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β-catenin mRNA were significantly higher in older females 
than older males (p  <  0.05). Gene expression of ActRIIB, 
myostatin, and TGF-β1 were higher in older adults compared 
to younger adults (all p < 0.05). There was, however, no differ-
ence in the total protein content of myostatin, myoD or myo-
genin (all p > 0.05), whereas Smad3 protein phosphorylation 
was 48% lower (p < 0.05) in muscle from older adults.
Conclusions  Increased abundance of mRNA of fibrotic 
markers was observed in muscle from older adults and was 
partly accompanied by altered abundance of pro-fibrotic 
ligands in a sex specific manner.

Keywords  Aging · Myostatin · TGF-β · Fibrosis · Skeletal 
muscle

Abbreviations
ActRIIB	� Activin type IIB receptor
ECM	� Extracellular matrix
MRFs	� Muscle regulatory factors
TGF-β	� Transforming growth factor beta

Introduction

Sarcopenia is defined as a progressive decline in skeletal 
muscle mass and strength with advancing age resulting in 
reduced capacity to perform activities of daily living in 
the elderly (Janssen and Ross 2005; Rosenberg 1997). The 
mechanism of sarcopenia is complex and involves the inter-
play of a surfeit of alterations with advancing age. One sug-
gested mechanism is the loss of regenerative capacity, par-
ticularly the programing in favor of fibrosis at the expense 
of myogenesis (Musaro et al. 1995; Verdijk et al. 2014).

Skeletal muscle of older rodents and humans is char-
acterized by an impaired capacity for regeneration when 

Abstract 
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exposed to the same injurious stimulus as younger 
adults (Marsh et  al. 1997; McKay et  al. 2012), how-
ever, this does not always appear to be the case (Buford 
et  al. 2014). Skeletal muscle repair in response to mod-
erate damage is reliant upon rapid fibroblast migration, 
and subsequent proliferation to the site of injury (Marsh 
et  al. 1997; Moyer and Wagner 2011). Fibroblasts pro-
duce and secrete high levels of extracellular matrix 
(ECM) components such as collagen, hyaluronic acid and 
fibronectin, which are later degraded as regeneration and 
growth of new myofibers proceeds. High fibrosis levels 
with advanced age increases the accumulation of ECM 
components, leading to impaired regeneration (Serrano 
and Munoz-Canoves 2010) and abnormal muscle fiber 
arrangement (Peterson and Guttridge 2008).

Given the debilitating nature of sarcopenia, establish-
ing markers whose expression are differentially regu-
lated in skeletal muscle with advancing age will assist 
in future development of therapeutic approaches to the 
age-related decline in skeletal muscle mass and function. 
Among the factors reported to be altered with age is the 
overproduction of the major transforming growth factor 
beta (TGF-β) superfamily ligand, myostatin and growth 
and differentiation factor 11 (Sandri et  al. 2013; Schafer 
et al. 2016). Myostatin, as well as TGF-β1 are reported to 
inhibit myogenesis through several mechanisms, includ-
ing repression of the transcription of the muscle regula-
tory factors (MRFs); MyoD and myogenin (Durieux et al. 
2007; Liu et al. 2001; Murakami et al. 2008). Canonically, 
ligand binding to the activin type IIB receptor (ActRIIB) 
activates Smad2 and/or 3 to initiate signal transduction 
through the traditional cascade (Ge et  al. 2011). Sub-
sequent complex formation with Smad4 triggers trans-
location to the nucleus, where phosphorylated Smad3 
binds directly to MyoD leading to its post-transcriptional 
repression (Liu et al. 2001; Murakami et al. 2008).

Although initially identified as a potent negative regu-
lator of skeletal muscle mass (McPherron et  al. 1997), 
myostatin has also been implicated in fibrosis (Morissette 
et  al. 2009). Myostatin deletion leads to a reduction in 
fibrosis of the heart in aged mice (Morissette et al. 2009). 
Evolutionarily conserved, age-specific increases in sys-
temic TGF-β have also been observed in mice and humans 
(Carlson et  al. 2009). Furthermore, attenuation of TGF-β 
signaling has been reported to improve the regenerative 
response in older muscle stem cells (Carlson et al. 2009). 
Despite such advances in the understanding of components 
of the TGF-β superfamily in aging, conflicting evidence for 
the upregulation of this pathway exist. Particularly, reports 
of increased circulating (Yarasheski et al. 2002) and intra-
muscular myostatin levels (Leger et al. 2008; McKay et al. 
2012) are in contrast with results which have demonstrated 
no change (Welle et al. 2002) with advancing age.

