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ABSTRACT: The Sarcolab pilot study of 2 crewmembers, investigated before and after a 6-mo International Space Station
mission, has demonstrated the substantial muscle wasting and weakness, along with disruption of muscle’s oxidative
metabolism. The present work aimed at evaluating the pro/anti-inflammatory status in the same 2 crewmembers (A, B).
Blood circulating (c-)microRNAs (miRs), c-proteasome, c-mitochondrial DNA, and cytokines were assessed by real-time
quantitative PCRor ELISA tests. Time series analysiswas performed (i.e., before flight and after landing) at 1 and 15d of
recovery (R+1 and R+15, respectively). C-biomarkers were compared with an age-matched control population and with
2-dimensionalproteomicanalysisof the2crewmembers’musclebiopsies.Strikingdifferenceswereobservedbetweenthe
2 crewmembers at R+1, in terms of inflamma-miRs (c-miRs-21-5p, -126-3p, and -146a-5p), muscle specific (myo)-miR-206,
c-proteasome, and IL-6/leptin, thusmaking the 2astronautsdissimilar to eachother. Final recovery levels of c-proteasome,
c-inflamma-miRs, and c-myo-miR-206were not reverted to the baseline values in crewmemberA. In both crewmembers,
myo-miR-206 changed significantly after recovery.Muscle biopsy of astronaut A showed an impressive 80% increase of
a-1-antitrypsin, a target of miR-126-3p. These results point to a strong stress response induced by spaceflight involving
muscle tissue and the proinflammatory setting, where inflamma-miRs andmyo-miR-206 mediate the systemic recovery
phase after landing.—Capri,M.,Morsiani, C., Santoro, A.,Moriggi,M., Conte,M.,Martucci,M., Bellavista, E., Fabbri, C.,
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It is known that short- and long-term spaceflights are
associated with physiologic and biologic changes of the
human body (1–3). Currently, long-term orbiting flights
are regularly performed to serve the International Space
Station (ISS) missions, and deep space missions (e.g., to the
moon or Mars) are thought to be feasible soon (4). Among
themany bodily effects, those related to the skeletal-muscle
apparatus and brain appear to be particularly relevant in
terms of possible health risks and difficulty to revert the
changes after landing (5).Manyof the space-relatedchanges
are detrimental to the body, and it has been suggested that
microgravity could be seen as a model of ageing (6).

Access to astronauts is quite limited, which is a con-
siderable impediment to the generation of knowledge in
space medicine. Luckily, the possibility of measuring ad-
vancedbloodbiomarkers, suchasmicroRNAs (miRs), and
pro- and anti-inflammatory cytokines offer the intriguing
opportunity of easily monitoring crew health concerning
the physiologic and stress-associated challenges of space-
flight. In addition, circulating (c-)markers are promising
tools for the evaluation of healthy and unhealthy ageing
trajectories (7). Thus, blood is an informative tissue in
which the presence and the concentration of markersmay
indicate not only tissue/organ injuries or suffering status
but also epigenetic changes that may propagate in all the
body, especially in the caseof c-miRs. In fact,manyof these
molecules are able to modulate inflammatory signaling
pathways, in particular the inflamma-miRs (miR-21-5p,
-126-3p, -146a-5p), which were found to be increased or
dysregulated in the blood with ageing or pathologic con-
ditions (8).

TheSarcolabpilot studyhasstudied theneuromuscular
adaptations to long-term space flight in 2 crewmembers
before and after a 6-mo ISSmission and has demonstrated
substantial muscle wasting and weakness, along with
disruption ofmuscle’s oxidativemetabolism, as a result of
spaceflight (9). The muscle atrophy observed with space-
flight has some analogy with the age-associated loss of
muscle mass (sarcopenia) (10). In both conditions, the loss
of muscle mass could contribute to the increase of c-
markers networking with the stress response and proin-
flammatory status as well as inflammageing along with
life span (11–13). Further support for such a view is pro-
vided by the recent observation that body core tempera-
ture is increased in space in a way that is independent of
impeded heat dissipation and which seems to be linked
with an inflammatory response (14).

Thedriving hypothesis is that spaceflight, as a prolonged
stressor, and recoverymay favor a proinflammatory status,
increasing the molecular “garbage,” such as misplaced
molecules (15),which in turnmay favor the inflammatory
stress conditions. To this purpose, the present work
attempts to evaluate the pro- and anti-inflammatory
status in the 2 crewmembers (A and B) who spent;6mo
in space. Blood c-miRs, c-proteasome, c-mitochondrial
DNA (mtDNA), and cytokines were evaluated before
flight and after 1 and 15 d of recovery and correlatedwith
muscle proteomic analysis. All data were acquired taking
into account the main question: How similar are the 2
crewmembers’ responses to spaceflight and recovery
after 1 and 15 d from landing?

