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Abstract
Inhibitors of myostatin, a negative regulator of skeletal muscle mass, are being developed to
mitigate aging-related muscle loss. Knockout mouse studies suggest myostatin also affects
adiposity, glucose handling, and cardiac growth. However, the cardiac consequences of inhibiting
myostatin remain unclear. Myostatin inhibition can potentiate cardiac growth in specific settings
(Morissette et al. 2006), a concern since cardiac hypertrophy is associated with adverse clinical
outcomes. Therefore we examined the systemic and cardiac effects of myostatin deletion in aged
mice (27-30 months old). Heart mass increased comparably in both wildtype (WT) and knockout
(KO) mice. Aged KO mice maintained twice as much quadriceps mass as aged WT, however both
groups lost the same percentage (36%) of adult muscle mass. Dual-energy x-ray absorptiometry
(DEXA) revealed increased bone density, mineral content, and area in aged KO versus aged WT
mice. Serum insulin and glucose levels were lower in KO mice. Echocardiography showed
preserved cardiac function with better fractional shortening (58.1 vs 49.4%, p=0.002) and smaller
LV diastolic diameters (3.41 vs 2.71, p=0.012) in KO versus WT mice. Phospholamban
phosphorylation was increased 3.3-fold in KO hearts (p<0.05), without changes in total
phospholamban, SERCA2a, or calsequestrin. Aged KO hearts showed less fibrosis by Masson's
Trichrome staining. Thus myostatin deletion does not affect aging-related increases in cardiac
mass and appears beneficial for bone density, insulin sensitivity, and heart function in senescent
mice. These results suggest that clinical interventions designed to inhibit skeletal muscle mass loss
with aging could have beneficial effects on other organ systems as well.
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Introduction
Aging is associated with physiological decline in multiple organ systems. Loss of skeletal
muscle mass, cardiac hypertrophy, decreased heart function, osteoporosis, and decreased
insulin sensitivity, are all associated with aging. Calorie restriction (CR) is recognized as an
anti-aging intervention that not only increases life span, but also ameliorates many aging-

Address correspondence to: Anthony Rosenzweig, M.D. Cardiovascular Institute Beth Israel Deaconess Medical Center 3 Blackfan
Circle CLS 9 Boston, MA 02215 Phone: 617-735-4200 Fax: 617-735-4202 arosenzw@bidmc.harvard.edu.
*Current address: Division of Exercise Physiology, Center for Cardiovascular and Respiratory Sciences, West Virginia University
School of Medicine, Morgantown, WV
MRM: mmorissette@hsc.wvu.edu
JCS: jstricker@hsc.wvu.edu
MAR: marosenb@bidmc.harvard.edu
CB: cattleyab@gmail.com
EBL: elevitan@bidmc.harvard.edu
MAM: mmittlem@bidmc.harvard.edu

NIH Public Access
Author Manuscript
Aging Cell. Author manuscript; available in PMC 2010 September 1.

Published in final edited form as:
Aging Cell. 2009 September ; 8(5): 573–583. doi:10.1111/j.1474-9726.2009.00508.x.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



related organ specific pathologies (Weindruch 1988). Recently there has been much interest
in identifying small molecule CR-mimetics for use in the prevention or delay of aging-
related diseases. Of the many metabolic and hormonal changes caused by CR improved
insulin sensitivity, decreased glucose levels, and decreased body fat observed in CR mice
have been hypothesized to play important roles (Sinclair 2005). In fact a putative CR-
mimetic, resveratrol, has been shown to improve metabolic parameters in obese mice (Baur
et al. 2006), and aging mice as well (Barger et al. 2008). Interestingly increased muscle mass
is also associated with improved glucose and insulin handling and decreased fat mass
(Sutrave et al. 1990; Musaro et al. 1999; McPherron & Lee 2002; Lai et al. 2004; Izumiya et
al. 2008). It is not known if increased muscle mass has beneficial effects on metabolism and
organ function in the aged setting.

