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environment leads to a loss of
body and muscle mass (10, 13, 19). The loss of muscle mass
accounts for a large percentage of the overall reduction in body
mass (10, 19). Accompanying this loss of muscle mass is a
reduction in the force-generating capacity of skeletal muscle,
indicative of a hypoxia-induced muscle dysfunction. Muscle
dysfunction resulting from hypoxic exposure can significantly
alter exercise performance (7, 12), as well as activities of daily
living in disease situations (11). Indeed, exposure of the mdx
mouse model of Duchenne muscular dystrophy (DMD) to
intermittent periods of hypoxia has been shown to further
aggravate the contractile dysfunction of the diaphragm muscle
(9). The exact molecular mechanisms of hypoxia-mediated
muscle loss and dysfunction are not fully understood, and there
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are no therapies to enhance muscle growth and/or attenuate the
debilitating loss of muscle mass seen with hypoxic exposure.
Control of muscle mass is a complex process, and regulation is
achieved, in part, by a complex interplay of genetic predisposition,
developmental programming, presence or absence of injury
and/or disease, environmental influences, and growth or developmental factors. The activin type IIB receptor (ActRIIB) is a
transmembrane serine-threonine kinase receptor for multiple
transforming growth factor-␤ (TGF␤) superfamily members that
are involved in the negative regulation of lean muscle tissue,
including activin A, nodal, bone morphogenic protein (BMP)-2,
BMP-6/7, growth and differentiation factor (GDF)-5, and GDF8/11 (myostatin) (8). Inhibition of ActRIIB signaling by a soluble
decoy receptor results in dramatic increases in skeletal muscle
mass (5, 17). Humans and a number of animal species, including
cattle, dogs, mice, and sheep, with genetic mutations in the
myostatin gene also exhibit increased muscularity (15, 16, 21, 22,
24, 25). Myostatin-blockade strategies have also been used experimentally to reduce myostatin activity (27). Pharmacological inhibition of myostatin has been shown to increase muscle mass and
improve functional characteristics of dystrophic skeletal muscle in
the mdx mouse (2, 3, 26).
In the present study, we tested the hypothesis that targeting
the ActRIIB pharmacologically would attenuate muscle mass
loss, as well as improve the muscle dysfunction that occurs
after exposure to hypoxia. Wild-type mice were treated for 2
wk with a novel, soluble ActRIIB molecule (sActRIIB) and
then exposed to hypoxia for 1 and 2 wk. We used a combination of physiological and histological methods to analyze
sActRIIB-treated and PBS control cohorts of mice and quantify
the attenuation of hypoxia-mediated muscle dysfunction.
MATERIALS AND METHODS

