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Abstract

The molecular mechanisms associated with spaceflight-induced biological adapta-

tions that may affect many healthy tissue functions remain poorly understood. In this

study, we analyzed temporal changes in the serum proteome of six astronauts during

prolonged spaceflight missions using quantitative comprehensive proteome analy-

sis performed with the data-independent acquisition method of mass spectrometry

(DIA-MS). All six astronauts participated in a spaceflight mission for approximately

6 months and showed a decreasing trend in T-scores at almost all sites where dual-

energy X-ray absorptiometry scans were performed. DIA-MS successfully identified

624 nonredundant proteins in sera and further quantitative analysis for each sam-

pling point provided information on serum protein profiles closely related to several

time points before (pre-), during (in-), and after (post-) spaceflight. Changes in serum

protein levels between spaceflight and on the ground suggest that abnormalities in

bone metabolism are induced in astronauts during spaceflight. Furthermore, changes

in the proteomic profile occurring during spaceflight suggest that serum levels of

bone metabolism-related proteins, namely ALPL, COL1A1, SPP1, and POSTN, could

serve as highly responsive indicators of bone metabolism status in spaceflight mis-

sions. This study will allow us to accelerate research to improve our understanding

of the molecular mechanisms of biological adaptations associated with prolonged

spaceflight.
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1 INTRODUCTION

In space, various factors, including microgravity, space radiation,

high carbon dioxide concentrations, the stresses associated with an

enclosed environment, and gravitational reloading associated with

atmospheric re-entry and landing on Earth, may lead to the dete-

rioration of healthy tissue function [1–4]. In fact, many astronauts

who stay on the International Space Station (ISS) face various risks

caused by gravity unloading during the transition to a microgravity

field, microgravity during prolonged spaceflight, and gravity loading

after returning to Earth [5–10]. However, the mechanisms associated

with spaceflight-induced biological adaptations in the healthy physi-

cal systems of astronauts, including muscular atrophy (loss of muscle

mass) and reduced bone mineral density (BMD) (loss of bone mass),

remain largely unknown. In space, a 10%–12% decrease in red blood

cell (RBC) volume during the first 10 days in spaceflight, called space-

flight anemia, has also been reported [11, 12]. Various causes have

been proposed for space anemia, including RBC dysfunction, as well as

either decreased production or increased destruction of RBCs; how-

ever, the physiological mechanisms are still not fully understood [13].

A better understanding of spaceflight-induced effects on humans at

the molecular level and taking measures to inhibit adaptive responses

to microgravity will, therefore, be vital to the successful comple-

tion of missions that involve landing on extraterrestrial worlds after

prolonged spaceflights.

Proteomic approaches employing mass spectrometry (MS) have

reached a certain level of maturity and have attracted attention as

powerful tools for obtaining information from clinical samples [14, 15].

The proteomes of blood-derived serum and plasma, samples of which

can be collected in a minimally invasive manner, accurately reflect the

human biological and physiological state, and has, therefore, used in

multiple studies for the collection of large amounts of information on

health and disease. Therefore, changes in serum protein levels may

provide information about mechanisms of adaptation in response to

gravity loading. Recently, a targeted MS approach involving multiple

reaction monitoring (MRM) in conjunction with stable isotope-labeled

standards revealed the behavior of 125 major proteins in plasma sam-

ples collected from 18 cosmonauts aboard the ISS [4]. The results

have shown that proteins are classified into three groups: proteins

whose concentrations stabilize after flight, recover slowly, and recover

rapidly to preflight levels. Furthermore, proteins that are differen-

tially expressed in plasma during prolonged spaceflight are associated

with pathways that regulate innate immunity, coagulation cascade,

lipid metabolism, and extracellular matrix metabolism [4]. Similarly,

a targeted MS approach for 20 proteins, including cytokines, from

identical twin astronauts (in-flight and on the ground) suggested that

the response of these molecules reflects muscle regeneration after

atrophy, not a detrimental inflammatory response [16]. In another

recent study, the proteome in plasma samples collected at 6 and

1.5 months before launch, mid-duration (∼2−4 months in the ISS),

and long-term (∼5−6 months in the ISS), on the day of return to

Earth, and a month after returning, from the same four astronauts

has been analyzed using a high-resolutionMS-based multidimensional

Statement of significance of the study

We aimed to identify serum proteins that can help elu-

cidate the molecular mechanisms of spaceflight-induced

biological adaptations associated with prolonged missions

aboard the International Space Station. Using blood-derived

serum samples collected from six astronauts at different

stages before (pre-), during (in-), and after (post-) spaceflight,

comprehensive human serum proteomic analysis using the

data-independent acquisition method of mass spectrometry

may provide novel findings into changes to the astronaut

serum proteome profile that occur during spaceflight and

after return to Earth. This study promises to accelerate

research to determine biological and physiological effects

during prolonged spaceflight missions and to detect objec-

tive indicators that can predict increased risks of adverse

health effects for astronauts.