Myostatin is a well-known negative regulator of skeletal muscle mass in many species
(Grobet et al. 1997; McPherron et al. 1997; McPherron & Lee 1997; Szabo et al. 1998; Clop
et al. 2006; Mosher et al. 2007; Shelton & Engvall 2007), including humans (Schuelke et al.
2004). Recently there has been much interest in developing therapeutic inhibitors of
myostatin for use in muscle-wasting disorders such as muscular dystrophy, cachexia, or
aging-related sarcopenia (Tsuchida 2008). Interestingly one study showed that serum MSTN
levels increased with age and that muscle mass was inversely correlated with MSTN serum
levels, suggesting an association between MSTN and age-associated sarcopenia (Yarasheski
et al. 2002).

Insulin resistance is increased with aging and fat mass. Deletion of myostatin in mouse
models of type II diabetes improves glucose metabolism and decreases fat accumulation
(McPherron & Lee 2002). Although the loss of myostatin in mice results in increased
skeletal muscle mass and decreased adiposity, which could potentially explain the
improvements seen in the diabetic models, the exact mechanism has not been defined.
Interestingly it is not known if the lean phenotype in the KO mice persists in senescent mice.

Heart size, or more specifically left ventricular hypertrophy (LVH), and heart failure
increase with age (Lakatta & Levy 2003). LVH is associated with an increased risk for
cardiovascular disease and mortality (Levy et al. 1990). This increase in left ventricular size
is characterized by structural remodeling which includes increased cardiomyocyte size with
altered calcium handling properties, decreased cardiomyoctye number, and increased
collagen deposition (fibrotic replacement of lost cardiomyocytes) (Lakatta & Levy 2003).
Studies that have focused on contractile dysfunction in the aging heart have identified
decreased sarco(endo)plasmic reticulum calcium ATPase 2a (SERCA2a) function as a
possible mediator. SERCA2a function is responsible for transporting calcium from the
cytosol into the sarcoplasmic reticulum (SR), and its function is critical for maintaining
contractile function. SERCA2a function is negatively regulated by phospholamban, which is
inhibited by phosphorylation, which then increases SERCA2a activity. Aging-associated
decreases in contractile function have been associated with a decreased SERCA2a-to-PLB
ratio (Lim et al. 1999) and total SERCA2a protein levels (Schmidt et al. 2000; Li et al.
2007). Interestingly, restoration of contractile function in aged hearts was achieved by
increasing SERCA2a protein expression back to the level seen in adult hearts (Schmidt et al.
2000).

We (Morissette et al. 2006) and others (Reisz-Porszasz et al. 2003) have found that
myostatin can affect cardiac muscle growth as well, which underscores the importance of
understanding how myostatin affects the size and function of the heart in settings where
inhibitors, such as aging, might be used. In order to understand the effects of myostatin in
aging, we studied a cohort of senescent myostatin knock-out mice (KO), and their wild-type
littermates (WT), at 27-30 months old. We measured heart and skeletal muscle mass and
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compared them to adult (4-5 months old) values. DEXA scanning was used to determine the
effect of myostatin deletion on bone composition in senescent mice. Serum glucose and
insulin, along with possible endocrine mediators of insulin sensitivity, were measured. To
evaluate in vivo cardiac function we performed echocardiography on both cohorts of aged
mice. To determine possible mechanisms related to the changes in heart function observed
we examined biochemical changes in key cardiac calcium handling proteins, and measured
cardiac fibrosis.

Results
During normal aging, increases in cardiac mass (Lakatta & Levy 2003) and decreases in
skeletal muscle mass (Thompson 2008) have been observed. To determine if the loss of
myostatin modulates these processes we compared adult and senescent heart and quadriceps
mass in WT and KO mice.

Both WT and KO heart mass increased with age compared to adult heart mass (WT
p<0.0001; KO p<0.001, Figure 1A). The extent of age-related growth between WT and KO
mice was similar (25.0% and 30.6% respectively, p=ns), and there was no difference
between WT and KO heart mass in either the adult or senescent group. From these data we
conclude that the loss of myostatin did not result in more exuberant cardiac growth with
aging.

