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Among the physiological consequences of extended spaceflight
are loss of skeletal muscle and bone mass. One signaling pathway
that plays an important role in maintaining muscle and bone
homeostasis is that regulated by the secreted signaling proteins,
myostatin (MSTN) and activin A. Here, we used both genetic and
pharmacological approaches to investigate the effect of targeting
MSTN/activin A signaling in mice that were sent to the Interna-
tional Space Station. Wild type mice lost significant muscle and
bone mass during the 33 d spent in microgravity. Muscle weights
of Mstn '~ mice, which are about twice those of wild type mice,
were largely maintained during spaceflight. Systemic inhibition of
MSTN/activin A signaling using a soluble form of the activin type
1B receptor (ACVR2B), which can bind each of these ligands, led to
dramatic increases in both muscle and bone mass, with effects
being comparable in ground and flight mice. Exposure to micro-
gravity and treatment with the soluble receptor each led to alter-
ations in numerous signaling pathways, which were reflected in
changes in levels of key signaling components in the blood as well
as their RNA expression levels in muscle and bone. These findings
have implications for therapeutic strategies to combat the con-
comitant muscle and bone loss occurring in people afflicted with
disuse atrophy on Earth as well as in astronauts in space, especially
during prolonged missions.
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yostatin (MSTN, GDF-8) is a transforming growth factor-p

(TGF-p) superfamily member that normally acts to limit
skeletal muscle mass (1, 2). Mice carrying a targeted deletion of
the Mstn gene exhibit dramatic muscle growth, with individual
muscles weighing about twice as much as those of wild type mice
(2). The function of MSTN has been strongly conserved through
evolution, as targeted or naturally occurring mutations in cattle
(3-5), sheep (6), dogs (7), rabbits (8), rats (9), swine (10), and goats
(11) have all been shown to lead to increased muscling. Moreover, a
heavily muscled boy was found to carry a mutation in a splice site in
the MSTN gene, showing that MSTN plays a similar role in humans
as well (12). A number of pharmaceutical and biotechnology
companies have developed MSTN inhibitors that have been tested
in human clinical trials for a wide range of conditions characterized
by muscle loss, although none of these trials have yet led to drug
approval for clinical use in any disease setting.

The function of MSTN in muscle is at least partially redundant
with that of another TGF-p family member, activin A (13-16).
Like other TGF-p family members, both MSTN and activin A
signal through a complex of type II and type I receptors. Sig-
naling is initiated by binding of these ligands to the activin type II
receptors, ACVR2 and ACVR2B (17). A decoy receptor
(ACVR2B/Fc) consisting of the extracellular, ligand-binding
domain of ACVR2B fused to an immunoglobulin Fc domain
has been shown to be a potent inhibitor of MSTN and activin A
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signaling and, as a result, can induce significant muscle growth
when given systemically to wild type mice (13). Indeed, by
blocking both ligands, this decoy receptor can induce signifi-
cantly more muscle growth than other MSTN inhibitors, and at
high doses, ACVR2B/Fc¢ can induce over 50% muscle growth in
just 2 wk.

Moreover, because this decoy receptor can block not only
MSTN but also activin A, systemic administration of ACVR2B/
Fc can also lead to significant increases in bone density (18-20).
The dual ability of ACVR2B/Fc to promote muscle growth and
to increase bone density has suggested the possibility that this
therapeutic strategy may be particularly useful to combat si-
multaneously comorbid muscle and bone loss, and indeed, this
strategy has been shown to be effective in a mouse model of
osteogenesis imperfecta, which is characterized by both muscle
atrophy and bone fragility (21, 22).

Another setting in which both muscle and bone loss can lead
to significant disability is disuse atrophy, which occurs not only
during aging and in individuals of all ages who are bedridden or
wheelchair-bound from illness but also in astronauts during
prolonged space travel. Although advances in exercise devices
and nutrition have significantly attenuated the bone mineral
density losses observed during prolonged missions on vehicles
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like the International Space Station (ISS) (23, 24), future ex-
ploration missions to destinations like Mars will be significantly
longer (~3 y) and impose mass constraints that will not allow for
the same, highly effective exercise equipment. Thus, therapeutic
strategies, such as those related to MSTN/activin A signaling,
may be critical to maintain astronaut health in such missions.
Here, we describe the results of a study, named Rodent
Research-19 or “Sending Mighty Mice to Space,” in which we
tested whether loss of MSTN/activin A signaling can prevent or
mitigate muscle and/or bone loss in mice sent to the ISS. We
show that inhibition of myostatin/activin A signaling can have a
significant protective effect against microgravity-induced muscle
and bone loss.

