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Abstract
The activin A-myostatin-follistatin system is thought to play an important role in the regulation of
muscle and bone mass throughout growth, development, and aging; however, the effects of these
ligands on progenitor cell proliferation and differentiation in muscle and bone are not well
understood. In addition, age-associated changes in the relative expression of these factors in
musculoskeletal tissues have not been described. We therefore examined changes in protein levels
of activin A, follistatin, and myostatin (GDF-8) in both muscle and bone with age in C57BL6
mice using ELISA. We then investigated the effects of activin A, myostatin and follistatin on the
proliferation and differentiation of primary myoblasts and mouse bone marrow stromal cells
(BMSCs) in vitro. Myostatin levels and the myostatin:follistatin ratio increased with age in the
primarily slow-twitch mouse soleus muscle, whereas the pattern was reversed with age in the fast-
twitch extensor digitorum longus muscle. Myostatin levels and the myostatin: follistatin ratio
increased significantly (+75%) in mouse bone marrow with age, as did activin A levels (+17%).
Follistatin increased the proliferation of primary myoblasts from both young and aged mice,
whereas myostatin increased proliferation of younger myoblasts but decreased proliferation of
older myoblasts. Myostatin reduced proliferation of both young and aged BMSCs in a dose-
dependent fashion, and activin A increased mineralization in both young and aged BMSCs.
Together these data suggest that aging in mice is accompanied by changes in the expression of
activin A and myostatin, as well as changes in the response of bone and muscle progenitor cells to
these factors. Myostatin appears to play a particularly important role in the impaired proliferative
capacity of muscle and bone progenitor cells from aged mice.
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1. Introduction
Aging is associated with a number of changes in the musculoskeletal system, including
progressive deterioration of articular cartilage in the form of osteoarthritis, loss of muscle
mass in the form of sarcopenia, and loss of bone density and strength in the form of
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osteoporosis. Muscle weakness and frailty contribute directly to postural instability, which
in turn increases the risk for falls, and falls are the main etiological factor in more than 90%
of bone fractures. The more than 1.5 million osteoporotic fractures a year in the US place
significant burden on the healthcare system, and also contribute to significant morbidity and
poor quality of life. Treatments that can improve muscle strength and at the same time
increase bone mass will therefore significantly reduce fracture-related morbidity and
mortality.

The activin A-myostatin-follistatin system is believed to play an important role in
musculoskeletal growth, development and aging. Myostatin (GFD-8) and activin A bind
type II activin receptors and signal through a transforming growth factor-beta signaling
pathway involving SMAD phosphorylation. Activin is thought to bind with greater affinity
to the type IIA activin receptor (ActRIIA) and myostatin to the type II B receptor (ActRIIB),
but both are involved in the regulation of muscle mass (Gilson et al., 2009; Lee et al., 2010).
Follistatin antagonizes both myostatin and activin A activity, and mice overexpressing
follistatin in skeletal muscle show a more dramatic phenotype than mice lacking myostatin
alone (Lee et al., 2005). These data suggest that alterations in either myostatin or activin A
with aging or disuse can have significant effects on muscle mass, and these may be further
influenced by relative levels of follistatin. Although myostatin is not highly expressed by
bone cells, loss of myostatin function is associated with increased bone density in mice
(Morissette et al., 2009; Elkasrawy and Hamrick, 2010). The increased bone density of mice
lacking myostatin is likely multifactorial, and may result not only from the indirect effects of
increased muscle mass (Hamrick, 2011, 2012) but also from increased circulating levels of
IGF-1 (Williams et al., 2011). The type IIA and type IIB activin receptors are both
expressed by chondrocytes and osteoblasts, and activin A has been observed to inhibit
mineralization by osteoblasts in vitro whereas follistatin can increase mineralization (Eijken
et al., 2007). Furthermore, inhibiting activin A in vivo using a decoy soluble activin A
receptor (ActRIIA) increases bone formation in mice (Pearsall et al., 2008).

