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Abstract

Introduction

Long-term head-down bed rest (HDBR) results in musculoskeletal losses similar to those

observed during long-term space flight. Agents such as testosterone, in addition to regular

exercise, are effective countermeasures for reducing loss of skeletal muscle mass and

function.

Objective

We investigated the skeletal muscle proteome of healthy men in response to long term

HDBR alone (CON) and to HDBR with exercise (PEX) or exercise plus testosterone (TEX)

countermeasures.

Method

Biopsies were performed on the vastus lateralis before (pre) HDBR and on HDBR days 32

(mid) and 64 (post). Extracted proteins from these skeletal muscle biopsies were subjected

to 2-dimensional gel electrophoresis (2DE), stained for phosphoproteins (Pro-Q Diamond

dye) and total proteins (Sypro Ruby dye). Proteins showing significant fold differences (t-

test p� 0.05) in abundance or phosphorylation state at mid or post were identified by mass

spectroscopy (MS).

Results

From a total of 932 protein spots, 130 spots were identified as potentially altered in terms of

total protein or phosphoprotein levels due to HDBR and/or countermeasures, and 59 unique

molecules emerged from MS analysis. Top canonical pathways identified through IPA
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included calcium signaling, actin cytoskeleton signaling, integrin linked kinase (ILK) signal-

ing, and epithelial adherens junction signaling. Data from the pre-HDBR proteome sup-

ported the potential for predicting physiological post-HDBR responses such as the

individual’s potential for loss vs. maintenance of muscle mass and strength.

Conclusions

HDBR resulted in alterations to skeletal muscle abundances and phosphorylation of several

structural and metabolic proteins. Inclusion of exercise alone or in combination with testos-

terone treatment modulated the proteomic responses towards cellular reorganization and

hypertrophy, respectively. Finally, the baseline proteome may aid in the development of per-

sonalized countermeasures to mitigate health risks in astronauts as related to loss of muscle

mass and function.

Introduction

Skeletal muscle protein turnover is regulated through an intricate process involving biochemi-

cal and mechanical signals. Skeletal muscle size and composition is maintained when protein

synthesis and breakdown is balanced while disruption of this balance can result in net gains or

losses in muscle size and/or strength. Space flight related losses in muscle mass and strength

are among the prime concerns for long duration space exploration missions and involve alter-

ations in myofibrillar protein content and metabolism [1]. Skeletal muscle losses during space

flight are largely attributed to absence of axial loading on weight bearing muscles, an environ-

mental condition that can be mimicked adequately by bed rest studies on Earth. As such, the

replacement of mechanical forces, via exercise, is among the primary operational countermea-

sures to mitigate muscle loss during space flight. While effective, exercise in space is time-con-

suming and only partially replaces the mechanical loading needed to completely prevent

muscle atrophy and loss of function, particularly in highly susceptible muscle groups such as

in the calf. Thus, additional interventions that complement inflight exercise countermeasures

are sought. Testosterone has been considered as a potential countermeasure to be investigated

due to its anabolic potential and known synergism with exercise. While exercise and testoster-

one are independently known to induce skeletal muscle protein synthesis, much is unknown

regarding the differences and redundancies between the signals provided by the respective

mechanical and biochemical stimuli.

The recent 70-day NASA-funded CFT70 bed rest campaign investigated the effects of strict,

diet controlled, head down bed rest (HDBR) on lean body mass and muscle strength of healthy

males, and the influence of a moderate to high-intensity exercise protocol (Sprint protocol),

with or without testosterone supplementation, on mitigating these changes [2–4]. This NASA-

led study was strictly monitored for all aspects known to affect skeletal muscle gain and loss

(nutrition, exercise, axial loading, body movement etc.) and therefore provided a tremen-

dously unique opportunity to investigate the effects of extended inactivity and unloading (with

or without the inclusion of countermeasures) on changes in abundance and phosphorylation

of skeletal muscle proteins in humans. We hypothesized that confinement to HDBR would

alter the skeletal muscle proteome and that the inclusion of exercise alone or exercise with tes-

tosterone supplementation would each result in unique modifications of proteomic responses

during HDBR. Furthermore, this unique opportunity afforded us the ability to perform post-
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hoc regression analyses to determine whether baseline proteomic data could be predictive of

HDBR- or countermeasure-induced responses in muscle mass or strength.