Results and Discussion

A total of 40 mice were launched on SpaceX-19 from the NASA
Kennedy Space Center (KSC) on December 5, 2019 and were
transferred to the ISS on December 10. The mice remained on-
board ISS until the departure of SpaceX on January 7, 2020 and
were delivered live to Explora Biolabs ~32 h after splashdown in
the Pacific Ocean (live animal return, LAR). The 40 mice
comprised five groups of eight female mice each, and a timeline
for the sequence of experimental interventions is shown in Fig. 14.
Three groups comprised untreated wild type mice, one group
comprised wild type mice that were treated with ACVR2B/Fc, and
one group comprised Mstn ~'~ mice. All but 16 uninjected wild type
mice were euthanized for analysis within the first 8 h after LAR.
The remaining 16 mice were maintained live at Explora for an
additional 14 d after LAR, with eight receiving two injections of
ACVR2B/Fc. In addition to this cohort of 40 flight mice, a cohort
of 24 ground control mice was maintained at KSC on a 2 d delay
relative to the flight mice so that the environmental conditions
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recorded for the flight mice aboard the ISS could be reproduced
for the ground mice. These ground control mice (eight uninjected
wild type, eight ACVR2B/Fc-injected wild type, and eight Mstn ~/7)
were sent by ground transport to Explora on the day corre-
sponding to LAR.

Exposure of wild type mice to microgravity for 33 d led to
significant muscle loss, with lean body mass being lower by 9%
and weights of pectoralis, triceps, quadriceps, gastrocnemius/
plantaris, and soleus muscles being lower by 8%, 8%, 15%, 14%,
and 18%, respectively, compared to wild type mice maintained on
Earth (Fig. 1B). As described previously (2), ground Mstn =/~
mice had an approximate doubling of muscle mass throughout the
body compared to ground wild fype mice (Fig. 1B). These differ-
ences were substantially maintained in Mstn ~'~ mice that returned
to Earth after being subjected to microgravity. There was a trend
toward lower values in flight versus ground Mstn ~'~ mice, with the
absolute differences being similar to those seen in flight versus
ground wild type mice; these differences, however, were signifi-
cantly smaller in Mstn ™'~ mice as a percentage of starting muscle
mass (Fig. 1C) and were not statistically significant. Regardless of
whether these differences are meaningful, these data show that the
enhanced muscling due to loss of MSTN is largely (if not entirely)
maintained following exposure to microgravity.

We observed a similar effect in mice in which we blocked
MSTN/activin A signaling by administering the ACVR2B/Fc
decoy receptor. We showed previously that treatment with
ACVR2B/Fc can induce rapid muscle growth (13), and indeed,
the decoy receptor increased lean body mass in ground mice by
11% in just 12 d (Fig. 1D). The ability of ACVR2B/Fc to pro-
mote muscle growth in microgravity was clearly evident in
comparing the data between the two in-flight dual-energy X-ray
absorptiometer (DXA) scans on days L+6 and L+28. Lean body
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Mitigation of skeletal muscle loss in microgravity by targeting myostatin/activin A signaling. (A) Schematic showing the timeline of interventions and

procedures. The timings of DXA scans, ACVR2B/Fc injections, and euthanasia are shown by orange, black, and green arrows, respectively. The timeline for
mice in groups 1 to 3 is labeled as “flight,” and the timeline for mice in groups 4 to 5 is labeled as “recovery” (see Methods for group designations). (B) Effect
of microgravity on lean body mass (Upper) and muscle weights (Lower) expressed as percent differences relative to uninjected ground mice at LAR. Bars in
Lower represent pectoralis (red), triceps (gray), quadriceps (blue), gastrocnemius/plantaris (green), and soleus (orange) muscles. G, ground control mice; F,
flight mice. (C) Percent differences in muscle weights in flight relative to corresponding ground mice at LAR. Bars represent muscles as described in B. None of
the differences seen in Mstn ~~ mice were statistically significant. (D) Changes in lean body mass (Upper) and total body fat (Lower) between the two in-flight
DXA scans on days L+6 and L+28. In the Upper, percent differences in lean mass were calculated relative to ground mice at day L+6 (i.e., all numbers were
normalized to ground mice at day +6, which was set to zero).? P < 0.05, ® P < 0.01, < P < 0.001 versus uninjected ground mice; ¢ P < 0.01, © P < 0.001 versus