The activin A-myostatin-follistatin system therefore appears to play a number of important
roles in muscle as well as in bone metabolism. Although some studies have found no
association between age and myostatin transcript levels in skeletal muscle (Marcell et al.,
2001), others reveal a marked elevation in skeletal muscle myostatin expression with aging
in humans (Leger et al., 2008). Additional research suggests that circulating levels of
myostatin increase with age in men and women, and are highest in people aged 60-90
(Yarasheski et al., 2002). The latter finding may implicate myostatin in the sarcopenia of
aging, hence myostatin inhibitors could be useful pharmacological agents for treating age-
related muscle atrophy as well as bone loss. Indeed, a myostatin inhibitor has been shown to
improve muscle regeneration in aged mice (Siriett et al., 2007), and a recent study reveals
that muscle-derived stem cells from older male patients show a +65% higher level of
myostatin expression compared to stem cells from younger patients (McKey et al., 2012).
Myostatin levels can also be reduced in skeletal muscle with resistance exercise in older
men (Dalbo et al., 2011), and aerobic exercise can decrease myostatin expression in older
women (Konopka et al., 2010). While there has been considerable interest in the role of
myostatin in musculoskeletal changes with aging, much less is known about activin A and
follistatin. Circulating activin A levels have been observed to increase with age, whereas
circulating follistatin levels did not show age-associated changes (Baccarelli et al., 2001;
Hurwitz and Santoro, 2004). Very little information exists, however, with regard to tissue-
specific changes in activin A and follistatin levels with aging or how the response of muscle
and bone cells to these factors is altered with age.

We have previously shown that aged C57BL/6 mice share a number of key features in
common with the aging human musculoskeletal system including an age-related decline
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muscle mass, both absolutely and relative to body mass, as well as loss of bone density,
bone formation, and bone strength (Hamrick et al., 2006). In order to address several of the
questions outlined above we examined age-related changes in the expression of activin A,
follistatin, and myostatin in mouse skeletal muscle as well as in mouse bone marrow
supernatant. We also investigated the response of primary muscle and bone cells from young
(12 months) and aged (24 months) mice to activin A, follistatin, and myostatin treatment in
vitro.

2. Materials and Methods
2.1 Animals

C57BL6 mice were purchased from aged rodent colony at National Institute on Aging,
National Institutes of Health (USA) at 12 and 24 months of age and delivered to Georgia
Health Sciences University, Augusta, GA. Animals were allowed to acclimate for
approximately two weeks and were maintained at the Laboratory Animal Service Facility of
the Georgia Health Sciences University. Animals were sacrificed by CO2 overdose and
thoracotomy following procedures approved by the the Institutional Animal Care and Use
Committee of Georgia Health Sciences University.

2.2 ELISA assays
Whole extensor digitorum longus or soleus muscle were dissected from C57BL6 mice at
either 12 or 24 months of age and snap-frozen in liquid nitrogen. Each muscle was placed in
1mL phosphate buffered saline (PBS) and subjected to homogenization using Fisherbrand
Tissuemiser® rotary homogenizer until large pieces of muscle were no longer visible.
Samples were subjected to two freeze-thaw cycles to disrupt the plasma membrane then
centrifuged briefly. Samples were separated into 250μl aliquots and stored at −80°C until
assayed. Follistatin and Activin A ELISA kits were purchased from R&D Systems and
assays performed according to manufacturer's protocol without sample dilution. Myostatin
ELISA kits were purchased from Alpco diagnostic and also performed according to
manufacturer's protocol, but samples for myostatin assay were diluted 5-fold. Total protein
was measured for each sample using Pierce BCA Protein Assay Kit (Thermo Scientific)
according to manufacturer's protocol. Briefly: after thawing samples for ELISA, 25 μl of
sample was incubated undiluted with 200μl of Pierce® working reagent for 20 minutes at
37° C. Absorbance was recorded at 590 nm wavelength and total protein concentrations
were calculated based on standard curve generated with bovine serum albumin.

Left and right femora were dissected from C57BL6 mice at either 12 or 24 months of age
and placed in PBS. Samples were immediately minced using fine-point surgical scissors.
Samples were vortexed vigorously and triturated with a pipette to liberate marrow from
bone. Samples were centrifuged briefly, supernatant was collected, and bone fragments were
discarded. Supernatant was centrifuged at 1500g for 5 minutes to pellet cells. Supernatant
was collected, aliquotted, and stored at −80°C until assayed. Specific ELISA assays and
total protein were performed and measured as described above for skeletal muscle
homogenates.