Consistent with previous reports (McPherron et al. 1997), adult (4-5 month old) KO mice
exhibited 2.2-fold greater quadriceps muscle mass compared to WT (167.1±2.4 vs
372.0±13.0 mg, p<0.001, Figure 1B). Senescent WT and KO mice each had less muscle
mass than adults of the same genotype, however the senescent KO mice maintained more
muscle mass compared to WT (106.3±6.3 vs 234.9±12.4 mg, p<0.001, Figure 1B).
Interestingly, the percent muscle mass loss with aging was remarkably similar in both WT
and KO groups (36.4% vs 36.8%). Consistent with previous reports, total body mass was
significantly higher in the adult KO versus WT (34.2±1.1 vs 28.6±1.0 g, p<0.01, Figure 1C)
mainly due to the increase in skeletal muscle mass(McPherron et al. 1997). Aged WT mice
showed an increase in body mass compared adult mice (p<0.01, Figure 1C), likely due to
increases in fat mass, while there was no significant increase in aged KO compared to adult
KO total body mass.

Adult myostatin KO mice have been reported to have decreased body fat (McPherron & Lee
2002). To assess the effect of aging on body mass composition, we performed dual-energy
x-ray absorptiometry (DEXA) scans on adult and senescent (27-30 months old) WT and KO
mice. Interestingly body fat percentage was 2-fold lower in the KO compared to WT (Figure
2B, p<0.05). There was a non-significant trend towards increased lean tissue and decreased
total fat in senescent KO mice (Figure 2B). Total body weight between senescent WT and
KO mice was not different by direct measurement (Figure 1C) or DEXA (Figure 2B).

Bone mineral density (BMD, Figure 2C, 0.051±0.0005 vs 0.055±0.0012 g/cm2, p<0.01),
bone mineral content (BMC, Figure 2D, 0.45±0.02 vs 0.54±0.016 g, p<0.01) and bone area
(Figure 2B, 8.81±0.034 vs 9.77±0.19 cm2, p<0.05) in KO mice were increased compared to
WT controls suggesting that the loss of myostatin may inhibit aging-related bone loss.

To determine if the KO mice are resistant to age-related loss of insulin sensitivity, we
measured serum insulin and blood glucose in senescent WT and KO mice. We found that
aged KO mice had lower levels of both random insulin (Figure 3A; 155.5±22.2 vs 77.9±7.9
pmol/L, p=0.008) and glucose (Figure 3B; 8.9±0.7 vs 6.7±0.5 mmol/L, p<0.04), suggesting
improved insulin sensitivity. Based on these data we used homeostatic model assessment
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(HOMA)(Levy et al. 1998) to estimate insulin resistance, and found scores consistent with
better insulin sensitivity in KO mice (3.4±0.4 vs 1.5±0.2, p<0.002, n= 14 WT, 10 KO).

Circulating IGF-I levels have been shown to decrease with age in both rodents and humans
(Harman 2004). Skeletal muscle-specific IGF-I overexpression results in increased muscle
mass (Musaro et al. 1999), and cardiac-restricted transgenic overexpression of IGF-I
prevents age-associated decrease in heart function and failure (Torella et al. 2004). For these
reasons an increase in IGF-I levels would be consistent with the skeletal muscle and cardiac
phenotypes in the senescent KO mice. However, IGF-I levels were not different between
senescent WT or KO mice (Figure 3A, 169.4±22.7 vs 159.8±21.8 ng/ml, p=ns), suggesting
circulating IGF-I is not responsible for the improved cardiac function or increased muscle
mass in aged KO mice.

Since young KO mice have been reported to have less fat and smaller adipocytes
(McPherron & Lee 2002), which may be associated with favorable metabolic effects
(Feldman et al. 2006), we examined levels of two fat-secreted adipokines, adiponectin and
retinol binding protein-4 (RBP4), that could contribute to enhanced insulin sensitivity.
Adiponectin secretion is inversely proportional to fat mass, and low levels of adiponectin are
associated with insulin resistance (Yamauchi et al. 2001). RBP4 is an adipokine that is
increased in humans with obesity and type II diabetes, and has been shown to contribute to
insulin resistance in mice (Yang et al. 2005). Serum levels of RBP4 were lower in adult
MSTN KO versus WT mice. However, we found no difference between levels of either
adiponectin (Figure 3B) or RBP4 (Figure 3C) in serum from aged WT and KO mice,
although there was a nonsignificant trend toward decreased adiponectin in KO mice. Since
high levels of adiponectin are associated with enhanced insulin sensitivity, we would have
expected to see an increase in adiponectin in the aged MSTN KO mice. Since we did not see
increased levels of adiponectin in the aged MSTN KO mice, we conclude that adiponectin is
not responsible for the improved glucose and insulin parameters. In addition, free fatty acids
(FFA) did not differ between the two groups of mice (Figure 3B, WT 1.55±0.23 vs KO
1.95±0.85, p=ns).

