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Abstract

Spaceflight and partial-gravity environments impose profound challenges to the human musculoskeletal system, driving rapid
muscle atrophy, progressive bone loss, and tendon maladaptation. At the molecular level, unloading suppresses anabolic signal-
ing, enhances proteolysis, and induces mitochondrial stress, whereas bone and tendon exhibit reduced extracellular matrix turn-
over and impaired mechanotransduction. Recent space-omics and cross-species studies, including rodent and Caenorhabditis
elegans models, reveal that these catabolic responses are evolutionarily conserved and involve systemic pathways mediated by
myokines, osteokines, and tendon-derived signals. Current countermeasure strategies primarily consist of structured exercise
regimens with limited pharmacologic support. Although these strategies mitigate some loss, they fail to fully preserve musculo-
skeletal integrity, particularly tendon properties and microarchitectural bone quality. Key gaps remain in the development of ten-
don-specific interventions, integrated pharmacologic and exercise regimens, nutrition and dietary protocols, and methods for
partial-gravity adaptation and safe re-entry. Leveraging real-time monitoring, individualized exercise programs, and systemic bio-
marker discovery through space omics presents major opportunities for next-generation, personalized countermeasures. This
mini-review synthesizes current knowledge of musculoskeletal responses with a particular focus on tendon maladaptation and
interorgan cross talk to spaceflight and partial gravity, highlights countermeasure efficacy and limitations, and identifies critical
gaps that must be addressed to ensure astronaut health and performance during future missions. Insights from these studies
also provide translational relevance for disuse atrophy, osteoporosis, and tendon injuries on Earth.
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INTRODUCTION

Spaceflight presents a unique physiological challenge, as
the absence of mechanical loading under microgravity leads
to rapid musculoskeletal deterioration and changes across
multiple organ systems (1, 2).

Partial gravity, such as the 0.38g on Mars or 0.16g on the
Moon, highlights a major knowledge gap because musculo-
skeletal and cardiorespiratory responses to these intermedi-
ate loading environments remain poorly defined. NASA’s
Human Research Program identifies this as GapMA-101, pri-
oritizing studies on reduced gravity, countermeasures, and
individual variability to guide mission planning for Moon
and Mars exploration. Muscle atrophy during spaceflight

and unloading is primarily driven by disruptedmechanosen-
sitive signaling, which impairs protein synthesis (Akt/
mTOR), enhances proteolysis (via FOXO), and alters mito-
chondrial and oxidative pathways (AMPK-ULK1) (3–5). Bone
and tendon undergo parallel deterioration (Wnt/Sclerostin),
with reduced extracellular matrix (ECM) remodeling, dimin-
ished collagen turnover, and impaired mechanotransduc-
tion (YAP/TAZ) (6–8). In addition to local tissue effects,
skeletal muscle acts as a potent endocrine organ, releasing
myokines such as irisin and bone-derived neurotrophic fac-
tor (BDNF) that communicate with bone, adipose tissue, and
the brain; whereas muscle unloading in microgravity sup-
presses endocrine function (9–11). Recent space-omics stud-
ies have revealed some conserved molecular signatures of
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muscle and bone loss across species, highlightingmitochon-
drial stress, inflammatory signaling, and ECM remodeling as
evolutionarily conserved responses to unloading (12–17). The
role of tendonmechanotransduction on Earth remains to be
fully elucidated (18); however, the loss of mechanical stress
does result in tendon atrophy as well as reduction in tensile
strength and stiffness via changes in collagen alignment (19).

Although decades of research have advanced our under-
standing of musculoskeletal deconditioning in space, key
gaps remain. This mini-review synthesizes current knowl-
edge of howmuscle, bone, and connective tissues respond to
microgravity and partial-gravity environments, integrates
space-omics findings to identify conserved anabolic and cat-
abolic pathways, and examines the adaptations in tendon
and muscle-tendon interface in the context of tissue-level
mechanobiology. Finally, it explores multiorgan cross talk
and its translational relevance to disuse, sarcopenia, and
osteoporosis on Earth, providing a framework for developing
effective countermeasures for long-duration space missions.

MUSCLE, BONE, AND TENDON TEMPORAL
DYNAMICS

The musculoskeletal system exhibits distinct temporal
patterns of deconditioning in response to microgravity
(Fig. 1). Specifically, astronauts on the International Space
Station (ISS), can experience up to 20%–30% reductions in
skeletal muscle cross-sectional area and�10%–15% declines
in lower limb strength after missions of 3–6 mo (1, 21, 23).
Fiber type-specific atrophy is prominent, as slow-twitch
soleus fibers can atrophy by �20% during spaceflight,
accompanied by mitochondrial remodeling and reduced

oxidative capacity (15, 24). Proteomics of soleus biopsies
from two ISS astronauts showed a 43%–55% loss of oxidative
phosphorylation (OXPHOS) subunits with concordant
decreases in TCA-cycle enzymes at landing, whereas inte-
grated multiomics across 59 astronauts and space-flown
mice revealed suppression of nuclear-encoded OXPHOS
genes in oxidative tissues, reduced in-flight antioxidant
capacity, and elevated urinary 8-OHdG/PGF2a, which is
indicative of oxidative stress (12, 25). Others have shown
that astronauts’ soleus muscle exhibits mission-duration-
specific increases in S-nitrosylation of metabolic and con-
tractile proteins together with reductions in denitrosyla-
tion enzymes (i.e., ADH5/GSNOR, TXNRD1), indicating
sustained nitrosative stress and disrupted redox homeo-
stasis during spaceflight (26).

Functional deficits can begin quickly, as shown in bed-
rest and hindlimb-unloading studies, where postural
muscles such as the soleus and gastrocnemius lose �10%
of volume in 2–3 wk (22, 27). Bone loss progresses more
slowly but accumulates over time, with weight-bearing
sites such as the femoral neck and lumbar spine losing
�1%–1.5% bone mineral density (BMD) per month on long-
duration missions (20, 28, 29). Trabecular bone is affected
first and most severely, while cortical bone loss lags, creat-
ing a temporal mismatch where skeletal unloading pre-
cedes substantial mineral loss (30). Tendons and entheses
(which connect tendons to bone) adapt more gradually,
but microgravity reduces collagen turnover, alters fibril
alignment, and decreases stiffness, with human studies
showing 10%–15% reductions in tendon stiffness after 2–3
mo of unloading and bed-rest models detecting early
declines by 3–4 wk (6, 22, 31). This lag in tendon adapta-
tion relative to muscle atrophy creates a window of

Figure 1. Theoretical decline and recovery of musculoskeletal tissue structure and function during spaceflight with current countermeasures. This con-
ceptual figure illustrates expected trajectories of bone density (gray dashed line), muscle mass (red solid line), and tendon stiffness (green dotted line)
across 52 wk of unloading in microgravity (e.g., aboard the International Space Station) and 20 wk of reloading on Earth. Curves are based on human
data from long-duration spaceflight and ground-based analogs, and assume adherence to current countermeasures, including exercise and nutritional
support. Bone density declines gradually and linearly (�15%) and demonstrates minimal recovery (2, 20). Muscle mass declines rapidly (�20%) and then
stabilizes, with partial recovery during reloading (1, 21). Tendon stiffness declines progressively (�30%), plateaus, and recovers incompletely at 20 wk (6,
22). Recovery trajectories are expected to vary across individuals and are influenced by mission duration, loading history, tissue specificity, and counter-
measure engagement. The anatomical illustration highlights the bone, muscle, and tendon structures represented in the graph. Figure created with a
licensed version of BioRender.com.
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vulnerability for injury upon return to gravity and require-
ment for readaptation training programs to be considered.
For example, a review of astronaut injuries found that
approximately one-third of astronauts experienced con-
nective tissue-related injuries upon return to Earth (32),
which can take months to heal and may result in long-
term functional impairments (33).

Animal and invertebrate models provide critical insight
into these temporal dynamics, revealing faster and evolu-
tionarily conserved patterns of musculoskeletal decline
under microgravity and unloading conditions. For exam-
ple, rodents can lose 15%–20% of hindlimb muscle mass
and 7%–28% of trabecular bone within 2 wk of unloading,
whereas tendon structural changes emerge in about 3 wk
(34). Similarly, Caenorhabditis elegans exposed to space-
flight exhibits reduced muscle strength, decreased myosin
heavy chain expression, and downregulation of myogenic
transcription factors, changes that mirror mammalian
atrophy pathways (35–38). These models highlight how
cellular responses to unloading, suppressed anabolic sig-
naling, upregulated catabolism, and mitochondrial stress
are conserved across species. Collectively, these temporal
dynamics demonstrate the need for countermeasures that
target early muscle loss, progressive bone deterioration,
and delayed tendon adaptation, particularly for long-dura-
tion Moon and Mars missions.