2.3 Primary myoblast isolation, culture, and proliferation and differentiation assays
Mice 12 and 24 months of age were euthanized and tibialis anterior muscle dissected and
place in sterile PBS. The muscle was minced with a sterile scalpel under aseptic conditions.
Minced muscle was digested in 0.2% collagenase type II (Gibco) for 1 hour with frequent
shaking followed by digestion in 1× trypsin for 30 minutes. The slurry was pelletted and
trypsin supernatant removed. The slurry was re-suspended in proliferation medium. Upon
completion of enzymatic digest, slurry was poured over a 70μm cell strainer (Fisher) to
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remove any remaining connective tissue. The cells were then added to collagen type I (BD
Bioscience) coated T-25 flasks.

Primary myoblasts were allowed to attach for 72 hours. Cells were then maintained in
proliferation medium (PM): DMEM (Hyclone) supplemented with 10% fetal bovine serum,
10% horse serum, 1% penicillin / streptomycin, and 0.5% chick embryo extract (Sera Labs
U.K.). Medium was changed every 48 hours until T-25 flask was confluent. Once confluent,
cells were trypsinized and counted using NucleoCounter (New Brunswick Scientific). Cells
were then plated in a 96 well plate at 5,000 cells/cm2. Cells were allowed to attach in
proliferation medium for 48 hours. Proliferation medium was removed, cells washed with
PBS, and DMEM supplemented with 1% insulin-transferrin-sodium selenite (ITS) was
added followed by either control (PBS) or high or low dose activin A (50 ng/ml, 100 ng/ml),
follistatin (100 ng/ml, 1000 ng/ml) or myostatin (100 ng/ml, 1000 ng/ml) (R&D Systems,
Minneapolis). Doses follow those utilized by He et al. (2005) for activin A and Zhu et al.
(2007) for myostatin and follistatin. After 24 h of treatment, MTS reagent was added
according to the manufacturer's protocol (Promega, Madison) and absorbance at 492 nm was
read 2 h later.

For differentiation assays, cells were isolated and cultured for one week until confluent as
described above. Cells were then trypsinized and plated in 12 well plates at 5,000 cells/ml
and allowed to attach overnight in proliferation medium. PM was removed, cells washed
with PBS, and DMEM-supplemented with 1% ITS was added followed by the addition of
Mstn, Fstn, Activin A or control. Cells were maintained in treatment for 48 hour then
harvested in TRIZOL® reagent (Invitrogen) for RNA isolation and subsequent cDNA
synthesis (Bio-Rad). 50-100 ng of cDNA was amplified in duplicates in each 40-cycle
reaction using an iCycler™ (Bio-Rad) with annealing temperature set at 60°C, ABsolute™
QPCR SYBR® Green Fluorescein Mix (ABgene, Thermo Fisher Scientific), and custom-
designed qRT-PCR primers (Table 1). A melt curve was used to assess the purity of
amplification products. mRNA levels were normalized to β-Actin/18S and gene expression
was calculated as fold change using the comparative CT method. If not otherwise indicated,
treated groups were compared to PBS control groups.

2.4 Primary bone marrow stromal cell (BMSC) isolation, culture, and proliferation and
differentiation assays

Bone marrow aspirates were flushed from mouse femora and tibias and BMSCs isolated
using magnetic bead sorting as previously described (Zhang et al., 2008). Briefly, magnetic
nanoparticles conjugated to anti-mouse CD11b, CD11c, CD45R/B220, and Pan DC
monoclonal antibodies were used to remove hematopoietic-lineage cells and those that were
negative for these four antigens remained in the solution and were collected and subjected to
a round of positive-selection using anti-Sca-1 microbeads.

Enriched BMSCs were cultured in proliferation medium (DMEM supplemented with 10%
heat-inactivated FBS) in T-75 flasks until ∼80% confluent. Cells were then lifted with
trypsin/EDTA, plated in 96-well plates at a density of 5,000 cells/well in proliferation
medium, and allowed to attach for 24 h. Proliferation medium was removed, cells washed
with PBS, and DMEM supplemented with 2% heat-inactivated FBS (for BMSCs) was added
followed by control (PBS), activin A, follistatin, or myostatin (all from R&D Systems,
Minneapolis) at the same doses noted above for primary myoblasts. After 24 h of treatment,
MTS reagent was added according to the manufacturer's protocol (Promega, Madison, WI)
and absorbance at 492 nm was read 2 h later.