To determine if myostatin deletion affects heart function in senescent mice, we performed
echocardiography in unanesthetized male WT and KO mice, aged 27-30 months old.
Previously we have published that cardiac function (mean fractional shortening, a measure
of systolic heart function, ~64%) and chamber dimensions measured by echocardiography
were not different in young adult KO and WT mice (Morissette et al. 2006). In contrast,
senescent KO mice show better preserved fractional shortening compared to similarly aged
WT mice (58.1 vs 49.4%, p=0.002) (Figure 4B). In addition, the KO mice showed less
chamber dilation, which increases in heart failure, as evidenced by smaller LV diastolic
(2.71 vs 3.41 mm, p=0.012) and LV systolic diameters (1.15 vs 1.72 mm, p=0.002) in KO
mice (Figure 4C). Although there was a trend towards increased wall thickness in the KO
hearts, this difference was not significant compared to WT hearts (Figure 4D). These data
suggest that the deletion of myostatin protects the heart from age-associated loss of
contractile function.

In order to determine the molecular mechanisms responsible for the differences in heart
function between aged MSTN KO and WT mice, we examined the levels of the key proteins
controlling cardiomyocyte function through regulation of calcium handling. SERCA2a is
responsible for transporting calcium from the cytosol into the sarcoplasmic reticulum (SR),
and its function is critical for maintaining contractile function. Phospholamban binds to
SERCA2a and negatively regulates its activity without changing its expression.
Phosphorylation of phospholamban inhibits its binding to SERCA2a and thereby increases
SERCA2a activity (Bers 2008). Although decreased SERCA2a protein levels have been
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reported in aged mouse hearts (Li et al. 2007), we did not see a difference in SERCA2a
protein expression between WT and KO mice (Figure 5A,B). Similarly, total
phospholamban levels were not different in KO and WT hearts. However, we did observe a
substantial (3.3-fold) increase in the ratio of phosphorylated phospholamban (PLB) to total
PLB in the KO hearts (p<0.05, Figure 5B) compared to WT, which would reduce PLB-
mediated inhibition of SERCA2a. Calsequestrin levels, which were not different between
WT and KO, were used to normalize protein levels and serve as a control for SR protein
isolation (Figure 5A,B). Thus the observed higher level of PLB phosphorylation may
contribute to the better contractile function observed in the KO hearts.

Cardiac fibrosis has been shown to increase with age and is thought to contribute to a
decrease in cardiac (diastolic) function (Lakatta & Levy 2003; Sussman & Anversa 2004;
Alcendor et al. 2007). Since myostatin has been demonstrated to have a pro-fibrotic role in
skeletal muscle (McCroskery et al. 2005; Parsons et al. 2006; Li et al. 2008), we examined
fibrosis in adult and senescent hearts from WT and KO mice. Fibrosis was almost
undetectable in adult hearts as expected. Quantitation of fibrosis on Masson's Trichrome
stained heart sections revealed a 2.4-fold increase in fibrosis in WT compared to KO hearts
(Figure 6, p=0.02). This decrease in fibrosis, along with the increased phosphorylation of
phospholamban, may explain the preservation of cardiac function seen in the KO mice.

Despite the beneficial effects observed in cardiac function and insulin sensitivity, we did not
observe an increase in overall survival in the MSTN KO mice (see Supplemental Figure S1).
However, since the initial aims of this study did not include longevity analysis, the current
study was statistically underpowered to detect even a 2-3 month difference in survival. Thus
additional studies in larger cohorts would be required to definitively address this issue.

Discussion
The goal of this study was to gain insight into the effects of myostatin inhibition, using a
chronic genetic deletion mouse model, on multiple organ systems in the setting of aging.