protein identification technology (MudPIT) to enable the detection of

several low-abundance plasma proteins [17]. Consequently, they iden-

tified a total of 453 unique and nonredundant proteins, 19 of which

are involved in inflammatory responses, the cytoskeleton system, and

metabolism,whichwere significantly altered expression by spaceflight.

Taken together, these results indicate that proteomic techniques can

measure multiple proteins from a sufficient number of biological sam-

ples and identify specific proteins within the blood to help elucidate

adaptative mechanisms that respond tomultiple stresses encountered

during spaceflight.

In this study, we attempted to provide comprehensive informa-

tion on protein profile changes closely associated with various time

points before (pre-), during (in-), and after (post-) prolonged spaceflight

by a quantitative proteomic analysis utilizing the data-independent

acquisition (DIA) approach of MS technology (DIA-MS) [18]. For this

purpose, 72 serum samples were collected from six astronauts before

(three time points), during (four time points), and after (five time

points) prolonged spaceflight. This study will improve our under-

standing of spaceflight-induced changes in serum protein levels in

astronauts and will greatly improve early detection and management

of spaceflight-induced health dysfunction, including bone metabolism

abnormalities.

2 MATERIAL AND METHODS

2.1 Serum sample collection from astronauts

This is an integrated project by the Japan Aerospace Exploration

Agency (JAXA). This research protocol was approved by the

Clinical Ethics Committee of Yokohama City University Hospi-

tal (#B160401019), the JAXA (#JX-IRBA-20-033), the National
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F IGURE 1 Serum sample collection schedule. Serum samples were collected from six participating astronauts at three stages of the
spaceflight mission: before launch, while on the ISS, and after returning to Earth. To prevent the identification of specific individuals, data are not
indicated by specific date or flight time but by the number of days counted from the launch date for pre- and in-flights and by the number of days
counted from the return date to Earth for post-flights. Each day (d) represents themedian (minimum day–maximum day) of the serum collection
time for the astronauts. However, due to changes in the launch schedule and the spread of COVID-19 infection, blood sampling times occurred
over a wide range in the preflight (L-1, L-2, and L-3) and the post-flight (R-4 and R-5) periods. Regardless, this range was within acceptable
limits.

Aeronautics and Space Administration (NASA, #Pro2516), EU and

European Space Agency Medical Board (ESA MB, #Pro2516), and

Human Research Multilateral Review Board (HRMRB, #Pro2516).

A total of six astronauts, who participated in a spaceflight mission

for approximately 6 months on board the ISS were recruited for this

study. The participants included both males and females ranging in age

from late 30s to early 50s. All participants signed an informed consent

form. This study was conducted in accordance with the Declaration of

Helsinki. All data were anonymized before the analyses. Dual-energy

X-ray absorptiometry (DXA) scans of the lumbar spine, femoral neck,

and trochanter were performed by the space agency to which the

individual astronauts belonged both preflight (before launch) and

post-flight (after return to Earth). The T-score was subsequently

calculated from the DXA scan data and used as an indicator of BMD.

For each astronaut, serum samples were collected at different stages

pre-, in-, and post-flight in space. There were also three sampling

times preflight (L-1, L-2, and L-3), four sampling times in-flight (F-1,

F-2, F-3, and F-4), and five sampling times post-flight (R-1, R-2, R-3,

R-4, and R-5) according to a prespecified schedule. However, due

to changes in the launch schedule and the spread of coronavirus

disease 2019 (COVID-19) infection, blood sampling occurred over

a wide range of times during the preflight and post-flight periods,

but these were within acceptable limits. The collection schedule for

serum samples is shown in Figure 1. In-flight blood samples were col-

lected and centrifuged, and blood collection tubes were subsequently

stored at −95◦C on the ISS until they were returned to Earth. Pre-

and post-flight blood samples were collected at the Johnson Space

Center and the European Astronaut Center, and stored at−80◦C after

centrifugation and serum collection. Both blood samples collected

in-flight and sera collected on the ground (pre- and post-flight) were

stored frozen together temporarily at the JSC Clinical Lab. After all

samples were collected, they were transported to Yokohama City

University and stored at −80◦C until they were subjected to further

analysis.