Methods

Ethics

Subjects were recruited through the National Aeronautics and Space Administration (NASA)

Human Research Program (HRP) testing facility at the Johnson Space Center (JSC) in Hous-

ton, TX. Screening, including the JSC Human Test Subject Facility physical examination and

psychological evaluations were completed at NASA JSC. The study complied with the Declara-

tion of Helsinki and was approved by The University of Texas Medical Branch (UTMB) Insti-

tutional Review Board (IRB) and by the NASA Committee for the Protection of Human

Subjects (CPHS). Written informed consent was obtained from all subjects, and subjects were

studied at the NASA Flight Analogs Research Unit (FARU) at UTMB. This research was con-

ducted as part of a larger integrated NASA bed rest study campaign registered with Clinical-

Trials.gov (NCT00891449).

Subjects

The bed rest study protocol and subject characteristics have been detailed in our previous

report [3]. Study advertisement, recruitment, and randomization was conducted through the

Human Test Subjects Facility at the NASA Johnson Space Center in Houston, TX. Healthy

male volunteers (35 ± 8 years) were randomized (blocks of six) to one of 3 bed rest groups: pla-

cebo + non-exercise control (CON, n = 8), placebo + exercise (PEX, n = 8), and testosterone

+ exercise (TEX, n = 8) (Fig 1). Placebo vs. testosterone treatment assignments were blinded

(CON) or double-blinded (PEX vs. TEX). The study was conducted at the Flight Analogs

Research Unit (FARU) at UTMB in Galveston, TX. Testing was conducted at UTMB and

NASA/JSC. PEX and TEX subjects followed a moderately intense exercise schedule through-

out the HDBR phase [4]. Briefly, all PEX and TEX subjects followed an exercise protocol that

included 6 days of high-intensity aerobic training, combined with 3 days of resistive strength

exercise. Resistance exercise sessions were on the same day as the continuous aerobic exercise,

separated by 4–6 h. Supine aerobic exercise was performed using the Standalone Zero Gravity

Locomotion Simulator vertical treadmill and a supine cycle ergometer, and resistance exercise

was performed on a horizontal squat device, a horizontal leg press (for leg press and calf raise

exercise), and a prone leg curl machine. High-intensity interval aerobic exercise and continu-

ous aerobic exercise were performed on alternating days. Starting one day before bed rest (BR-

1), placebo (saline) or testosterone enanthate injections (100 mg, intramuscular) were admin-

istered in 2-week intervals (weekly testosterone enanthate for two weeks, followed by two

weeks off, etc.) for the duration of the 70-day bed rest period. Thus, injections occurred imme-

diately before bedrest (BR-1), and during bedrest (BR7, BR28, BR35, BR56, and BR63).

Licensed nurses administered the IM injections in the gluteus maximus, alternating between

sides of the body throughout the study. Clinical outcomes from this investigation were pub-

lished previously and there were no adverse events in response or testosterone treatment [5].

Muscle biopsy procedure

Muscle tissue was collected on BR-1 (pre), BR36 (mid), and BR64 (post). All biopsies were per-

formed on the left leg of each subject. Each subject underwent the procedure three times dur-

ing the study resulting in three biopsies forming a triangle between sites. The first site was

approximately 10 cm proximal from the patella. The second site was approximately 4 cm
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proximal to the first site. The third site was between and approximately 3 cm lateral from the

previous sites. Muscle biopsy procedures were performed as described elsewhere [6, 7]. Briefly,

a site was marked on the vastus lateralis and cleaned with Betadine. Lidocaine (1%) was

administered to the skin and deep muscle. An approximately 5 mm incision was made through

the skin and fascia and a 5 mm Bergström needle was advanced into the muscle. While suction

was applied, 100–200 mg of skeletal muscle tissue was collected by opening and closing the

cutting window of the biopsy needle. The incision was sutured and covered with Bacitracin

and steri-strips. Ice was applied to the site and ibuprofen was provided to the subject to allevi-

ate soreness.

Skeletal muscle proteomics

Proteomic analyses were performed by the UTMB Biomolecular Resource Facility (BRF). Pro-

tein abundances were determined in fractionated muscle extracts using a Biofluids Analytical

Platform (BAP) [8–10]. These analyses were completed in one continuous effort once all the

muscle samples had been collected. The BAP fractionation component combines Superdex S-

75 size-exclusion chromatography (SEC) of biofluids with electronically triggered fraction col-

lection to create protein and peptide pools for subsequent separation and analysis. Fraction-

ated samples were subjected to 2D gel electrophoresis (2DE) and stained for phosphoproteins

(Pro-Q Diamond dye, ThermoFisher Scientific) or total proteins (Sypro Ruby dye, Thermo-

Fisher Scientific). Pro-Q Diamond selectively stains phosphoproteins in gels and thus provides

a convenient method for determining relative phosphorylation of proteins between samples–

which is our purpose here—though not for pinpointing the sites (residues) of phosphorylation.