Since myostatin is a negative regulator of muscle mass it has been implicated in aging-
related sarcopenia (Siriett et al. 2006). Here we show that WT and KO mice lost muscle
mass to the same extent with aging, suggesting that while the KO mice start with greater
muscle mass, deletion of myostatin does not inhibit the biological processes underlying
aging-related muscle mass loss. These data would argue against a specific role for myostatin
as a mediator of sarcopenia. Previously, reduced muscle fiber atrophy (type IIb/X) in two
year-old KO mice compared to similarly aged WT mice was reported, however no
measurements of overall skeletal muscle mass was reported so it was not possible to
determine if they saw similar aging-related muscle mass loss as we report here (Siriett et al.
2006). Whether myostatin inhibition in adult animals or people would nevertheless have
benefits in sarcopenia through an overall increase in muscle mass obviously cannot be
addressed by our data in germline KO mice.

The loss of bone integrity or osteoporosis in aged individuals is an important clinical
problem. We observed increased bone mineral density, content, and area in aged MSTN KO
mice compared to aged WT. Although we cannot rule out the possibility that increased bone
density is due to increased stress on the bone at the ligament insertion sites secondary to
increased muscle mass (Hamrick et al. 2002), it is also possible that the loss of myostatin
itself or the favorable metabolic changes seen in the MSTN KO mice may directly affect
bone remodeling (Kellum et al. 2009). Thus inhibition of myostatin may be beneficial in the
setting of aging-related osteoporosis.

Morissette et al. Page 5

Aging Cell. Author manuscript; available in PMC 2010 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Lower serum glucose and insulin levels in aged KO versus WT mice suggest that the
inhibition of myostatin may preserve insulin sensitivity with aging. We did not find any
differences in adiponectin or RBP4 in senescent mice that would explain preservation of
insulin sensitivity in the KO mice, however adult MSTN KO mice had decreased serum
levels of RBP4. Although the difference in RBP4 is not maintained until the age at which we
see decreased insulin and glucose in the MSTN KO mice, one could speculate that improved
glucose handling at a young age secondary to low RBP4 levels may provide a metabolic
“memory” or “legacy” effect, similar to intensive glycemic control in type II diabetics that
show benefits after long-term follow-up despite the cessation of intensive therapy (Holman
et al. 2008). Although the loss of myostatin in mouse models of type-II diabetes improves
glucose handling, no differences in baseline serum glucose and insulin levels were reported
in adult KO compared to WT mice (McPherron & Lee 2002; Guo et al. 2009). It remains
unclear whether the increased muscle mass seen in the aged KO mice completely explains
the preservation of insulin sensitivity or if myostatin has additional direct effects on critical
signaling pathways involved in glucose homeostasis. For instance increased glucose
utilization by may be sufficient to explain this phenotype since the increase in muscle mass
seen with MSTN KO mice is due to an increase in fast glycolytic muscle fibers (McPherron
et al. 1997). Furthermore other genetically-modified mice that exhibit increased muscle
mass have less fat mass similar to the MSTN KO mice (Sutrave et al. 1990; Musaro et al.
1999; Lai et al. 2004; Izumiya et al. 2008), which may affect adipokines and insulin
sensitivity secondary to increased muscle mass. However direct effects of loss of myostatin
on skeletal muscle may also play a role (Guo et al. 2009). For instance we have previously
demonstrated that myostatin can inhibit Akt, a critical mediator of insulin mediated glucose
uptake. Thus increased Akt activation in insulin sensitive tissues could contribute to
increased glucose uptake and preserved insulin sensitivity.