ACVR2B/Fc-injected ground mice.
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mass in ACVR2B/Fc-treated flight mice increased by 27% over
these 22 d, which was even significantly more than the increases
seen in ground mice (18%). Comparison of data from the two in-
flight DXA scans also revealed a significant reduction in overall
body fat as a result of being subjected to microgravity (Fig. 1D),
although the variability in fat content in the ACVR2B/Fc-treated
flight mice was too large for us to draw any conclusions regarding
the effect of blocking this pathway on fat loss in microgravity. The
effect of the decoy receptor on promoting muscle growth was also
evident upon analysis of muscles at LAR, as weights of individual
muscles were significantly higher in ACVR2B/Fc-treated flight mice
even compared to uninjected ground mice (Fig. 1B). Although
overall muscle weights in ACVR2B/Fc-treated flight mice were
lower than in ACVR2B/Fc-treated ground mice, it is clear that
blocking this signaling pathway is effective in increasing muscle
growth in the setting of microgravity. Similar findings were recently
reported in which a MSTN monoclonal antibody was shown to be
capable of increasing muscle mass in mice in microgravity (25).
Unlike most other MSTN inhibitors, such as anti-MSTN
monoclonal antibodies, the ACVR2B/Fc decoy receptor with
its broader ligand specificity is capable of affecting not only
skeletal muscle growth but also bone homeostasis. Indeed,
treatment with ACVR2B/Fc resulted in substantial effects on
bone mineral density in both ground and flight mice, which was
apparent in comparing the data obtained from the two in-flight
DXA scans on days L+6 and L+28 (Fig. 24). Exposure of wild
type mice to these 22 d of microgravity led to significant reduc-
tions in bone mineral density (BMD) of the whole body, left
femur, and right femur by 8%, 11%, and 8%, respectively,
compared to mice maintained on Earth. Bone mineral content
(BMC) was also lower in flight mice compared to ground mice,
and the reduction in BMC was apparent even by the time of the
first in-flight DXA scans on day L+6 (Fig. 2B). Interestingly,
BMD in the humerus was not reduced in flight mice during this
22 d period, consistent with the differential effects of micro-
gravity on the femur and humerus reported in rats (26) and
humans (27). Surprisingly, BMD in the humerus was even higher
in flight mice compared to ground mice by the time of the first
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in-flight DXA scan on day L+6, with BMD of the left humerus
being 14% higher in flight mice (Fig. 24). Although additional
studies will be required to understand the basis of this phe-
nomenon, we speculate that this increase may reflect an adap-
tation in locomotion behavior in response to microgravity, with
mice preferentially loading their forelimbs relative to their hin-
dlimbs, as was also proposed by Maupin et al. (28), along with an
overall increase in physical activity (such as circling and “race-
tracking”) observed for mice at the ISS (29). Consistent with this
hypothesis, the relative magnitude of muscle loss was also
greater in the lower body (quadriceps, gastrocnemius, soleus)
compared to the upper body (triceps, pectoralis) (Fig. 1B).
Treatment of ground mice with ACVR2B/Fc resulted in in-
creases of whole body, left femur, and right femur BMD by 4%,
10%, and 9%, respectively (Fig. 24). ACVR2B/Fc was also ef-
fective in increasing BMD in flight mice, with BMD being
comparable in ACVR2B/Fc-treated flight mice compared to
uninjected ground mice. Although BMD was generally lower in
ACVR2B/Fc-treated flight mice than in ACVR2B/Fc-treated
ground mice, the differential in BMD between ACVR2B/Fc-
treated and uninjected mice was actually higher in flight mice
than in ground mice, demonstrating that treatment with the
decoy receptor afforded significant protection against bone loss
due to microgravity.

This protective effect on bone was assessed in detail by micro-
computed tomography (microCT) analysis of bones isolated at
LAR. ACVR2B/Fc treatment increased bone mass of long bones
and vertebrae not only in ground mice but also in flight mice
(Fig. 2C). Quantitative analysis of the microCT images revealed
that bone volume/total volume (BV/TV), trabecular thickness, tra-
becular number, and cortical thickness were all significantly reduced
(by 37%, 8%, 9%, and 9%, respectively) in femurs of uninjected flight
mice compared to uninjected ground mice (Table 1; see also SI Ap-
pendix, Table S1). These same parameters were increased significantly
in ACVR2B/Fc-treated ground mice compared to uninjected ground
mice (by 96%, 10%, 31%, and 12%, respectively). Strikingly, treat-
ment of flight mice with ACVR2B/Fc not only led to dramatic in-
creases in these parameters, but for two of these parameters (BV/TV
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Fig. 2. Mitigation of bone loss in microgravity by targeting myostatin/activin A signaling. (A) Changes in bone mineral density between the two in-flight
DXA scans on days L+6 and L+28. Percent differences were calculated relative to ground mice at day L+6 (i.e., all numbers were normalized to ground mice
at day +6, which was set to zero). (B) Changes in BMC. Percent differences were calculated relative to ground mice at day L-6 (i.e., all numbers were nor-
malized to ground mice at day -6, which was set to zero). (C) Representative microCT images of femurs and L4 vertebrae. ® P < 0.05, ® P < 0.01, € P < 0.001
versus uninjected ground mice; ¢ P < 0.05, ¢ P < 0.001, f P < 0.001 versus ACVR2B/Fc-injected ground mice.
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Table 1. MicroCT analysis

Ground uninjected

Flight uninjected

Ground + ACVR2B/Fc

Flight + ACVR2B/Fc

Femur (trabecular)