MATERIALS AND METHODS

Subjects and time series sampling

Two crewmembers of the same sex and similar age, A and B,
were tested before and after a 6-mo ISS mission. Ethics com-
mittee approval was obtained in accordance with the ethical
standardspresented in theDeclaration ofHelsinki and its later
amendments. Accordingly, informed consent was obtained
prior to study inclusion and information on in-flight coun-
termeasure training was obtained via data sharing with the
National Aeronautics and Space Administration as previ-
ously reported (9). Blood/plasma and soleus muscle tis-
sue samples were obtained between 76–79 d before flight
(preflight) from both astronauts and at 24 h and 15 d after
return (R+1 and R+15, respectively), in accordance with the
previous work (9). Crewmembers’ data were compared to a
healthy and age-matched control group recruited in Bologna,
Italy. Blood and biopsy samples were obtained in the morn-
ing, after having food withheld overnight, both in astronauts
as well as in the control group. The control group never un-
derwent spaceflight. In particular, 19 plasma samples were
collected from 6 healthy volunteers at 4 different times (up to
7 mo, but some samples were not obtained). Plasma samples
were processed and frozen within 2 h after blood drawing.
A large set of c-molecules, including miRs, proteasome, mtDNA,
and cytokines as described in Table 1, was assessed in both
crewmembers and control group. In particular, for each mea-
surement, time series data of control group have been com-
bined as baseline reference, thus including intraindividual and
seasonal variability.

C-proteasome quantification

C-proteasome analysis was performed in plasma by a self-
developed ELISA assay, as previously described (16). Briefly,
ELISA plates were coated with a mouse monoclonal antibody
toward 20S proteasome-subunit a6 (Enzo Life Sciences, Farm-
ingdale, NY, USA), and 20S purified proteasome in a concen-
tration range of 0–100 ng/ml was used as calibration standard.
Anantiproteasome rabbit pAb (obtained froman expert research
team) and then a peroxidase-conjugated mouse anti-rabbit IgG
(Jackson ImmunoResearch Laboratories, West Grove, PA, USA)
were applied for antigen detection. OD-values were determined
at 450 nm. Every samplewas tested in triplicate, and themean of
the values was reported.

C-miRs relative quantification

Total RNAwas extracted from plasma-EDTA samples (100ml)
with a Total RNA Purification Kit (Norgen Biotek, Thorold,
ON, Canada) according to the manufacturer’s protocol. In
addition, 20 fmol of spike-in cel-miR-39 (Qiagen, Venlo, The
Netherlands) was added to the plasma samples at the lysis
step as control for RNA extraction efficiency. Eight miRs were
chosen, having a crucial and referenced regulatory role (see
Table 1), andweremeasured by quantitative RT-PCR in plasma
samples: miR-21-5p, -126-3p, -146a-5p, -145-5p, -133a-3p, -206,
-122-5p, and -363-3p. These miRs were measured by applying
TaqMan technologies (Thermo Fisher Scientific, Waltham, MA,
USA); thismethod consists of anmiR-specific retrotranscription,
in which RNA is first transcribed in cDNA for each miR, then
cDNA is used as a template for the quantitative PCR reaction.
MiR relative expression was calculated by DCt method using 2
replicates for each measurement. Ct values were normalized
with miR-16-5p after validation of its stability along the time
series analysis (17).
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C-mtDNA relative quantification

Total DNA was isolated from plasma-EDTA samples using
Quick-gDNA MiniPrep Kit (Zymo Research, Irvine, CA, USA).
To quantify the free mtDNA copy number, a real-time quanti-
tative PCR SYBR Green assay was performed using a standard
curve as calibration. Assays were performed in duplicate by
Rotor-GeneQ 6000Detector (Qiagen), using SYBRGreenERMix
(Thermo Fisher Scientific) and forward/reverse primer (specific
for 69-bp fragment internal to the ND1 mt-gene fragment used
for calibration). Specificity of PCR products was confirmed by
melting curve analysis. Each runwas repeated 3 times. Standard
curve was set up using 10-log serial dilution of stock solution
containing from 1028 to 1024 mtDNA copies/ml. To determine
mtDNA copies, a 217-bp fragment, corresponding to MT-ND1
gene,was amplified byPCRand loaded on 1%agarose gel.DNA
corresponding to the 217-bp band was isolated and quantified
by absorbance and used as a calibrator. mtDNA copy number
of calibrator was obtained by the total DNA concentration di-
vided by amplicon weight. The latter was estimated as follows:
(217 bp 3 MWt)/A, where MWt denotes the MW of double-
stranded DNA (6.6 3 105 g/mole), and A denotes Avogadro’s
number (6.023 1023 molecules/mole).