Mice. Male C57BL/10ScSn mice were purchased from Jackson
Laboratories at 8 wk of age and acclimated to the animal facility at the
University of Pennsylvania for 2 wk before initiation of the experiments. A maximum of four mice were housed together in individual
cages during this acclimatization period. Mice were exposed to a
12:12-h light-dark cycle and 22°C ambient temperature and received
rodent chow (Lab Diet 5001) and water ad libitum. Mice were
randomly assigned to a PBS-treated control group exposed to 1 wk of
hypoxia (n ⫽ 8 mice) or 2 wk of hypoxia (n ⫽ 8 mice) or an
sActRIIB-treated group exposed to 1 wk of hypoxia (n ⫽ 8 mice) or
2 wk of hypoxia (n ⫽ 8 mice), with experiments beginning at 10 wk
of age. Control and sActRIIB-treated mice were housed in separate
cages before hypoxia exposure. Age-matched C57BL/10ScSn mice
(n ⫽ 6) were maintained in normoxic conditions and used as untreated
controls. All experiments were approved by the Institutional Animal
Care and Use Committee at the University of Pennsylvania.
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Pistilli EE, Bogdanovich S, Mosqueira M, Lachey J, Seehra J,
Khurana TS. Pretreatment with a soluble activin type IIB receptor/Fc
fusion protein improves hypoxia-induced muscle dysfunction. Am J
Physiol Regul Integr Comp Physiol 298: R96 –R103, 2010. First
published October 28, 2009; doi:10.1152/ajpregu.00138.2009.—Hypoxia, or reduced oxygen, occurs in a variety of clinical and environmental situations. Hypoxic exposure is associated with decreased
muscle mass and a concomitant reduction in exercise capacity, although the exact mechanisms are not completely understood. The
activin type IIB receptor (ActRIIB) is a receptor for transforming
growth factor-␤ (TGF␤) superfamily members that are involved in the
negative regulation of lean tissue mass. Given that hypoxia has
negative effects on muscle mass and function and that modulation of
the ActRIIB has been shown to increase muscle mass, we tested the
hypothesis that pharmacological targeting of the ActRIIB for 2 wk
would attenuate the loss of muscle mass and function in mice after
exposure to normobaric hypoxia. ActRIIB modulation was achieved
using a soluble activin receptor/Fc fusion protein (sActRIIB) in mice
housed in a hypoxic chamber for 1 or 2 wk. Hypoxia induced a
reduction in body weight in PBS- and sActRIIB-treated mice, although sActRIIB-treated mice remained larger throughout the hypoxic exposure. The absolute forces generated by extensor digitorum
longus muscles were also significantly greater in sActRIIB- than
PBS-treated mice and were more resistant to eccentric contractioninduced force drop after eccentric lengthening contractions. In summary, sActRIIB pretreatment attenuated hypoxia-induced muscle dysfunction. These data suggest that targeting the ActRIIB is an effective
strategy to counter hypoxia-induced muscle dysfunction and to preacclimatize to hypoxia in clinical or high-altitude settings.
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Fig. 1. Hypoxic chamber set-up. A specially designed hypoxic chamber was
used to expose mice to varying percentages of oxygen and simulate a mountain
ascent to 6,500 m above sea level. Nitrogen and oxygen gas entered the gas
mixer, which was used to mix the varying percentages of oxygen and nitrogen
gas, and the mixtures flowed into the hypoxic chamber at 2.0 l/min. A probe
was inserted into the hypoxic chamber to ensure that temperature and humidity
were maintained throughout exposure to hypoxia.
AJP-Regul Integr Comp Physiol • VOL

Table 1. Protocol for exposure to hypoxia
Study Day

Po2, mmHg

O2, %

N2, %

Simulated
Altitude, m

15
16
17
18
19
20
21
22
23
24
25
26
27
28

118
100
91
83
76
69
63
76
69
69
69
63
63
63

15
13
12
11
10
9
8
10
9
9
9
8
8
8

85
87
88
90
90
91
92
90
91
91
91
92
92
92

1,830
3,050
3,660
4,270
4,880
5,490
6,100
4,880
5,490
5,490
5,490
6,100
6,100
6,100

sected EDL muscles from 12- to 13-wk-old mice, as previously
described (2). Muscle length was adjusted to obtain the maximal
twitch response, and this length was measured and recorded as
optimal length (Lo). Peak twitch and tetanus forces were obtained
from three maximal contractions, as previously described (120-Hz
stimulation frequency, 500-ms stimulation duration) (2, 3). Eccentric
lengthening contractions were performed as previously described
(700-ms supramaximal stimulus, 500-ms isometric phase, 200-ms
eccentric phase, 80-Hz stimulation frequency, total lengthening Lo/10,
lengthening velocity 0.5 Lo/s) (2, 3). Force drop was calculated as the
percent difference in peak force between the fifth and the first
eccentric contraction of the eccentric contraction protocol. Muscles
were stimulated in a Ringer solution composed of (in mM) 100 NaCl,
4.7 KCl, 3.4 CaCl2, 1.2 KH2PO4, 1.2 MgSO4, 25 HEPES, and 5.5
D-glucose. Muscle cross-sectional area (CSA) was calculated by
dividing the muscle mass by the product of the muscle density