Bone volume fraction (BV/TV) 13.01 + 0.75 8.26 + 0.76° 25.56 + 0.56° 25.84 + 1.70'
Trabecular thickness (um) 57.7 + 1.1 53.0 + 1.1¢ 63.5 + 0.7 60.1 + 1.4%d
Trabecular number (1/mm) 3.83 + 0.09 3.47 + 0.09¢ 5.02 + 0.05¢ 5.27 + 0.16'
Trabecular spacing (pm) 253.6 + 6.1 286.7 + 7.8¢ 191.3 + 1.8° 180.3 + 5.8
Connectivity density (1/mm?3) 102.6 + 5.7 81.8 + 14.5 150.6 + 6.0° 196.4 + 8.1™P
Apparent density (mg/ccm HA) 166.5 + 8.1 108.6 + 6.5? 282.7 + 4.9° 275.8 + 16.6'
Tissue density (mm?3) 931.3 + 6.3 899.4 + 6.8° 9294 + 5.6 910.6 + 6.3¢
Total volume (mm?) 2.03 + 0.03 2.19 + 0.04¢ 2.06 + 0.03 2.24 + 0.02°
Bone volume (mm?3) 0.264 + 0.015 0.182 + 0.019¢ 0.526 + 0.017¢ 0.579 + 0.039'
Structure model index 2.19 + 0.09 2.80 + 0.17¢ 0.79 + 0.10° 0.72 + 0.16'
Bone surface (mm?) 12.57 + 0.55 9.80 + 0.87¢ 20.09 + 0.59¢ 23.34 + 0.82™¢
Specific bone surface (mm?) 48.85 + 1.07 56.35 + 1.20° 38.35 + 0.49¢ 40.84 + 1.33
Bone surface density (1/mm) 6.21 + 0.25 4.45 + 0.33° 9.76 + 0.16° 10.42 + 0.35'
BS/MV (1/mm) 7.15 + 0.36 487 + 0.41° 13.13 + 0.30° 14.17 + 0.83
Degree of anisotropy 1.42 + 0.02 1.32 + 0.02° 1.54 + 0.039 1.56 + 0.02'
L4 vertebrae
Bone volume fraction (BV/TV) 29.00 + 0.67 20.82 + 0.77° 36.52 + 0.63° 35.09 + 1.01°
Trabecular thickness (um) 54.0 + 1.1 46.6 + 0.6% 59.5 + 0.99 57.9 + 1.3
Trabecular number (1/mm) 494 + 0.07 4.62 + 0.08° 5.79 + 0.04¢ 5.66 + 0.10'
Trabecular spacing (um) 190.3 + 3.6 208.3 + 4.4° 163.5 + 1.6° 167.7 + 3.3
Connectivity density (1/mm3) 2141 £ 9.3 230.1 + 9.3 258.8 + 10.99 251.9 + 16.6
Apparent density (mg/ccm HA) 3283 +8.2 242.1 + 7.52 396.8 + 6.6° 384.7 + 9.4
Tissue density (mm?3) 948.8 + 5.3 925.0 + 2.4¢ 941.4 + 4.6 939.2 + 3.8%
Total volume (mm?3) 2.29 + 0.04 2.26 + 0.06 2.28 + 0.06 2.30 + 0.07
Bone volume (mm?3) 0.664 + 0.025 0.471 + 0.0242 0.832 + 0.027f 0.809 + 0.041
Structure model index -0.06 + 0.05 0.77 + 0.07° -0.75 + 0.10° —-0.54 + 0.11°
Bone surface (mm?) 27.21 + 0.66 23.73 + 1.02¢ 30.25 + 0.88" 30.31 + 1.16/
Specific bone surface (mm?) 40.98 + 0.85 50.80 + 0.81° 36.22 + 0.72f 37.47 + 1.04
Bone surface density (1/mm) 11.89 + 0.12 10.49 + 0.29° 13.27 + 0.09¢ 13.15 + 0.19'
BS/MV (1/mm) 16.76 + 0.28 13.28 + 0.48° 20.92 + 0.24° 20.30 + 0.50'
Degree of anisotropy 1.87 + 0.03 1.92 + 0.02 1.76 + 0.03" 1.75 + 0.04%

2P< 1074 °P<1073,°P<0.01,%P<0.05vs. corresponding ground cohort. © P< 1074, P < 1073, 9 P < 0.01, " P < 0.05 vs. ground uninjected. "P < 1074, 1 P <

1073, % P < 0.01, ™ P < 0.05 vs. flight uninjected.

and trabecular number), the absolute numbers were nearly indistin-
guishable from those of ACVR2B/Fc-treated ground mice; that is, for
BV/TV and trabecular number for the femurs, there appeared to be
minimal effect of microgravity, implying ACVR2B/Fc treatment ren-
dered the femurs completely resistant to the effect of microgravity.
Similar effects were also seen in humeri, although trabecular thickness
in humeri was unaffected by ACVR2B/Fc treatment in either ground
or flight mice (SI Appendix, Table S2). The protective effect of
ACVR2B/Fc was seen in L4 vertebrae as well (Table 1). Although
there was a trend toward lower numbers in ACVR2B/Fc-treated flight
mice compared to ACVR2B/Fc-treated ground mice, none of the
differences were statistically significant, suggesting that the vertebrae
seemed to be largely protected from microgravity-induced loss, which
was most evident when considering the differential between untreated
and ACVR2B/Fc-treated values in the flight groups. Similar results
were obtained on analysis of L2, L3, and L5 vertebrae (SI Appendix,
Tables S3-S5). Hence, blockade of MSTN/activin A signaling by
treatment with the ACVR2B/Fc decoy receptor can dramatically in-
crease bone mass even in the setting of microgravity and, furthermore,
can protect against bone loss caused by microgravity.