2.2 Proteomic analysis

To prepare samples for MS analysis, 14 human proteins, namely

albumin, IgG, antitrypsin, IgA, transferrin, haptoglobin, fibrinogen,

alpha2-macroglobulin, alpha1-acid glycoprotein, IgM, apolipoprotein

AI, apolipoprotein AII, complement C3, and transthyretin were first

removed from serum samples using a Human 14 Multiple Affin-

ity Removal System column (Agilent Technologies). Proteins in 2 µL
serum were reduced with 10 mM DTT and alkylated with 25 mM 2-

iodoacetamide. After dilution from 8 to 2Murea in 50mMNH4HCO3,

proteins were incubated with 15 ng/µL trypsin at 37◦C for 16 h. The

resultant peptides were desalted using a StageTip [19] forMS analysis.

Subsequently, eluted peptides were completely lyophilized and kept at

−80◦C until use.

DIA-MS analysis was performed according to a previous study

[20]. To identify and quantify peptides and proteins, serum peptide

samples were analyzed twice each in DIA mode. DIA-MS data were

analyzed using Spectronaut Pulsar X (ver.12.0.2, Biognosys) against

a customized spectral library containing information on 1534 pro-

teins. The retention time among different sampleswas calibrated using

iRT peptides (Biognosys). The Biognosys default settings were applied

for identification; duplicate assays were excluded, and FDRs were

estimated using a q-value of 0.01 for both precursors and proteins.

Interference correction was activated and a minimum of three frag-

ment ions and two precursor ions were retained for quantification.

The area of the extracted ion chromatogram at the MS/MS level was

used for quantification. Peptide quantity was measured by the mean

of the peak area of each peptide’s respective precursor ions, and pro-

tein quantity was calculated accordingly by summing the intensity of

their respective peptides. The global normalization strategy and q-

value sparse selectionwere used for cross-run normalization. All other

settings were set to their defaults. To perform downstream quanti-

tative analysis, we used the Perseus software platform (ver. 1.6.2.2,

Max-Planck-Institute of Biochemistry) [21]. For quantitative analysis,
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samples were categorized into each group, the intensity values were

log2-transformed, and only proteins detected in 70% of samples in at

least one group were subjected to quantitative analysis [20]. Missing

values were replaced by random numbers extracted from a normal dis-

tribution with a width parameter of 0.3 and a downshift parameter

of 1.8. Statistical analysis of proteomic data was performed with the

two-tailedWelch’s t-test and all other settings were set to default. The

threshold criteria for increased or decreased proteins was set to p-

value < 0.01 when considering multiple comparisons and a change of

1.5 fold or more compared to other groups in quantitative analyses

on the Perseus software. GO term enrichment analysis for biologi-

cal function interpretation was performed by DAVID Bioinformatics

Resources 6.8 (https://david.ncifcrf.gov/) [22]. For biological function

and upstream analysis, Ingenuity Pathway Analysis (IPA) (Content ver.

90348151, Release Date: 2023-2-16, QIAGEN) was also used. All

settings were also set to default.

3 RESULTS AND DISCUSSION

3.1 Bone mineral density reactions associated
with spaceflight

The locomotor system, including skeletalmuscles and bones,maintains

homeostasis by responding to various stresses derived from grav-

ity and other factors. Therefore, bone loss in astronauts induced by

microgravity during spaceflight may be a risk factor for osteoporosis

and fractures. To determine whether the astronauts recruited for the

present study experienced bone loss from preflight (before launch) to

post-flight (after return to Earth), a T-score, a measure of BMD, was

determined. Although no new cases of osteoporosis (T-score < −2.5

SD) were observed, all astronauts showed a decreasing trend in T-

scores at almost all sites where DXA scans were performed in the

present study (Figure S1). In addition, biological sex and age had no

noticeable effect on T-score changes.