Cardiac hypertrophy is often characterized as pathological, which is associated with adverse
outcomes including heart failure and arrhythmia, or physiological, which is not. In addition,
it seems likely that more subtle distinctions among cardiac growth in response to specific
stimuli exist. Previously, we have found that myostatin regulates cardiomyocyte growth in a
stimulus-specific manner, and it was unclear whether this could exacerbate pathological
hypertrophy in some settings (Morissette et al. 2006). Here we examined the effects of
myostatin deletion in senescent mice and found that KO mice exhibited a similar increase in
cardiac mass with aging as WT littermates, suggesting myostatin is not a negative regulator
of the hypertrophic growth seen with aging. Its role in other specific circumstance such as
the response to hemodynamic stress will need to be addressed separately. Surprisingly, we
found that the loss of myostatin resulted in preserved cardiac function in senescent mice
compared to WT controls. A recent study demonstrating mitochondrial depletion and a
decrease in force generation in MSTN KO skeletal muscle (Amthor et al. 2007) suggests
cardiac function could be impaired in MSTN KO mice if the heart were similarly affected.
The observed increase in function in the MSTN KO mice suggests that either cardiac
muscle force and mitochondria are not decreased or additional stress is required to reveal a
phenotype. These data suggest that systemic inhibition of myostatin intended to ameliorate
aging-related sarcopenia would not be expected to cause hypertrophy and could actually
benefit heart function.

Another group has also looked at aged cohorts of WT and KO mice (Cohn et al. 2007), and
did not find any differences in cardiac function or fibrosis between the groups. One potential
explanation for the difference is that they studied a younger cohort (24 month-old) of mice,
in which the decrease in function and increase in fibrosis in the WT animals may not yet be
manifest. Technical differences in measuring function and fibrosis may also contribute to the
discrepant results. For example, we measured cardiac function in conscious mice with
physiologically relevant heart rates, while their measurements were obtained from deeply

Morissette et al. Page 6

Aging Cell. Author manuscript; available in PMC 2010 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



anesthetized mice. The use of anesthetic is known to decrease fractional shortening and
heart rate (Rottman et al. 2007), while introducing temporal variability into these
measurements (Rottman et al. 2003), potentially making it harder to detect significant
differences.

It is unclear if the effects on cardiac function are directly related to the loss of myostatin
itself or secondary to the metabolic changes observed in the KO mice. Recent work has
demonstrated that activation of Akt in skeletal muscle is sufficient to mediate multiple
beneficial metabolic effects (Izumiya et al. 2008), and similar cross-talk could extend to the
heart as well. In fact, beneficial effects on metabolism in aged mice subjected to CR or
resveratrol were also associated with improved cardiac function (Barger et al. 2008). Given
our previous observation that myostatin has direct effects in cardiomyocytes (Morissette et
al. 2006), it seems likely that both direct and indirect effects are contributing. The increase
in phosphorylation of PLB that we report here in the KO hearts not only provides a possible
mechanism for the preserved contractile function observed, but also suggests that the loss of
myostatin may enhance the response to adrenergic stimulation in these hearts. We have
previously shown enhanced p38 phosphorylation in response to in vivo α-adrenergic
stimulation in myostatin KO hearts (Morissette et al. 2006). Increased phosphorylation of
PLB secondary to a compensatory increase in adrenergic stimulation has been shown to
initially preserve cardiac function in mice with cardiac-specific overexpression of PLB
(Dash et al. 2001; Dash et al. 2003), thus the increased cardiac function seen in the KO mice
may be mechanistically linked to enhanced adrenergic signaling due to the loss of myostatin.

In conclusion, we report that the chronic loss of myostatin in senescent mice results in
improved cardiac function, decreased cardiac fibrosis, preserved bone density parameters,
and better glucose and insulin profiles compared to WT controls. These data suggest that the
potential use of myostatin inhibitors to treat sarcopenia in aged individuals could also have
beneficial effects on the heart, bone, and endocrine function as well. However, caution is
warranted in directly extrapolating results from a mouse model of chronic genetic deletion
model to administration of an inhibitor to an adult or human.

Experimental Procedures
Mice

Myostatin knock-out (KO) mice(McPherron et al. 1997) were kindly provided by Dr. Se Jin
Lee (Johns Hopkins University). Mice were backcrossed to C57BL/6 for ≥6 generations and
littermate controls were used in all data presented. Senescent mice used for this study were
between 27-30 months old, slightly above the reported median lifespan (age at which 50%
are dead) for C57BL/6 mice (Anver 2004). Adult mice were between 16-20 weeks old. Bone
density and body composition were measured in isofluorane anesthetized mice by dual-
energy x-ray absorptiometry (DEXA, Lunar PIXImus2 mouse densitometer). All studies
were approved by the Institutional Animal Care and Use Committee at Beth Israel
Deaconess Medical Center and were conducted in accordance with the principles and
procedures outlined in the National Institutes of Health Guide for Care and Use of
Laboratory Animals.