Fig. 2. Body weight changes in response to treatment with soluble activin type
IIB receptor (sActRIIB) and exposure to hypoxia. Mice were weighed daily,
and growth curves were plotted during the 2-wk sActRIIB pretreatment
protocol and subsequent hypoxia exposure. Body weight of mice was significantly greater in sActRIIB-treated mice than in control mice at all times after
initiation of sActRIIB treatment. Hypoxia induced body weight losses, such
that body weight of PBS control mice was below baseline during the 1st wk of
exposure, whereas body weight of sActRIIB-treated mice remained above
baseline until the 2nd wk of hypoxia. Growth curve of a separate untreated
normoxic control group is plotted for comparison. *Significantly different from
hypoxia ⫹ vehicle.
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sActRIIB treatment strategy. The ActRIIB was targeted using a
fusion protein consisting of a form of the extracellular domain of
ActRIIB linked to a murine Fc (sActRIIB; a kind gift from Acceleron
Pharma). The methods for expression and purification of sActRIIB, as
well as binding kinetics and myostatin inhibitory data, have been
previously described (23). sActRIIB was used at a concentration of 10
mg/kg body wt, which was based on dose-response studies in which
body mass and muscle mass showed no additional increases above
this dose (14) and has been recently published in two additional
mouse models (1, 23). Control mice received an equal volume of
sterile PBS. Each mouse was weighed daily and injected intraperitoneally twice per week with a volume of drug based on the animal’s
body weight. All mice received four injections of PBS or sActRIIB
during a 2-wk pretreatment period. After this pretreatment period,
PBS control and sActRIIB-treated mice were placed into a hypoxic
chamber for an additional 1 or 2 wk. The twice-weekly injections of
PBS and sActRIIB were maintained during hypoxic exposure.
Hypoxic exposure. The hypoxic chamber had a total gas volume of
12 liters and was maintained at 22°C and 30% humidity (Fig. 1). The
hypoxic protocol is presented in Table 1. A gas mixer (Pegas
4000MF, Columbus Instruments) was used to mix the varying percentages of oxygen and nitrogen gas (Table 1), which entered the
hypoxic chamber at 2.0 l/min. Mice were briefly removed from the
hypoxic chamber each day so that cage bedding could be changed and
mice could be weighed and/or receive injections. The hypoxic protocol was designed to simulate the hypoxic environment experienced
during an ascent to an altitude of 6,500 m above sea level. The
protocol was based on actual altitude ascent profiles achieved during
an ascent of Mt. Meru in the Garwhal Himalayas by the Indo-Swedish
expedition in 1986. After the 1- or 2-wk hypoxic exposure, mice were
euthanized, and the extensor digitorum longus (EDL) muscles were
prepared for ex vivo physiological measurements and then immediately flash frozen in isopentane cooled to the temperature of liquid
nitrogen and stored at ⫺80°C for muscle morphological and histological studies.
Growth curves. Inasmuch as muscle mass is a major contributor to
body weight, growth curves offer an indirect measure of the rate of
change in muscle mass (i.e., due to sActRIIB treatment and/or
duration of hypoxic exposure). Mice were weighed individually every
day, and weights were plotted to generate growth curves.
Ex vivo physiological assessment of skeletal muscle. Physiological
measurements, including contraction time, half-relaxation time, peak
isometric twitch force, peak isometric tetanic force, and decline in
eccentric contraction-induced force, were analyzed in freshly dis-
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RESULTS

