC and FGF23, the two main osteoblast/cyte hormones.

These hormones are regulated by bone remodeling and mineralization per se, and by other

hormones such as leptin, insulin, glucocorticoids, PTH, and vitamin D, leading to complex

cross-talk that begun to be decrypt [35]. Rare are the studies which have measured Glu-OC

under unloading models. Morgan et al. [5] reported no change in circulating Glu-OC whereas

bone resorption markers were greatly increased by 80% after 30-days head-down bed rest. Fer-

nandez-Real et al [36] established a positive association between circulating OC and insulin
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sensitivity, secretion and disposition index (r = 0.41, p<0.05) among lean men. In our study,

no relationship was able to be established between these different serum markers. However the

concomitant increases in Glu-OC and insulin under our immersion conditions seems to be in

agreement with studies suggesting that OC might be an active regulator of insulin sensitivity.

This could confirm the role of bone as an endocrine organ in humans. Surprisingly, increased

circulating IGF1 was associated with decreased bone formation markers although this skeletal

growth factor is known to stimulate bone formation. Such a finding leads to suppose the devel-

opment of resistance to this skeletal growth factor as discussed by Bikle et al. [37] in rats sub-

mitted to a hindlimb unloading model. Indeed, these authors evidenced the failure of the

unloaded bone to grow in response to exogenous IGF1.

In our study, no inflammatory response has been evidenced. However, percent changes of

usCRP correlated positively with changes of OPN, lipocalin-2 and fasting glucose. In addition

to its functions in biomineralization, OPN also acts as a cytokine that takes part in the inflam-

matory response [38]. Abundant evidence suggests that OPN plays a pivotal role in the devel-

opment of adipose tissue inflammation and insulin resistance [39,40]. Furthermore, a role of

lipocalin-2 in energy metabolism and inflammation has been shown [41–43]. Lipocalin-2 is

expressed by osteoblasts at levels tenfold higher than in adipose tissue or other organs and was

recently identified as an additional bone hormone able to suppress appetite through binding

to melanocortin 4 receptor [44]. This is probably why its level is increased at R+3h, soon after a

meal (while DI24h and DI48h were in fasting state). Lipocalin-2 was also identified as a novel

osteoblast mechanoresponding gene with a role in bone homeostasis. It was found upregulated

in osteoblasts in a manner proportional to the reduction of gravitational force intensity [45],

and in long bones of various murine models of mechanical unloading [46]. In human subjects

submitted to bed-rest conditions, lipocalin2 serum level increased from 12th days suggesting

that it is a late marker of unloading [46].

On the other hand, 3-days of DI induced an almost two-fold increase in visfatin concentra-

tions. This molecule is synthesized by the visceral adipose tissue; it exists in an intracellular

form acting as nicotinamide phosphoribosyltransferase in nicotinamide adenine dinucleotide

biosynthesis, and an extracellular form which is an insulin-mimetic, pro-inflammatory/

immune-modulating adipokine [47]. Its circulating levels, although with some concerns [48],

are associated with obesity, insulin resistance and energy-bone crosstalk [49]. To our knowl-

edge, very few studies investigated this adipokine under ground-based models of prolonged

conditions of microgravity. The effects of bed rest on serum adipokines and low-grade inflam-

mation were shown to be age-dependent [50]. Indeed, in this latter study, young subjects (18–

30 years) responded to 14-days bed rest by increasing serum visfatin and resistin while there

was no difference in older adults (53–65 years), these latter subjects increasing rather in IL-6

and TNF-α. Thus, the effects of DI in our subjects between 26 and 39 years old were similar to

those of bed rest when we consider subjects of the same age range. Although visfatin was origi-

nally thought to have insulin mimetic effects by binding and activating insulin receptor, subse-

quent studies have been unable to repeat those results and thus have been retracted [51]. In

our study, no statistical correlation was established between changes in insulin and visfatin. As

discussed by Rudwill et al. [52], visfatin remains a controversial molecule, whose role and reg-

ulation still need to be defined. These authors proposed a regulation of visfatin by physical

activity, independent of measurable changes in energy balance, as visfatin circulating levels in

fasting state increased under physical inactivity conditions. Despite these uncertainties, the

present study revealed a great responsiveness for this parameter that might constitute an early

marker of unloading conditions in humans.
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Conclusion

The microgravity simulated model by short-term DI is able to challenge bone remodeling

activity more dramatically than the head-down-tilt bed rest. Enhanced insulin response

showed a beginning of insulin-resistance, which was concomitant to a higher degree of OC

decarboxylation. This latter finding confirms the role of bone as an endocrine organ regulating

energy metabolism in humans. Furthermore, visfatin for which a great responsiveness was

observed in our study could represent a very interesting marker to analyze early events of

unloading in humans.
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