TENDON MECHANOTRANSDUCTION

Microgravity has well-established negative effects onmus-
cle and bone, but its impact on connective tissues, compara-
tively, remains poorly understood (7, 39). This includes
the tendon and its critical interfaces: the myotendinous
junction (anchors muscle to tendon) and the enthesis, the
latter of which is increasingly recognized as highly sensi-
tive to unloading (40). Tendon exhibits both viscous and
elastic behavior, key properties for energy transfer, joint
stabilization, and shock absorption (41, 42). As missions
grow longer and more physically demanding, understand-
ing tendon adaptation will be critical to developing inte-
grated musculoskeletal countermeasures.

Structurally, tendons are organized hierarchically: whole
tendon! fascicles! fibers! fibrils! collagenmonomers.
This architecture provides tensile strength and viscoelastic
capacity, primarily through the alignment and cross linking
of type I collagen, the dominant protein of the tendon ECM.
Mechanical loading promotes collagen synthesis, crosslink
formation, and improved fibrillar alignment (via transform-
ing growth factor-b/SMAD and scleraxis/tenomodulin) (6,
43), whereas unloading reduces ECM turnover mechanisms
such as integrin-FAK-YAP/TAZ and Piezo1/2 mechanosensi-
tive channels (18), disrupts fibril organization, and alters
interfibrillar sliding mechanics (7). These changes develop
gradually during unloading and reverse even more slowly
during reloading due to the inherently slow turnover and
remodeling capacity of the tendon ECM (6, 22, 44), suggest-
ing it may act as a rate-limiting tissue during whole body
recovery.

Tendon responds to loading through multiscale force-
transmission: muscle sarcomere ! cytoskeletal proteins !
myotendinous junction ! tendon ECM ! enthesis ! bone.

This chain may be disrupted during spaceflight, altering
collagen behavior, ECM hydration, and overall force trans-
fer (45). Human disuse models reveal early and significant
declines in tendon mechanical properties, often within 3
wk (22). Mechanistically, these changes may result from
reduced collagen synthesis (22, 46), disrupted fibrillogene-
sis and collagen packing (7, 46), and suppression of ECM-
regulating genes such as COX-2 and EGF1 (47, 48). The out-
come is a more compliant, less resilient tendon prone to
mechanical failure, even when gross tissue morphology
appears preserved. Tendon may thus represent a func-
tional weak link in musculoskeletal force transmission,
highlighting the need to use tendon-focused monitoring
such as ultrasound elastography or tendotonometry (49)
and tendon-specific loading interventions such as isomet-
ric or eccentric exercise (50).

As human missions extend to the Moon and Mars, it will
be essential to incorporate tendon-specific metrics into
countermeasure evaluations alongside those for muscle and
bone. Promising strategies may include load-targeted exer-
cise, ECM-focused pharmacological therapies, and hydra-
tion-optimized nutritional interventions (50). Open-source
datasets [e.g., NASA Open Science Data Repository (OSDR)]
also offer unique opportunities to study nanoscale structure-
function relationships and inform precision countermeasure
design (51).

EVOLUTIONARILY CONSERVED
TRANSCRIPTOMIC RESPONSES

Loss of muscle mass has been noted since the US Gemini
missions in the 1960s (23). The importance of understanding
and countering loss of muscle in response to spaceflight has
taken on various levels of priority over the years (52).
Initially, it was a high-priority area as loss of muscle impairs
the ability to perform operational tasks. Early studies attrib-
uted loss of mass to caloric insufficiency (23), which was
addressed in later flights. Studies from the Space Shuttle era
revealed that there is individual variability in muscle loss in
response to spaceflight, with some individuals losing as
much as 10% mass in just 8 days (2). Longer duration obser-
vations from the ISS demonstrate that, as on Earth, there is
also individual variability in muscle responsiveness to exer-
cise and that muscle loss continues with longer durations in
flight (21, 53). The high level of loss of mass would seem to
suggest elevated levels of muscle protein degradation
through increased in catabolic signaling, such as FOXO-E3
ligase signaling (MuRF1/atrogin-1), autophagy-lysosome
activation (Caspases/NF-κB) (54), and mitochondrial inte-
grated stress responses (ATF4/CHOP) (55). Recently, stud-
ies revealed decreases in muscle protein synthesis (56).
These findings were confirmed in cultured muscle cells (57)
and in C. elegans (35, 36). Thus, decreased muscle size in
space appears to be driven by an evolutionarily conserved
mechanism governing protein synthesis. When examining
which proteins display decreased synthesis in flight, there is
again an evolutionarily conservation with myogenic tran-
scription factors such asmyoD and sarcomeric proteins such
as myosin displaying decreased synthesis in C. elegans,
rodents, and astronauts (58). In addition to decreasedmuscle
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protein synthesis, C. elegans also displays altered insulin sig-
naling in flight (14); this has recently been confirmed in
rodents and astronauts (59). On Earth, insulin signaling is
well known to control muscle anabolism. Combined, these
observations suggest that in response to spaceflight, there is
an evolutionarily conserved response involving altered insu-
lin signaling, decreased protein synthesis, andmyogenic fac-
tors. This suggestion would mean that, as on Earth, changes
in muscle size are driven by the presence or absence of posi-
tive growth signals, which govern changes inmuscle protein
synthesis while muscle protein degradation remains largely
unchanged (60), barring situations with large caloric insuffi-
ciency such as burns or sepsis. This would explain why,
when appropriate nutrition and exercise are maintained, so
is astronaut muscle (61). Indeed, a past study has observed a
correlation between insulin resistance and muscle loss (62).
The key challenges in future exploration missions will be
maintaining nutrition and exercise, or developing interven-
tions that mimic positive growth signals, such as insulin-like
signaling, and past studies suggest growth factors may be
effective in rodentmodels (56).

INTERORGAN CROSS TALK

Skeletal muscle functions as a significant endocrine organ
by secreting signaling molecules known asmyokines. By defi-
nition, myokines are proteins that 1) are produced by skeletal
muscle cells, 2) are secreted into circulation, and 3) induce a
response in an endocrine or paracrine fashion (63). Many of
these myokines benefit the muscles themselves, such as exer-
cise-responsive IL-6 family of exerkines, in addition to aiding
neighboring bones (osteokines such as sclerostin and osteocal-
cin) andwider systemic effectsmediated by exosome/extracel-
lular vesiclemediated signaling (64), which can be captured in
space-omic datasets and could provide useful biomarkers in
future research. This is crucial in the context of spaceflight
and long-durationmissions, as they could enhance astronauts’
musculoskeletal, cognitive, andmental health. Unfortunately,
muscle unloading experienced during spaceflight and micro-
gravity exposure is expected to suppress the endocrine func-
tion of muscle, ultimately raising the physiological risks
associatedwith spaceflight. Therefore, increasing the secretion
of myokines through exercise and other approaches may help
to reduce these physiological risks.

An example of an important myokine is irisin, which is
derived from the proteolytic processing of fibronectin type
III domain-containing 5 (FNDC5) (65, 66). Although previ-
ously controversial, this myokine has been shown to have
important roles across many tissues (67), including muscle
where it stimulates muscle growth and mitochondrial func-
tion (9); adipose tissue, where it stimulates thermogenesis
and energy expenditure (65); bone, where it exerts several
osteoprotective effects (68); and the brain, where it can
improve mood andmemory, partly by increasing the expres-
sion of BDNF (69)—another myokine implicated in muscle
function, mental health, memory, and cognitive perform-
ance (70). However, in response to simulated microgravity
exposure, recent research indicates that muscle unloading
decreases serum levels of irisin in mice (71, 72). This decline
in irisin levels likely contributes to the declines in muscle,
bone, and brain health seen with microgravity exposure. In

fact, treatment with recombinant irisin has been shown to
attenuate muscle atrophy and bone loss associated with
simulated microgravity exposure, decreasing the expression
of proteolytic, apoptotic, and senescent factors in muscle
while also increasing the expression of osteoprotective
genes (10, 73). Regarding the brain, a recent study has
shown that muscle disuse can lower BDNF content in the
brain (74). This aligns well with unpublished findings from
Dr. Fajardo’s laboratory, which indicate that hindlimb sus-
pension also reduces BDNF expression and recognition
memory in male mice subjected to 7 days of hindlimb sus-
pension. Whether an intervention aimed at increasing iri-
sin levels can restore BDNF levels and improve memory in
response to microgravity exposure remains to be exam-
ined. Furthermore, there are over 650 myokines currently
identified, and their response to microgravity and their
therapeutic potential still needs to be determined (75).