Changes in body weight. All mice were weighed daily, and
the results are plotted in Fig. 2. At the start of the experiment,

there were no significant differences in body weight between
groups (24.9 ⫾ 2.5 and 25.0 ⫾ 1.7 mg for PBS- and sActRIIBtreated mice, respectively, P ⫽ 0.93). At the end of the 2-wk
sActRIIB pretreatment period, sActRIIB-treated mice were
significantly heavier than control mice [26.7 ⫾ 1.9 vs. 31.0 ⫾
1.9 mg (⫹16.3%), P ⬍ 0.0001]. Calculation of the slope of the
line for the PBS control and sActRIIB-treated mice reflected
the increase in body mass that occurred during the 2-wk
pretreatment period (slope ⫽ 0.16 and 0.43 for PBS and
sActRIIB, respectively). After 1 wk of exposure to hypoxia,
both cohorts of mice lost body weight; however, the sActRIIBtreated mice lost 10.1% of their body weight (27.9 g) and
remained above their baseline body weight of 25.01 g (slope ⫽
⫺0.58). Control mice lost 13.0% of their body weight (23.2 g)
and fell below their baseline body weight of 24.9 g (slope ⫽
⫺0.59). After 2 wk of exposure to hypoxia, sActRIIB-treated
mice lost 28.4% of their body weight (slope ⫽ ⫺0.69),
whereas PBS control mice lost 24.8% of their body weight
(slope ⫽ ⫺0.42). At the completion of the trial, sActRIIBtreated mice remained 10.8% heavier than control mice
(20.1 ⫾ 2.4 vs. 22.2 ⫾ 2.8 g, P ⫽ 0.008). As a comparison, the
growth curve for the untreated normoxic control mice showed
a small 4.5% increase during this 4-wk time period.
Changes in muscle weights. The muscles of the lower limb
(soleus, gastrocnemius, tibialis anterior, and quadriceps) were
dissected, trimmed of excess connective tissue, blotted dry, and
weighed for determination of the effects of sActRIIB treatment
and duration of hypoxia on muscle mass (Fig. 3). For each of
the four muscles, a main effect of sActRIIB treatment was
observed, indicating that muscles from mice treated with

Fig. 3. Changes in skeletal muscle weight in response
to sActRIIB and hypoxia. Effects of sActRIIB and
hypoxia were analyzed in 4 lower limb muscles:
soleus (A), gastrocnemius (B), tibialis anterior (C),
and quadriceps (D). A main effect of sActRIIB treatment was observed for all muscle weights, such that
muscles from sActRIIB-treated mice were larger than
muscles from PBS control (Con) mice. A main effect
of hypoxia exposure was observed, such that muscles
were smaller after 2 wk of hypoxia than after 1 wk
hypoxia. Dashed line represents muscle weights for
untreated normoxic control mice. *Significant main
effect of sActRIIB treatment. #Significant main effect
of hypoxia duration.
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coefficient (1.06 g 䡠 cm3), muscle optimal length (Lo), and fiber length
coefficient for EDL muscle (0.45) (4, 18). After EDL dissection, the
soleus, gastrocnemius, tibialis anterior, and quadriceps muscles were
dissected, trimmed of excess connective tissue, and weighed for
determination of the effects of sActRIIB and hypoxia on additional
lower limb muscles.
Muscle histology. Serial frozen sections (12 m thick) of EDL
muscle were obtained using a cryostat at ⫺21°C and placed onto glass
slides (Superfrost/Plus, Fisher Scientific). Sections were fixed in
ice-cold methanol for 5 min and then processed for histological
examination by hematoxylin and eosin-phloxine staining. Digital
images were acquired using an Olympus BX51 microscope at an
objective magnification of ⫻40 and a Magnafire digital camera and
software. Morphometric measurements (i.e., single-fiber area and total
number of fibers) were made using the Image J image-processing
software (rsbweb.nih.gov/ij). To determine the single-fiber area distribution, we measured the area of 100 random muscle fibers for each
muscle section. These areas were used to calculate an average singlefiber area and plot it as a histogram. We determined the total number
of fibers by manually counting all the muscle fibers in hematoxylinand-eosin-stained images.
Statistical analyses. The present study investigates the effects of
two independent variables (i.e., sActRIIB treatment and duration of
hypoxia) on the physiological properties of skeletal muscle. For this
reason, all data were analyzed using a two-way ANOVA to examine
the main effect of hypoxic exposure (i.e., 1 wk vs. 2 wk of
exposure), the main effect of sActRIIB (i.e., PBS control vs. 10
mg/kg sActRIIB), and the hypoxia ⫻ sActRIIB interaction. Values
are means ⫾ SE. Significance was set at P ⬍ 0.05.
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The force-generating capacity of the EDL muscle was examined ex vivo during isometric and eccentric lengthening
contractions. A significant main effect of sActRIIB treatment
was observed in the absolute force produced during an isometric twitch contraction, indicating that force production from
EDL muscles was higher in sActRIIB-treated mice than in PBS
control mice, regardless of duration of hypoxia (P ⬍ 0.05; Fig.
4, C and D). Similarly, a significant main effect of sActRIIB
treatment was observed in the absolute force produced during
an isometric tetanic contraction, indicating that force production in EDL muscles was higher in sActRIIB-treated mice than
in PBS control mice, regardless of duration of hypoxia (P ⬍
0.05; Fig. 4, E and F). As evidence of functional improvement of
skeletal muscle exposed to hypoxia, a main effect of sActRIIB
treatment was observed in the force drop following five eccentric lengthening contractions (P ⬍ 0.05; Fig. 5). These data
indicate that EDL muscles from sActRIIB-treated mice were
more resistant to eccentric lengthening contraction-induced
injury than muscles from PBS control mice, regardless of
duration of hypoxia.