Sex differences in the prevalence and degree of sar-
copenia have been reported and appear to be related to 
aging in both human and animal models (Kirchengast and 
Huber 2009; Kob et  al. 2015; Mitchell et  al. 2012). For 
example, aging male rats exhibit a greater decline in mus-
cle mass compared to female rats (Kob et al. 2015), with 
a similar pattern of decline reported in humans (Mitchell 
et  al. 2012). In contrast, previous research has reported 
a potential crossover effect of age, with younger women 
(<70 years old) experiencing a higher frequency of sarco-
penia compared to men, whereas this pattern is reversed in 
older adults (>80 years old) (Kirchengast and Huber 2009). 
The canonical skeletal muscle myogenesis signaling path-
ways are reported to be downregulated in male rodents 
compared to females (McMahon et al. 2003), with the dis-
crepancy appearing to be exacerbated overtime with aging 
(Oldham et  al. 2009). In humans, older woman exhibit 
an upregulation in gene expression of myostatin, Myf5, 
MyoD and myogenin compared to younger women, how-
ever, protein content was not measured (Raue et al. 2006). 
Few studies have explored the interaction of both age 
and sex on skeletal muscle myogenesis and fibrosis gene 
expression and protein signaling pathways in humans.

As such, the aim of the current study was to test the 
hypothesis that skeletal muscle of older adults is character-
ized by higher fibrosis markers and increased expression 
of components of the canonical TGF-β signal transduction 
pathway. Subsequently, we aimed to explore the potential 
interaction of sex and age on skeletal muscle myogenesis 
and fibrosis protein signaling.

Materials and methods

Participants

Fourteen young adults (9 males and 5 females; age 
24.7  ±  1.0  years; height 173.1  ±  2.7  cm; weight 
72.2  ±  4.1  kg; body mass index (BMI) 23.9  ±  0.9  kg/
m2; mean ± SE) and seventeen older adults (9 males and 
8 females; age 67.5 ±  1.7 years; height 167.9 ±  1.8  cm; 
weight 84.0 ± 4.1 kg; BMI 29.6 ± 1.1 kg/m2) participated 
in the study. This study was approved by the Victoria Uni-
versity Human Research Ethics Committee and carried out 
in accordance with The Code of Ethics of the World Medi-
cal Association (Declaration of Helsinki) for experiments 
involving humans.

Muscle biopsy

Participants presented to the laboratory in a fasted state. 
Following 30 min of supine resting, a muscle sample was 
collected from the vastus lateralis under local anesthesia 
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(xylocaine 1%) by percutaneous needle biopsy technique 
(Bergstrom 1962), modified to include suction (Evans et al. 
1982). Excised muscle tissue from each biopsy was imme-
diately frozen and stored in liquid nitrogen for later analysis.

Gene expression analysis

RNA extraction, reverse transcription and qPCR were per-
formed as previously described (Watts et  al. 2013; Cal-
dow et al. 2013) and gene expression was calculated from 
quantification cycle (Cq) values. The efficacy of cyclophi-
lin A as an endogenous control was examined using the 
equation  2−�Cq. No differences were observed between 
groups (all p > 0.05; data not shown); therefore, cyclophi-
lin A was deemed as a suitable control. Primer sequences 
were designed using Primer Express (Applied Biosystems, 
Foster City, CA, USA) and validated by BLAST sequence 
homology and melt-curve analysis. See Table 1 for primer 
sequence details.

Protein extraction and Western blotting

Western blotting was performed as previously described 
(Watts et  al. 2013). Smad3 (#9520) and phospho-Smad3 
(#9513; Ser423/425) antibodies were purchased from Cell 
Signaling Technology (Danvers, MA, USA). TGF-β1 (#sc-
146), myostatin (#AB3239) and actin (#A2066) antibodies 
were purchased from Santa Cruz Biotechnology (Santa Cruz, 
CA, USA), Chemicon (Billerica, MA, USA) and Sigma 
(Sydney, Australia), respectively. In brief, muscle biopsy sam-
ples (~30 mg) were homogenized in cold lysis buffer (20 mM 
Tris–HCl, 5  mM EDTA, 10  mM Na4P2O7, 100  mM NaF, 
2 mM Na3VO4, 1% Igepal, 10 μg/ml aprotinin, 10 μg/ml leu-
peptin, 3 mM benzamidine, 1 mM PMSF). Denatured protein 
from whole skeletal muscle lysates were separated by SDS-
PAGE and transferred onto a nitrocellulose membrane. Nitro-
cellulose membranes were then blocked in 5% BSA/TBST 