TRANSLATING SPACE TO EARTH

Spaceflight-induced declines in skeletal muscle mass and
function are akin to the progressive age-related muscle
decline observed on Earth (i.e., sarcopenia) (74) and the
rapidmuscle atrophy observed in response to bed rest or dis-
use due to hospitalization or injury (27, 60). Strikingly, many
associated molecular mechanisms, such as perturbed focal
adhesion organization, attenuated mitochondrial function,
and reduced insulin signaling, are similar across all scenar-
ios, rendering spaceflight an accelerated environment in
which to study the mechanisms of and countermeasures for
age- and disuse-related muscle decline, and vice versa (12,
14, 15, 76).

As an example, in the spaceflight environment, targeting
activin A, myostatin, and their associatedmolecular pathways
protects against muscle loss (77), a phenomenon that has been
explored and developed as a potential sarcopenic treatment
on Earth (78). Accelerating the translation of research in space
to benefit health on Earth is the recently established astronaut
biobank (13) and the NASA OSDR (51) [previously known
as GeneLab (16)], which is an online platform that provides
researchers access to space-related datasets from experiments
and missions that report health adaptations and biological
responses using advanced molecular techniques, including
omics. Leveraging these valuable resources and through the
application of advanced bioinformatic analysis, robust bio-
markers of sarcopenia have recently been identified (e.g.,
POMC, GOLGA8R), which have the potential to improve sarco-
penia diagnosis on Earth, which is currently dependent on a
multistage process requiring advanced imaging techniques
and expertise (79).

Drugs targeting these novel biomarkers have also been
identified (preprint: https://doi.org/10.21203/rs.3.rs-2819258/
v1), providing potential countermeasures to the onset and
progression of sarcopenia. For example, RJx-01 is a synergis-
tic combination of metformin and galantamine that has
demonstrated robust improvements in muscle strength,
endurance, neuromuscular junction stability, autophagy,
satellite cell preservation, and mitochondrial structure in
aged and sarcopenic animal models (80), and is now enter-
ing human trials for disuse-inducedmuscle weakness, mak-
ing it a compelling candidate for evaluation in spaceflight-
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associated muscle loss. In addition to the sarcopenic-like
phenotype, spaceflight has been shown to induce an early
frailty phenotype with several notable molecular pathways
(e.g., immunity-related pathways) and genes (e.g., MSTN,
PTGS2) representing potential therapeutic targets for inter-
vention that could help delay functional decline in astro-
nauts and people with frailty on Earth (17). Beyond these,
the spaceflight environment is helping unravel the causes
of pathological conditions that cause muscle wasting (37)
and muscle-wasting diseases such as muscular dystrophy
(81), which could also benefit patients on Earth. However,
there are substantial difficulties in conducting research in
microgravity that influence differences in drug delivery
mechanisms; drug absorption, distribution, metabolism,
and elimination; the need for in-flight storage; and potential
off-target effects which may be magnified with microgravity
and prior safety concerns (e.g., anti-resorptives in long-term
use).

CURRENT SPACEFLIGHT
COUNTERMEASURES AND KEY GAPS

Muscle atrophy during spaceflight has historically been
addressed through resistive and aerobic exercise protocols,
beginning with the Interim Resistive Exercise Device (iRED)
on the ISS, which provided limited load and was insufficient
to attenuate atrophy (82). The introduction of the Advanced
Resistive Exercise Device (ARED) improved preservation of

muscle mass and strength, yet lower-limb atrophy remains
common (83–85), likely due to suboptimal total loading time
(23). Compact strategies such as neuromuscular electrical
stimulation (NMES) have emerged from bed-rest analog
studies as potential interventions, capable of inducing tar-
geted contractions without large devices (86, 87), and there
are several studies ongoing using NMES in unloading and
spaceflight conditions with the ESA (88). Wearable systems
like the gravity loading countermeasure skinsuit (GLCS) pro-
vide axial loading and enhance proprioceptive input but
have shown only partial efficacy in maintaining muscle
function during prolonged unloading (89, 90), and blood
flow restriction training has been trialed upon Polaris Dawn
and FRAM2 low-Earth orbit missions. Recently, a new sys-
tem has been tested that offers resistive, plyometric, and
sensorimotor exercises, which is a step in the right direction
(91). However, the key gap remains the need for integrated,
compact systems that can maintain muscle mass and
strength in partial gravity environments.

Bone loss has been a persistent challenge, with early
countermeasures relying solely on exercise proving inad-
equate (28). Pharmacologic interventions have provided
some success; for example, alendronate combined with
resistive exercise significantly reduced hip and spine bone
loss during ISS missions (23, 84). Recent advances include
BP-NELL-PEG and additional candidates such as sclero-
stin inhibitors (e.g., romosozumab), cathepsinK inhibitors,
and pulsatile parathyroid hormone analogs (teriparatide,

Figure 2. Musculoskeletal countermeasure
considerations across gravitational environ-
ments. Summary of current countermeasure
coverage, operational risks, and future inter-
vention/research opportunities for bone,
muscle, and connective tissues in micrograv-
ity (0 g), lunar gravity (0.16 g), Martian gravity
(0.38 g), Earth gravity (1 g), and during re-
entry (>1 G). The battery icon row indicates
the relative presence of existing counter-
measures (low/none ¼ red, moderate ¼
orange, adequate/high ¼ green) in each
environment. The row below highlights envi-
ronment-specific physiological considera-
tions and unmet needs, including limited
human data, acute/chronic stressors, and
systemic molecular changes.The bottom
row shows priority areas fornext-generation
countermeasures, including personalized
interventions and realtime physiological
monitoring. Figure created with a licensed
version of BioRender.com.
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abaloparatide) could provide potent anabolic or antiresorp-
tive effects with low dosing frequency, while experimental
agents like senolytics or myokine mimetics (e.g., irisin) offer
the potential to enhance osteoblast function and cross-tissue
musculoskeletal health (92–95). The critical gap is translat-
ing these targeted biologics into human testing through
models such as limb unloading and establishing dosing/con-
current optimized exercise and nutrition strategies that are
effective in partial gravity for Moon orMarsmissions.

Tendons have historically received less focus in space-
flight countermeasure programs, despite evidence that they
lose stiffness and structural integrity during unloading,
increasing injury risk upon reloading (6, 47). Even with daily
exercise, human studies report declines in tendon stiffness
after months in microgravity or bed-rest analogs (39, 85).
Revamping strategies that include in-flightmonitoring using
devices could enable personalized exercise adjustments (96).
However, effective tendon-specific training, such as eccen-
tric or high-impact loading, has not yet been systematically
implemented on ISS or partial-gravity missions. Much like
muscle and bone, pharmacologic and biologic interven-
tions could complement mechanical loading; candidate
approaches include local delivery of IGF-1 or bone mor-
phogenetic protein-enhanced scaffolds to stimulate colla-
gen synthesis, senolytic regimens to clear dysfunctional
tendon cells, and emerging exosome-based or myokine-
mimetic therapies aimed at enhancing ECM remodeling
and tendon-bone integration (97, 98). The key gap is the
lack of countermeasures specifically targeting tendon
ECM remodeling and soft tissue injury prevention during
readaptation.

CONCLUSIONS

Despite recent advances, significant gaps remain in pro-
tecting the musculoskeletal system during spaceflight, par-
ticularly for long-duration Moon andMars missions. Current
exercise protocols slow, but do not fully prevent muscle atro-
phy, bone loss, or tendon stiffness decline, and most coun-
termeasures remain one-size-fits-all. There is a critical need
for personalized, adaptive strategies that integrate real-time
monitoring with exercise prescriptions to account for indi-
vidual variability in tissue responses (Fig. 2). Integrated
pharmacologic and exercise approaches represent a key
opportunity. Additional gaps include a lack of robust par-
tial-gravity studies to define minimum effective loading
thresholds for Moon and Mars, and the near absence of
protocols addressing readaptation and postflight injury
prevention. Finally, current countermeasure strategies
treat muscle, bone, and tendon in isolation, neglecting
interorgan cross talk mediated by myokines, osteokines,
and other signals; leveraging multiorgan biology and
space omics could enable systemic, multitissue counter-
measures that enhance both mission performance and
Earth-based clinical translation.