Cytokines/leptin quantification

IL-6, TGF-b1 andLeptin concentrationweremeasured in plasma
sampleswith commercialELISAkit (R&DSystems,Minneapolis,
MN, USA) according to the manufacturer’s instructions. All
measurements were performed in duplicate, and the average
values were used in the statistical analyses.

Muscle proteins

Protein extraction and minimal labeling with cyanine dyes (Cy3
andCy5), and 2-dimensional (2-D) separation and analyseswere
performed as previously described (9). Proteins of interest were
identified by peptidemass fingerprinting (PMF) utilizing amatrix-
assisted laser desorption/ionization time-of-flight mass spectrom-
eter (Ultraflex III-MALDI ToF/ToF Mass Spectrometer; Bruker,
Billerica, MA, USA), as previously described (18). In particular, a
search was carried out by correlation of uninterpreted spectra to
Mammalia entries in the National Center for Biotechnology In-
formation (Bethesda, MD, USA) database (ID:20090430; 8,483,808
sequences; 2,914,572,939 residues). When this approach was un-
successful additional searches were performed using electrospray

ionization–tandem mass spectrometry (MS/MS), as previously
described (19). For further information about PMF and liquid
chromatography–MS/MS, data are listed in Tables 2 and 3. A
representative example of heat shock protein b-1 (HSPB1)
analysis with matrix-assisted laser desorption/ionization–
ToF PMF and electrospray ionization–MS/MS is reported in
supporting information (Supplemental Fig. S4). Proteomic
analyses were performed in triplicates.

Bioinformatic analysis

Validated miR targets were identified by means of Dianatools
(mirPath v.3.0) using TarBase v.7.0 for the union of inflamma-
miRs targets and apart, the validated targets of muscle-specific
(myo)-miR-206. Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathways and Gene Ontology (GO) category analyses
were applied to identify the most significant molecular network
involving the transcripts regulated by the selected miRs.

Statistical analysis and modeling

Data obtained by astronauts were compared with the control
distribution, and a z score testwas applied for each value. Values
of P , 0.05 were considered significant. Data exploiting was
obtained by considering each molecule as an independent vari-
able andwas standardized bymeans of a box-cox transform. The
different ranking of each variable was obtained by graphing the
z scoreof eachmolecular targetandcomparing itwith thebaseline
population. Proteomic statistical analysis was performed using
the DeCyder 1.0 extended data analysis module. Protein filters
were set to select only those protein spots that matched.90% of
the gel images, and these protein spots were included in data
analysis. Statistically significant differences of 2-D–difference gel
electrophoresis data were computed by paired 1-way ANOVA
(2-sided) coupled to Tukey’s test; the significance level was set
at a ,0.01. In addition, the false discovery rate was applied as a
multiple testing correctionmethod tokeep theoverall error rate as
low as possible (20). Two independent analyses were performed
for crewmembers A and B by comparing R+1 vs. preflight and
R+15 vs. preflight for each member.

RESULTS

All results have been reported both in dependence of
time series (preflight, R+1, and R+15) and in comparison

TABLE 1. List of blood c-markers assessed in the current work and related references

Marker Biologic endpoint Reference

miR-206 Myo-miR, skeletal muscle 53
miR-133a-3p Myo-miR, skeletal muscle 53
miR-21-5p Inflamma-miR, proinflammatory and pro-osteogenesis 8, 40, 54
miR-126-3p Inflamma-miR, proinflammatory, expressed in