Fig. 4. Extensor digitorum longus (EDL) muscle and
force properties in response to sActRIIB and hypoxia.
A: a main effect of sActRIIB was observed in the
absolute weight of the EDL muscle, such that EDL
muscles from sActRIIB-treated mice were significantly
larger than EDL muscles from PBS control mice. A
main effect of hypoxia exposure was observed, such
that EDL muscles were smaller after 2 wk of hypoxia
than after 1 wk of hypoxia. B: a main effect of sActRIIB
was observed in cross-sectional area (CSA) of the EDL
muscle, such that CSA of EDL muscles from sActRIIBtreated mice was significantly larger than CSA of EDL
muscles from PBS control mice. A main effect of
hypoxia was observed, such that the CSA of EDL
muscles was smaller after 2 wk of hypoxia than after 1
wk of hypoxia. C: representative twitch traces of EDL
muscles. D: when absolute force during a twitch contraction of the EDL muscle was quantified, a main
effect of sActRIIB treatment was observed, such that
absolute force was larger in sActRIIB-treated than in
PBS control mice. E: representative tetanus traces of
EDL muscles. F: when absolute force during a tetanus
contraction of the EDL muscle was quantified, a main
effect of sActRIIB treatment was observed, such that
absolute force was greater in sActRIIB-treated mice
than in PBS control mice. Dashed line represents values
for untreated normoxic control mice. *Significant main
effect of sActRIIB treatment. #Significant main effect
of hypoxia duration.
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sActRIIB remained larger than muscles from PBS control mice
after exposure to hypoxia, regardless of duration of hypoxia. In
addition, a main effect of duration of hypoxia was observed for
all four muscles, indicating that muscles from mice exposed to
2 wk of hypoxia were smaller than muscles from mice exposed
to 1 wk of hypoxia, regardless of sActRIIB treatment. Significant statistical interactions (hypoxia ⫻ ActRIIB) were observed for the tibialis anterior (P ⬍ 0.0001; Fig. 3C) and
quadriceps (P ⬍ 0.001; Fig. 3D) muscles.
Ex vivo physiological properties of the EDL muscle. To
determine whether sActRIIB treatment affected muscle function
after exposure to hypoxia, we studied freshly dissected EDL
muscles ex vivo. A significant main effect of sActRIIB treatment
was observed for EDL muscle mass (P ⬍ 0.05; Fig. 4A) and CSA
(P ⬍ 0.05; Fig. 4B), indicating that EDL muscles from
sActRIIB-treated mice were larger than EDL muscles from
PBS control mice. There was also a main effect of hypoxic
exposure, such that the EDL muscle mass (P ⬍ 0.0001) and
CSA (P ⬍ 0.0001) were smaller after 2 wk of hypoxia than
after 1 wk of hypoxia.
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area for the PBS control mice exposed to 1 wk of hypoxia was
shifted to the left compared with that for the sActRIIB-treated
mice exposed to 1 wk of hypoxia (Fig. 6B). Similarly, a slight
leftward shift was observed when the single-fiber area of the
PBS control mice exposed to 2 wk of hypoxia was compared
with that of the sActRIIB-treated mice exposed to 2 wk of
hypoxia (Fig. 6E). There were no significant main effects of
hypoxia or sActRIIB treatment for the total number of fibers
(Table 2). These data indicate that hypoxia and sActRIIB
treatment mainly affected muscle fiber atrophy and hypertrophy, respectively, but did not affect the total number of muscle
fibers in the EDL.
DISCUSSION