ACKNOWLEDGMENTS

We acknowledge the late Dr. Szewczyk, who passed away
before submitting this manuscript. The authors extend their sin-
cerest thanks to all Analysis Working Groups (AWG) members

and the broader scientific community around NASA Open
Science Data Repository, GeneLab, and the NASA Ames Life
Sciences Data Archive. Their contributions, dedication, and unwav-
ering commitment to our shared success are essential to future
research. Graphical abstract and Figs. 1 and 2 created with a
licensed version of BioRender.com.

DISCLAIMERS

Material has been reviewed by the Walter Reed Army Institute
of Research. There is no objection to its presentation and/or publi-
cation. The opinions or assertions contained herein are the pri-
vate views of the author, and are not to be construed as official, or
as reflecting true views of the Department of the Army or the
Department of Defense.

DISCLOSURES

No conflicts of interest, financial or otherwise, are declared by
the authors.

AUTHOR CONTRIBUTIONS

B.M.R. and J.R.B. prepared figures; B.M.R., C.S.D., N.J.S., V.A.F.,
T.M.-W., and J.R.B. drafted manuscript; B.M.R., C.S.D., V.A.F.,
T.M.-W., and J.R.B. edited and revised manuscript; B.M.R.,
C.S.D., V.A.F., T.M.-W., and J.R.B. approved final version of
manuscript.

REFERENCES

1. Trappe S, Costill D, Gallagher P, Creer A, Peters JR, Evans H, Riley
DA, Fitts RH. Exercise in space: human skeletal muscle after
6 months aboard the International Space Station. J Appl Physiol
(1985) 106: 1159–1168, 2009. doi:10.1152/japplphysiol.91578.2008.

2. LeBlanc A, Schneider V, Shackelford L,West S,Oganov V, Bakulin
A, Voronin L. Bone mineral and lean tissue loss after long duration
space flight. J Musculoskelet Neuronal Interact 1: 157–160, 2000.

3. Cadena SM, Zhang Y, Fang J, Brachat S, Kuss P, Giorgetti E,
Stodieck LS, Kneissel M, Glass DJ. Skeletal muscle in MuRF1 null
mice is not spared in low-gravity conditions, indicating atrophy pro-
ceeds by unique mechanisms in space. Sci Rep 9: 9397, 2019.
doi:10.1038/s41598-019-45821-9.

4. Allen DL, Bandstra ER, Harrison BC, Thorng S, Stodieck LS,
Kostenuik PJ, Morony S, Lacey DL, Hammond TG, Leinwand LL,
Argraves WS, Bateman TA, Barth JL. Effects of spaceflight on
murine skeletal muscle gene expression. J Appl Physiol (1985) 106:
582–595, 2009 [Erratum in J Appl Physiol 110: 298, 2011]. doi:10.
1152/japplphysiol.90780.2008.

5. Ulanova A, Gritsyna Y, Vikhlyantsev I, Salmov N, Bobylev A,
Abdusalamova Z, Rogachevsky V, Shenkman B, Podlubnaya Z.
Isoform composition and gene expression of thick and thin filament
proteins in striated muscles of mice after 30-day space flight.
Biomed Res Int 2015: 104735, 2015. doi:10.1155/2015/104735.

6. Reeves ND,Maganaris CN, Ferretti G, Narici MV. Influence of 90-
day simulated microgravity on human tendon mechanical properties
and the effect of resistive countermeasures. J Appl Physiol (1985)
98: 2278–2286, 2005. doi:10.1152/japplphysiol.01266.2004.

7. Deymier AC, Schwartz AG, Cai Z, Daulton TL, Pasteris JD, Genin
GM, Thomopoulos S. The multiscale structural and mechanical
effects of mouse supraspinatus muscle unloading on the mature
enthesis. Acta Biomater 83: 302–313, 2019. doi:10.1016/j.actbio.
2018.10.024.

8. Roffino S, Camy C, Foucault-Bertaud A, Lamy E, Pithioux M,
Chopard A. Negative impact of disuse and unloading on tendon
enthesis structure and function. Life Sci Space Res (Amst) 29: 46–
52, 2021. doi:10.1016/j.lssr.2021.03.001.

9. Zhang J, Gao Y, Yan J. Roles of myokines and muscle-derived
extracellular vesicles in musculoskeletal deterioration under disuse
conditions.Metabolites 14: 88, 2024. doi:10.3390/metabo14020088.

MUSCULOSKELETAL COUNTERMEASURES IN SPACEFLIGHT

C1990 AJP-Cell Physiol � doi:10.1152/ajpcell.00649.2025

Downloaded from journals.physiology.org/journal/ajpcell at Univ of Southampton (152.078.000.024) on December 10, 2025.

https://doi.org/10.1152/japplphysiol.91578.2008
https://doi.org/10.1038/s41598-019-45821-9
https://doi.org/10.1152/japplphysiol.90780.2008
https://doi.org/10.1152/japplphysiol.90780.2008
https://doi.org/10.1155/2015/104735
https://doi.org/10.1152/japplphysiol.01266.2004
https://doi.org/10.1016/j.actbio.2018.10.024
https://doi.org/10.1016/j.actbio.2018.10.024
https://doi.org/10.1016/j.lssr.2021.03.001
https://doi.org/10.3390/metabo14020088
https://doi.org/10.1152/ajpcell.00649.2025


10. Colaianni G, Mongelli T, Cuscito C, Pignataro P, Lippo L, Spiro G,
Notarnicola A, Severi I, Passeri G, Mori G, Brunetti G, Moretti B,
Tarantino U, Colucci SC, Reseland JE, Vettor R, Cinti S, Grano M.
Irisin prevents and restores bone loss and muscle atrophy in hind-
limb suspended mice. Sci Rep 7: 2811, 2017. doi:10.1038/s41598-017-
02557-8.

11. Sanesi L, Zerlotin R, Campiolo A, Oranger A, Dicarlo M, Suriano C,
Ghadiri A, Colaianni G, Grano M, Tavella S, Colucci S. Irisin pre-
vents the effects of simulated microgravity on bone and muscle dif-
ferentiation markers. FASEB Bioadv 7: e70032, 2025. doi:10.1096/
fba.2025-00085.

12. da Silveira WA, Fazelinia H, Rosenthal SB, Laiakis EC, Kim MS,
Meydan C, et al. Comprehensive multi-omics analysis reveals mito-
chondrial stress as a central biological hub for spaceflight impact.
Cell 183: 1185–1201.e20, 2020. doi:10.1016/j.cell.2020.11.002.

13. Overbey EG, Kim J, Tierney BT, Park J, Houerbi N, Lucaci AG, et al.
The Space Omics and Medical Atlas (SOMA) and international astro-
naut biobank. Nature 632: 1145–1154, 2024. doi:10.1038/s41586-
024-07639-y.

14. Selch F, Higashibata A, Imamizo-Sato M, Higashitani A, Ishioka N,
Szewczyk NJ, Conley CA. Genomic response of the nematode
Caenorhabditis elegans to spaceflight. Adv Space Res 41: 807–815,
2008. doi:10.1016/j.asr.2007.11.015.

15. Murgia M, Ciciliot S, Nagaraj N, Reggiani C, Schiaffino S, Franchi
MV, Pišot R, �Simuni�c B, Toniolo L, Blaauw B, Sandri M, Biolo G,
Fl€uck M, Narici MV,MannM. Signatures of muscle disuse in space-
flight and bed rest revealed by single muscle fiber proteomics.
PNAS Nexus 1: pgac086, 2022. doi:10.1093/pnasnexus/pgac086.

16. Berrios DC, Galazka J, Grigorev K, Gebre S, Costes SV. NASA
GeneLab: interfaces for the exploration of space omics data.Nucleic
Acids Res. 49: D1515–D1522, 2021. doi:10.1093/nar/gkaa887.

17. Camera A, Tabetah M, Casta~neda V, Kim J, Galsinh AS, Haro-
Vinueza A, Salinas I, Seylani A, Arif S, Das S, Mori MA, Carano A,
de Oliveira LC,Muratani M, Barker R, Zaksas V, Goel C, Dimokidis
E, Taylor DM, Jeong J, Overbey E,Meydan C, Porterfield DM, Díaz
JE, Caicedo A, Schisler JC, Laiakis EC,Mason CE, KimMS, Karouia
F, Szewczyk NJ, Beheshti A. Aging and putative frailty biomarkers
are altered by spaceflight. Sci Rep 14: 13098, 2024. doi:10.1038/
s41598-024-57948-5.