endothelial cells
8, 50

miR-146a-5p Inflamma-miR, proinflammatory and procell senescence 8, 55
miR-122-5p Liver integrity and function 56, 57
miR-145-5p Cell proliferation and tumor suppressor 58, 59
miR-363-3p Cell growth and differentiation 60
c-proteasome Tissue injury, pathologic condition 16
IL-6 Systemic proinflammatory citokine 61
Leptin Adipokine involved in metabolism 12
TGF-b1 Anti-inflammatory cytokine 62
mtDNA Proinflammatory 63, 46
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with the control distribution. C-proteasome was found
significantly increased in both crewmembers at R+1, but
subject A had not recovered at R+15 and c-proteasome
resulted in further increase, whereas subject B did recover
(Fig. 1). Myo-miR-206 was found significantly increased
in crewmember A at both R+1 and R+15, whereas was
increased only at final recovery time in crewmember B
(Fig. 2). On the contrary, myo-miR-133a-3p showed no
significant changes in both crewmembers when com-
paredwith control distribution (Supplemental Fig. S1A,B).
Inflamma-miR-21-5p was significantly increased in crew-
member A at R+15, whereas the changes revealed in
crewmember B were not significant (Fig. 3A, B). Simi-
larly, inflamma-miR-126-3p was significantly increased
in crewmember A at R+1, whereas the significant in-
crease in crewmember B (at R+1) was completely re-
covered (Fig. 3C, D). Similar results were obtained when
measuring inflamma-miR-146a-5p in both crewmembers
(Fig. 3E, F). The c-level of miR-122-5p was found signifi-
cantly increased at R+15 in crewmember A only (Sup-
plemental Fig. S1C, D). MiR-145-5p was observed to be
increased at landing time in both crewmembers, but only
subject B completely recovered (Supplemental Fig. S2A,
B). The different trends of miR-363-3p observed in both
crewmembers were not significant when comparedwith
control group (Supplemental Fig. S2C,D). The changes of
TGF-b1 observed in the 2 crewmembers were not sig-
nificant (Supplemental Fig. S3A, B), and similarly, the
c-mtDNA was not found significantly modified in the 2
crewmembers (Supplemental Fig. S3C,D), even if values
were at the extreme of control distribution. Dissimilarly,
IL-6 and leptin were significantly increased at R+1 and
recovered in crewmember A, whereas they did not
change in crewmember B (Fig. 4A, D).

The exploitation of normalized data is reported in Figs.
5 and 6 by graphing the z score of each molecular target
compared with the baseline population (gray bands in-
dicate 95% of the population distribution). Figure 5 shows
the differences between the 2 astronauts at the 3 times,
whereas Fig. 6 shows the difference between the 2 astro-
nauts considering only 2 times (i.e., preflight and R+15).
The normalized values of circulatingmolecules resulted in
the normal distribution at the baseline, and differences
were observed after landing and recovery for each crew-
member. Many differences were observed between the
2 subjects at R+1 in terms of inflamma-miRs, myo-miR-
206, c-proteasome, and IL-6/leptin, thus making the 2
crewmembers dissimilar to each other. Examining the
z scores on the same astronaut before flight and after re-
covery (Fig. 6), the baseline values of most parameters
are already inside the limits of the standard distribution
of the population. The only molecule that significantly
varies in both astronauts after spaceflight ismyo-miR-206.
Dissimilarly, c-proteasome, inflamma-miRs, and myo-
miR-206 were not reverted to the baseline values at R+15
in crewmember A.

A bioinformatic approach was applied to investigate
currently validated andmiR-target union of all inflamma-
miRs-21-5p, -126-3p, -146a-5p and separately, myo-
miR-206. Two lists of 331 and 136 genes/transcripts
were reported in 2 supplemental tables, respectivelyT
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(Supplemental Tables S1 and S2). In particular, the
former table is referred to GO: response to stress (P =
6.78206035218e233), whereas the latter is specifically
related to miR-206 transcript targets.

Muscle proteomic analyses, tested for evaluable miR-
targets, indicated significant differences in stress and an-
tioxidant proteins comparing baseline with postflight
(R+1) in9and6spots in crewmemberAandB, respectively.
Then, comparing baseline to recovery time (R+15), 6 spots
changed in crewmember A and 5 spots in crewmember B
(Fig. 7 and Table 2). In particular, 2 proteoforms (21), dif-
ferent molecular forms originated from the heat shock
protein family B (small) member 1 gene (HSPB1) were
changed in abundance in both crewmembers at R+1 (231
and222% in A; +29 and +30% in B) and recovery (218%
in A; +19 and +24% in B). Tripartite motif-containing
protein 72 (TRIM72) was down-regulated after landing
in both crewmembers (225% in A and 231% in B) and
only in A at recovery (226%). SERPINA1 was more
abundant in A after landing (+66%) and in both at

