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Abstract
Age-associated loss of muscle mass, or sarcopenia, contributes directly to frailty and an increased
risk of falls and fractures among the elderly. Aged mice and elderly adults both show decreased
muscle mass as well as relatively low levels of the fat-derived hormone leptin. Here we
demonstrate that loss of muscle mass and myofiber size with aging in mice is associated with
significant changes in the expression of specific miRNAs. 57 miRNAs were altered with aging in
the mice and many of these miRNAs are, for the first time, reported to be associated specifically
with age-related muscle atrophy. These include miR-221, previously identified in studies of
myogenesis and muscle development as playing a role in the proliferation and terminal
differentiation of myogenic precursors. We also treated aged mice with recombinant leptin, to
determine whether leptin therapy could improve muscle mass and alter the miRNA expression
profile of aging skeletal muscle. Leptin treatment significantly increased hindlimb muscle mass
and extensor digitorum longus fiber size in aged mice. Furthermore, the expression of 37 miRNAs
was altered in muscles of leptin treated mice. In particular, leptin treatment increased the
expression of miR-31 and miR-223, miRNAs known to be elevated during muscle regeneration
and repair. These findings suggest that aging in skeletal muscle is associated with marked changes
in the expression of specific miRNAs, and that nutrient-related hormones such as leptin may be
able to reverse muscle atrophy and alter the expression of atrophy-related miRNAs in aging
skeletal muscle.
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1. Introduction
It is estimated that approximately 5-8% of muscle mass is lost per decade of life after about
age 30, and this rate of decline accelerates after age 65 [1]. Age-related muscle atrophy, or
sarcopenia, significantly increases morbidity and mortality among the elderly because
muscle weakness and postural instability are major contributors to falls and fractures [2, 3].
The cytokine-like hormone leptin is an important factor linking food intake with energy
expenditure and body composition [4, 5]. Leptin is secreted from fat cells (adipocytes), but
muscle is also a primary source of leptin [6], and serum leptin levels increase with increased
muscle mass [7]. Older (~85 yrs) populations of frail, continuing care patients are observed
to show low serum leptin, low bone mass, and muscle atrophy, suggesting that altered leptin
signaling is indeed likely to play a major role in sarcopenia and the anorexia of aging [8].
Leptin deficiency itself is associated with decreased muscle mass [9], and the functional
characteristics of skeletal muscle in leptin-deficient ob/ob mice resemble those of aged
rodents [10]. Leptin receptors are abundantly expressed in peripheral tissues such as skeletal
muscle, liver, and bone [11]. Leptin receptors have been identified in human skeletal muscle
[12], their expression is elevated with disuse atrophy [13], and leptin-deficiency increases
expression of the muscle-wasting protein myostatin [14].

Recent studies suggest that alterations in the expression of muscle-specific microRNAs
(miRNAs) may play a role in several muscle disorders. miRNAs are short (~22 nucleotides)
molecules that bind to complemetary sequences of specific target mRNAs and inhibit
translation. Accumulating evidence indicates that miRNAs regulate essential biological
functions, such as cellular differentiation, proliferation, and apoptosis, and have become one
of the most important gene regulators in eukaryotic organisms [15-17]. A number of
miRNAs have been identified that are tissue-specific, and may therefore be involved in
tissue development, disease, and regeneration. For example, the expression of the muscle-
specific miRNA miR-206 has been found to decrease with aging and increase with
mechanical stimulation [18]. Local injection of miR-206 can accelerate muscle regeneration
[19], whereas miR-133 promotes myoblast proliferation and miR-1 can suppress myoblast
proliferation [20]. A broad molecular profiling approach examining the expression patterns
of miRNAs in primary muscular disorders identified 18 miRNAs that were associated with
specific diseases such as Duchenne and Becker muscular dystrophies [21]. These findings
suggest that miRNAs may represent potential therapeutic targets for muscle-related diseases
[22].