18. Nakamichi R, Asahara H. The role of mechanotransduction in
tendon. J Bone Miner Res 39: 814–820, 2024. doi:10.1093/jbmr/
zjae074.

19. Amiel D,Woo SL, Harwood FL, AkesonWH. The effect of immobili-
zation on collagen turnover in connective tissue: a biochemical-bio-
mechanical correlation. Acta Orthop Scand 53: 325–332, 1982.
doi:10.3109/17453678208992224.

20. Vico L, Collet P, Guignandon A, Lafage-Proust MH, Thomas T,
Rehaillia M, Alexandre C. Effects of long-term microgravity expo-
sure on cancellous and cortical weight-bearing bones of cosmonauts.
Lancet 355: 1607–1611, 2000. doi:10.1016/S0140-6736(00)02217-0.

21. Fitts RH, Trappe SW, Costill DL, Gallagher PM, Creer AC, Colloton
PA, Peters JR, Romatowski JG, Bain JL, Riley DA. Prolonged space
flight-induced alterations in the structure and function of human
skeletal muscle fibres. J Physiol 588: 3567–3592, 2010. doi:10.1113/
jphysiol.2010.188508.

22. de Boer MD, Maganaris CN, Seynnes OR, Rennie MJ, Narici MV.
Time course of muscular, neural and tendinous adaptations to
23 day unilateral lower-limb suspension in young men. J Physiol
583: 1079–1091, 2007. doi:10.1113/jphysiol.2007.135392.

23. Comfort P, McMahon JJ, Jones PA, Cuthbert M, Kendall K, Lake
JP, Haff GG. Effects of spaceflight on musculoskeletal health: a sys-
tematic review and meta-analysis, considerations for interplanetary
travel. Sports Med 51: 2097–2114, 2021. doi:10.1007/s40279-021-
01496-9.

24. Edgerton VR, Zhou MY, Ohira Y, Klitgaard H, Jiang B, Bell G,
Harris B, Saltin B, Gollnick PD, Roy RR. Human fiber size and enzy-
matic properties after 5 and 11 days of spaceflight. J Appl Physiol
(1985) 78: 1733–1739, 1995. doi:10.1152/jappl.1995.78.5.1733.

25. Murgia M, Rittweger J, Reggiani C, Bottinelli R, Mann M,
Schiaffino S, Narici MV. Spaceflight on the ISS changed the skeletal
muscle proteome of two astronauts. NPJ Microgravity 10: 60, 2024.
doi:10.1038/s41526-024-00406-3.

26. Blottner D,Moriggi M, Trautmann G, Furlan S, Block K, Gutsmann
M, Torretta E, Barbacini P, Capitanio D, Rittweger J, Limper U,

Volpe P, Gelfi C, Salanova M. Nitrosative stress in astronaut skeletal
muscle in spaceflight. Antioxidants (Basel) 13: 432, 2024. doi:10.
3390/antiox13040432.

27. Fernandez-Gonzalo R, Deane CS, Bailey DM. Experimental bed
rest as a model to investigate mechanisms of, and countermeasures
against, microgravity and disease-free inactivity. Exp Physiol 109:
647–649, 2024. doi:10.1113/EP091795.

28. Lang TF, Leblanc AD, Evans HJ, Lu Y. Adaptation of the proximal
femur to skeletal reloading after long-duration spaceflight. J Bone
Miner Res 21: 1224–1230, 2006. doi:10.1359/jbmr.060509.

29. Willey JS, Lloyd SA, Nelson GA, Bateman TA. Space radiation and
bone loss. Gravit Space Biol Bull 25: 14–21, 2011.

30. Juhl OJ, Buettmann EG, FriedmanMA, DeNapoli RC,Hoppock GA,
Donahue HJ. Update on the effects of microgravity on the musculo-
skeletal system. NPJ Microgravity 7: 28, 2021. doi:10.1038/s41526-
021-00158-4.

31. Narici MV, de Boer MD. Disuse of the musculo-skeletal system in
space and on earth. Eur J Appl Physiol 111: 403–420, 2011. doi:10.
1007/s00421-010-1556-x.

32. Jennings RT, Bagian JP. Musculoskeletal injury review in the U.S.
space program. Aviat Space Environ Med 67: 762–766, 1996.

33. Fiedler B, Jami M, Chilukuri SV, Ghali A, Phillips T, Shahzad
Ahmed A. Space flight missions over 6 months significantly increase
the risk of shoulder pathology and rotator cuff tears. JSES Int 9:
380–384, 2025. doi:10.1016/j.jseint.2024.11.002.

34. Globus RK,Morey-Holton E. Hindlimb unloading: rodent analog for
microgravity. J Appl Physiol (1985) 120: 1196–1206, 2016. doi:10.1152/
japplphysiol.00997.2015.

35. Etheridge T, Nemoto K, Hashizume T,Mori C, Sugimoto T, Suzuki
H, Fukui K, Yamazaki T, Higashibata A, Szewczyk NJ, Higashitani
A. The effectiveness of RNAi in Caenorhabditis elegans is main-
tained during spaceflight. PLoS One 6: e20459, 2011. doi:10.1371/
journal.pone.0020459.

36. Higashibata A, Hashizume T, Nemoto K, Higashitani N, Etheridge
T,Mori C, Harada S, Sugimoto T, Szewczyk NJ, Baba SA,Mogami
Y, Fukui K, Higashitani A. Microgravity elicits reproducible altera-
tions in cytoskeletal and metabolic gene and protein expression in
space-flown Caenorhabditis elegans. NPJ Microgravity 2: 15022,
2016. doi:10.1038/npjmgrav.2015.22.

37. Lawler JM, Song W, Demaree SR. Hindlimb unloading increases
oxidative stress and disrupts antioxidant capacity in skeletal mus-
cle. Free Radic Biol Med 35: 9–16, 2003. doi:10.1016/S0891-
5849(03)00186-2.

38. Scott A, Willis CRG, Muratani M, Higashitani A, Etheridge T,
Szewczyk NJ, Deane CS. Caenorhabditis elegans in microgravity:
an omics perspective. iScience 26: 107189, 2023. doi:10.1016/j.isci.
2023.107189.

39. Schoenrock B,Muckelt PE,Hastermann M, Albracht K,MacGregor
R, Martin D, Gunga H-C, Salanova M, Stokes MJ, Warner MB,
Blottner D.Muscle stiffness indicating mission crew health in space.
Sci Rep 14: 4196, 2024. doi:10.1038/s41598-024-54759-6.

40. Schwartz AG, Long F, Thomopoulos S. Enthesis fibrocartilage cells
originate from a population of Hedgehog-responsive cells modu-
lated by the loading environment. Development 142: 196–206, 2015.
doi:10.1242/dev.112714.

41. Svensson RB, Hassenkam T, Hansen P, Peter Magnusson S.
Viscoelastic behavior of discrete human collagen fibrils. J Mech
Behav Biomed Mater 3: 112–115, 2010. doi:10.1016/j.jmbbm.2009.
01.005.

42. Thorpe CT, Udeze CP, Birch HL, Clegg PD, Screen HRC.
Specialization of tendon mechanical properties results from interfas-
cicular differences. J R Soc Interface 9: 3108–3117, 2012. doi:10.
1098/rsif.2012.0362.

43. Kongsgaard M, Reitelseder S, Pedersen TG, Holm L, Aagaard P,
Kjaer M,Magnusson SP. Region specific patellar tendon hypertro-
phy in humans following resistance training. Acta Physiol (Oxf 191:
111–121, 2007. doi:10.1111/j.1748-1716.2007.01714.x.

44. Heinemeier KM, Kjaer M. In vivo investigation of tendon responses
to mechanical loading. J Musculoskelet Neuronal Interact 11: 115–
123, 2011.

45. Fessel G, Snedeker JG. Evidence against proteoglycan mediated
collagen fibril load transmission and dynamic viscoelasticity in
tendon. Matrix Biol 28: 503–510, 2009. doi:10.1016/j.matbio.
2009.08.002.