recovery (+81% in A and +23% in B). SERPINA1 is also
a validated target of miR-126-3p (22). Annexin A2
(ANXA2, validated target of miR-146a-5p) was down-
regulated at R+1 (227%) and up-regulated at recovery
(+30%) in crewmemberB. Peroxiredoxin-2 (PRDX2)was
more abundant in both crewmembers postflight (R+1)
(+21% in A; +29% in B). Peroxiredoxin-6 (PRDX6) and
superoxide dismutase 2 (SOD2, a validated target of
miR-21-5p and -146a-5p) were decreased (217 and
219%), whereas 2 proteoforms of catalase were increased
(+23 and +50%) in crewmember A after landing. Heat
shock–related 70 kDa protein 2 (HSPA2, +49%) and glu-
tathione S-transferase Mu 2 (GSTM2, +43%, putative tar-
get of miR-21-5p) were increased in abundance, whereas
the mitochondrial 60 kDa heat shock protein (HSPD1,
222%)was down-regulated in crewmemberA at recovery
time. Protein/nucleic acid deglycase DJ-1 (PARK7, +35%,
validated target of miR-126-3p) and endoplasmic retic-
ulum chaperone BiP (HSPA5, +15%, validated target of

Figure 1. C-proteasome. A) Measurements are reported in
dependence of time in both crewmembers. Circles represent
preflight, triangles (R+1 d) landing time, and squares de-
note (R+15 d) recovery time. B) C-proteasome values of
crewmembers are compared with age-matched control distri-
bution (19 measurements). Blue: crewmember A; red crew-
member B. **P # 0.01 (z-score test).

Figure 2. C-myo-miR-206. A) Measurements are reported in
dependence of time in both crewmembers. For explanation of
symbols see Fig. 1. B) C-myo-miRs-206 values of crewmembers
are compared with age-matched control distribution (19 mea-
surements). Blue: crewmember A; red crewmember B. **P #
0.01 (z-score test).
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miR-21-5p) were increased in crewmember B at R+1
and recovery, respectively.

DISCUSSION

Prolonged distress or chronic exposures to stressors, in-
cluding psychologic or physical stresses, are known to
affect immune system function, which in turn increases
inflammatory mediators (23, 24). Furthermore, chronic
stress throughout the lifespan in absence ormodest bodily
adaptation and inefficient repair mechanisms may affect
the ageing process and lifespan (15, 25, 26), favoring the
disease onset (27, 28). Spaceflight may also represent a
source of prolonged/chronic stress that is due not only to
the psychologic aspect but also environment stressors,
such as adaptation to microgravity, high workload, sleep
deprivation, isolationandconfinement, ionizingradiation,
and potentially others (29).

The present work aimed at answering the questions of
whether the 2 crewmembers (A and B), beyond the effects
on skeletalmuscle (9), had systemic effects in terms of pro-
and anti-inflammatory c-molecules after about 6 mo of
spaceflight at the ISS and if they recovered at 1 or 15d after
landing.

Bothatrophyof skeletalmuscleandsystemic stressmay
affect the entirebody,being that skeletalmuscle is themost
abundant tissue of the human body (about 30–40% of the
body) and systemic stress is able to alter metabolism and
homeostasis (3, 30, 31). Furthermore, recent evidence
supports thehypothesis that systemic stress-evoked sterile

inflammation initiates by the sympathetic nervous system,
resulting in the increase of c-damage associatedmolecular
patterns, such as mtDNA, and a reduction in immune-
inhibitorymiRs, which are carried in the blood circulation
to tissues throughout the body (32).

To examine at the systemic level possible unbalancing
homeostasis in terms of pro- and anti-inflammatory
molecules, we measured relevant blood molecules and
epigenetic regulators (i.e., c-myo-miRs-206 and -133a-3p,
c-inflamma-miRs -21-5p, -126-3p, and -146a-5p, liver c-
miR-122-5p, cell proliferation regulators c-miR-145-5p
and -363-3p, c-proteasome, c-mtDNA, proinflammatory
IL-6, anti-inflammatory TGF-b1, and leptin). Indeed,
types of various c-shuttles (nano-microextracellular vesi-
cles, proteins, and apolipoproteins)were not the objective
of the presentwork,whereas themeasurement of the total
amount of c-miRs/different molecules was supposed to
be more significant.

Relevant differences between the 2 crewmembers at 1
or 15 d, or both points, of recovery were identified, even if
these findings cannot define the in-flight c-levels of the
samemolecules.CrewmemberAshowedmoredeviations
from baseline after landing time (R+1) than crewmember
B. In fact, c-inflamma-miRs -21-5p, -126-3p, and -146a-5p,
and myo-miR-206, c-proteasome, IL-6, and leptin were
significantly increased after 1 d recovery. At R+15, crew-
member A showed a significant increase of c-proteasome,
inflamma-miRs, and myo-miR-206. Comparing these
data with crewmember B, the only common molecule
was myo-miR-206, which was still increased at R+15 in
both crewmembers. It is known that myo-miR-206 is