(p-Smad3, Smad3, actin) and 5% cold fish gelatin (myostatin, 
TGF-β1), and then incubated overnight at 4 °C with primary 
antibody, followed by 1 h incubation with horseradish perox-
idase-conjugated secondary antibody (in respective blocking 
buffer). Immunoreactive bands were detected by enhanced 
chemiluminescence (Western Lighting Chemiluminescent 
Reagent Plus, Perkin-Elmer, Boston, MA, USA) and densi-
tometric analysis was performed (Kodak Imaging software, 
Kodak ID 3.5, Perkin-Elmer). Phospho-Smad3 membranes 
were stripped using Restore Western Blot Stripping Buffer 
(Thermo Fisher, Australia) before being re-probed with the 
total Smad3 antibody. Actin antibody was used as the loading 
control due to its stable expression between skeletal muscle 
of young and older adults.

Statistical analysis

Data were checked for normality and analyzed using 
Predictive Analytics Software (PASW v21, SPSS Inc., 
Chicago, WI, USA). Comparisons of multiple means 
were examined using a two-way analysis of variance 
(age ×  sex). Significant interaction and main effects were 
further probed using Fisher’s LSD test. Results are pre-
sented as mean ± SE. Statistical comparisons were consid-
ered significant at p ≤ 0.05.

Data availability statement  The datasets generated dur-
ing and/or analyzed during the current study are not pub-
licly available due to ethical considerations. The study was 
approved by, and conducted in accordance with the Victoria 
University Human Research Ethics Committee (VUHREC) 
which stipulates that raw data collected from participants 
is confidential (as per storage of medical records) and only 
accessible to researchers named on the ethics approval by 
the VUHREC. Raw de-identified data can be accessed upon 
request to the corresponding author pending approval by 
the VUHREC.

Table 1   Primer sequences

Gene Accession no. Forward 5′ → 3′ Reverse 5′ → 3′

ActRIIB NM_001106 CCAGCATATTGCTCTACTGTATCACAA AGCATGGCGCTGGTTCTG

Axin 2 NM_004655.3 ACAGTGGATACAGGTCCTTCAAGAG GGTGGCTGGTGCAAAGACAT

Beta-catenin NM_001098209.1 CTCTGATAAAGGCTACTGTTGGATTG ACGCAAAGGTGCATGATTTG

Collagen III NM_000090.3 GGTTTTGCCCCGTATTATGGA GAAGTCATAATCTCATCGGTGTTGA

Cyclophilin A NM_021130.4 CATCTGCACTGCCAAGACTGA TTCATGCCTTCTTTCACTTTGC

Fibronectin NM_212482.1 TCGCCATCAGTAGAAGGTAGCA TGTTATACTGAACACCAGGTTGCAA

Myf5 NM_005593 TTCTACGACGGCTCCTGCATA CCACTCGCGGCACAAACT

MyoD NM_002478 CCGCCTGAGCAAACTAAATGA GCAACCGCTGGTTTGGAT

Myogenin NM_002479 GGTGCCCAGCGAATGC TGATGCTGTCCACGATGGA

Myostatin NM_010834.4 CCAGGAGAAGATGGGCTGAA CAAGACCAAAATCCCTTCTGGAT

TGF-β1 NM_000660.3 CGCGTGCTAATGGTGGCAAA ATGCTGTGTGTACTCTGCTTGAACT
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Results

Significant age ×  sex interaction effects were detected for 
axin 2 (p = 0.02) and beta-catenin (p = 0.01). No other sig-
nificant interaction effects were detected (all p > 0.05). Main 
effects for age were detected for gene expression of collagen 
III (p =  0.01), fibronectin (p  <  0.01), ActRIIB (p  <  0.01), 
myostatin (p = 0.04), TGF-β1 (p < 0.05), Myf5 (p = 0.03), 
and Smad3 protein phosphorylation (p =  0.04). No other 
main effects for age or sex were detected (all p > 0.05).