Tissue preparation and Immunoblotting
Protein from 27-30 month old mouse hearts was obtained after the atria were removed.
Briefly, muscle tissue from mice were harvested, rinsed in cold PBS, snap frozen in liquid
nitrogen, and homogenized in lysis buffer (Cell Signalling, Beverly, MA) plus 5 mM
Phenylmethylsulphonyl fluoride (PMSF), followed by centrifugation at 20,000×g for 10
minutes at 4° C. Protein concentration was determined by Bradford Assay (Bio-Rad,
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Hercules, CA) and equal amounts of protein (~100 μg) in loading buffer were warmed to
37° C (to prevent dissociation of phospholamban pentamer) and loaded in each lane of a
4-15% pre-cast tris-glycine/sodium dodecyl sulfate-polyacrylamide gel (Bio-Rad). Proteins
were separated by electrophoresis, transferred (semi-dry, Bio-Rad) to nitrocellulose
membranes, and incubated overnight at 4° C with indicated antibody diluted (1:1000) in 5%
non-fat powdered milk/tris-buffered saline/0.1% tween (TBST). Blots were incubated with
rat anti-RBP4 (DakoCytomation, Denmark) (Yang et al. 2005), anti-phospholamban, anti-
phospho-phospholamban (S16) (Upstate, Lake Placid, NY), anti-SERCA2a (Affinity
Bioreagents, Golden, CO), anti-calsquestrin (Abcam, Cambridge, MA), anti-GAPDH, (Cell
Signaling, Beverly, MA), overnight at 4°C and subsequently incubated with HRP-
conjugated secondary antibody (1:5000; DakoCytomation), and detected by
chemiluminescence (Cell Signaling).

Measurement of metabolic parameters
All metabolic parameters were measured from blood collected between 8-10 am. All
measurements were made from serum of random fed mice unless otherwise noted. Glucose
was measured using a blood sample from the tail vein using a OneTouch glucometer
(LifeScan, CA). Insulin (Crystal Chem, INC, IL), adiponectin (Millipore, MO), and IGF-I
(Diagnostic Systems Laboratories, TX) levels were determined by commercial enzyme-
linked immunosorbent assay (ELISA) kits according to the manufacturer's protocol. Serum
free-fatty acids were measured in fasted animals using the NEFA-C kit (Wako, VA). Serum
RBP4 was measured by running a western blot with 1μl of serum (diluted 20X in lysis
buffer) as previously described (Yang et al. 2005), using a rat anti-RBP4 antibody.

Echocardiography
Echocardiography was performed on unanesthetized mice using a 13L high-frequency linear
(10 MHz) transducer (VingMed 5, GE Medical Services) with depth set at 1cm and 236
frames/second for 2-dimensional (2-D) images. M-mode images used for measurements
were taken at the papillary muscle level.

Fibrosis Measurements
Mid-ventricular short axis heart sections from male WT and KO mice were fixed in formalin
and six 5 m sections stained with Masson's trichrome to visualize fibrotic tissue. In order to
objectively quantify the amount of tissue fibrosis, we developed a pre-specified, genotype-
blinded image selection method. Images were selected for analysis such that the image
selected from each section contained the largest amount of fibrosis for that particular
section. Preliminary studies determined that 20x magnification was optimal for
distinguishing the amount of interstitial fibrosis present in the heart sections. Percent fibrosis
was determined using CellProfiler Image Analysis software(Lamprecht et al. 2007) to
quantitate blue (fibrotic) versus non-blue (non-fibrotic) pixels. The results are presented as
percent fibrosis/image area (not whole heart). Given the clustered nature of the data,
statistical analysis was performed using mixed-effects linear regression, with clustering
analyzed at the level of the mouse.