3.2 Serum proteomic analysis with DIA-MS

Systemic circulating blood contains many proteins secreted by various

tissues, including locomotor and cardiovascular organs. Moreover,

blood proteins are thought to accurately reflect human biological and

physiological responses to the stresses caused by spaceflight. By using

a comprehensive analysis system for the serum proteome with simple

sample preparation and DIA-MS [20], we attempted to uncover tem-

poral changes in the serum proteome of astronauts that characterize

the physiological responses that occur over time during prolonged

spaceflight missions. Protein profile information was obtained from

blood-derived serum samples collected from six astronauts before

(three points in preflight), during (four points in in-flight), and after (five

points in post-flight) prolonged spaceflight on the ISS by proteomic

analysis based on the previous study (Figure 1). A total of 72 serum

samples were analyzed but unfortunately, two serum samples were
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F IGURE 2 APCA score plot for proteins in each groupwas
generated using Perseus software. (A) All collection points are
indicated with different colors. (B) (Left) Serum samples in spaceflight
or on the ground are represented by red and blue, respectively. (C)
(Right) Serum samples in F-1 or F-4 are represented by orange and
red, respectively.

unavailable for quantitative analysis due to severe hemolysis and its

consequent effects (Figure S2). However, a search using our spectral

DIA library customized for human serum proteome analysis [20]

resulted in the successful identification of 624 nonredundant proteins

from 140 MS data sets derived from 70 serum samples measured

twice. Of these, 566 nonredundant proteins were detected in 70%

of samples in at least one group and were, therefore, selected for the

sampling point-to-point quantitative analysis. Principal component

analysis (PCA), which can visualize the distribution of samples, was

conducted using the Perseus software platform. PCA revealed a sep-

aration trend between each sampling point (Figure 2A). Additionally,

this comparison revealed that the samples could be divided into sev-

eral subgroups with common characteristics. In particular, the serum

proteomeprofiles differed between immediately after launch (F-1) and

immediately before returning to Earth from a prolonged spaceflight

(F-4) and also between the spaceflight and ground environments,

suggesting that they were affected by various prolonged spaceflight-

based stresses, such as physical inactivity associated with gravity

unloading (Figure 2B). Using these data, we performed additional

https://david.ncifcrf.gov/
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TABLE 1 Proteins expressed differentially in serum collected from astronauts immediately before returning to Earth from a prolonged
spaceflight (F-4), comparedwith those collected immediately after launch (F-1).

Protein

accessions Genes Protein descriptions

Number of detected

peptides p-value (−log)
Difference

[F-1/F-4] (log2)

Increased expression in F-4

P02452 COL1A1 Collagen alpha-1(I) chain 2 6.93 1.27

Q15063 POSTN Periostin 14 2.47 1.07

Q96S96 PEBP4 Phosphatidylethanolamine-binding

protein 4

3 2.07 0.77

Q9BY67 CADM1 Cell adhesionmolecule 1 1 2.31 0.62

P05186 ALPL Alkaline phosphatase, tissue-nonspecific

isozyme

2 3.19 0.59

Decreased expression in F-4

P12814 ACTN1 Alpha-actinin-1 5 3.38 −2.86

Q01518 CAP1 Adenylyl cyclase-associated protein 1 2 5.65 −1.14

P02788 LTF Lactotransferrin 16 2.19 −0.93

P31146 CORO1A Coronin-1A 2 2.38 −0.69

O15144 ARPC2 Actin-related protein 2/3 complex

subunit 2

1 3.47 −0.64

Q5SQ64 LY6G6F Lymphocyte antigen 6 complex locus

protein G6f

1 2.03 −0.62

analyses to understand spaceflight-induced health dysfunctions in

astronauts.

3.3 Comparative analysis of serum samples
collected immediately after launch (F-1) and
immediately before returning to Earth from
prolonged spaceflight (F-4)

To determine the proteomic changes in astronaut serum that occur

during spaceflight, we compared protein levels at two time points,

namely immediately after launch (F-1) and immediately before return-

ing to Earth from a prolonged spaceflight (F-4). The quantitative

data for 541 nonredundant proteins detected in 70% of samples in

at least one group were subjected to analysis by Perseus (Table S1).

Using a statistical method to compare these two sets, we found that

the serum levels of only 11 of the 541 proteins were influenced by

associated spaceflight time. Most proteins showed no significant

change during spaceflight (Table 1). GO term enrichment analysis

next indicated that 11 proteins are involved in biological processes

such as actin cytoskeleton organization, skeletal system development,

endochondral ossification, and osteoblast differentiation. The serum

profiles of proteins related to actin cytoskeleton organization, such

as CAP1 and CORO1A, revealed distinct features in response to

either launch or microgravity (F-1) (Figure 3), gradually decreasing

during spaceflight, and returning to preflight levels immediately

after returning to Earth (R-1). This response may, therefore, rep-

resent a physiological process caused by gravity unloading during

the transition to a microgravity field. By contrast, changes in the

serum levels of COL1A1 and ALPL, which are involved in biological

processes of skeletal system development, endochondral ossification,

and osteoblast differentiation, were low immediately after launch

(F-1) and continued to increase above preflight levels during the

subsequent 6 months on the ISS (Figure 3). Interestingly, COL1A1 and

ALPL remained elevated for at least 1 month after return to Earth

and began to decline thereafter. Our results suggest that the stressful

effects of spaceflight continue for about a month after returning to

Earth. Thus, the profile of each serum protein was shown to change in

response to the spaceflight stress, but it remains unclear how changes

in serum levels of these proteins during spaceflight affect the health of

astronauts.