We have identified an animal model, the aged C57BL/6 mouse, that shares a number of key
features in common with the aging human musculoskeletal system: an age-related decline in
serum leptin, decreased muscle mass, and loss of bone density [23]. Here we test the
hypothesis that loss of skeletal muscle mass with age in this model is associated with
marked changes in the expression of muscle-specific miRNAs. We also determine whether
recombinant leptin therapy can increase muscle mass and myofiber hypertrophy in this
animal model, and whether leptin treatment can alter the miRNA expression profile that
accompanies age-associated muscle atrophy.

2. Materials and methods
2.1. Animals and treatments

C57BL/6 mice 12 and 24 months of age were obtained from the National Institute on Aging
colony maintained by Taconic Farms. 24 mice per age group were divided into control mice
and those given subcutaneous injections of leptin (10 μg/day) for 10 days. Mice were
euthanized after the 10 day treatment period and body weight and quadriceps mass were
recorded, and the extensor digitorum longus (EDL; predominantly type II, or fast-twitch
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fibers) and soleus (primarily type I, or slow-twitch fibers) dissected free, embedded in OCT
medium, and snap frozen. Cryostat sections of the EDL and soleus were stained alternately
with H&E or anti-laminin antibody (rabbit anti mouse, Sigma L9393) and muscle fiber
cross-sectional areas measured using SigmaScan.

2.2. Real-time miRNA profiling
Quadriceps muscles were dissected free and snap frozen in liquid nitrogen. Total RNA of
quadriceps muscles was extracted using a mirRNA isolation kit (Qiagen) and mouse
miRNAs were analyzed by the TaqMan miRNA arrays using 7900HT Real-Time PCR
System (Applied Biosystems, Foster City, CA). For each reaction, 300ng-500ng of total
RNA was added to RT enzyme mixture with 10X Megaplex RT primers to produce cDNA.
The specific primers and TaqMan assay probes for the miRNAs were distributed on the 384-
well micro-fluidic card (rodent V1 cards) that allows for 384 simultaneous PCR reactions,
including up to 379 miRNA genes as well as endogenous controls. Normalization was
performed with the small nuclear RNAs (snRNAs) U87, which are stably expressed in most
tissues, as well as small RNA RNU202. For data analysis, we used RQ Manager SDS 2.3
software from ABI (version 1.2). The cycle number at which the reaction crossed an
arbitrarily placed threshold (CT) was determined for each miRNA and expression of each
miRNA was calculated with the relative amount of each miRNA to endogenous controls
U87 or RNU202 using the equation 2−ΔCt where CT =(CTmiRNA-CTU87) or (CTmiRNA-
CTrun202). A heat map was generated by Cluster 3.0 and Tree view software based on each
miRNA’s relative expression amount. We used CT = 35 as a cutoff. The assay was run in
duplicate for each case to allow for assessment of technical variability. Comparisons were
run for muscles of aged (24 mo) versus young (12 mo) mice, and for aged mice treated with
leptin versus aged mice receiving saline, by calculating 2−ΔΔCT. Predicted gene targets of
miRNAs were identified using TargetScan and PicTar software.

3. Results
Body weight data demonstrate that the aged mice were significantly smaller than the
younger mice, and that leptin treatment did not significantly alter body weight in mice of
either age group (Fig. 1a). Quadriceps muscle weights were significantly lower in the aged
mice, and were also slightly (but not significantly) lower when normalized to body weight
(Fig. 1b, c). Leptin treatment did, however, significantly increase quadriceps muscle mass
both absolutely (Fig. 1b) and relative to body mass (Fig. 1c) in the aged mice but not in the
younger mice. Muscle fiber cross-sectional areas of the extensor digitorum longus muscle
(EDL) were slightly lower in aged mice, and leptin treatment significantly increased EDL
fiber area in the aged mice but not the young mice (Fig. 1d, Fig. 1e). Muscle fiber cross-
sectional areas of the soleus muscle were similar between young and aged mice, and leptin
treatment produced a slight but non-significant increase in soleus fiber area in mice from
each age group.