MUSCULOSKELETAL COUNTERMEASURES IN SPACEFLIGHT

AJP-Cell Physiol � doi:10.1152/ajpcell.00649.2025 C1991

Downloaded from journals.physiology.org/journal/ajpcell at Univ of Southampton (152.078.000.024) on December 10, 2025.

https://doi.org/10.1038/s41598-017-02557-8
https://doi.org/10.1038/s41598-017-02557-8
https://doi.org/10.1096/fba.2025-00085
https://doi.org/10.1096/fba.2025-00085
https://doi.org/10.1016/j.cell.2020.11.002
https://doi.org/10.1038/s41586-024-07639-y
https://doi.org/10.1038/s41586-024-07639-y
https://doi.org/10.1016/j.asr.2007.11.015
https://doi.org/10.1093/pnasnexus/pgac086
https://doi.org/10.1093/nar/gkaa887
https://doi.org/10.1038/s41598-024-57948-5
https://doi.org/10.1038/s41598-024-57948-5
https://doi.org/10.1093/jbmr/zjae074
https://doi.org/10.1093/jbmr/zjae074
https://doi.org/10.3109/17453678208992224
https://doi.org/10.1016/S0140-6736(00)02217-0
https://doi.org/10.1113/jphysiol.2010.188508
https://doi.org/10.1113/jphysiol.2010.188508
https://doi.org/10.1113/jphysiol.2007.135392
https://doi.org/10.1007/s40279-021-01496-9
https://doi.org/10.1007/s40279-021-01496-9
https://doi.org/10.1152/jappl.1995.78.5.1733
https://doi.org/10.1038/s41526-024-00406-3
https://doi.org/10.3390/antiox13040432
https://doi.org/10.3390/antiox13040432
https://doi.org/10.1113/EP091795
https://doi.org/10.1359/jbmr.060509
https://doi.org/10.1038/s41526-021-00158-4
https://doi.org/10.1038/s41526-021-00158-4
https://doi.org/10.1007/s00421-010-1556-x
https://doi.org/10.1007/s00421-010-1556-x
https://doi.org/10.1016/j.jseint.2024.11.002
https://doi.org/10.1152/japplphysiol.00997.2015
https://doi.org/10.1152/japplphysiol.00997.2015
https://doi.org/10.1371/journal.pone.0020459
https://doi.org/10.1371/journal.pone.0020459
https://doi.org/10.1038/npjmgrav.2015.22
https://doi.org/10.1016/S0891-5849(03)00186-2
https://doi.org/10.1016/S0891-5849(03)00186-2
https://doi.org/10.1016/j.isci.2023.107189
https://doi.org/10.1016/j.isci.2023.107189
https://doi.org/10.1038/s41598-024-54759-6
https://doi.org/10.1242/dev.112714
https://doi.org/10.1016/j.jmbbm.2009.01.005
https://doi.org/10.1016/j.jmbbm.2009.01.005
https://doi.org/10.1098/rsif.2012.0362
https://doi.org/10.1098/rsif.2012.0362
https://doi.org/10.1111/j.1748-1716.2007.01714.x
https://doi.org/10.1016/j.matbio.2009.08.002
https://doi.org/10.1016/j.matbio.2009.08.002
https://doi.org/10.1152/ajpcell.00649.2025


46. Christensen B, Dandanell S, Kjaer M, Langberg H. Effect of anti-
inflammatory medication on the running-induced rise in patella ten-
don collagen synthesis in humans. J Appl Physiol (1985) 110: 137–141,
2011. doi:10.1152/japplphysiol.00942.2010.

47. Magnusson SP, Langberg H, Kjaer M. The pathogenesis of tendin-
opathy: balancing the response to loading. Nat Rev Rheumatol 6:
262–268, 2010. doi:10.1038/nrrheum.2010.43.

48. Wang JC, Jia F, Yang G, Yang S, Campbell BH, Stone D,Woo SY.
Cyclic mechanical stretching of human tendon fibroblasts increases
the production of prostaglandin E2 and levels of cyclooxygenase
expression: a novel in vitro model study. Connect Tissue Res 44:
128–133, 2003. doi:10.1080/03008200390223909.

49. G€otschi T, Schulz N, Snedeker JG,Hanimann J, Franchi MV, Sp€orri
J. Three-dimensional mapping of shear wave velocity in human ten-
don: a proof of concept study. Sensors (Basel) 21: 1655, 2021. doi:10.
3390/s21051655.

50. Pearson SJ, Stadler S, Menz H, Morrissey D, Scott I, Munteanu S,
Malliaras P. Immediate and short-term effects of short- and long-
duration isometric contractions in patellar tendinopathy. Clin J Sport
Med 30: 335–340, 2020. doi:10.1097/JSM.0000000000000625.

51. Gebre SG, Scott RT, Saravia-Butler AM, Lopez DK, Sanders LM,
Costes SV. NASA open science data repository: open science for
life in space.Nucleic Acids Res 53: D1697–D1710, 2025. doi:10.1093/
nar/gkae1116.

52. Patel ZS, Brunstetter TJ, Tarver WJ,Whitmire AM, Zwart SR, Smith
SM,Huff JL. Red risks for a journey to the red planet: the highest pri-
ority human health risks for a mission to Mars. NPJ Microgravity 6:
33, 2020. doi:10.1038/s41526-020-00124-6.

53. Scott JM, Feiveson AH, English KL, Spector ER, Sibonga JD, Dillon
EL, Ploutz-Snyder L, Everett ME. Effects of exercise countermeas-
ures on multisystem function in long duration spaceflight astronauts.
NPJ Microgravity 9: 11, 2023. doi:10.1038/s41526-023-00256-5.

54. Zhao T, Tang X, Umeshappa CS, Ma H, Gao H, Deng Y, Freywald
A, Xiang J. Simulated microgravity promotes cell apoptosis through
suppressing Uev1A/TICAM/TRAF/NF-kappaB-regulated anti-apopto-
sis and p53/PCNA- and ATM/ATR-Chk1/2-controlled DNA-damage
response pathways. J Cell Biochem 117: 2138–2148, 2016. doi:10.
1002/jcb.25520.

55. Rudolf AM, Hood WR. Mitochondrial stress in the spaceflight envi-
ronment. Mitochondrion 76: 101855, 2024. doi:10.1016/j.mito.2024.
101855.

56. Booth FW, Criswell DS. Molecular events underlying skeletal mus-
cle atrophy and the development of effective countermeasures. Int J
Sports Med 18, Suppl 4: S265–9, 1997. doi:10.1055/s-2007-972723.

57. Vandenburgh H, Chromiak J, Shansky J, Del Tatto M, Lemaire J.
Space travel directly induces skeletal muscle atrophy. FASEB J 13:
1031–1038, 1999. doi:10.1096/fasebj.13.9.1031.

58. Higashibata A, Szewczyk NJ, Conley CA, Imamizo-Sato M,
Higashitani A, Ishioka N. Decreased expression of myogenic tran-
scription factors and myosin heavy chains in Caenorhabditis elegans
muscles developed during spaceflight. J Exp Biol 209: 3209–3218,
2006 [Erratum in J Exp Biol 2006, 209: 3695]. doi:10.1242/jeb.
02365.

59. Mathyk BA, Tabetah M, Karim R, Zaksas V, Kim J, Anu RI,
Muratani M, Tasoula A, Singh RS, Chen YK, Overbey E, Park J,
Cope H, Fazelinia H, Povero D, Borg J, Klotz RV, Yu M, Young SL,
Mason CE, Szewczyk N, St Clair RM, Karouia F, Beheshti A.
Spaceflight induces changes in gene expression profiles linked to
insulin and estrogen. Commun Biol 7: 692, 2024. doi:10.1038/
s42003-023-05213-2.

60. Deane CS, Piasecki M, Atherton PJ. Skeletal muscle immobilisa-
tion-induced atrophy: mechanistic insights from human studies. Clin
Sci (Lond) 138: 741–756, 2024. doi:10.1042/CS20231198.

61. Lane HW, Bourland C, Barrett A, Heer M, Smith SM. The role of
nutritional research in the success of human space flight. Adv Nutr
4: 521–523, 2013. doi:10.3945/an.113.004101.

62. Stein TP, Schulter MD, Boden G. Development of insulin resistance
by astronauts during spaceflight. Aviat Space Environ Med 65:
1091–1096, 1994.

63. Townsend LK,MacPherson REK,Wright DC. New horizon: exercise
and a focus on tissue-brain crosstalk. J Clin Endocrinol Metab 106:
2147–2163, 2021. doi:10.1210/clinem/dgab333.