Fig 1. Subject flow diagram. This research was part of an integrated study registered with ClinicalTrials.gov (NCT00891449). Sample sizes were determined

based on the primary outcomes from several independently funded investigations involved in the bed rest study campaign conducted between 2010 and 2014.

A total of 24 subjects randomized to control (CON, n = 8), exercise plus placebo (PEX, n = 8) or exercise plus testosterone countermeasures (TEX, n = 8)

completed this protocol during 70 days of head down bed rest (HDBR). Because of overlap in start-time between funded investigations, subject numbers may

differ between reports that emanated from this bed rest campaign.

https://doi.org/10.1371/journal.pone.0217690.g001
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The gels were imaged, and then analyzed using SameSpots software (TotalLab, Newcastle

upon Tyne, UK), first aligning the images to a selected reference image, and quantitatively

comparing log-transformed spot intensities between the groups (CON, PEX, TEX; pre, mid,

post). Proteins showing significant p-value (� 0.05 in t-tests) and |fold differences| (�1.50)

between the groups (CON, PEX, TEX) or time points (pre, mid, post) were identified by

matrix-assisted laser desorption/ionization (MALDI) time-of-flight (TOF/TOF) mass spec-

troscopy (MS). This is a method used commonly for protein identification following 2DE anal-

ysis [11]. Lists of MS identified proteoforms were subjected to Ingenuity Pathway Analysis

(IPA) to identify cell-signaling networks that responded to HDBR and/or countermeasures.

Principal components analysis (PCA) was performed to characterize clustering in the three

groups based on protein abundance and protein phosphorylation.

Data and statistical analyses

Data analyses included components of treatment (CON, PEX, TEX) and time (pre, post). The

mid timepoint was included during the initial spot selection for MS identification and the data

are presented in Tables 1–4. However, the discussion will focus on pre-post changes to facili-

tate interpretation of the findings.

The t-tests described above and shown in Tables 1–4 were conducted according to stan-

dard gel spot picking procedures and compared data sets spot by spot (univariate analysis). In

addition, we performed multivariate data analysis to reveal patterns, looking at our data more

globally. For this purpose, we used Principal Components Analysis (PCA), a “dimension

reduction” algorithm. PCA was performed using the analysis program TIBCO Spotfire. PCA

transforms the original set of variables (spot intensities for selected samples) to a new, orthogo-

nal, set of variables (the principal components) such that most of the variability in the original

data is captured in the top few of the new components. In general, it is sufficient to examine

the first 2 or 3 components to discover any existing clustering in the data. Our approach was

to plot PCA1 vs. PCA2 vs. PCA3. We performed this calculation for the total abundance and

phosphorylation data separately.

Results

From a total of 932 protein spots detected, 130 spots emerged as potentially altered in terms of

phosphoprotein or total protein abundance due to HDBR (pre, mid, post) and/or countermea-

sures (CON, PEX, TEX), and were subjected to MS analysis for protein identification. Out of

130 spots, 129 were identified by MS while 1 remained unidentified. Among the identified

spots, 55 proteoforms had molecular weights (MW) that were within 15% of predicted MW

(UNIPROT) and were assumed to be full size proteins (INTACT). An additional 29 spots cor-

responded to MW that exceeded the predicted MW by at least 15% and were assumed to

include protein modifications, dimers and aggregates (AGG). The remaining 45 spots were at

least 15% below the predicted MW and were assumed to be protein fragments and peptides

(FRAG).

Subjects

As previously reported in detail, LBM significantly decreased in CON, remained near/below

baseline in PEX, and increased in TEX. Conversely, FM increased in both CON and PEX and

remained near/below baseline in TEX [3]. HDBR resulted in decreased strength while exercise

with or without testosterone countermeasures were protective against such losses in load bear-

ing muscles [3].
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Pre to post HDBR changes

Within-group abundance changes of all identified spots (pre-post, 2-tailed, paired t-tests) are

shown in Table 1. Ordering in the table was based on Proteoform interpretation (i.e. intact,

aggregate, fragment) and p-values of pre-post changes in CON. In CON, HDBR induced sig-

nificant changes in the abundances of 17 intact proteoforms, 5 aggregates, and 4 fragments.

The intact proteins included structural proteins (ANKRD2, ACTN2), Ca regulation and con-

tractile proteins (TPM2, MYH2 (2 spots), BEST3 (2 spots), ACTG2), metabolic regulators

(AK1, HSPB7, EEF1A1, HSPB1, TRIM72, DLD), and transport proteins (CA3, HBA1, HBB).