Contractile properties of the EDL muscle are summarized in
Table 2. No significant differences were found in the contraction time or half-relaxation time of twitch contractions between
the groups. In addition, the twitch-to-tetanus ratio was not
altered in these muscles. These data suggest that sActRIIB
treatment and hypoxia exposure did not alter the speed of
contraction, the speed of relaxation, or the ability to generate a
fused tetanic force.
EDL muscle morphology. Frozen muscle sections were cut
at the midbelly of the EDL muscle and stained with hematoxylin and eosin-phloxine. The single-fiber area distributions and
total number of fibers were determined for each muscle from
digitized images. A significant main effect of sActRIIB treatment (P ⬍ 0.0001) was observed in the average single-fiber
area, indicating that EDL muscle fibers from sActRIIB-treated
mice were larger than EDL muscle fibers from PBS control
mice, regardless of duration of hypoxia. In addition, there was
a significant main effect of duration of hypoxia (P ⬍ 0.0001),
demonstrating that muscle fibers were smaller in mice exposed
to 2 wk of hypoxia than in mice exposed to 1 wk of hypoxia,
regardless of sActRIIB treatment. Furthermore, a significant
statistical interaction (P ⬍ 0.0001) was observed when the
average single-fiber area was calculated (Fig. 6A). When the
single-fiber areas were plotted as a histogram, the single-fiber
AJP-Regul Integr Comp Physiol • VOL

Table 2. Contractile properties of EDL muscles after
sActRIIB and hypoxia
1 Week Hypoxia

CT, ms
RT1/2, ms
Twitch-to-tetanus
ratio
EDL Lo, mm
Total no. of fibers

2 Week Hypoxia

Control

sActRIIB

Control

sActRIIB

43.3⫾4.9
42.5⫾7.2

42.1⫾4.3
44.3⫾7.3

43.8⫾5.1
49.2⫾11.7

43.3⫾5.0
46.7⫾10.6

0.28⫾0.10
12.6⫾1.9
943.8⫾94.2

0.26⫾0.05
12.6⫾1.3
920.2⫾87.0

0.26⫾0.05
11.5⫾0.6
777.8⫾90.1

0.25⫾0.02
11.7⫾0.8
813.6⫾92.9

Values are means ⫾ SE. EDL, extensor digitorum longus; sActRIIB, soluble
activin type IIB receptor; CT, contraction time; RT1/2, half-relaxation time; Lo,
optimal muscle length. Values are not significantly different (P ⬎ 0.05).
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Fig. 5. Eccentric lengthening contraction induced force drop in response to
sActRIIB treatment and hypoxia exposure. A: representative eccentric lengthening force traces of EDL muscles highlighting the drop of isometric force
after repeated eccentric contractions (ECC). B: a main effect of sActRIIB
treatment was observed when the eccentric contraction force drop was quantified, such that percent drop of force after 5 eccentric contractions was less in
EDL muscles from sActRIIB-treated mice. Dashed line represents values for
untreated normoxic control mice. *Significant main effect of sActRIIB treatment.