64. Nederveen JP,Warnier G, Di Carlo A, Nilsson MI, Tarnopolsky MA.
Extracellular vesicles and exosomes: insights from exercise science.
Front Physiol 11: 604274, 2020. doi:10.3389/fphys.2020.604274.

65. Bostr€om P,Wu J, Jedrychowski MP, Korde A, Ye L, Lo JC, Rasbach
KA, Bostr€om EA, Choi JH, Long JZ, Kajimura S, Zingaretti MC,
Vind BF, Tu H, Cinti S, Højlund K, Gygi SP, Spiegelman BM. A
PGC1-alpha-dependent myokine that drives brown-fat-like develop-
ment of white fat and thermogenesis. Nature 481: 463–468, 2012.
doi:10.1038/nature10777.

66. Timmons JA, Baar K, Davidsen PK, Atherton PJ. Is irisin a human
exercise gene? Nature 488: E9–E10, 2012. doi:10.1038/nature11364.

67. Jedrychowski MP, Wrann CD, Paulo JA, Gerber KK, Szpyt J,
Robinson MM, Nair KS, Gygi SP, Spiegelman BM. Detection and
Quantitation of Circulating Human Irisin by Tandem Mass
Spectrometry. Cell Metab 22: 734–740, 2015. doi:10.1016/j.cmet.
2015.08.001.

68. Hu X, Wang Z, Wang W, Cui P, Kong C, Chen X, Lu S. Irisin as an
agent for protecting against osteoporosis: a review of the current
mechanisms and pathways. J Adv Res 62: 175–186, 2024. doi:10.
1016/j.jare.2023.09.001.

69. Park J, Kim J, Mikami T. Exercise hormone irisin prevents physical
inactivity-induced cognitive decline in mice. Behav Brain Res 433:
114008, 2022. doi:10.1016/j.bbr.2022.114008.

70. MacPherson REK. Filling the void: a role for exercise-induced BDNF
and brain amyloid precursor protein processing. Am J Physiol Regul
Integr Comp Physiol 313: R585–R593, 2017. doi:10.1152/ajpregu.
00255.2017.

71. Sanesi L, Storlino G, Dicarlo M, Oranger A, Zerlotin R, Pignataro P,
Suriano C, Guida G, Grano M, Colaianni G, Colucci SC. Time-
dependent unloading effects on muscle and bone and involvement
of FNDC5/irisin axis. NPJ Microgravity 9: 4, 2023. doi:10.1038/
s41526-023-00251-w.

72. Kawao N, Moritake A, Tatsumi K, Kaji H. Roles of irisin in the link-
age from muscle to bone during mechanical unloading in mice.
Calcif Tissue Int 103: 24–34, 2018. doi:10.1007/s00223-018-0387-3.

73. Arhire LI, Mihalache L, Covasa M. Irisin: a hope in understanding
and managing obesity and metabolic syndrome. Front Endocrinol
(Lausanne) 10: 524, 2019. doi:10.3389/fendo.2019.00524.

74. Kerr NR,Mossman CW, Chou CH, Bunten JM, Kelty TJ, Childs TE,
Rector RS, Arnold WD, Grisanti LA, Du X, Booth FW. Hindlimb
immobilization induces insulin resistance and elevates mitochondrial
ROS production in the hippocampus of female rats. J Appl Physiol
(1985) 137: 512–526, 2024. doi:10.1152/japplphysiol.00234.2024.

75. Khan SU, Ghafoor S. Discovery challenges and therapeutic impedi-
ments. J Pak Med Assoc 69: 1014–1017, 2019.

76. Cannavo A, Carandina A, Corbi G, Tobaldini E,Montano N, Arosio
B. Are skeletal muscle changes during prolonged space flights simi-
lar to those experienced by frail and sarcopenic older adults? Life
(Basel) 12: 2139, 2022. doi:10.3390/life12122139.

77. Lee SJ, Lehar A,Meir JU, Koch C,Morgan A,Warren LE, Rydzik R,
Youngstrom DW, Chandok H, George J, Gogain J, Michaud M,
Stoklasek TA, Liu Y, Germain-Lee EL. Targeting myostatin/activin A
protects against skeletal muscle and bone loss during spaceflight.
Proc Natl Acad Sci USA 117: 23942–23951, 2020. doi:10.1073/pnas.
2014716117.

78. Lee SJ, Bhasin S, Klickstein L, Krishnan V, Rooks D. Challenges
and future prospects of targeting myostatin/activin a signaling to
treat diseases of muscle loss and metabolic dysfunction. J Gerontol
A Biol Sci Med Sci 78: 32–37, 2023. doi:10.1093/gerona/glad033.

79. Cruz-Jentoft AJ, Bahat G, Bauer J, Boirie Y, Bruy�ere O, Cederholm
T, Cooper C, Landi F, Rolland Y, Sayer AA, Schneider SM, Sieber
CC, Topinkova E, Vandewoude M, Visser M, Zamboni M; Writing
Group for the European Working Group on Sarcopenia in Older
People 2 (EWGSOP2), and the Extended Group for EWGSOP2.
Sarcopenia: revised European consensus on definition and diagno-
sis. Age Ageing 48: 16–31, 2019 [Erratum in Age Ageing 48: 601,
2019]. doi:10.1093/ageing/afy169.

80. Tezze C, Amendolagine FI, Nogara L, Baraldo M, Ciciliot S,
Arcidiacono D, Zaramella A, Masiero G, Ferrarese G, Realdon S,
Blaauw B, Detienne G, Beliën AT, Sandri M,Mercken EM. A combi-
nation of metformin and galantamine exhibits synergistic benefits in
the treatment of sarcopenia. JCI Insight 8: e168787, 2023. doi:10.
1172/jci.insight.168787.

MUSCULOSKELETAL COUNTERMEASURES IN SPACEFLIGHT

C1992 AJP-Cell Physiol � doi:10.1152/ajpcell.00649.2025

Downloaded from journals.physiology.org/journal/ajpcell at Univ of Southampton (152.078.000.024) on December 10, 2025.

https://doi.org/10.1152/japplphysiol.00942.2010
https://doi.org/10.1038/nrrheum.2010.43
https://doi.org/10.1080/03008200390223909
https://doi.org/10.3390/s21051655
https://doi.org/10.3390/s21051655
https://doi.org/10.1097/JSM.0000000000000625
https://doi.org/10.1093/nar/gkae1116
https://doi.org/10.1093/nar/gkae1116
https://doi.org/10.1038/s41526-020-00124-6
https://doi.org/10.1038/s41526-023-00256-5
https://doi.org/10.1002/jcb.25520
https://doi.org/10.1002/jcb.25520
https://doi.org/10.1016/j.mito.2024.101855
https://doi.org/10.1016/j.mito.2024.101855
https://doi.org/10.1055/s-2007-972723
https://doi.org/10.1096/fasebj.13.9.1031
https://doi.org/10.1242/jeb.02365
https://doi.org/10.1242/jeb.02365
https://doi.org/10.1038/s42003-023-05213-2
https://doi.org/10.1038/s42003-023-05213-2
https://doi.org/10.1042/CS20231198
https://doi.org/10.3945/an.113.004101
https://doi.org/10.1210/clinem/dgab333
https://doi.org/10.3389/fphys.2020.604274
https://doi.org/10.1038/nature10777
https://doi.org/10.1038/nature11364
https://doi.org/10.1016/j.cmet.2015.08.001
https://doi.org/10.1016/j.cmet.2015.08.001
https://doi.org/10.1016/j.jare.2023.09.001
https://doi.org/10.1016/j.jare.2023.09.001
https://doi.org/10.1016/j.bbr.2022.114008
https://doi.org/10.1152/ajpregu.00255.2017
https://doi.org/10.1152/ajpregu.00255.2017
https://doi.org/10.1038/s41526-023-00251-w
https://doi.org/10.1038/s41526-023-00251-w
https://doi.org/10.1007/s00223-018-0387-3
https://doi.org/10.3389/fendo.2019.00524
https://doi.org/10.1152/japplphysiol.00234.2024
https://doi.org/10.3390/life12122139
https://doi.org/10.1073/pnas.2014716117
https://doi.org/10.1073/pnas.2014716117
https://doi.org/10.1093/gerona/glad033
https://doi.org/10.1093/ageing/afy169
https://doi.org/10.1172/jci.insight.168787
https://doi.org/10.1172/jci.insight.168787
https://doi.org/10.1152/ajpcell.00649.2025


81. Soni P, Edwards H, Anupom T, Rahman M, Lesanpezeshki L,
Blawzdziewicz J, Cope H, Gharahdaghi N, Scott D, Toh LS,
Williams PM, Etheridge T, Szewczyk N, Willis CRG, Vanapalli SA.
Spaceflight induces strength decline in caenorhabditis elegans.
Cells 12: 2470, 2023. doi:10.3390/cells12202470.