The bone protective effects of the ACVR2B/Fc decoy recep-
tor could be a direct effect of inhibition of ligands signaling to
bone and/or an indirect effect of enhanced muscling resulting in
increased mechanical load on the bones. To assess the contri-
bution of the latter, we analyzed the effect of microgravity on the
bones of Mstn ~'~ mice. Despite the dramatic muscling seen in
these mice, BV/TV, trabecular thickness, and apparent density
were actually lower in both the femurs and vertebrae of Mstn ~'~

Lee et al.

mice (see SI Appendix, Table S6), most likely as a result of the
unusual musculature in these mice. In Mstn ~~ mice exposed to
microgravity, BV/TV and trabecular number were lower in both
the femurs and vertebrae compared to Mstn ~'~ ground mice,
although the magnitude of the differences was smaller than that
seen in wild type flight mice compared to wild type ground mice.
Moreover, trabecular thickness in Mstn '~ mice was similar
between the flight and ground groups. Hence, although the in-
creased muscling in Mstn ~'~ mice may have afforded partial
protection from bone loss due to microgravity, our findings imply
that the near complete protection seen in mice treated with
ACVR2B/Fc likely reflects inhibition of signaling by ligands
other than MSTN directly to bone.

In addition to examining the effect of blocking this pathway on
muscle and bone loss during spaceflight, we also examined the
effect of administering ACVR2B/Fc to mice after return to
Earth. Lean body mass (Fig. 34) and muscle weights (Fig. 3B) of
mice were completely restored to baseline levels following 2 wk
on Earth even in the absence of treatment, suggesting that mice
recover lost muscle mass quickly after return to gravity; however,
because we did not measure body water content, we cannot rule
out the possibility that shifts in water content may account for
this apparent rapid recovery. Treatment of mice with ACVR2B/
Fc greatly potentiated the recovery of muscle mass, with weights
of pectoralis, triceps, quadriceps, gastrocnemius/plantaris, and
soleus muscles going from 8%, 8%, 15%, 14%, and 18%, re-
spectively, below baseline at LAR to 39%, 36%, 34%, 26%, and
20%, respectively, above baseline 2 wk after treatment on Earth.
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Fig. 3. Recovery of muscle and bone mass during the 2-wk recovery period
following return to Earth. Effect of 14 d of treatment with ACVR2B/Fc on (A)
lean body mass and femur BMD (by DXA), (B) muscle weights, and (C) femurs
and L4 vertebrae (by microCT). Bars in B represent pectoralis (red), triceps
(gray), quadriceps (blue), gastrocnemius/plantaris (green), and soleus (or-
ange) muscles. Numbers represent percent differences relative to uninjected
ground mice at LAR (i.e., all numbers were normalized to uninjected ground
mice at day L+35, which was set to zero). ? P < 0.05, ® P < 0.01, € P < 0.001
versus uninjected ground mice at LAR; dp< 0.01, € P < 0.001 versus unin-
jected flight mice at LAR; f P < 0.01, 9 P < 0.001 versus uninjected flight mice
on day 49.
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In the case of bone, not only did mice fail to recover lost bone
mass during the 2 wk recovery period, but they even appeared to
continue to lose additional bone mass after return to Earth (S
Appendix, Table S6). Treatment with ACVR2B/Fc, however, led
to significant conservation or gain of bone mass during this re-
covery period, with many of the parameters being partially or
entirely restored after 2 wk of treatment, which was apparent
even on gross examination of the microCT images of the femurs
and vertebrae (Fig. 3C). Hence, ACVR2B/Fc was effective in
promoting recovery of both muscle and bone mass following
spaceflight. This effect of ACVR2B/Fc on recovery of bone mass
is significant given that restoring bone health can pose a chal-
lenge for astronauts returning from space missions (30).

The effects of blocking MSTN/activin signaling in microgravity
were also reflected at the molecular level. We carried out pro-
teomic analysis of plasma using the SomaScan assay, which uses
aptamers to measure relative levels of over 5,000 secreted pro-
teins (31). A comparison of plasma samples between ACVR2B/
Fc-treated and uninjected mice on Earth revealed a large num-
ber of differences, which depended not only on the P value cutoff
used to assign statistical significance but also on the duration of
treatment. A list of the 50 most down-regulated and 50 most up-
regulated proteins in ground mice treated with ACVR2B/Fc for 5
wk is shown in SI Appendix, Tables S7 and S8. Visualizing these
differences by the corresponding heat map (Fig. 44) showed that
many of these differences were also seen in mice treated with
ACVR2B/Fc for 1 wk or 2 wk. Moreover, when the differences
were sorted based on the top up-regulated and down-regulated
proteins at the 1 wk time point, the overall pattern generally
persisted in subsequent time points. Finally, the patterns seen in
ACVR2B/Fc-treated ground mice were also very similar to the
patterns seen in flight mice injected with ACVR2B/Fc. These
similarities were evident in comparisons of ratios for all proteins as
well as in heat maps corresponding to just the most up-regulated
and down-regulated proteins and were seen in mice that were
injected either during flight or during the recovery period fol-
lowing return to Earth (Fig. 44). These results are consistent with
ACVR2B/Fc having similar effects in microgravity as on Earth.