3.4 Comparative analysis of serum samples
collected during spaceflight and on the ground
environment

When 70 samples were categorized by spaceflight or ground environ-

ment, 530 nonredundant proteins were detected in 70% of samples

in at least one group and were subsequently subjected to quantitative

analysis using all data obtained from Perseus (Table S2). Consequently,

we found 74 proteins whose expression levels in serum samples col-

lected from astronauts during spaceflight were altered compared with

those in samples collected on the ground (Table 2). Subsequent func-

tional enrichment analysis within the framework of the IPA showed

that proteins whose serum levels were altered by spaceflight are

involved in activating processes including phagocytosis of RBCs, pro-

liferation of blood cells, and stimulation of myeloid cells (Table S3).
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TABLE 2 List of proteins with altered expression levels in serum samples collected from astronauts during spaceflight, comparedwith samples
collected on the ground.

Protein

accessions Genes Protein descriptions

Number of detected

peptides p-value (−log)

Difference

[Flight/Ground]

(log2)

Increased expression in spaceflight (Decreased expression in the ground environment)

P68363 TUBA1B Tubulin alpha-1B chain 8 21.34 2.99

P68871 HBB Hemoglobin subunit beta 8 8.47 2.92

P69905 HBA1 Hemoglobin subunit alpha 19 8.63 2.91

P02042 HBD Hemoglobin subunit delta 13 7.78 2.87

P00568 AK1 Adenylate kinase isoenzyme 1 1 11.06 2.69

O75083 WDR1 WD repeat-containing protein 1 4 15.36 2.66

Q86UX7 FERMT3 Fermitin family homolog 3 3 19.33 2.48

P00918 CA2 Carbonic anhydrase 2 7 19.03 2.40

P00491 PNP Purine nucleoside phosphorylase 2 14.53 2.40

P00915 CA1 Carbonic anhydrase 1 5 18.45 2.19

P32119 PRDX2 Peroxiredoxin-2 4 17.23 2.19

P08567 PLEK Pleckstrin 2 11.11 2.12

Q99497 PARK7 Protein/nucleic acid deglycase DJ-1 1 4.80 2.06

P23528 CFL1 Cofilin-1 5 16.92 2.05

P04406 GAPDH Glyceraldehyde-3-phosphate dehydrogenase 2 20.25 1.89

P60174 TPI1 Triosephosphate isomerase 3 15.18 1.87

Q9Y490 TLN1 Talin-1 19 22.18 1.86

Q01518 CAP1 Adenylyl cyclase-associated protein 1 2 18.96 1.84

P02792 FTL Ferritin light chain 3 4.50 1.60

Q13228 SELENBP1 Methanethiol oxidase 2 12.90 1.58

P14174 MIF Macrophagemigration inhibitory factor 1 16.10 1.53

P00558 PGK1 Phosphoglycerate kinase 1 3 20.00 1.49

P68366 TUBA4A Tubulin alpha-4A chain 1 13.74 1.45

O75347 TBCA Tubulin-specific chaperone A 2 6.08 1.40

P06733 ENO1 Alpha-enolase 3 5.68 1.40

P04040 CAT Catalase 6 12.74 1.38

P11142 HSPA8 Heat shock cognate 71-kDa protein 3 17.20 1.33

P60660 MYL6 Myosin light polypeptide 6 2 4.53 1.21

P10599 TXN Thioredoxin 3 5.08 1.20

P05109 S100A8 Protein S100-A8 6 2.10 1.15

P50395 GDI2 RabGDP dissociation inhibitor beta 2 10.40 1.13

P31146 CORO1A Coronin-1A 2 10.28 1.10

P62258 YWHAE 14-3-3 protein epsilon 4 15.50 1.08

P52209 PGD 6-phosphogluconate dehydrogenase,

decarboxylating

1 8.74 1.07

P78417 GSTO1 Glutathione S-transferase omega-1 3 2.38 1.07

P62937 PPIA Peptidyl-prolyl cis-trans isomerase A 5 13.65 1.06

P01236 PRL Prolactin 1 4.75 1.06

P07737 PFN1 Profilin-1 4 11.19 1.04

(Continues)
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TABLE 2 (Continued)