Hypoxia-induced muscle mass loss has been observed in a
number of physiological and pathological situations. We tested
the hypothesis that targeting the ActRIIB with sActRIIB would
attenuate the hypoxia-induced loss of skeletal muscle mass and
dysfunction. This strategy was fast-acting: statistically significant differences in body weight between PBS-injected control
mice and sActRIIB-treated mice were evident after one injection of the drug at 10 mg/kg. This increase in body weight
remained during the course of the 2-wk pretreatment, with
sActRIIB-treated mice weighing 16% more than vehicle control mice. After 1 wk of hypoxic exposure, sActRIIB-treated
mice maintained 10% of the sActRIIB-induced increase in
their initial body weight compared with control mice, which
lost an average of 7% of their initial body weight. Even after 2
wk of hypoxia exposure, sActRIIB-treated mice lost only 10%
of their original body weight, whereas control mice lost 20% of
their original body weight. In addition, the expected hypoxiainduced muscle dysfunction was attenuated in sActRIIBtreated mice, despite reductions in EDL mass and CSA. These
data suggest that targeting the ActRIIB may be an effective
strategy to counter the expected hypoxia-induced muscle dysfunction.
Skeletal muscle responses to hypoxic exposure. Adaptations
of skeletal muscle to hypoxic exposure, as would occur during
ascent to high altitudes, are well documented (10, 19). However, whether these responses are positive or negative and their
utility in terms of physiological adaptations continue to be
debated. Additionally, there is often a failure to dissect differences noted in studies using moderate levels and/or intermittent
hypoxia, such as those noted during hypoxic preconditioning
by athletes and more severe levels of hypoxia noted during