82. Schneider SM, Amonette WE, Blazine K, Bentley J, Lee SM, Loehr
JA,Moore AD Jr, Rapley M,Mulder ER, Smith SM. Training with the
International Space Station interim resistive exercise device. Med
Sci Sports Exerc 35: 1935–1945, 2003. doi:10.1249/01.MSS.
0000093611.88198.08.

83. Loehr JA, Lee SM, English KL, Sibonga J, Smith SM, Spiering BA,
Hagan RD. Musculoskeletal adaptations to training with the
advanced resistive exercise device. Med Sci Sports Exerc 43: 146–
156, 2011. doi:10.1249/MSS.0b013e3181e4f161.

84. Sibonga J, Matsumoto T, Jones J, Shapiro J, Lang T, Shackelford
L, Smith SM, Young M, Keyak J, Kohri K, Ohshima H, Spector E,
LeBlanc A. Resistive exercise in astronauts on prolonged space-
flights provides partial protection against spaceflight-induced bone
loss. Bone 128: 112037, 2019. doi:10.1016/j.bone.2019.07.013.

85. Bosutti A, Ganse B, Maffiuletti NA, W€ust RCI, Strijkers GJ,
Sanderson A, Degens H.Microgravity-induced changes in skeletal
muscle and possible countermeasures: what we can learn from bed
rest and human space studies. Exp Physiol 10.1113/EP092345, 2025.
doi:10.1113/EP092345.

86. Matsakas A, Deane C. From Earth to orbit: how to preserve muscle
health in space and bed rest. Exp Physiol 10.1113/EP092729, 2025.
doi:10.1113/EP092729.

87. Hardy EJ, Hatt J, Doleman B, Smart TF, Piasecki M, Lund JN,
Phillips BE. Post-operative electrical muscle stimulation attenuates
loss of muscle mass and function following major abdominal surgery
in older adults: a split body randomised control trial. Age Ageing 51:
afac234, 2022. doi:10.1093/ageing/afac234.

88. Maffiuletti NA, Green DA, Vaz MA, Dirks ML. Neuromuscular elec-
trical stimulation as a potential countermeasure for skeletal muscle
atrophy and weakness during human spaceflight. Front Physiol 10:
1031, 2019. doi:10.3389/fphys.2019.01031.

89. Carvil PA, Attias J, Evetts SN,Waldie JM, Green DA. The effect of
the gravity loading countermeasure skinsuit upon movement and
strength. J Strength Cond Res 31: 154–161, 2017. doi:10.1519/JSC.
0000000000001460.

90. Macaulay TR, Peters BT, Wood SJ, Cl�ement GR, Oddsson L,
Bloomberg JJ. Developing proprioceptive countermeasures to

mitigate postural and locomotor control deficits after long-duration
spaceflight. Front Syst Neurosci 15: 658985, 2021. doi:10.3389/
fnsys.2021.658985.

91. B€ocker J, Zange J, Gruber M, Fau G, Rawer R, T€orholm S, Runge
A, Rittweger J.NEX4EX - A novel exercise device enabling resistive,
plyometric and sensorimotor training during deep-space missions: a
case report (Preprint). Exp Physiol, 2025. doi:10.1113/EP092721.

92. Ha P, Kwak JH, Zhang Y, Shi J, Tran L, Liu TP, Pan HC, Lee S, Kim
JK, Chen E, Shirazi-Fard Y, Stodieck LS, Lin A, Zheng Z, Dong SN,
Zhang X, Wu BM, Ting K, Soo C. Bisphosphonate conjugation
enhances the bone-specificity of NELL-1-based systemic therapy for
spaceflight-induced bone loss in mice. NPJ Microgravity 9: 75,
2023. doi:10.1038/s41526-023-00319-7.

93. McClung MR, Grauer A, Boonen S, Bolognese MA, Brown JP,
Diez-Perez A, Langdahl BL, Reginster JY, Zanchetta JR,
Wasserman SM, Katz L, Maddox J, Yang YC, Libanati C, Bone
HG. Romosozumab in postmenopausal women with low bone
mineral density. N Engl J Med 370: 412–420, 2014. doi:10.1056/
NEJMoa1305224.

94. McClung MR, O’Donoghue ML, Papapoulos SE, Bone H,
Langdahl B, Saag KG, et al. Odanacatib for the treatment of post-
menopausal osteoporosis: results of the LOFT multicentre, rando-
mised, double-blind, placebo-controlled trial and LOFT Extension
study. Lancet Diabetes Endocrinol 7: 899–911, 2019. doi:10.1016/
S2213-8587(19)30346-8.

95. Wang Y, Che L, Chen X, He Z, Song D, Yuan Y, Liu C. Repurpose
dasatinib and quercetin: Targeting senescent cells ameliorates post-
menopausal osteoporosis and rejuvenates bone regeneration.
Bioact Mater 25: 13–28, 2023. doi:10.1016/j.bioactmat.2023.01.009.

96. Schneider S, Peipsi A, Stokes M, Knicker A, Abeln V. Feasibility of
monitoring muscle health in microgravity environments using
Myoton technology. Med Biol Eng Comput 53: 57–66, 2015. doi:10.
1007/s11517-014-1211-5.

97. Docheva D,M€uller SA,Majewski M, Evans CH. Biologics for tendon
repair. Adv Drug Deliv Rev. 84: 222–239, 2015. doi:10.1016/j.addr.
2014.11.015.

98. Citro V, Clerici M, Boccaccini AR, Della Porta G,Maffulli N, Forsyth
NR. Tendon tissue engineering: an overview of biologics to promote
tendon healing and repair. J Tissue Eng 14: 20417314231196275,
2023 [Erratum in J Tissue Eng 16: 20417314251380714, 2025]. doi:10.
1177/20417314231196275.

MUSCULOSKELETAL COUNTERMEASURES IN SPACEFLIGHT

AJP-Cell Physiol � doi:10.1152/ajpcell.00649.2025 C1993

Downloaded from journals.physiology.org/journal/ajpcell at Univ of Southampton (152.078.000.024) on December 10, 2025.

https://doi.org/10.3390/cells12202470
https://doi.org/10.1249/01.MSS.0000093611.88198.08
https://doi.org/10.1249/01.MSS.0000093611.88198.08
https://doi.org/10.1249/MSS.0b013e3181e4f161
https://doi.org/10.1016/j.bone.2019.07.013
https://doi.org/10.1113/EP092345
https://doi.org/10.1113/EP092729
https://doi.org/10.1093/ageing/afac234
https://doi.org/10.3389/fphys.2019.01031
https://doi.org/10.1519/JSC.0000000000001460
https://doi.org/10.1519/JSC.0000000000001460
https://doi.org/10.3389/fnsys.2021.658985
https://doi.org/10.3389/fnsys.2021.658985
https://doi.org/10.1113/EP092721
https://doi.org/10.1038/s41526-023-00319-7
https://doi.org/10.1056/NEJMoa1305224
https://doi.org/10.1056/NEJMoa1305224
https://doi.org/10.1016/S2213-8587(19)30346-8
https://doi.org/10.1016/S2213-8587(19)30346-8
https://doi.org/10.1016/j.bioactmat.2023.01.009
https://doi.org/10.1007/s11517-014-1211-5
https://doi.org/10.1007/s11517-014-1211-5
https://doi.org/10.1016/j.addr.2014.11.015
https://doi.org/10.1016/j.addr.2014.11.015
https://doi.org/10.1177/20417314231196275
https://doi.org/10.1177/20417314231196275
https://doi.org/10.1152/ajpcell.00649.2025

	bkmk_bookmark_1
	bkmk_bookmark_2
	bkmk_bookmark_3
	bkmk_bookmark_4
	bkmk_bookmark_5
	bkmk_bookmark_6
	bkmk_bookmark_7
	bkmk_bookmark_8
	bkmk_bookmark_9
	bkmk_bookmark_AC
	bkmk_bookmark_10
	bkmk_bookmark_11
	bkmk_bookmark_12
	bkmk_bookmark_13