Protein

accessions Genes Protein descriptions

Number of detected

peptides p-value (−log)

Difference

[Flight/Ground]

(log2)

Q9HBI1 PARVB Beta-parvin 5 2.86 0.99

P62328 TMSB4X Thymosin beta-4 2 5.40 0.99

O15144 ARPC2 Actin-related protein 2/3 complex subunit 2 1 12.40 0.97

P67936 TPM4 Tropomyosin alpha-4 chain 5 2.00 0.94

P02647 APOA1 Apolipoprotein A-I 38 4.18 0.91

Q9HDC9 APMAP Adipocyte plasmamembrane-associated protein 5 3.11 0.90

P05164 MPO Myeloperoxidase 6 10.63 0.89

P37837 TALDO1 Transaldolase 2 12.24 0.88

P80511 S100A12 Protein S100-A12 1 3.50 0.84

Q14019 COTL1 Coactosin-like protein 1 5.29 0.81

P20851 C4BPB C4b-binding protein beta chain 4 8.26 0.81

Q16851 UGP2 UTP–glucose-1-phosphate uridylyltransferase 1 3.74 0.74

P02671 FGA Fibrinogen alpha chain 28 15.12 0.66

P02788 LTF Lactotransferrin 16 3.78 0.62

P14618 PKM Pyruvate kinase PKM 7 4.80 0.61

Decreased expression in spaceflight (Increased expression in the ground environment)

O75339 CILP Cartilage intermediate layer protein 1 1 11.46 −1.63

Q4LDE5 SVEP1 Sushi, vonWillebrand factor type A, EGF, and

pentraxin domain-containing protein 1

3 9.63 −1.37

Q12884 FAP Prolyl endopeptidase FAP 7 7.03 −1.21

Q9UBQ6 EXTL2 Exostosin-like 2 3 4.45 −1.01

Q9HCU0 CD248 Endosialin 2 6.33 −0.96

P24043 LAMA2 Laminin subunit alpha-2 6 2.94 −0.92

P02741 CRP C-reactive protein 6 4.36 −0.87

P08833 IGFBP1 Insulin-like growth factor-binding protein 1 1 2.70 −0.85

O95897 OLFM2 Noelin-2 1 2.09 −0.84

P40967 PMEL Melanocyte protein PMEL 1 2.65 −0.79

Q6UVK1 CSPG4 Chondroitin sulfate proteoglycan 4 3 3.21 −0.78

P49747 COMP Cartilage oligomeric matrix protein 6 16.52 −0.72

Q9NPY3 CD93 Complement component C1q receptor 2 3.85 −0.72

P02786 TFRC Transferrin receptor protein 1 8 3.46 −0.69

P30530 AXL Tyrosine-protein kinase receptor UFO 1 3.08 −0.68

Q15063 POSTN Periostin 14 6.59 −0.67

P08253 MMP2 72-kDa type IV collagenase 8 22.38 −0.67

P43121 MCAM Cell surface glycoproteinMUC18 4 4.36 −0.65

O75023 LILRB5 Leukocyte immunoglobulin-like receptor subfamily

Bmember 5

3 6.02 −0.60

Q6UXB8 PI16 Peptidase inhibitor 16 6 9.90 −0.60

P51884 LUM Lumican 21 16.36 −0.59
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Hematological changes resulting from spaceflight have been observed

since the early days of space exploration. The pattern of hemolysis

observed during and after spaceflight confirmed that increased hemol-

ysis is closely related to the space environment [23], and spaceflight

anemia is considered a normal adaptation to microgravity [11, 12].

A recent study also suggests that astronauts increase their compen-

satory production of RBCs and partially restore RBC volume through-

out prolonged spaceflight missions due to the body’s adaptation to the

microgravity environment [24]. Although several theories have been

proposed over the years regarding this process, hematological system

regulatory mechanisms during prolonged spaceflight remain poorly

understood. Our observations concerning proteome profile changes in

the serum of astronauts at various time points may help elucidate the

physiological mechanisms that regulate hematological systems during

spaceflight.

Furthermore, upstream regulator analysis using IPA suggested that

increased or decreased levels of several serum proteins during space-

flight may be regulated by the inhibition of EDN1 or the activation
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of IL-15, if not both, as upstream cytokines (Figure S3 and Table

S4). A previous study has reported that gene expression of EDN1 is

significantly suppressed and their release in the supernatant is signifi-

cantly reduced in endothelial cells grownunder simulatedmicrogravity

conditions [25]. Another study has reported significant increases in

plasma IL-15 concentration in In-flight compared with the preflight

baseline [26]. Our estimates of EDN1 inhibition, IL-15 activation, or

both, based on serum proteome analysis during spaceflight are con-

sistent with these results. Blood pressure regulation is an integrative

process that involves complex factors, such as the nervous system,

cardiovascular system, hormones, and renal balance of fluids [27].