The number of proteoforms that were significantly altered during HDBR were lower in PEX

(6 intact, 5 aggregates, 3 fragments) and TEX (9 intact, 4, aggregates, 3 fragments) when com-

pared to CON. Two of the proteins that underwent abundance changes in CON also changed

in TEX. HSPB7 abundance went down in both CON and TEX, while it significantly increased

in PEX. HBA1 increased in CON and TEX but underwent no significant change in PEX dur-

ing HDBR. Testosterone has known erythropoietic properties, however, it remains unclear

whether findings of increased HBA/HBB were physiologically relevant to skeletal muscle

metabolism since circulating hematocrit did not change during the course of this study [3].

Spots that were differentially affected in response to countermeasures during HDBR

included several structural and Ca regulation/contractile proteoforms as well as a few meta-

bolic and transport proteins. Radixin (RDX) increased while TPM2 decreased respectively in

PEX and TEX but not in CON. ACADVL and DES increased in PEX but not in TEX or CON.

S100A13 increased in TEX but not in PEX or CON. MB, MYL1, and MYH7 each decreased in

TEX but not in PEX or CON. Two spots representing ACTA1 were differentially affected in

PEX and TEX respectively. ACTA1 (P68133, 41kD) increased in TEX but did not change in

PEX or CON, while ACTA1 (Q5T8M7, 44kD) decreased in PEX but this change failed to

reach significance in CON or TEX.

Changes in the phosphorylated proteoforms within each group (pre-post) are shown in

Table 2. Significant HDBR-induced changes in phosphorylation status were observed in CON

for 10 intact, 2 aggregate, and 11 fragment protein spots. The intact proteoforms included

structural proteins (ANKRD2, MYBPC1), contractile proteins (ACTA1, TPM1), metabolic

proteins (DLD, ACADVL), and transport proteins (ALB, CA3, HBA1, HBB). In TEX, 16

intact, 4 aggregate, and 5 fragment spots were significantly altered. Similar to changes during

HDBR in CON, phosphorylated DLD and CA3 increased in TEX. The number of alterations

in phosphorylated spots was lowest among the PEX group which included 7 intact, 3 aggregate,

and 5 fragment proteoforms. Among the intact proteins, phosphorylated ALB increased in

PEX, opposite to that observed in CON.

Differences in PEX vs TEX

The pre-post effects of the two countermeasure groups (PEX vs TEX) were compared to pro-

vide insight on the influence of testosterone treatment vs. the underlying effects of exercise on

proteomic responses during HDBR. Comparisons of the protein abundances between PEX

and TEX subjects before (pre) and after (post) HDBR are shown in Table 3. Ordering in the

table was based on proteoform interpretation (i.e. intact, aggregate, fragment) and p-values of

post differences between PEX compared to TEX (positive values reflect higher expression in

PEX compared to TEX). The abundances of 7 intact proteoforms, 5 aggregates, and 4 frag-

ments were found to differ between PEX and TEX following HDBR. The intact proteins

included structural proteins DES (2 spots) and RDX, oxygen transport proteins HBB (2 spots),

HBD, and ALDOA, a glycolytic enzyme integral to the function and structure of the sarcoplas-

mic reticulum [12, 13]. In contrast, at baseline there were 3 intact, 6 aggregates, and 6 fragment
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spots found to be different between PEX and TEX. The intact proteins included ALB (trans-

port protein), MYBPC1 (structural protein), and MYL1 (contractile protein), none of which

were found to be different between the two exercise groups following HDBR.

Comparisons of protein phosphorylation status between PEX and TEX subjects before

(PRE) and after (post) HDBR are shown in Table 4. While there were only a few pre-HDBR

differences in phosphorylated proteoforms between PEX and TEX (1 intact, 1 aggregate, and 3

fragment), this difference increased to 10 intact, 3 aggregate, and 4 fragment proteoforms

post-HDBR. The intact proteins that were significantly different (all higher in PEX following

HDBR when compared to TEX) included contractile proteins (MYH1, MYH2 (2 spots),

ACTA1 (2 spots), TNNC2) and metabolic proteins (CKM (3 spots) and ALDOA).

Principal Components Analyses (PCA)

Results from the PCA performed on post-HDBR data are shown in Fig 2. The purpose of this

analysis was to reveal patterns of protein expression/phosphorylation in the post data that may

distinguish the CON, PEX, and TEX sample groups from one another. For abundance PCA,

the spot intensities of the 71 gel spots that showed significant expression difference among

these three sample groups were used as input. Fig 2A is the resulting PCA1-PCA2-PCA3 plot.