Figure 3. C-inflamma-miRs-21-5p; -126-3p and -146a-5p. A, C, E) Measurements of circulating inflamma-miRs-21-5p (A); -126-3p
(C), and -146a-5p (E) are reported in dependence of time in both crewmembers. For explanation of symbols see Fig. 1. B, D, F)
C-inflamma-miRs-21-5p (B); -126-3p (D), and -146a-5p (F) values of crewmembers are compared with age-matched control
distribution (19 measurements). Blue: crewmember A; red crewmember B. **P # 0.01 (z-score test).
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preferentially expressed in skeletal muscle and com-
pletely absent, or expressed at relatively low levels, in
other tissues. Notably, crewmember B trained more
vigorously than A, particularly concerning the loading
forces. In the postflight, crewmember A showed sub-
stantial decrements (i.e., muscle volume and architec-
ture) in strength and in fiber contractility, which was
strongly mitigated in B, as previously reported in a
separate work on the same individuals (9). In fact, the
increased level of c-miR-206 at landing time in astronaut
A and in both astronauts at R+15 may also be associated
with the different physical training status of the subjects.
This finding suggests a possible role of c-miR-206 as a
good candidate for the monitoring of skeletal muscle
status. Regardless, a consistent literature indicates the
full involvement ofmyo-miR-206 in different conditions,
such as age, physical training, and type of exercise, such
as acute or prolonged, aerobic or resistance or endurance
activity (33–36).

MiR-206 promotes cell differentiation and cell in-
hibition and may influence cell regeneration in the
muscle (37). In particular, miR-206 and miR-21 have

been found to increase in muscle tissue in catabolic/
atrophy condition in a mouse model (38). The con-
tribution of muscle atrophy/wasting to the pool of
c-miRs was recently confirmed in exosomes released
bymyofibers, supporting the conclusion that myofiber-
derived exosomes modulate protein levels of key factors
in myogenic or osteogenic differentiation of mesen-
chymal progenitor cells (39). In particular, miR-21-5p
was shown to promote the osteogenic differentiation of
mouse bonemarrow cells by targeting Sprouty homolog
1 (Spry1), negatively regulating the osteogenic differ-
entiation of mesenchymal stem cells (40).

As far as inflamma-miRs are concerned, crewmember
A showed the highest levels at R+15, whereas crew-
member B showed increases of miR-126-3p and -146a-5p
only atR+1, thus revealing 2different trendsbetween the 2
subjects, thosebeing regulators of both stress response and
inflammatory pathway (8).

Cellular miRs were previously studied in both in
vitro microgravity experiments on earth and in vitro
experiments run in the ISS. The former study was
conducted with g-ray coexposure and many miRs

Figure 4. IL-6 and leptin. A, C) Measurements of circulating IL-6 (A) and leptin (C) are, reported in dependence of time in
both crewmembers. For explanation of symbols see Fig. 1. B, D) IL-6 (B) and leptin (D) values of crewmembers are compared
with age-matched control distribution (19 measurements). Blue: crewmember A; red crewmember B. **P # 0.01 (z-score test).
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involving cell cycle machinery and DNA repair sys-
tem resulted dysregulated (41). The latter showed the
dysregulation of miR-21 in a different experiment set-
ting (42), thus highlighting its involvement in spaceflight
effects.

Once c-inflamma-miRs are up-taken by cells and tissue,
theyareable tomodulatemanygenes.Taking into account
KEGG pathway analysis, NF-kB pathway had high sig-
nificance (P = 2.516315e208), but p53 signaling (P =
9.370703e207) and the mechanistic target of rapamycin
(mTOR) pathway (P = 0.0001298907) also significantly fit
the miR-targets. In particular, phosphatase and tensin
homolog (PTEN), phosphatidylinositol 3-kinase regula-
tory subunit a (PIK3R1), phosphatidylinositol 3-kinase
regulatory subunit b (PIK3R2), insulin receptor sub-
strate 1 (IRS1), and serine/threonine kinase 1 (AKT1) are
inflamma-miR targets and represent the central pathway
involving muscle/tissue anabolism/synthesis. Accord-
ingly, some proteins related to mTOR pathway have also
been identified as dysregulated in our previous paper (9).
Taking into account the GO category analysis, stress re-
sponse resulted among those strongly significant (P =
6.78206035218e233). Interestingly, a common target of
both miR-21-5p and miR-146a-5p is CLOCK (43, 44). This
protein plays a central role in the regulation of circadian
rhythms and could have a systemic role because of its
ubiquitous expression in testis, thyroid, and many other
tissues.