Osteogenic differentiation and Alizarin Red S (ARS) staining was performed as described
previously (Zhang et al., 2008). In brief, enriched BMSCs were plated in 24-well plates at a
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density of 5,000 cells/cm2 in proliferation medium and allowed to attach for 24 h. Cells
were then treated with osteogenic induction medium (DMEM supplemented with 5% FBS,
0.25 mM ascorbic acid, 0.1 μM dexamethasone, and 10 mM β-glycerophosphate (all from
Sigma-Aldrich) for 14 d. For ARS staining, differentiated BMSCs were washed with PBS
and fixed in 3% paraformaldehyde (Sigma-Aldrich) for 30 min. Cells were stained with 40
mM ARS pH 4.1 (Sigma-Aldrich) for 15 min followed by washing with excess dH2O.
Stained plates were scanned for visualization. For quantitative destaining, 10% acetic acid
was added for 30 min. Samples were transferred to a 1.5 ml microcentrifuge tube, overlaid
with mineral oil (Sigma-Aldrich), heated to 85°C for 10 min, and transferred to ice for 5
min. Following centrifugation at 14,000 rpm for 15 min, supernatants were removed and
neutralized with 10% ammonium hydroxide. Aliquots were transferred to a 96-well plate
and absorbance was read at 405 nm (Gregory et al., 2004). Expression of osteogenic genes
was assessed using primers for bone morphogenetic protein-2 (BMP-2) and osteocalcin
(OCN) shown in Table 1.

2.5 Statistical Analysis
Two-factor ANOVAs were performed with treatment and age as the two factors. Fisher's
least significant difference (LSD) test was used for post-hoc, pairwise comparisons. All
statistical analyses were performed using SYSTAT® software.

3. Results
3.1 Protein levels of activin A, myostatin, and follistatin in skeletal muscle

ANOVAs performed on activin A and follistatin normalized for total protein, and the ratio
of normalized activin A: follistatin, revealed no significant changes with age in either the
soleus or extensor digitorum longus muscles. Levels of normalized myostatin showed a
slight but nonsignificant decrease in the EDL with age (Fig. 1A), whereas SOL showed a
significant increase in normalized myostatin with age (Fig. 1A). Likewise, the ratio of
normalized myostatin: follistatin showed a significant (∼40%) decrease with age in EDL
(Fig. 1B), but a significant (∼four-fold) increase with age in SOL (Fig. 1B). Two-factor
ANOVA with age (12 or 24 mo) and muscle (EDL or SOL) as the two factors showed
significant age*muscle interaction effects for both normalized myostatin (p<.05) and the
myostatin: follistatin ratio (p<.01), with myostatin levels decreasing with age in the EDL but
increasing with age in SOL.

3.2 Effects of activin A, myostatin, and follistatin on the proliferation and differentiation of
primary myoblasts

Overall there was a significant (P<.01) age effect for both myostatin and follistatin
treatment, in which young cells were more proliferative in response to treatment than older
cells. ANOVAs showed significant treatment effects for activin A, myostatin, and follistatin
(Fig. 2A). Activin A produced a significant dose-response increase in proliferation in
myoblasts from younger mice but not older mice; however, the treatment*age interaction
was not significant. Follistatin also increased proliferation in dose-response manner in
young myoblasts, but the effect was attenuated in myoblasts from older mice (Fig. 2B).
There was a significant (p=.001) treatment*age interaction effect for follistatin treatment
where the treatment effect, approximately two-fold at the highest dose, was much greater in
younger myoblasts compared to older cells. Myostatin treatment also increased proliferation
in young myoblasts compared to untreated cells, whereas in older myoblasts myostatin
decreased proliferation at the low dose (Fig. 2C). There was also a significant (p<.001)
treatment*age interaction effect for myostatin, where myostatin treatment increased
proliferation in young myoblasts but decreased proliferation in the older cells.

Bowser et al. Page 5

Exp Gerontol. Author manuscript; available in PMC 2014 February 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



RT-PCR data revealed no marked changes in the expression of differentiation markers
MyoD, myogenin, or myosin heavy chain (MHC) with Activin A treatment. MyoD and
MHC expression were also unaffected by follistatin treatment of young and aged myoblasts;
however, follistatin stimulated a significant increase in myogenin expression in aged but not
young myoblasts (Fig. 3A). ANOVAs demonstrated a significant age effect for myogenin
expression (p<.05) with older cells generally showing higher levels of myogenin expression,
and there was also a significant treatment * age interaction for myogenin expression.
Myostatin treatment had no effect on MyoD or myogenin expression in either young or aged
myoblasts, but myostatin did produce a significant increase in MHC expression in aged but
not young myoblasts (Fig. 3B).