Among the down-regulated proteins in ground mice at 1, 2,
and 5 wk of treatment were MSTN, activin AB, and BMP-9
(Fig. 4B and SI Appendix, Table S7), which likely reflected clear-
ance of these proteins by binding to ACVR2B/Fc. This was almost
certainly the case for MSTN, as Mstn RNA levels were actually
increased in muscles of ACVR2B/Fc-treated mice (Fig. 4C), and
skeletal muscle is by far the main source of circulating MSTN
protein. In this regard, the expression of Gdf11, which is highly
related to Mstn, was also up-regulated not only in muscle but also
in bone. Other TGF-p family members were down-regulated in
the plasma of ACVR2B/Fc-treated mice, including BMP-4, BMP-
6, BMP-7, and TGFp1 (Fig. 4B and SI Appendix, Table S7), none
of which are known to be capable of binding ACVR2B (32).

In addition to the TGF-f family, components of several other
key pathways were also modulated in ACVR2B/Fc-treated mice.
Strikingly, the first and fourth most up-regulated proteins in the
plasma of ACVR2B/Fc-treated ground mice were two known
ligands of osteoprotegerin (OPG), namely TRAIL (tumor ne-
crosis factor ligand superfamily member 10) and RANKL (tumor
necrosis factor ligand superfamily member 11), which were in-
creased by 474% and 172%, respectively (Fig. 54 and SI Ap-
pendix, Table S8). Although we do not know the tissue source of
these proteins in the plasma, RNA expression for TRAIL was
up-regulated in both muscle and bone, and RNA for RANKL
was up-regulated in bone [RANKL was not detected by RNA
sequencing (RNAseq) analysis in muscle] (Fig. 5B). Because
TRAIL and RANKL are known to regulate osteoclast differ-
entiation and survival (33-35), these findings suggest that in-
creased RANK (tumor necrosis factor receptor superfamily
member 11a) signaling may be involved in the regulation of bone
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growth and remodeling induced by ACVR2B/Fc. Interestingly,
the third known ligand for OPG, von Willebrand factor (VWF),
was the eighth most up-regulated protein (increased by 132%; SI
Appendix, Table S8). Although mice lacking VWF have been
reported to have normal bone density (36), transgenic mice
expressing a mutant form of the protein corresponding to that
seen in patients with platelet-type von Willebrand disease exhibit
a high bone mass phenotype (37). It is also known that mice (and
patients) with hemophilia due to lack of clotting factor VIII or
IX are osteoporotic and osteopenic (36, 38).

Because OPG itself was not identified in the proteomic anal-
ysis, with the signals being below the limit of detection in the
assay, we used an enzyme-linked immunosorbent assay (ELISA)
to measure OPG levels. Although there were no statistically
significant differences between ACVR2B/Fc-treated and unin-
jected ground mice or between uninjected flight and ground
mice, OPG levels were increased by 24% in ACVR2B/Fc-treated
compared to uninjected flight mice (Fig. 5C). The greatest dif-
ferences were observed in comparisons of Mstn ~'~ versus
uninjected mice, with OPG levels being increased by 72% and
40% in Mstn ~'~ flight and ground mice, respectively. In addition
to the role that OPG plays in modulating RANK signaling in
osteoclasts, OPG has been shown to be capable of increasing
muscle force when given to mdx mice (39, 40), which is a model
for muscular dystrophy, raising the possibility that OPG may play
a role in muscle hypertrophy induced by loss of MSTN/activin A
signaling. In this regard, the effect of OPG on mdx muscle was
reported to be greater than that induced by coadministration of
anti-RANKL and anti-TRAIL antibodies and was also seen in
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mice in which RANK had been targeted in muscle, suggesting
that OPG acts at least partly in a RANK-independent manner to
regulate muscle function (40).

Among the most down-regulated proteins in ACVR2B/Fc-
treated mice were components of other signaling pathways also
known to be important for maintaining bone homeostasis. In
particular, two hedgehog isoforms, IHH and SHH, were down-
regulated in ground mice following ACVR2B/Fc treatment for 1,
2, and 5 wk as well as in mice treated either during flight or
during the recovery period following return to Earth (Fig. 54
and SI Appendix, Table S7). In addition to the roles that IHH
and SHH play in regulating bone development, hedgehog sig-
naling is also important for maintaining bone homeostasis in
adult mice, with down-regulation of hedgehog signaling being
protective against bone loss (41, 42). Also striking in the plasma
analysis was that aptamers directed against three Dickkopf iso-
forms, DKK1, DKK2, and DKK4, corresponded to the second,
third, and 10th most down-regulated signals, respectively, in
ACVR2B/Fc-treated mice (Fig. 54 and SI Appendix, Table S7).
Because the aptamers for DKK2 and DKK4 show some cross-
reactivity to human DKKI1, additional studies will be required to
determine whether the three aptamers were all detecting dif-
ferences in levels of DKK1. Nevertheless, given that Dickkopfs
are secreted proteins capable of antagonizing Wnt signaling by
inhibiting the coreceptors LRPS5 and LRP6 (43, 44), these find-
ings suggest that increased Wnt signaling may also be involved in
the increase in bone mass induced by ACVR2B/Fc. Consistent
with this possibility, two other Wnt inhibitors, namely sFRP1 and
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WIF1, were also down-regulated as a result of ACVR2B/Fc
treatment (Fig. 54).