To test if miRNAs are involved in aging muscle development, we first used TaqMan RT-
PCR miRNA array to compare the miRNA expression profiles between mice 12- and 24-
months of age. miRNA profilings revealed that relative expression of 57 miRNAs was
significantly altered quadriceps muscle samples from aged mice compared to those from
younger adult mice. Approximately 36 miRNAs were decreased whereas only 21 miRNAs
were increased (Fig. 2). The muscle-specific miRNA miR-206 was upregulated about 2-fold
in aged mice compared to young. To test if the miRNA expression profile of aged skeletal
muscle might be altered with leptin treatment, we further analyzed miRNA gene expression
profiles in the muscles from vehicle- or leptin-treated mice. As shown in Fig. 3, 37 genes
were changed in leptin-treated aged mice compared to control aged mice, including 7
upregulated and 30 downregulated miRNAs. Interestingly, leptin treatment reversed the
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expression of several miRNAs in muscles from aged mice. miR-685 and miR-142-3p were
all downregulated in quadriceps muscles of aged mice compared to younger 12 month-old
mice, whereas leptin treatment significantly increased the expression of these miRNAs
relative to control aged mice (Fig. 3B). Likewise, leptin treatment treatment also decreased
expression of several miRNAs whose expression was increased in muscles of aged mice
compared to muscles from younger mice. miR-155 was increased in muscle of aged mice,
but leptin treatment significantly decreased miR-155 expression compared to vehicle-treated
controls (Fig. 3B).

4. Discussion
To date, the tissue specific expression of three miRNAs--miR-1, miR-133a, and miR-206--
has been consistently associated with skeletal muscle. These miRNAs have also been shown
to induce significant effects on muscle development and myogenesis by targeting myogenic
factors such as mef2, SRF, and myostatin [22]. Interestingly, our profiling approach reveals
that miRNA miR-206 was significantly up-regulated with age in the mice (Fig. 2). miR-206
can induce muscle hypertrophy [19], and its increased expression with muscle atrophy in
aging may indicate an adaptive, compensatory response to antagonize other catabolic
signals. The data presented here also identify additional miRNAs that may be involved in
age-associated muscle atrophy. Specifically, miR-698 and -468 were highly upregulated
with age and miR-434, -455, and -382, -181a, and -221 were downregulated. The strongest
predicted target for miR-698 is cardiotrophin 1, a molecule that maintains the
undifferentiated state of skeletal myoblasts by inhibiting myogenic regulatory factors,
myocyte enhance factors, and myogenin [24]. Likewise, miR-221 was recently found to be
downregulated upon myogenic differentiation, and overexpression of miR-221 delays
withdrawal of differentiating myoblasts from the cell cycle and suppresses the expression of
myogenin [25]. These findings raise the possibility that with aging, and its concomitant
increase in miR-698 expression and decline in miR-221 expression, molecular cues favoring
the terminal differentiation of myoblasts are increased in skeletal muscle. Furthermore, the
strongest predicted PicTar target for miR-181a, which is downregulated more than six-fold
in aging muscle, is the type IIA activin receptor (ActRIIA or Acvr2a). This receptor is a
primary receptor for activin A [26], which has been shown to inhibit the proliferation of
muscle-derived stem cells by phosphorylating Smad 2/3 [27]. Thus, aging in mouse skeletal
muscle is associated with changes in several miRNAs that together favor a decreased
proliferative potential of myogenic precursors and a tendency toward terminal myogenic
differentiation. This age-associated change in skeletal muscle is similar to that previously
postulated for aging bone, where a general decrease in stem cell number and proliferative
potential has been implicated in the development of osteoporosis [28, 29].