3.3 Protein levels of activin A, myostatin, and follistatin in bone marrow supernatants
Comparisons of normalized protein levels obtained from bone marrow supernatant revealed
no significant differences between older and young mice for activin A, follistatin, or the
activin A: follistatin ratio. Normalized myostatin is significantly (∼80%) increased in mouse
bone marrow with increasing age (Fig. 4A), as is the ratio of normalized myostatin:
follistatin (+60%; Fig. 4B).

3.4 Effects of activin A, myostatin, and follistatin on the proliferation and differentiation of
primary bone marrow stromal cells (BMSCs)

ANOVAs showed a significant (P<.001) age effect in each treatment group, with younger
BMSCs overall having higher values for proliferation than older BMSCs, irrespective of the
treatment (Fig. 5). Proliferation assays showed no effects of activin treatment on either
young or old BMSCs (Fig. 5A). Two-factor ANOVA revealed a significant treatment*age
interaction for follistatin, with follistatin having no impact on proliferation in older BMSCs
but reducing proliferation in young BMSCs (Fig. 5B). Myostatin significantly decreased
BMSC proliferation in both young cells (−15%) and aged cells (−40%); however, this effect
was greater in the aged cells, and this treatment*age interaction was also significant (P<.05)
for myostatin (Fig. 5C).

Differentiation assays using alizarin red staining to detect mineralization revealed that
activin treatment significantly increased mineralization of young and older BMSCs (Fig. 6).
The effect of age on mineralization was significant (P<.001) for activin, with the younger
cells consistently showing greater mineralization in response to treatment. Treatment effects
were less pronounced in aged BMSCs, with the low dose of activin increasing alizarin red
staining but the other doses showing no significant effect (Fig. 6C, D). The treatment*age
interaction was significant (P<.01) for activin using two-factor ANOVA. In the myostatin
experiments, the higher dose of myostatin significantly decreased mineralization in younger
cells but not in older cells, and the treatment*age interaction was also significant for
myostatin (P<.01). Finally, follistatin treatment did not significantly affect mineralization
either young or older BMSCS (Fig. 6).

4. Discussion
The ELISA assays using muscle and bone samples from aged mice provided results that
were unexpected for two reasons. First, it is well-known that fast-twitch (type II) muscle
fibers atrophy with age (Holloszy et al., 1991) and a number of studies have implicated
myostatin in muscle atrophy (McKay et al., 2012). In addition, Hennebry et al. (2009) found
that mice lacking myostatin showed an increase in type I fibers and decrease in type II
fibers, and blocking myostatin function in vivo using a myostatin antibody has been shown
to increases type II fiber size in aging mice (Murphy et al., 2010). The fact that we observed
a decline in myostatin levels with age in the predominantly fast-twitch extensor digitorum

Bowser et al. Page 6

Exp Gerontol. Author manuscript; available in PMC 2014 February 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



longus muscle of mice, but a relative increase in myostatin levels in the slow-twitch (type I)
soleus, was therefore not anticipated. Nevertheless, it has been shown that mice lacking
myostatin lose the same percentage of muscle mass with age as normal mice (Morissette et
al., 2009), and muscles composed of different fiber types are all larger in aged myostatin-
deficient mice compared to those of same-aged wild-type mice (Jackson et al., 2012). Given
that both myostatin levels and the myostatin:follistatin ratio increased with age in soleus
muscles of mice compared to extensor digitorum longus, myostatin inhibitors may have a
greater impact on preserving muscle mass with age in those muscles composed
predominantly of slow- rather than fast-twitch fibers.