The inflamma-miR increase may be due to an aug-
mentedexocytosis that canbe, at least inpart, stress related
(32), due to an increased tissue and cell injury, or both,
especially in crewmember A. The tissue injury is also
confirmed by the increase of c-proteasome, reaching a
concentration similar to that of autoimmunedisease (45) in
crewmember A after final recovery. Accordingly, the in-
crease of c-mtDNA was dramatically evident in crew-
memberA, even if at the limit of thenormal range.Overall,
the in vivo c-proteasome and c-mtDNA levels mediate the
inflammatory pathway and represent a general mecha-
nism to switch on inflammation, immune cell activities
also beingmarkers ofmusclewasting (16, 46).On theother
side, the increase of c-proteasome in crewmember A at
R+15 d as a marker of muscle recovery cannot be com-
pleted excluded (47). Noteworthy, IL-6 increased only in
astronaut A at 1 d recovery concomitantly to leptin, and
both are important regulators of inflammation and bone
turnover (48).

Importantly, various stress-related and antioxidant
proteins were found modified in skeleton muscle, and
many of them are direct targets of c-inflamma-miRs. A
direct or indirect effect between muscle tissue proteins
and blood c-miRs may only be speculated, which is a
limitation of the work. However, it is worth noting that
concomitantly with the increased inflamma-miR levels
in astronaut A, the soleus muscle tissue showed an in-
crease of 80% a SERPINA1, a serine protease inhibitor

Figure 5. All normalized markers in crewmembers A and B at preflight, R+1, and R+15 times. Y-axis describes z scores and gray
zone contains control group values. Values outside the gray zone are considered significant.
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belonging to acute phase protein and validated target of
miR-126-3p (22), apparently as a tissue-related anti-
inflammatory response. This effect was also revealed in
astronaut B but to a lesser extent and at final recovery time
only.Recentdata suggest thatSERPINA1 is also expressed
by endothelial cells after exposure to simulated micro-
gravity (49) and may represent an important marker of
tissue-related anti-inflammatory response. SERPINA1 in-
crease can be due to themiR-126-3p decrease, especially in
endothelial cells where it is usually expressed (50), as-
suming that a relationship exists with the miR-126-3p in-
crease in the blood, as observed in both astronauts even if
timing differed.

In agreement with all data obtained, spaceflight re-
covery had greater effects on crewmember A than B. In
fact, muscle stress–related proteins, such as HSPs, GSTM,
PRDX, ANXA2, and PARK7, were largely modified in
crewmember A rather than in B. These results point to
muscle-stress responses that also involve oxido-reductase
enzymes like SOD and catalase as well as the repair
membrane protein TRIM72. The latter was decreased in
muscle tissue at both recovery times in astronaut A and at
final recovery time in astronaut B. Similar results in terms
of stress-related pathway activation were previously ob-
served in mouse model after 91 d of spaceflight (51).

Overall, these results corroborate the view obtained
from our previous paper (9), where the 2 crewmembers

had different spaceflight recovery effects, in which crew-
member A was the most affected. In particular, muscle-
related stress and proinflammatory status are here
highlighted in crewmember A, whereas crewmember B’s
recovery was almost completed except for myo-miR-206.
Inflamma-miRs seem tomediate the systemic recovery of
crewmemberA, and theyare expected to reacha complete
recovery beyond 15 d from landing.

In a complex field like space and spaceflight, N of 1
could be a critical issue.However, population size, usually
based on a relatively lownumber of crewmembers, can be
overwhelmed by time series (or longitudinal) personal-
ized studies. In fact, the effects of the 6-mo chronic expo-
sure to suchanenvironmentwithmanyvariables canhave
substantially different effects in different individuals, thus
the study of intraindividual variability along the time of
exposure/recovery becomes more informative (52).

Basedonapersonalized timeseries analysis, thepresent
data further underpin the importance of countermeasures
aimed at reducing, as much as possible, skeletal muscle
wasting (9).Moreover, thesedata further suggest a linkage
amongmusclewasting, stress response and inflammation
and potentially affecting systemic metabolism. In this
perspective, the prolonged or chronic exposure to space/
spaceflight may favor the development of metabolic al-
terations, even if additional analyseswith later timepoints
are necessary.