Higher fibrogenic markers in skeletal muscle 
from older adults

Older adults had significantly higher axin 2 (350%, 
Fig.  1a), beta-catenin (298%, Fig.  1b), collagen III 
(170%, Fig.  1c) and fibronectin (641%, Fig.  1d) gene 
expression, compared to young individuals. An age-
related increase in axin 2 mRNA was mainly attributable 

to significantly higher expression in muscle from female 
participants (p  <  0.05, Fig.  1a). β-Catenin mRNA was 
significantly increased for both older males (167%) and 
females (478%), however, was significantly higher for 
female participants than males (p < 0.05, Fig. 1b). No sex 
differences were observed for gene expression of colla-
gen III and fibronectin (both p > 0.05, Fig. 1c, d).

Altered Smad3 signaling in skeletal muscle from older 
adults

Older adults had significantly higher ActRIIB (365%), 
myostatin (120%), and TGF-β1 (72%) gene expression 
compared to young individuals (p  <  0.05, Fig.  2a–c). No 
sex differences were detected for ActRIIB, myostatin, or 
TGF-β1 mRNA gene expression (all p > 0.05, Fig. 2a–c). 
Older adults demonstrated 48% lower (p  <  0.05) Smad3 
phosphorylation compared to the young group (Fig.  3a), 
whereas no difference in total protein content of myostatin 

Fig. 1   Transcript levels of axin 2 (a), beta-catenin (b), collagen III 
(c), and fibronectin (d) relative to cyclophilin A, were determined 
by RT-PCR in skeletal muscle from young and older adults (black 
columns) and sex comparisons between males (white columns) and 
females (checkered columns). Statistically significant difference 

(*P  <  0.05; **P  <  0.01; ***P  <  0.001) between young and older 
adults and between male and female (†P < 0.05). Data are presented 
as mean ±  SE and expressed relative (fold difference) to the com-
bined young group for the combined analysis and the young male 
group for the between sex analysis
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or TGF-β1 was detected between young and older partici-
pants (p > 0.05; Fig. 3b, c).

Higher Myf5 expression in skeletal muscle from older 
adults

Myf5 expression was higher in the older adult group com-
pared to the young group (74%, Fig. 4a; p < 0.05) with no 
difference in the gene expression of MyoD or myogenin 
(Fig. 4b, c, respectively).

Discussion

We report higher gene expression of fibrosis markers 
axin 2, beta-catenin, collagen III and fibronectin, in skel-
etal muscle of older adults compared to young individu-
als. In addition, gene expression of the pro-fibrotic ligands 
ActRIIB, myostatin and TGF-β1, were higher in older 

adults compared to young individuals. The data suggest 
that elevated fibrotic activation observed in the muscle from 
older adults is partly accompanied by altered gene expres-
sion of pro-fibrotic ligands in both males and females. Fur-
thermore, increased gene expression of axin 2 and beta-
catenin in older adults were largely dependent on greater 
gene expression in females compared to males, supporting 
a potential interaction of age and sex with skeletal muscle 
fibrosis and myogenesis molecular signaling.

Aging is associated with morphological and func-
tional changes in skeletal muscle. However, the cellular 
and molecular determinants of skeletal muscle fibrosis 
are not clear. Studying the processes involved in fibrotic 
tissue accrual within the musculature is pivotal to under-
standing the clinical complications of aging (Rosenberg 
1997). Increased fibrosis of the ECM contiguous with 
the diminishing skeletal muscle of the elderly is associ-
ated with muscle stiffness, reduced whole muscle func-
tion and contributes to the impairment of satellite cell 
maturation (Kragstrup et al. 2011). The concentrations of 

Fig. 2   Transcript levels of ActRIIB (a), myostatin (b) and TGF-β1 
(c) relative to cyclophilin A, were determined by RT-PCR in skeletal 
muscle from young and older adults (black columns) and sex com-
parisons between males (white columns) and females (checkered 
columns). Statistically significant difference (*P < 0.05; **P < 0.01; 

***P < 0.001) between young and older adults and between male and 
female (†P < 0.05). Data are presented as mean ± SE and expressed 
relative (fold difference) to the combined young group for the com-
bined analysis and the young male group for the between sex analysis
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dominant ECM components, including collagen III, are 
frequently used to measure the degree of skeletal muscle 
fibrosis (Haus et al. 2007). The higher mRNA expression 
of collagen III and other associated fibrotic markers, axin 
2, beta-catenin and fibronectin, we observed in the older 
participants is consistent with the established literature 
(Brack and Rando 2007; Goldspink et al. 1994). We also 
observed higher levels of axin 2 and beta-catenin mRNA 
expression in older females compared to older males. 
Axin 2 and beta-catenin also play a role in skeletal mus-
cle myogenesis (Suzuki et al. 2015), and thus may reflect 
increased myogenic gene expression reported in older 
women when compared to younger women (Raue et  al. 
2006). As such, care should be taken when combining 
data from male and females. Changes in the levels of hor-
mones such as estrogen and its effects on skeletal muscle 
physiology after menopause may account for such sex-
related differences with aging.