The 24 dots in the figure represent the eight CON (red), eight PEX (green), and eight TEX

(blue) samples. Notably, there is distinct clustering among the groups, with the three sample

groups occupying separable, non-overlapping, regions in the PCA plot. The results of a similar

PCA, based on the 81 gel spots exhibiting significant phosphorylation differences is depicted

in Fig 2B. The color coding of the 24 spots is the same as for the abundance PCA and the clus-

tering of the three sample groups is even more evident for the phosphorylation PCA. The vari-

ability in data captured by PCA along PC1 and PC2 were 39% and 10% respectively in Fig 2A,

and were 30% and 12% respectively in Fig 2B. While these numbers are moderate, the clear

separation among CON, TEX, and PEX observed in the plots (which is especially noticeable in

Fig 2B, the phosphorylation based-plot) suggests that, by the end of the study, there were clear

differences in the patterns of protein expression/phosphorylation among the participant

groups that underwent just bed rest (CON), exercise (PEX), and exercise + testosterone (TEX)

treatment.

Pathway analyses

HDBR resulted in proteomic changes within skeletal muscle and both countermeasures caused

differential changes during long term HDBR. Major canonical signaling networks were identi-

fied through Ingenuity Pathway Analysis (IPA) as playing a role in the differential regulation

of skeletal muscle in response to HDBR in the presence or absence of applied exercise and pla-

cebo or exercise and testosterone countermeasures. Several pathways such as Calcium Signal-

ing, Cellular Effects of Sildenafil (Viagra), Epithelial Adherens Junction Signaling, Actin

Cytoskeleton Signaling, and ILK Signaling can be associated with those signaling networks

(Fig 3). Similar analyses revealed that the biological functions most likely impacted included

Cellular Assembly and Organization, Cellular Function and Maintenance, Cell Death and Sur-

vival, Carbohydrate Metabolism, Molecular Transport, Organ Morphology, Tissue Develop-

ment, Behavior, Cardiovascular System Development and Function, and Skeletal and

Muscular System Development and Function. Finally, IPA associated a number of known

pathologies with the observed changes, including musculoskeletal, dermatological, gastrointes-

tinal, cardiovascular, neurological, immunological, and psychological disorders.

Accession numbers of proteoforms that showed significant pre-post HDBR changes were

also submitted for gene ontology enrichment analyses of individual groups (http://www.
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Fig 2. Principal Components Analyses (PCA). Principal Components Analysis demonstrating post-HDBR

differences in the proteomes of CON (red, subjects 1–8), PEX (green, subjects 9–16), and TEX (blue, subjects 17–24).

Spots are numbered for consistent comparison of data from individual subjects between figures throughout the

manuscript. (A) PCA based on post-HDBR differences in protein abundance. (B) PCA based on post-HDBR

differences in protein phosphorylation.

https://doi.org/10.1371/journal.pone.0217690.g002
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geneontology.org) (see S1 Table, gene ontology). For instance, confinement to HDBR (CON)

altered abundances of proteins related to biological process of muscle contraction (MYH2,

ACTG2, TPM2, TRIM72, ANKRD2), consistent with the previously published losses in muscle

mass and strength in this group [3]. Exercise countermeasures (PEX) uniquely affected cellular

organization in skeletal muscle (ACTA1, TPM2, TPM1, KRT9, DES) while the addition of tes-

tosterone (TEX) affected mesenchymal migration proteins (ACTA1, ACTG2, ACTC1), which

Fig 3. Ingenuity Pathway Analysis (IPA). (A) Top pathways identified by preliminary IPA based on differential

changes in protein abundances and phosphorylation in response to ~70 days of HDBR with or without

countermeasures. (B) Top associated pathologies identified by IPA based on differential changes in protein

abundances and phosphorylation in response to ~70 days of HDBR with or without countermeasures.

https://doi.org/10.1371/journal.pone.0217690.g003
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would be consistent with increased myogenesis [14] and previously published increases in lean

body mass in the TEX group [3]. Thus, the countermeasures resulted in considerable modula-

tion of the networks and pathways identified in our proteomic analyses and show overlap with

known physiological responses that occur on Earth and during space flight.

Prediction models

Linear regression analyses using the discovery proteomics data identified several potentially

predictive biomarkers for the individual subject susceptibility to HDBR and the effectiveness

of countermeasures to prevent losses in lean leg mass and knee extension strength. There were

significant (P< 0.05) relationships found between baseline (i.e., pre-HDBR) abundance levels

of Myosin regulatory light chain 2, skeletal muscle isoform (fragment) (MYLPF H3BML9

(18kD); regulator of muscle contraction) (Fig 4A), Ubiquinol-cytochrome c reductase com-

plex (UQCRFS1 P47985 (53kD); mitochondrial respiratory chain protein involved in energy

metabolism), Adenylate kinase isoenzyme (AK1 P00568 (24kD); cytosolic protein involved in

skeletal muscle ATP metabolism and energy homeostasis), and Desmin (DES P17661 (50kD);

an intermediate filament protein) vs. subsequent changes in lean leg mass during HDBR. Base-

line expression of Troponin T Type3, fast skeletal muscle type (TNNT3 H9KVA2 (35kD);

anchoring protein necessary for skeletal muscle contraction) (Fig 4B), Ubiquinol-cytochrome

c reductase complex (UQCRFS1 P47985 (53kD); energy metabolism), Actin A (ACTA1

P68133 (41kD) & ACTA1 Q5T8M7 (42kD); a muscle specific structural microfilament), and a