Leptin treatment increased the relative mass of quadriceps muscles in aged mice as well as
the fiber size of skeletal muscle fibers in the extensor digitorum longus (Fig. 1). These
results are consistent with previous work in leptin-deficient ob/ob mice, where recombinant
leptin therapy increased muscle mass in part by suppressing myostatin and Foxo3a
expression [14, 30]. As noted in the introduction, populations of aging adults show low
serum leptin levels [8], and we have also found that aging in mice is accompanied by a
decline in serum leptin [23]. Previous work has indicated that leptin resistance, via
downregulation of central (hypothalamic) leptin receptors, increases with age [31]. Our data
suggest that, at least in the case of skeletal muscle, leptin resistance may not necessarily
increase with age. That is, exogenous leptin is capable of inducing a significant anabolic
response in skeletal muscle, as well as producing changes in the expression of specific
miRNAs. MicroRNAs increased in aged muscle with leptin treatment include miRNAs
previously identified as playing a role in muscle regeneration. Greco et al [32] demonstrated
that specific miRNAs were upregulated in the inflammatory (miR-miR-222, -223),
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degenerative (miR-1, -29c, -135a), and regenerative (miR-206, -34c, -31, -335, 449, and
-494) phases of muscle damage and regeneration in Duchenne muscular dystrophy. miR-223
and miR-31 were both upregulated in skeletal muscles from leptin-treated aged mice (Fig.
3), suggesting that leptin can activate molecular pathways involved in muscle repair and
regeneration. miRNAs that were downregulated in skeletal muscles from leptin-treated
animals include several that have been previously described as playing a role in
mesenchymal stem cell (MSC) differentiation. These include miR-489, known to be
downregulated during the osteogenic differentiation of MSCs [33], and miR-103, which is
specifically localized to bone marrow populations of MSCs [34] and can induce adipogenic
differentiation when expressed ectopically [35]. The strong downregulation of these genes
associated with MSCs suggests that exogenous leptin may significantly alter the expression
profile of muscle-derived stem cells.

In conclusion, our data reveal that as C57BL6 mice age they lose skeletal muscle mass, and
are therefore a useful animal model for studying the development of age-associated
pathologies of the musculoskeletal system such as osteoporosis and sarcopenia [23]. Loss of
muscle mass with age in these mice resembles human age-associated muscle loss in that
fast-twitch fibers, which are abundant in the extensor digitorum longus, are reduced in size
more so than slow-twitch fibers, which are more numerous in the soleus muscle. Age-
associated loss of muscle mass in this mouse model was accompanied by specific changes in
the expression pattern of miRNAs. To date, only one other study [18] has investigated the
miRNA changes associated with sarcopenia. Our miRNA expression data indicate that
several miRNAs are altered with aging and may contribute to a decreased proliferative
potential of myogenic precursors and a tendency toward terminal myogenic differentiation.
While leptin therapy increased muscle mass in the aged mice, it can regulate 37 miRNA
gene expression, but only reverse three dysregulated miRNAs in aged mice, miR-685,
miR-142-3p and miR-155, suggesting that other therapeutic approaches need to be
investigated in order to target certain miRNAs identified in aged muscle. Future studies
should be directed at developing nutritional interventions that might alter the expression of
specific miRNAs associated with the onset and progression of muscle wasting and frailty in
aged rodents and elderly human populations. At the very least, new data emerging from the
study of miRNAs in musculoskeletal diseases suggest that many promising therapeutic
targets remain to be identified.
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• Aging is associated with muscle atrophy and loss of muscle mass, known as the
sarcopenia of aging.

• We demonstrate that age-related muscle atrophy is associated with marked
changes in miRNA expression in muscle.

• Treating aged mice with the adipokine leptin significantly increased muscle
mass and the expression of miRNAs involved in muscle repair.

• Recombinant leptin therapy may therefore be a novel approach for treating age-
related muscle atrophy.
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Fig. 1.
Data on body weight (a), quadriceps mass (b), quadriceps mass normalized by body weight
(c), and cross-sectional area of extensor digitorum longus muscle fibers (d) in adult (12 mo)
and aged mice (24 mo) receiving saline (con) or recombinant leptin (lep; 10 μg/day). (e)
Cryostat sections of the extensor digitorum longus (EDL) stained with a Cy3-conjugated
anti-laminin antibody from adult mice receiving saline (12 mo), aged mice receiving saline
(24 mo + veh), and aged mice treated with leptin (24 mo + lep). Note the relatively larger
size of the EDL fibers in aged mice receiving leptin compared to the fibers of aged mice
receiving saline.
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Fig. 2.
Heat map (a) and miRNA expression changes > 1-fold (b) in quadriceps muscles from aged
mice (24 mo) compared to adult mice (12 mo).
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Fig. 3.
Heat map (a) and miRNA expression changes > 1-fold (b) in quadriceps muscles from
leptin-treated aged mice compared to vehicle (saline)-treated aged mice.
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