It has previously been reported that the TGF-β family 
pathway, the expression of the major ligands TGF-β1 and 
myostatin, as well as their canonical signaling components, 

are altered in skeletal muscle of older adults compared to 
their young counterparts (Carlson et al. 2009; Leger et al. 
2008). In the current study, ActRIIB and TGF-β1 mRNAs 
were significantly higher in older adults compared to young 
individuals. Sub-analysis revealed no sex differences in the 
effect of aging on ActRIIB and TGF-β1 mRNA, suggesting 
increased expression of canonical TGF-β signal transduc-
tion pathway may be involved in the development of mus-
cle fibrosis during the aging process in both sexes. Future 
studies should explore the cellular and clinical implications 
of inhibiting TGF-β signal transduction pathway in older 
adults.

Myostatin is known as a potent negative regulator of 
skeletal muscle mass in adulthood (Durieux et  al. 2007; 
McPherron et  al. 1997). In the current study, myosta-
tin mRNA was higher in the older adult group compared 
to the young group. Older myostatin-null mice are char-
acterized by the absence of skeletal muscle atrophy and 
an increased propensity to undergo muscle regeneration 
in response to injury (Siriett et  al. 2006). It is important 
to note that much of the evidence for the possible role of 

Fig. 3   Western blot analysis of total protein content and/or phos-
phorylation of Smad3 (a), myostatin (b) and TGF- β1 (c), in skeletal 
muscle from young and older adults (black columns) and sex com-
parisons between males (white columns) and females (checkered 
columns). Statistically significant difference (*P < 0.05) between the 

young and older adults. Representative blots are also displayed (d). 
Data are presented as mean  ±  SE normalized to total SMAD3 or 
actin where specified; and expressed relative (fold difference) to the 
combined young group for the combined analysis and the young male 
group for the between sex analysis
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TGF-β signal transduction pathway arises from in  vitro 
studies comparing either age-associated alterations to gene 
expression in muscle precursor cells isolated from young 
and elderly adult rodents (Beggs et al. 2004) or the regen-
erative response following TGF-β1 neutralization in iso-
lated human cells (Carlson et al. 2009). In contradiction to 
previous reports of attenuated myostatin mRNA expression 
and increased protein content in older aged skeletal mus-
cle (Sandri et al. 2013), or the reported lack of difference 
in myostatin mRNA (Welle et al. 2002), we report elevated 
myostatin gene expression in the absence of differences in 
myostatin protein content in older aged skeletal muscle. 
The discrepancy in findings are unclear, but may stem from 
differences in population demographics (e.g. age) and the 
inherent inter-individual variability of humans which often 
impair the transferability of mouse and cell culture find-
ings to human studies (Sandri et  al. 2013). Furthermore, 
others have also reported discrepancies between myostatin 
RNA expression and myostatin protein content in human 
and rodent skeletal muscle (McKay et  al. 2012; Oldham 
et al. 2009). The discrepancy between gene expression and 
protein content may arise through variations in protocol/

methodology and antibody specificity, or more likely 
through post-transcriptional, translational and protein deg-
radation regulation processes (Vogel and Marcotte 2012).

Surprisingly, Smad3 phosphorylation in skeletal muscle 
from older adults was lower compared to younger individu-
als despite the detection of elevated TGF-β1 and myosta-
tin mRNA expression. Smad signaling is reported to be 
involved in higher risk for insulin resistance-related muscle 
atrophy through attenuation of muscle regulatory factors 
independent of changes in myostatin or TGF-β1 protein 
content (Watts et al. 2013). Furthermore, others have also 
reported Smad3 signaling to be involved in skeletal mus-
cle hypertrophy signaling pathways, such as the Akt/mam-
malian target of rapamycin (mTOR) pathway, independent 
of myostatin driven mechanisms (Winbanks et  al. 2012). 
The physiological relevance of attenuated Smad3 phos-
phorylation in skeletal muscle of older populations remains 
unclear, and warrants further exploration.