Levels of Wnt signaling components were also modulated as a
result of exposure to microgravity. For example, in contrast to what
was seen in ACVR2B/Fc-treated mice, WIF1 was up-regulated in
flight compared to ground uninjected mice (Fig. 54). Moreover, the
most down-regulated protein in response to microgravity was sFRP4
(secreted Frizzled-related protein 4), which was decreased by 37% in
flight mice compared to ground mice (Fig. 54 and SI Appendix, Table
S9). sFRP4 is known to be a Wnt regulator, and mutations in SFRP4
in humans have been shown to cause Pyle disease, which is charac-
terized by cortical bone fragility and fractures (45). Mice lacking
sFRP4 exhibit increased trabecular bone mass but reduced cortical
bone thickness and failure of bone remodeling (46). Given that
loss-of-function mutations in the Wnt receptor LRPS results in low
bone mass in both humans (47) and mice (48), the down-regulation
of sFRP4, taken together with changes in levels of several Wnt in-
hibitors, suggests that altered Wnt signaling may play a role in bone
loss resulting from exposure to microgravity and that the protective
effect of ACVR2B/Fc on microgravity-induced bone loss may result
at least in part by shifting the balance of Wnt regulators. Increasing
Wnat signaling has also been shown to be capable of driving muscle
hypertrophy (49), raising the possibility that modulation of levels of
these Wnt regulators systemically may also have contributed to
muscle growth induced by ACVR2B/Fc.

In addition to the Wnt pathway, another signaling pathway
implicated in the comparison of plasma profiles between flight
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and ground mice was that mediated by RAGE, which is a
transmembrane receptor for advanced glycosylation end prod-
ucts (50). SRAGE, which is a naturally occurring truncated form
of the receptor, was the top up-regulated protein in response to
microgravity (SI Appendix, Table S10), being increased by 251%
in flight compared to ground mice (Fig. 54). The elevation in
SRAGE, which plays a role in inflammation, may reflect the
extensive stress to which these mice were subjected, not only in
terms of time spent in microgravity but also in terms of the rapid
changes in g forces experienced by the mice during lift-off and
return. In this respect, another top up-regulated protein in flight
mice was POMC (SI Appendix, Table S10), which ultimately is
involved in mediating the cortisol stress response. In addition to
having a proinflammatory role, however, RAGE signaling is also
known to be important in regulating bone resorption, and mice
lacking RAGE have been shown to have increased bone mass
and bone mineral density (51). Although increased levels of
SRAGE might be expected to inhibit bone resorption, circulating
levels of SRAGE have been shown to correlate with osteopenia,
osteoporosis, and bone fragility, which has led to the suggestion
that increased sSRAGE levels in the blood may reflect increased
osteoclast activity systemically (52). Interestingly, SRAGE was
also the first and fourth most down-regulated protein (decreased
by 67% and 56%) in ACVR2B/Fc-treated flight and ground
mice, respectively (Fig. 54 and SI Appendix, Table S7). The fact
that SRAGE levels are counter regulated in microgravity versus
ACVR2B/Fc treatment suggests that plasma sRAGE levels may
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be an indicator of the opposite effects occurring in bone in these
two conditions.

Finally, as discussed earlier, the SomaScan assay detected
MSTN itself as one of the down-regulated proteins in the plasma
of ACVR2B/Fc-treated mice. Because the effect of microgravity
on MSTN levels was inconclusive in this assay, we measured
MSTN concentrations by ELISA. Consistent with the SomaScan
results, the ELISA showed that MSTN levels were decreased by
about 50% in ACVR2B/Fc-treated compared to uninjected
ground and flight mice (Fig. 4D). Most significantly, the ELISA
showed that plasma MSTN levels were higher in uninjected flight
mice compared to uninjected ground mice by 35%. This finding
raises the intriguing possibility that MSTN itself may be one of
the mediators of muscle loss induced by microgravity. In this
respect, the 28th most up-regulated protein by SomaScan anal-
ysis in flight mice was BMP-1 (SI Appendix, Table S10), which
would be predicted to increase activation of latent MSTN by
proteolytic cleavage of the MSTN propeptide (53).