EDN1 plays an important role in maintaining these regulatory mecha-

nisms and excessive activation leads to elevation of blood pressure [28,

29]. Regulation by EDN1 inhibition may, therefore, contribute to the

phenomenon of lower blood pressure in astronauts during prolonged

spaceflights [30, 31]. The role of EDN1 in maintaining bone homeosta-

sis and regulating osteoblast function has also been widely discussed

[32]. Mice deficient in EDN1 have craniofacial abnormalities with poor

mandibular development and low bone mass, and EDN1 is suggested

to affect the regulation of osteogenic cell proliferation and migra-

tion [33, 34]. In addition, IL-15, a widely expressed pro-inflammatory

cytokine, functions as a myokine secreted frommuscles in response to

exercise [35], promotes differentiation of osteoclast progenitors into

preosteoclasts [36], and stimulates osteoblast apoptosis via natural

killer cells [37]. Furthermore, in IL-15 deficient mice with osteonecro-

sis, femoral BMD and bone mineral content are partially restored and

serumosteocalcin, BAP, andBGP,which are used as evaluationmarkers

of osteoblast activity, increase significantly when compared with WT

mice with osteonecrosis [38]. Taken together, EDN1 inhibition and/or

IL-15 activation, as deduced by changes in the serum proteome profile

of astronauts, may be relevant for inducing abnormal bonemetabolism

in astronauts during spaceflight. In fact,wehaveobservedadecrease in

T-score during spaceflight in this study (Figure S1). Thus, although the

direct relationshipbetween the regulationof these factors andphysical

changes during spaceflight remains unclear, changes in serum pro-

tein levels may allow us to predict increased risks of bone metabolism

abnormalities in astronauts.

3.5 Changes in serum proteome profiles before,
during, and after prolonged spaceflight

To identify proteins whose expression changes with spaceflight, serum

samples collected from astronauts were used to evaluate changes in

the proteome profile over time between each time point before (pre-

), during (in-), and after (post-) spaceflight (Tables S5–S10). A list of 124

proteins whose expression levels changed in astronaut serum samples

based on sample-to-sample comparisons collected at each time point

is shown in Table 3. These were largely inconsistent with the differen-

tially expressedproteins in spacedetected in aprevious study involving

comprehensive plasma proteome analysis using MS-based MudPIT,

although the only protein common to both studies, LUM, showed a

similar decreasing trend during spaceflight compared to pre- and post-

flight [17]. Hence, this study may allow detection of numerous novel

spaceflight-induced protein changes in astronaut sera, and contribute

to a better understanding of the mechanisms of biological adaptations

that occur during spaceflight missions.

In our study, we found that many serum proteins are particularly

responsive immediately after launch (F-1) comparedwith preflight (L1,

L2, and L3) (Table 3). Functional enrichment analysis within the frame-

work of the IPA predicted that proteome profile changes of these

proteinswere involved in the increasedactivationof cell viability, blood

cell proliferation, cellular homeostasis, and joint inflammation (Table

S3). Furthermore, most of these proteins, that showed significantly

lower serum levels immediately after launch (F-1) compared with pre-

flight (L-1, L-2, and L-3), were transient responses (Table 3). GO term

enrichment analysis using DAVID, a popular bioinformatics resource,

indicated that this group includes proteins related to cell adhesion and

extracellular matrix organization. In contrast, proteins that increased

in serum level immediately after launch (F-1) continued to increase

until late in the prolonged spaceflight missions (F-4), and subsequently

most proteinsdecreased immediately after return toEarth (R-1). Based

on GO term enrichment analysis in DAVID, this group was found to

contain more proteins related to the innate immune response. Many

astronauts experience a variety of adaptations during either launch or

immediate post-launchmicrogravity exposures. Although their respec-

tive causal relationships are unknown, the serum proteome profiles of

these proteins may, thus, reflect biological adaptations in astronauts

resulting from the transition from a gravity-loaded environment to a

microgravity field.