Figure 6. The 2 crewmembers, A and B, are compared at preflight vs. R+15. All markers are normalized. Y-axis describes z scores
and gray zone contains control group values. Values outside the gray zone are considered significant.
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Capitanio,D., Samaja,M., andGelfi, C. (2011)Proteinmodulation in
mouse heart under acute and chronic hypoxia. Proteomics 11,
4202–4217

19. Capitanio, D., Vasso, M., Fania, C., Moriggi, M., Viganò, A., Procacci,
P.,Magnaghi, V., andGelfi, C. (2009)Comparative proteomic profile
of rat sciatic nerve and gastrocnemius muscle tissues in ageing by 2-D
DIGE. Proteomics 9, 2004–2020

20. Hochberg, A. M., Gerhardt, P. N., Cao, T. K., Ocasio, W., Barbour,
W.M., andMrozinski, P.M. (2000)Sensitivityand specificityof the test
kit BAX for screening/E. coli O157:H7 in ground beef: independent
laboratory study. J. AOAC Int. 83, 1349–1356

21. Smith, L. M., and Kelleher, N. L.; Consortium for Top Down
Proteomics. (2013) Proteoform: a single term describing protein
complexity. Nat. Methods 10, 186–187

22. Hassan, T., Smith, S. G., Gaughan, K., Oglesby, I. K., O’Neill, S.,
McElvaney, N. G., and Greene, C. M. (2013) Isolation and
identification of cell-specific microRNAs targeting a messenger
RNA using a biotinylated anti-sense oligonucleotide capture affinity
technique. Nucleic Acids Res. 41, e71

23. Irwin, M. R., and Opp, M. R. (2017) Sleep health: reciprocal
regulation of sleep and innate immunity. Neuropsychopharmacology 42,
129–155

24. Vitale, G., Salvioli, S., and Franceschi, C. (2013) Oxidative stress and
the ageing endocrine system. Nat. Rev. Endocrinol. 9, 228–240

25. Cevenini, E., Caruso, C., Candore, G., Capri, M., Nuzzo, D., Duro, G.,
Rizzo, C., Colonna-Romano, G., Lio, D., Di Carlo, D., Palmas, M. G.,
Scurti, M., Pini, E., Franceschi, C., and Vasto, S. (2010) Age-related
inflammation: the contribution of different organs, tissues and sys-
tems. How to face it for therapeutic approaches. Curr. Pharm. Des. 16,
609–618

26. Bektas, A., Schurman, S. H., Sen, R., and Ferrucci, L. (2017) Human
T cell immunosenescence and inflammation in aging. J. Leukoc. Biol.
102, 977–988

27. Franceschi, C., Garagnani, P., Morsiani, C., Conte, M., Santoro, A.,
Grignolio, A., Monti, D., Capri, M., and Salvioli, S. (2018) The
continuum of aging and age-related diseases: common mechanisms
but different rates. Front. Med. (Lausanne) 5, 61

28. Calabrese, V., Santoro,A.,Monti,D.,Crupi, R.,Di Paola,R., Latteri, S.,
Cuzzocrea, S., Zappia, M., Giordano, J., Calabrese, E. J., and
Franceschi, C. (2018) Aging and Parkinson’s disease: inflammaging,
neuroinflammation and biological remodeling as key factors in
pathogenesis. Free Radic. Biol. Med. 115, 80–91

29. Cucinotta, F. A. (2014) Space radiation risks for astronauts
on multiple International Space Station missions. PLoS One 9,
e96099

30. Pedersen, B. K., and Febbraio, M. A. (2012) Muscles, exercise and
obesity: skeletal muscle as a secretory organ. Nat. Rev. Endocrinol. 8,
457–465

31. Naviaux, R. K. (2014) Metabolic features of the cell danger response.
Mitochondrion 16, 7–17

32. Fleshner,M., andCrane,C.R. (2017)Exosomes,DAMPs andmiRNA:
features of stress physiology and immune homeostasis. Trends
Immunol. 38, 768–776

33. Margolis,L.M.,Lessard, S. J., Ezzyat, Y., Fielding,R.A., andRivas,D.A.
(2017) Circulating microRNA are predictive of aging and acute
adaptive response to resistance exercise inmen. J. Gerontol. A Biol. Sci.
Med. Sci. 72, 1319–1326

34. Wardle, S. L., Bailey,M. E., Kilikevicius, A.,Malkova, D.,Wilson, R.H.,
Venckunas, T., and Moran, C. N. (2015) Plasma microRNA levels
differ between endurance and strength athletes. PLoS One 10,
e0122107

35. Gomes, C. P., Oliveira, G. P., Jr., Madrid, B., Almeida, J. A., Franco,
O. L., and Pereira, R. W. (2014) Circulating miR-1, miR-133a, and
miR-206 levels are increased after a half-marathon run. Biomarkers 19,
585–589

36. Mooren, F. C., Viereck, J., Krüger, K., and Thum, T. (2014)
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