159 kD proteoform identified as an aggregate of Tropomyosin beta chain (TPM2 P07951

(159kD); a calcium induced contractile regulator expected at 32 kD) in the vastus lateralis
were predictive of changes in strength performance of the relevant large muscle group (quadri-
ceps femoris) during HDBR.

Discussion

The present study demonstrated notable alterations in the skeletal muscle proteome of healthy

men in response to skeletal muscle unloading under extremely well-controlled long-term

HDBR conditions. In addition, these changes were compared to the alterations that occur

when exercise countermeasures with or without testosterone supplementation were included

as part of the HDBR condition. We previously reported on the efficacy of these countermea-

sures in protecting against muscle atrophy [3]. Exercise was largely successful in protecting

against HDBR-induced strength loss while the addition of testosterone to exercising subjects

resulted in an accumulation of lean body mass. The addition of this proteomic investigation

supplemented the existing data by identifying several proteins with known structural, contrac-

tile, or metabolic functions to be altered in response to bed rest, exercise, and/or testosterone.

Overall, our results corroborate findings by others [15–18] that long duration bed rest results

in changes in the abundances and post-translational phosphorylation of proteins with struc-

tural, contractile, and metabolic functions.

Structural changes

Confinement to bed rest is known to induce a downregulation of structural proteins [15, 16].

Likewise in this study, long duration HDBR resulted in decreased abundances and/or phos-

phorylation of several structural proteins (ANKRD2, ACTN2, MYBPC1) in CON, which was

not observed in the countermeasure groups PEX and TEX. Conversely, high intensity and/or

eccentric exercise protocols are known to promote synthesis of structural proteins such as DES

as well as ERM (Ezrin, RDX and Moesin) proteins [19, 20]. The ERM proteins play an impor-

tant role in signal transduction between the extracellular matrix and the cytoskeletal proteins
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Fig 4. Prediction model. (A) Baseline (Pre-HDBR) protein abundance levels of Myosin regulatory light chain 2 (MYLPF) in the vastus lateralis plotted

against PRE-post changes in Leg LBM. There were no relationships between baseline Leg LBM and protein abundances (not shown). (B) Baseline (Pre-
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that maintain cell structure [21] and are susceptible to gravitational stresses in vitro [22, 23]. In

the current study, DES significantly increased in PEX which resulted in higher post-HDBR

abundances compared to TEX while increases in RDX abundances in TEX subjects outpaced

the increase observed in PEX subjects, resulting in higher post-HDBR expression among TEX

subjects. Overall, these findings confirm the published data demonstrating benefits of exercise

and testosterone countermeasures on protecting against losses of muscle mass in these subjects

during long duration HDBR [3, 4].

Contractile changes

Bed rest induced alteration in abundances of contractile proteins were consistent with those

reported elsewhere. For instance, increased tropomyosin (TPM2) and decreases in smooth

muscle actin ACTG2 were previously reported in response to 60 days of bed rest [17].

Decreases in MYH2 abundances in the present report, along with unaltered abundances in

MYH1, are also consistent with findings described during other bed rest studies [15, 17, 24,

25]. However, this direction of change is in contrast to the expected modest slow-to-fast transi-

tion from MYH1 towards MYH2a fibers in vastus lateralis reported by our colleagues [26],

This disparity may be due to methodological differences between comparing ratios of fibers

identified by the predominant protein type vs. measuring protein abundances in total sample

homogenates. Thus, the decrease in myosin protein abundance may be more reflective of over-

all losses in skeletal muscle protein than of shifts in skeletal muscle fiber type.

Changes in abundances and phosphorylation of contractile protein abundances were also

observed in the PEX and TEX exercise groups. Despite comparable responses in muscle

strength between the exercise groups [3], phosphorylation of several contractile proteins were

higher in PEX compared to TEX after HDBR. Specifically, phosphorylation of MYH1 and

MYH2 tended to increase in PEX while (statistically nonsignificant) declines in TEX were

observed. Similarly, opposite pre-post HDBR changes were observed in the phosphorylation of

thin filament proteins ACTA1 and TNNC2 between PEX and TEX. post-HDBR phosphoryla-

tion among PEX was consistently higher for these proteins than that among TEX (Table 4).