Next, we focused on 13 proteins that showed no significant changes

in F-1 but were altered in F-4, compared with preflight. Among them,

COL1A1 and SPP1 were contained as proteins that increase during

spaceflight. COL1A1 are early markers of osteoblast differentiation,

while SPP1 (osteopontin) appears later, concomitantly with mineral-

ization [39]. In this study, SPP1 serum levels increased about 1 month

after launch (F-2) and remained high during spaceflight (F-3 and F-4)

and for about 1month after return to Earth (R-3), although there were

large intersample differences (Figure 3). Analysis of upstream regula-

tion by IPA using a dataset containing proteins with different serum

levels compared with preflight (L1, L2, and L3) also suggests that SPP1

is more active immediately before returning from a prolonged space-

flight to Earth (F-4). In addition, another group has revealed that SPP1

expression in cells is slightly but significantly upregulated after being

cultured in microgravity compared with 1-g controls [25]. Thus, SPP1

may be a protein whose serum levels change in response to micro-

gravity in space. Furthermore, serum levels of POSTN, an osteogenic

marker expressed from early to mid-life [39], decreased significantly

immediately after launch (F-1) but its profile thereafter resembled that

of COL1A1 (Figure 3). Namely, the proteomic profiles of these bone

metabolism related-proteins, including ALPL, revealed that the serum

levels of each protein after return to Earth from prolonged space-

flight were more variable than preflight, peaking at approximately 1

month after the flight (R-3). Previous studies using serum samples from

astronauts on prolonged spaceflights have shown that serum levels of

bone formation biomarkers, such asBSAP (bone-specific alkaline phos-
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phatase) and P1NP (procollagen type 1 amino-terminal propeptide),

also gradually increased immediately after launch and during space-

flight, and remained high for approximately 1 month after returning to

Earth before decreasing [40, 41]. The altered patterns of these serum

biomarkers of bone formation were consistent with changes in bone

metabolism-related proteins observed during spaceflight in this study.

Spaceflight, especially exposure to microgravity, has a wide range of

effects onhumanmusculoskeletal health, includingmuscle atrophy and

abnormal bonemetabolism. For this reason, astronautswhohave spent

extended periods of time in space undergo reconditioning after return-

ing to Earth, focusing on the neuro-musculoskeletal system [42]. Based

on functional enrichment analysis within the framework of the IPA,

serum proteome profiles showed that 1 month after return, quanti-

ties of connective tissue cells may be increased and cell death of blood

cells and damage to the vascular system may have recovered (Table

S3). Therefore, serum proteome profiles, including proteins associated

with bone metabolism, may also indicate that astronauts begin recov-

ering physical and physiological status after the first month Post-flight.

Although how spaceflight-induced changes in serum levels of these

proteins relate to bone metabolism needs to be investigated further,

serum levels of ALPL, COL1A1, SPP1, and POSTN may also function

as objective indicators of bone metabolism in astronauts caused by

spaceflight missions.

In this study, proteomic analysis with DIA-MS provided compre-

hensive, longitudinal astronaut serum proteome profile data before,

during, and after prolonged spaceflight missions, providing scientific

information for future studies and promising to accelerate research

on elucidating the biological and physiological status associated with

prolonged spaceflight-based stresses.However, the causal relationship

between spaceflight and chance cannot be determined, since only six

individuals were studied. Additional studies are needed to determine

the relationship between changes in proteome profiles and the individ-

ual’s adaptation to spaceflight conditions. Therefore, this study should

be considered as providing information for hypothesis generation and

should be complemented by future studies involvingmore astronauts.

4 CONCLUDING REMARKS

In summary, we conducted comprehensive proteomic analysis on

serum samples collected from six astronauts pre-, in-, and post-flight

with DIA-MS, and generated proteome profiles. All six astronauts

showed a decreasing trend in T-scores at almost all sites where

DXA scans were performed. We successfully identified 624 nonre-

dundant proteins using 70 serum samples out of a total of 72 serum

samples. Subsequent quantitative analysis detected proteins with sig-

nificantly altered levels in serum before, during, and after spaceflight.

Changes in serum protein levels between the spaceflight and ground

environments predicted a spaceflight-induced decrease in serum lev-

els of EDN1 and an increase in IL-15. This finding may be relevant

to the induction of abnormal bone metabolism in astronauts during

spaceflight. Furthermore, the proteomic profile alteration suggested

that serum levels of bone metabolism-related proteins, namely ALPL,

COL1A1, SPP1, and POSTN, may act as highly responsive indicators of

bone metabolism status in spaceflight missions. We expect this study

to lead to novel insights into mechanisms of adaptation to spaceflight

and contribute to the discovery of objective indicators that can predict

increased risks of adverse health effects for astronauts.
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