Muscle Mass Determination
The mass of hearts from which vessels but not atria were removed, was determined after
quickly rinsing in cold phosphate buffered saline (PBS), and blotting dry on a paper towel.
Skeletal muscle mass was determined by dissecting the same muscle from both the left and
right sides of the mouse, removing the fascia, rinsing in cold PBS, and blotting dry. The
mass of both sides were averaged to yield reported muscle mass.
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Statistics
Data are represented as mean±SEM and compared by 2-tailed Student's t-test, except for
fibrosis quantitation (see Fibrosis Measurements above). The null hypothesis was rejected
for p<0.05.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Morphometric changes in senescent mice
A) Heart/tibial length (mg/mm) [adult WT, KO, senescent WT, KO; n=9,10,7,4] B)
quadriceps mass/tibial length (g/mm) [adult WT, KO, senescent WT, KO; n=5,7,7,4], and C)
total body (g) [adult WT, KO, senescent WT, KO; n=9,10,8,4] are shown for male adult and
senescent WT and KO mice. Age range: Adult: aged 15-20 weeks; Senescent: aged 27-30
months. Data are presented as mean±SEM. #p<0.01, *p<0.001.
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Figure 2. DEXA scan of body and bone composition in senescent mice
A) Representative DEXA scan images of senescent WT and KO mice. B) Bone area, lean
mass, fat mass, total body mass, % body fat, C) bone mineral density, D) and bone mineral
content as measured by DEXA scan for adult and senescent WT and KO mice. [adult WT,
KO, senescent WT, KO; n=5,5,7,6 for bone measurements; n=5,5,10,8 for all other
measurements]. Data are presented as mean ± SEM. #p<0.05, *p<0.01 vs age-matched WT.
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Figure 3. Decreased insulin and glucose levels in aged KO mice
Serum measurements from adult and senescent WT and KO mice are shown for A) insulin
[adult WT, KO, senescent WT, KO; n=3,5,15,11], IGF-I [adult WT, KO, senescent WT,
KO; n=3,5,10,6], B) glucose [adult WT, KO, senescent WT, KO; n=7,13,14,10], adiponectin
[adult WT, KO, senescent WT, KO; n=3,5,15,11], free fatty acids [adult WT, KO, senescent
WT, KO; n=3,5,11,6]. C) A representative western blot of RBP4 from serum (1μl) of adult
and senescent WT and KO mice with compiled data normalized to age-matched WT [adult
WT, KO, senescent WT, KO; n=3,5,11,10]. Data are presented as fold age-matched WT
mean±SEM. #p<0.05, *p<0.01 vs age-matched WT.
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Figure 4. Echocardiographic data show preserved function and smaller LV dimensions in
senescent myostatin KO mice
A) Representative m-mode images from WT (left) and KO (right) mice. Bar graphs depict
cumulative echocardiographic measurements obtained in conscious male mice 27-30 months
old, with heart rates between 650-750 beats per minute (p=ns between WT and KO) [WT,
KO; n=8,7]. B) Fractional shortening, C) LV Diameter, D) LV Wall thickness.
Abbreviations used: LV, left ventricle; LVDd, LV end-diastolic dimension: LVDs, LV end-
systolic dimension; IVSd, intraventricular septum end-diastolic dimension; LVPWd, LV
posterior wall end-diastolic dimension; IVSs, intraventricular septum end-systolic
dimension; LVPWs, LV posterior wall end-systolic dimension. Data are presented as mean
±SEM. *p<0.01.
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Figure 5. Increased ratio of phospho- to total phospholamban in senescent myostatin KO hearts
A) Western blot analysis from whole heart lysates of sarcoplasmic reticulum proteins
involved in calcium handling from adult and senescent WT and KO mice. B) Bar graphs
represent compiled western blot data normalized to age-matched WT control. [n=3 in each
group]. Data are presented as fold age-matched WT mean ± SEM. #p<0.05 vs age-matched
WT.
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Figure 6. Senescent myostatin KO mice display less cardiac fibrosis
Representative 20X images from Masson's trichrome stained heart sections from adult and
senescent WT and KO mice are displayed with percent fibrosis data compiled below [adult
WT, KO, senescent WT, KO; n=3,3,4,4]. Data are presented as mean ± SEM. #p<0.05 vs
age-matched WT.
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