Phosphorylation of the contractile protein troponin 2 (TNNC2) decreased in TEX and tended

to increase in PEX while no consistent changes were observed in spots related to myosin regu-

latory light chain (MYLPF).

Regulation of contractile proteins through phosphorylation is complex and it is difficult to

relate the changes observed in the skeletal muscle proteome to the functional changes observed

in the subjects. For instance, phosphorylation of myosin 1 heavy chain is important during cel-

lular organization but does not affect the strength of its interaction with actin [27]. In contrast,

phosphorylation of contractile proteins such as myosin regulatory light chain and troponin

plays a role in maintaining Ca2+ sensitivity and improve force production, especially under

suboptimal Ca concentrations [28, 29]. The mechanisms behind the differences in phosphory-

lation of the mentioned contractile proteins among exercising groups during HDBR remain

unclear but could be related to a number of factors. Among the possibilities is that the need for

cellular reorganization and functional optimization in response to exercise alone (PEX) was

partially offset by a drive towards hypertrophy and generation of new muscle tissue in the sub-

jects receiving testosterone (TEX). Abundance and phosphorylation of S100A13 increased in

TEX. This protein family has been shown to increase in response to estrogens as well as andro-

gens in various tissues and are regarded as early response genes involved in regulation of tissue

HDBR) protein abundance levels of Troponin T Type3 (TNNT3) in the vastus lateralis plotted against PRE-post changes in knee extension strength (KES).

There were no relationships between baseline strength and protein abundances (not shown).

https://doi.org/10.1371/journal.pone.0217690.g004
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growth, angiogenesis and inflammatory responses [30, 31]. The consistently higher level of

phosphorylation among contractile proteins in PEX may be indicative of increased cellular

restructuring and protein turnover in response to exercise induced mechanical stresses [32].

In contrast, administration of testosterone may have blunted this exercise-induced protein

turnover and catabolism [33] contributing to the net increases in lean mass and protection of

muscle strength in TEX.

Metabolic changes

Phosphorylation of ALDOA, a triad-associated protein involved in Ca+2 regulation and inte-

gral to excitation-contraction coupling of skeletal muscle [13], tended to decline in PEX and

TEX. post-HDBR abundance as well as phosphorylation of this glycolytic enzyme were lower

among TEX compared to PEX. Androgen induced downregulation of ALDOA has been

reported in adipose tissue and this corresponds to a repression of pyruvate synthesis and

decreased lipogenesis [34].

Abundance of ACADVL, a mitochondrial enzyme which catalyzes the first step in the beta

oxidation pathway, increased in response to exercise (PEX) but not in testosterone treated sub-

jects (TEX). Interestingly, HDBR alone (CON) resulted in increases in phosphorylated

ACADVL. The mechanism behind this shift in the CON subjects is unclear as increased abun-

dance of ACADVL has previously been associated with responses to exercise training [16, 20,

35]. Increased abundance (PEX) and/or activation by phosphorylation of ACADVL (CON)

during HDBR may have been responses to offset shifts towards increased buildup of intracellu-

lar lipids [36, 37] and could be consistent with the increases in fat mass observed in these sub-

jects [3]. Furthermore, HDBR has been reported to result in decreases in mitochondrial

enzymes such as DLD [16], which is consistent with our results in CON. Although prevented by

resistive vibration exercise (RVE) countermeasures [16], the exercise and testosterone counter-

measures in the present study did not inhibit the decline in DLD. Similarly, there were no overt

changes in the abundance of the energy transduction protein CKM, although phosphorylation

of CKM declined in PEX as well as TEX during HDBR (Table 3). This decline was more pro-

found in the TEX group resulting in significant post-HDBR differences between PEX and TEX

(Table 4). Interestingly, the decline in phospho-CKM in TEX was somewhat offset by an

increase in phosphorylation of the alternate ATP producing kinase, AK1 (P = 0.056, Table 3).

Prediction models

In addition to demonstrating that HDBR results in alterations in the skeletal muscle proteome

that may be modulated by exercise and testosterone countermeasures, we identified a subset of

proteins that appeared predictive of HDBR-induced changes in muscle mass and strength.