sActRIIB TREATMENT DURING HYPOXIA

pathophysiological situations. Consistent responses in humans
to severe hypoxia include body mass reductions, loss of skeletal muscle volume, slight reductions in capillary density
despite maintenance of the capillary-to-fiber ratio, reduction in
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Fig. 6. Histological examination of EDL muscles in response to sActRIIB and
hypoxia. EDL muscles from all groups were sectioned and stained with hematoxylin and eosin-phloxine. A: a significant main effect of sActRIIB treatment on
muscle fiber area was observed, such that muscle fibers from sActRIIB-treated
mice were larger than muscle fibers from PBS control mice. A significant main
effect of hypoxia duration was observed, such that muscle fibers were smaller after
2 wk of hypoxia than after 1 wk of hypoxia. *Significant main effect of sActRIIB
treatment. #Significant main effect of hypoxia duration. B–D: peaks of single-fiber
area histograms were different between PBS control and sActRIIB-treated muscles
after 1 wk of hypoxia. E–G: peaks of single-fiber area histograms were different
between PBS control and sActRIIB-treated muscles after 2 wk of hypoxia. Stained
slides were visualized using an Olympus BX51 microscope at ⫻40 magnification;
digital images were acquired using an Olympus Magnafire digital camera.
AJP-Regul Integr Comp Physiol • VOL
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oxidative enzyme capacity, and slight reductions in mitochondrial volume (7, 13, 19). It has been hypothesized that the loss
of muscle mass on exposure to hypoxia is, in fact, a positive
adaptation that serves to minimize the diffusion distance of
oxygen and preserve the function of the compromised muscle.
This response, along with maintenance of the capillary-tomuscle fiber ratio, would allow the muscle to maintain oxygen
perfusion, despite a reduction in PO2 (13). Thus the capacity to
deliver oxygen to muscle fibers would not be compromised,
inasmuch as the same capillary network would now serve a
smaller muscle volume.
Although these responses may allow for the maintenance of
oxygen perfusion to contracting muscle fibers, a reduction in
muscle volume would also serve to reduce exercise capacity
and maximal force-generating capacity of that muscle. For
example, when a progressive hypobaric hypoxia protocol was
used to simulate an ascent to the summit of Mount Everest,
maximal workload and oxygen consumption at maximal exercise (V̇O2max) were progressively reduced (7). Interestingly, the
reduction in V̇O2max was maintained upon return to normoxia,
and the authors speculated that this was due in part to the
reduced muscle volume. Our laboratory has performed a similar experiment using normobaric hypoxia for 2 wk to simulate
a mountain ascent to 6,100 m in wild-type mice. In the EDL
muscles from mice exposed to hypoxia for 2 wk, weight and
whole muscle CSA were reduced compared with EDL muscles
from normoxic control mice. In addition, the absolute and
specific forces generated during a tetanic contraction were
lower in EDL muscles from mice exposed to hypoxia than in
EDL muscles from mice maintained at normoxia (28). This
suggests that although a reduced muscle volume may aid in
maintaining the oxygen perfusion of skeletal muscle, the reduction of muscle volume would have a greater impact on
muscle performance and force-generating capacity. Therefore,
therapies aimed at increasing and/or maintaining muscle mass
in the face of hypoxic exposure would be effective strategies to
counter hypoxia-induced muscle dysfunction.
In the present study, we show that, despite a similar rate of
body weight loss and muscle mass loss, EDL muscles from
sActRIIB-treated mice generated higher absolute twitch and
tetanic forces ex vivo. In addition, muscles from these mice
were more resistant to eccentric contraction-induced force
drop, as demonstrated from the lower force drop following five
eccentric lengthening contractions. These positive adaptations
in the performance of skeletal muscle occurred after only 2 wk
of sActRIIB pretreatment, despite significant reductions in
muscle mass and CSA. This type of strategy could be useful for
a rapid acclimatization protocol in which favorable adaptations
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age of only 4.5% during stimulated isometric contractions,
whereas force dropped 25–35% after five stimulated eccentric
lengthening contractions. These data provide evidence for a
functional improvement in skeletal muscles that were treated
with sActRIIB during exposure to hypoxia.
Perspectives and Significance
Hypoxia can occur in clinical and environmental situations.
Therapies to counteract the negative effects of hypoxia and the
development of strategies for the rapid acclimatization to
hypoxia would aid patients suffering disease and athletes and
soldiers who need to perform at differing percentages of
atmospheric oxygen. This study demonstrates that as little as 2
wk of treatment with sActRIIB can maintain muscle function,
despite body and muscle mass losses during exposure to
hypoxia. Future studies should be performed to extend the
present data and address whether this sActRIIB treatment
strategy can enhance whole body exercise performance during
exposure to hypoxia. The utilization of mouse models of
myopathic diseases (i.e., mdx mouse and A/J mouse), as well as
wild-type mouse strains (i.e., BL/10 and BL/6J) for exercise
experiments during hypoxic exposure and sActRIIB treatment
would help determine whether this type of strategy may be an
effective therapy for humans experiencing myopathic diseases
and/or reduced percentages of environmental oxygen.
Conclusions. The results from this study demonstrate that
sActRIIB pretreatment attenuated the hypoxia-induced muscle
dysfunction. Muscle function was maintained, despite a reduction in body weight, EDL muscle weight, and EDL CSA.
Furthermore, sActRIIB treatment reduced the percent force
drop of the EDL muscle following a series of eccentric lengthening contractions. These data have implications for the treatment of muscle diseases with a hypoxic component, as well as
for preacclimatization strategies aimed at increasing the efficiency of acclimatization during exposure to hypoxia.
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