The second in vivo finding that was also unexpected was the significant rise in myostatin
protein with age in bone marrow supernatants. This was not expected because myostatin is
primarily secreted by muscle and not by osteoblasts or marrow stromal cells. Yarasheski et
al. (2002) did, however, find that serum myostatin increased with age in older women, and
Szulc et al. (2012) found that serum myostatin increased in men until age 57 and then
declined. The rise in bone marrow myostatin that we observed with age in mice likely
reflects an increase in circulating myostatin levels with age. The elevated concentrations of
myostatin in the bone marrow microenvironment of aged mice is significant given the
findings discussed below regarding the effects of myostatin on proliferation of bone marrow
stromal cells. Moreover, while myostatin was found to be most highly expressed in skeletal
muscle progenitors early in development (McPherron et al., 1997), data presented here and
elsewhere suggest that myostatin levels may rise again later in life. Thus, the interplay
among activin A, myostatin, and follistatin is dynamic and changes across the aging
spectrum.

The cell proliferation experiments yielded findings that were consistent with those of
previous studies with regard to the effects of age and treatment. First, in both primary
myoblasts and BMSCs, age effects were significant regardless of treatment. That is, aged
myoblasts and BMSCs were less proliferative overall in response to treatment whether the
cells were exposed to activin A, myostatin, or follistatin. This does not appear to be related
to expression of ActRIIB, since we have observed using PCR (data not shown) that ActRIIB
expression does not differ significantly either between muscle and bone cells of mice at
similar ages, or between musculoskeletal tissues of young versus aged mice. Second, in the
case of primary myoblasts, all of the ligands generally increased proliferation of young
myoblasts at lower doses. Activin A was previously found to suppress embryonic muscle
development in chicks (He et al., 2005), and to inhibit proliferation of stem cells derived
from adult muscle (Nomura et al., 2008). Myostatin has also been shown previously to be a
potent inhibitor of myoblast proliferation (McFarlane et al., 2011), and while myostatin
increased proliferation of young myoblasts it decreased proliferation of aged myoblasts. The
effects of these ligands on proliferation were quite different in BMSCs, where follistatin and
myostatin both suppressed proliferation of young BMSCs, and myostatin significantly
suppressed the proliferation of aged BMSCs. These data are consistent with our previous
findings showing that BMSCs of mice lacking myostatin were more proliferative in vitro
than those from normal mice (Elkasrawy et al., 2011). Probably the most important
observation from these in vitro experiments is that, in the case of both aged myoblasts and
aged BMSCs, myostatin consistently suppressed cell proliferation. Aged muscle precursors
have an impaired capacity for proliferation (Conboy et al., 2003; Machida and Booth, 2004),
as do aged BMSCs (Kretlow et al., 2008). Blocking myostatin function in aged animals may
therefore have significant potential for improving the repair and regeneration of both muscle
and bone by improving the proliferative capacity of both myo- and osteo-progenitor cells.

Findings from our differentiation assays are generally consistent with the idea that myostatin
inhibits proliferation and promotes terminal differentiation of aged myoblasts, as myostatin
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treatment increased myosin heavy chain expression in aged myoblasts. The osteoblast
differentiation and mineralization assays revealed that while activin A increased
mineralization, myostatin exposure suppressed mineralization in vitro (Fig. 6). These
experiments where BMSCs were treated with myostatin are also consistent with our
previous studies using BMSCs from myostatin-deficient mice, which showed that Mstn−/−

BMSCs had an increased capacity for mineralization in vitro and impaired potential for
adipocyte differentiation (Hamrick et al., 2007; Kellum et al., 2009). The activin A
differentiation experiments with BMSCs differ somewhat from those of Eijken et al. (2007)
who found that activin A treatment strongly inhibited mineralization in osteoblast cultures,
whereas follistatin increased mineralization. Our data, on the other hand, showed that
osteogenic culture of BMSCs in the presence of activin A increased mineralization whereas
follistatin had no effect on mineralization in either young or old BMSCs. It is likely that our
findings differ from those of Eijken et al. (2007) because our experiments examined the
effects of activin A and follistatin on the differentiation of osteoprogenitors, whereas Eijken
et al. treated differentiated osteoblasts. It is therefore important to acknowledge here that,
while our study examined the proliferation and differentiation of progenitor cell populations,
ligands of the activin A-myostatin-follistatin system may have different effects on target
cells at different stages of development, differentiation, and maturation.