Discovery of sensitive proteomic biomarkers may in the future allow for personalized medi-

cine approaches by aiding in the development of more directed countermeasures based upon

baseline proteome profiles. Our data identified several proteins at baseline that showed strong

correlation with subsequent changes in muscle mass and strength during HDBR. These prote-

omic biomarkers offer a good potential for prediction of HDBR induced changes in body com-

position or strength (Fig 4). While countermeasures improved lean body mass and strength

during HDBR compared to control, baseline abundances of these skeletal muscle proteins

were predictive of the outcomes. Visually, the linear regression analyses lead to interesting

interpretations when the pre-post responses within each countermeasure group are compared

between the groups. For instance, in Fig 4A, low abundance of the 18kD proteoform for

MYLPF in skeletal muscle tissue collected before bed rest was a strong predictor for the quan-

tity of LBM lost during HDBR, especially in absence of countermeasures. Furthermore, these
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data suggest that exercise alone may be an excellent countermeasure for individuals with rela-

tively mid to high baseline levels of 18kD MYLPF, and that exercise + testosterone may be

effective in improving LBM independent of baseline levels of these proteins. Baseline levels of

TNNT3 in vastus lateralis were good predictors of changes in knee extension strength during

HDBR while exercise with or without testosterone countermeasures provided an upward shift

in protection against loss of strength (Fig 4B). Subjects with best cases in terms of knee exten-

sion strength changes during HDBR were among those with highest pre-HDBR abundances in

TNNT3.

Identifying individuals as either responders or non-responders to the effects of HDBR and/

or countermeasures is complex and depends on a myriad of factors including, but not limited

to, the individual’s susceptibility to HDBR induced muscle atrophy as well as the predicted

effect of the countermeasures. As expected, no individual protein we identified was fully pre-

dictive for every subject or physiological function measured, and the development of accurate

predictive models will likely involve algorithms that include panels of several proteins and fac-

tors. However, our simple approach illustrates the potential use of this predictive model for

identifying the responses to either HDBR and/or countermeasures in individual subjects (Fig

4). For example, subject # 1 (CON) was among the individuals with the most severe muscle

atrophy in terms of both mass as well as strength. Conversely, the pre-bed rest abundance lev-

els of 3 out of the 4 proteins depicted in Fig 4 were good predictors as this subject was consis-

tently towards the low end of the regression-line in the absence of countermeasures. Subject #

11 (PEX) was a good responder to the exercise countermeasure. Pre-HDBR data would have

predicted losses in muscle mass and strength akin to those observed in subject #1 (CON) but

subject #11 repeatedly performed better, consistent with the upward shifted lines in Fig 3A–

3D. Subjects # 17 and #21 (TEX) were good responders to the testosterone + exercise counter-

measure and these subjects consistently performed better than predicted by pre-HDBR proteo-

mics data. Interestingly, subject 16 (PEX) was among the greatest gainers of muscle mass and

strength. This subject was among the exercisers, although his data were consistently towards

the upper end of the regression-line suggesting that even in the absence of countermeasures

this subject might have been among those with the lowest severity of muscle atrophy.

While this study was not originally designed or powered for this type of investigation, the

prediction modeling exercise was undertaken as proof-of-concept to probe for possible factors

associated with individual variations in responses to countermeasures among the test subjects.

We propose that our data may serve as a prelude to methods that utilize the baseline proteome

in a personalized medicine approach to aid in the prediction of health and performance risks

in response to the absence or presence of countermeasures. Further development of such

methods could have clinical applications and would specifically help NASA and other agencies

shape personalized prescriptions of countermeasures for crewmembers to follow during long

duration space flight missions.

A potential clinical limitation of the current study is that it did not include a non-exercising

group that received testosterone during HDBR. The addition of such a group was included in

the early design of this study. However, a control + testosterone group was ultimately downse-

lected during discussions with the NASA human research program (HRP) and the other inves-

tigative teams included in this bed rest campaign as it was deemed that such a group was of

less operational interest to NASA given that exercise countermeasure protocols will continue

to be high priority for all astronauts during flight. Inclusion of a non-exercise (CON) group

remained a high priority for the complement of selected investigators and stakeholders that

were participating in this bed rest campaign. Thus, the selected countermeasures for evalua-

tion during this investigation included the Sprint exercise protocol and a combined Sprint

+ testosterone protocol vs. standard HDBR control conditions.
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Conclusion

In summary, long-duration HDBR results in numerous proteomic alterations spanning a

range of biological functions that are blunted or reversed by the addition of exercise counter-

measures. During HDBR, exercise appeared to drive cellular reorganization in skeletal muscle

while the addition of testosterone blunted catabolism and induced overall skeletal muscle

hypertrophy. This investigation demonstrated that the inclusion of a low dose testosterone

countermeasure partially modulates the effects of exercise providing a unique insight into the

differential mechanical and biochemical regulators of muscle proteins during HDBR. Further-

more, the baseline proteomic data offered important insight and its potentially applicability as

a powerful tool to predict changes in muscle mass and strength, and the effectiveness of exer-

cise and hormonal countermeasures. Knowledge of the individual physiological susceptibility

to functional declines during unloading may help tailor effective countermeasure strategies to

the individual astronaut prior to embarking on a space flight mission.
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