In addition to the proteomic analysis of plasma, we carried out
RNAseq analysis of both bone and skeletal muscle, which
revealed numerous changes in RNA expression patterns as a
result of ACVR2B/Fc treatment and exposure to microgravity. A
summary of the top 50 down-regulated and top 50 up-regulated
genes in muscle and bone is shown in SI Appendix, Tables
S7-S10. A pathway analysis of differentially expressed genes in
bone as a result of ACVR2B/Fc treatment in ground mice is
shown in Fig. 6. Among the pathways that were identified in this
analysis were four of the signaling pathways implicated by the
SomaScan findings in plasma, namely Wnt, TGF-p, RAGE, and
hedgehog signaling pathways, consistent with the dramatic ef-
fects of the decoy receptor on bone homeostasis. Pathway
analysis of differentially regulated genes in muscle as a result of
ACVR2B/Fc treatment revealed a number of key pathways
known to be involved in regulating muscle homeostasis, such as
the FoxO, P13K-Akt, MAPK, and insulin signaling pathways (S
Appendix, Fig. S1). None of the signaling pathways identified in
the SomaScan findings, however, were identified by this pathway
analysis of RNAseq data for muscle. Consistent with this dif-
ference between bone and muscle, for example, was that key
hedgehog signaling components were up-regulated in bone but
not in muscle (Fig. 74).
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Pathway analysis of differentially regulated genes as a result of
exposure to microgravity also revealed a number of key pathways
in both bone and muscle (SI Appendix, Figs. S2 and S3). Al-
though pathway analysis of neither bone nor muscle identified
any of the pathways implicated by the SomaScan findings in
plasma, numerous key signaling components for some of these
pathways were clearly differentially regulated in both bone and
muscle. In the case of the TGF- signaling pathway, many reg-
ulatory components were up-regulated in both bones and mus-
cles of flight mice, including many of the receptors for this group
of ligands (Fig. 7B). Similarly, numerous Wnt regulatory com-
ponents were also either up- or down-regulated in flight mice in
both bone and muscle (Fig. 7C).

Taken together, these studies suggest that exposure to mi-
crogravity leads to alterations in multiple signaling pathways
affecting skeletal muscle and bone homeostasis and that al-
terations in many of the key pathways are evident even in the
profile of proteins in the plasma. Targeting the MSTN/activin
A signaling pathway can also have major effects in changing
expression patterns corresponding to these signaling pathways,
including in the plasma, and can have a significant effect in
protecting against muscle and bone loss during spaceflight as
well as promoting recovery of muscle and bone mass following
spaceflight. We believe that these findings have implications for
utilizing this therapeutic strategy to combat simultaneously
both muscle and bone loss, not only in people suffering from
disuse atrophy on Earth, such as in bedridden, wheelchair-
bound, and older individuals, but also in astronauts on long
duration space missions.

Materials and Methods

All animal experiments were carried out in accordance with protocols that
were approved by the Institutional Animal Care and Use Committees at NASA,
The Jackson Laboratory, the University of Connecticut, and Explora Biolabs.
Wild type C57BL/6N and Mstn ~'~ mice (backcrossed onto a C57BL/6N genetic
background) were bred at The Jackson Laboratory and sent to Kennedy Space
Center ~5 wk prior to launch. All mice were 70 (*~2) days old on the day of
launch (L+0). Mice were assigned to five groups of eight animals as follows:
uninjected C57BL/6N mice (groups 1, 4, and 5), ACVR2B/Fc-treated C57BL/6N
mice (group 3), and Mstn ~~ mice (group 2). Mice in groups 1, 2, and 3 were all
euthanized for analysis at LAR, and mice in groups 4 and 5 were maintained
live at Explora for an additional 14 d after LAR. Identical ground control mice
corresponding to groups 1 to 3 were maintained at KSC under the same
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Fig. 6. RNAseq analysis. Bar graph showing the top 37 pathways in bone exhibiting differentially expressed transcripts between ACRVR2B/Fc-treated and
uninjected ground mice. Pathways are rank-ordered based on P values. Sizes of bars indicate the number of genes within a pathway showing statistically

significant differences.
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environmental conditions as those recorded for flight mice aboard the ISS. The
ACVR2B/Fc decoy receptor was expressed in Chinese hamster ovary cells, pu-
rified from the conditioned medium using a protein A Sepharose column, and
administered intraperitoneally at a dose of 175 pg per injection. Mice in group
3 were injected with ACVR2B/Fc on days L-3, L+5, L+11, L+17, L+22, and L+28/
29. Mice in group 5 were injected with ACVR2B/Fc on days L+35 and L+42. In
order to limit astronaut time aboard the ISS, we used uninjected rather than
vehicle-injected mice as controls. Live animal imaging was performed using a
Piximus DXA on all 40 mice on days L-6 and L+35. Two in-flight DXA scans were
performed on mice in groups 1 and 3 on days L+6/7 and L+28/29. Final post-
recovery DXA scans were performed on mice in groups 4 and 5 on day L+49.
Muscle weight, microCT, RNAseq, SomaScan, and ELISA analyses are described
in detail in S/ Appendix.
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