5. Conclusions
Our experiments using aged mice as a model system for investigating the role of activin A,
myostatin, and follistatin in musculoskeletal aging suggest that these ligands are likely to be
involved in the altered capacity for tissue formation and repair that is observed in aged
rodents and humans. Specifically, primary myoblasts and bone marrow stromal cells of aged
animals were found to be less proliferative than those of younger animals in response to
most of the treatments utilized. Myostatin levels in bone marrow and in soleus muscles
increased with age in mice, and myostatin treatment suppressed proliferation of both aged
myoblasts and aged BMSCs. Myostatin also inhibited mineralization of BMSCs under
osteogenic culture conditions. Together these data suggest that targeting myostatin in aged
animals may improve the proliferative capacity of muscle and bone progenitor cells, perhaps
enhancing the potential for muscle and bone repair and regeneration in the therapeutic
setting.
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Highlights

• Activin A, follistatin, and myostatin were studied in aging muscle and bone

• Myostatin levels increased with age in muscle and bone marrow

• Myostatin decreased proliferation of aged muscle and bone cells
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Fig. 1.
Myostatin protein normalized to total protein (A) and the ratio of normalized myostatin to
follistatin (B) in the extensor digitorum longus muscle (EDL) and soleus (SOL) of mice 12
months of age (12 mo) and 24 months of age (24 mo). Myostatin levels decline with age in
the EDL but increase with age in the soleus. Error bars represent one standard deviation and
sample size includes six replicates per group.
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Fig. 2.
Results of proliferation assays following treatment of primary myoblasts with activin A (A;
activin), follistatin (B; Fstn), and myostatin (C; Mstn). Means with different superscripts
differ significantly from one another (P<.05). Error bars represent one standard deviation
and sample size includes eight replicates per group.
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Fig. 3.
Real-time PCR data for primary myoblast expression of myogenin (A) and myosin heavy
chain (B) in response to treatment with follistatin (Fstn, top) and myostatin (Mstn, bottom).
Means with different superscripts differ significantly from one another (P<.05). Error bars
represent one standard deviation and sample size includes four-six replicates per group.
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Fig. 4.
Myostatin protein normalized to total protein (A) and the ratio of normalized myostatin to
follistatin (B) in bone marrow supernatants from mice 12 months of age (12 mo) and 24
months of age (24 mo). Error bars represent one standard deviation and sample size includes
six replicates per group.
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Fig. 5.
Results of proliferation assays following treatment of primary bone marrow stromal cells
(BMSCs) with activin A (A; activin), follistatin (B; Fstn), and myostatin (C; Mstn). Means
with different superscripts differ significantly from one another (P<.05). Error bars represent
one standard deviation and sample size includes eight replicates per group.
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Fig. 6.
Alizarin red staining of bone marrow stromal cells cultured in osteogenic conditions (A-D)
and PCR data for osteogenic genes (E-F) from BMSCs treated with activin A. Images of
wells (A, C) and quantification of staining (B, D) in BMSCs from young mice (A, B; 12 Mo
BMSCs) and older mice (C, D; 24 Mo BMSCs) treated with Activin A (Act), Myostatin
(Myo) or Follistatin (Folli) at 50 ng/ml (50), 100 ng/ml (100) or 1000 ng/ml (1000). ***P<.
001, *P<.05 relative to same-aged PBS controls. Error bars represent one standard deviation
and sample size includes sixteen replicates per group for panels A-D. PCR data show
elevated expression of osteogenic genes BMP-2 and osteocalcin (OCN) in activin-treated
cells from mice 12 months of age (E) and mice 24 months of age (F). Error bars represent
one standard deviation and four replicates are included per treatment group.
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Table 1

List of oligonucleotide primer sequences for qRT-PCR.

Name Sequence Amplicon Size

Myogenin Fwd: GGAAGTCTGTGTCGGTGGAC 150

Rev: CGCTGCGCAGGATCTCCAC

MyoD Fwd: GCCTGAGCAAAGTGAATGAG 184

Rev: GGTCCAGGTGCGTAGAAGG

Myosin, heavy polypeptide 3 (Myh3) Fwd: ACAGTCAGAGGTGTGACTCAGCCG 90

Rev: CCGACTTGCGGAGGAAAGGTGC

BMP-2 Fwd: TGTTTGGCCTGAAGCAGAGA 83

Rev: TGAGTGCCTGCGGTACAGAT

Osteocalcin Fwd: ATTTAGGACCTGTGCTGCCCTA 120

Rev: GGAGCTGCTGTGACATCCATAC
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