The loss of type II muscle fibers accompanied by a fiber-
specific decline in satellite cell content is a contributor to 
disrupted skeletal muscle regeneration with advancing age 
(Verdijk et  al. 2014). Disruption to the timely expression 

Fig. 4   Transcript levels of Myf5 (a), MyoD (b) and myogenin (c) 
relative to cyclophilin A, were determined by RT-PCR in skeletal 
muscle from young and older adults (black columns) and sex com-
parisons between males (white columns) and females (checkered 
columns). Statistically significant difference (*P  <  0.05) between 

the young and older adults. Data are presented as mean ±  SE and 
expressed relative (fold difference) to the combined young group for 
the combined analysis and the young male group for the between sex 
analysis
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by satellite cells of any of the MRFs may compromise 
postnatal growth, repair and maintenance of mature skel-
etal muscle and augment collagen deposition and fibrosis 
(Charge and Rudnicki 2004). Given that complete abla-
tion of Smad3 in mice is attributed to impaired satellite 
cell renewal (Ge et  al. 2011), we sought to determine the 
possibility that diminished Smad3 in the muscle of older 
adults may be accompanied by dysregulated expression of 
the aforementioned transcription. The gene expression of 
MyoD and myogenin revealed no significant differences 
between whole muscle lysate of young and older adults. 
The increase in Myf5 mRNA in the older adults appears 
paradoxical considering the propensity for reduced skeletal 
muscle regeneration with aging, as well as previous reports 
of its down regulation in response to Smad3 ablation (Ge 
et al. 2011). However, increased MRF transcription in older 
sarcopenic mice following a continuous decline through the 
postnatal period has been described (Musaro et al. 1995).

In contrast to axin 2 and beta-catenin gene expression, 
gene expression and protein signaling of other MRFs did 
not appear to be effected by sex. These findings contradict 
previous work in rodents which have reported upregula-
tion of myogenic signaling in skeletal muscle of female 
rodents compared to male rodents (McMahon et al. 2003), 
with this discrepancy appearing to be more pronounced 
overtime with aging (Oldham et  al. 2009). It has also 
been reported that older woman (aged 80–89  years old) 
exhibit upregulated gene expression of myostatin, Myf5, 
MyoD and myogenin compared to younger women (aged 
18–30 years) (Raue et al. 2006), however, protein content 
was not measured. The discrepancy to the current find-
ings may be due to the large variation in investigated age 
groups. Certainly, the prevalence of sarcopenia is reported 
to be greater in females under the age of 70 compared to 
males, whereas this pattern is reversed with adults over the 
age of 80 (Kirchengast and Huber 2009). Nevertheless, we 
provide new data suggesting similar skeletal muscle gene 
expression and protein content of canonical MRFs between 
male and females in both the young and older aged groups 
investigated.

This study was reliant upon human muscle biopsy sam-
ples, an invasive protocol which generates small quantities 
of muscular tissue. Thus, limited muscle availability pre-
cluded both morphological and immunohistochemical anal-
ysis. Although sample size may be a limiting factor of the 
study, previous invasive human studies have used similar 
sample sizes to investigate age- and sex-related differences 
in skeletal muscle myogenesis gene expression and protein 
signaling pathways (Raue et al. 2006; Bamman et al. 2003). 
Other potential study limitations include the omission 
of muscle fiber type and direct measures of muscle fibro-
sis between the young and older participants. The protein 
concentration of some signal transduction proteins varies 

between fiber isoforms, presumably reflecting concentra-
tion differences related to myofiber functioning (Atherton 
et al. 2004). While the bulk of RNA isolated from muscle 
tissue is derived from myonuclei, age differences in the 
abundance of other contributing cell types could also be an 
important factor that was not accounted for in this current 
study. Finally, future studies would benefit by stratifying 
age even further, such as investigating skeletal muscle of 
young, middle-aged, and older adults.

Conclusions

Elevated activation of fibrotic markers observed in muscle 
from older adults is partly accompanied by altered abun-
dance of pro-fibrotic ligands in males and females. The 
onset of sarcopenia of the elderly is likely to be triggered 
by a complex regulatory network of signaling pathways. 
Future studies exploring how these signaling components 
interact to produce sarcopenia with advancing age will 
help contribute towards the development of strategies to 
counteract the age-related declines in morphology and 
function.
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