'.) Check for updates

Comprehensive Physiology COMPREHENSIVE e S))

! physiological
EHQYSMIMOITOG!jE society’

| REVIEW

Myostatin Signaling in Skeletal Muscle: Implications for
Athletic Performance

Srishti Chandel! | Deenathayalan Uvarajan? | Mahalaxmi Iyer>* | Dibbanti HariKrishna Reddy® | Zothan Siama® |
Bupesh Giridharan’ | Arul Narayanasamy® | John M! | Arvinder Wander® | Balachandar Vellingiri'®

!Department of Physical Education, Human Performance Laboratory, Central University of Punjab, Bathinda, India | 2Center for Neuroscience,
Karpagam Academy of Higher Education, Coimbatore, India | 3Department of Community Medicine and Health, Central University of Punjab, Bathinda,
India | “Department of Microbiology, Central University of Punjab, Bathinda, India | Department of Pharmacology, School of Health Sciences,
Advanced Pharmacology and Neuroscience Laboratory, Central University of Punjab, Bathinda, India | °Department of Zoology, Mizoram University

(a Central University), Aizawl, India | "Department of Forestry, Nagaland University (Hqrs.), Lumami, India | $Department of Zoology, Disease
Proteomics Laboratory, Bharathiar University, Coimbatore, India | “Department of Pediatrics, All India Institute of Medical Sciences (AIIMS), Bathinda,
India | °Neurobiology (Ageing and Pediatric) Laboratory [NAP Lab], Department of Zoology, Central University of Punjab, Bathinda, India

Correspondence: Balachandar Vellingiri (balachandar.vellingiri@cup.edu.in)
Received: 28 February 2026 | Revised: 20 May 2026 | Accepted: 29 May 2026

Keywords: athletic performance | genetic polymorphism | IGF-1 signaling | muscle hypertrophy | myostatin | skeletal muscle regulation | sports genetics |
testosterone interaction

ABSTRACT

Myostatin, encoded by the MSTN gene, is a critical negative regulator of skeletal muscle growth and plays a central role in
maintaining muscle homeostasis. It regulates satellite cell proliferation, differentiation, and protein synthesis through both
Smad-dependent and non-Smad signaling pathways. Overexpression of myostatin promotes muscle atrophy and delays recovery,
whereas reduced myostatin activity enhances protein synthesis and muscle regeneration, primarily by modulating the IGF-1/
Akt/mTOR signaling pathway. Modulation of myostatin has been associated with improved metabolic function, increased insu-
lin sensitivity, enhanced musculoskeletal adaptation, and improved performance sustainability. Genetic variations in MSTN and
its receptors activin-type Il receptor A (ACVR2A) and activin type II receptor B(ACVR2B) R2B contribute to inter-individual dif-
ferences in muscle morphology, fiber-type distribution, and athletic performance. Specific polymorphisms, including rs1805086
and rs11333758, have been associated with variations in muscle strength, hypertrophy, and endurance capacity. Despite ex-
tensive research, a comprehensive evaluation of the relationship between MSTN signaling, skeletal muscle mass, and athletic
performance remains limited. This review provides an integrated overview of myogenesis, MSTN-mediated signaling pathways,
genetic polymorphisms, endocrine interactions, and therapeutic modulation strategies. We further discuss the implications of
MSTN in muscle hypertrophy, inflammation, and sports performance, highlighting future research directions in precision sports
genomics and translational muscle biology.

Abbreviations: AAV, adeno-associated virus; ACE, angiotensin-converting enzyme; ACVR2B, activin receptor type IIB; Akt, protein kinase B; ALK4/5, activin
receptor-like kinase 4/5; BMP, bone morphogenetic protein; DMD, duchenne muscular dystrophy; ERK, extracellular signal-regulated kinase; FLRG, follistatin-related
gene protein; FOXO, forkhead box O; FSHD, facioscapulohumeral muscular dystrophy; FST, follistatin; GDF-8, growth differentiation factor-8; IGF-1, insulin-like
growth factor-1; JNK, c-Jun N-terminal Kinase; MAPK, mitogen-activated protein kinase; MSTN, myostatin; mTOR, mammalian target of rapamycin; MyoD,
myogenic differentiation 1; SM, skeletal muscle; Smad2/3, mothers against decapentaplegic homolog 2/3; Smad4, common mediator Smad; SNP, single nucleotide
polymorphism; TGF-g, transforming growth factor beta.
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1 | Introduction

Skeletal muscle (SM) in humans accounts for approximately
40% of total body weight and 50%-75% of total body protein
(Florin et al. 2020). It plays a critical role in maintaining met-
abolic homeostasis, providing postural support, facilitating
movement, and regulating body temperature. SM mass is main-
tained through a tightly regulated balance between protein
synthesis, protein degradation, and satellite cell differentiation
(Ferraro et al. 2014). Myostatin (MSTN), also known as growth
differentiation factor-8 (GDF-8), is a member of the transform-
ing growth factor-beta (TGF-) superfamily and functions as a
key negative regulator of SM hypertrophy. The MSTN gene plays
a pivotal role in SM biology, and its strong association with var-
ious pathological conditions has established it as an important
therapeutic target (Baig et al. 2022). The MSTN gene is highly
conserved across mammalian species and primarily functions
to limit muscle growth. MSTN-deficient organisms exhibit a
marked increase in SM mass, a phenotype commonly referred
to as double muscling (DBM) (Aiello et al. 2018). Similarly, ge-
netic deletion or pharmacological inhibition of the MSTN gene
in rodent models results in increased muscle mass accompanied
by reduced adiposity (Deng et al. 2017).

Mechanistically, myostatin inhibits SM growth by binding to the
activin receptor type IIB (ACVR2B) and activating the Smad2/3
signaling pathway. Activated Smad2/3 may further interact
with the MAPK pathway to suppress cellular proliferation via
the p21/Rb cascade or directly inhibit myogenic regulatory fac-
tors such as myoblast determination protein 1 (MyoD), thereby
restricting myoblast differentiation (Goh et al. 2017). In addition
to its direct effects on muscle mass, myostatin-mediated signal-
ing is influenced by multiple internal and external factors, in-
cluding hormonal status, nutritional state, and physical activity.

Numerous single-nucleotide polymorphisms (SNPs) associated
with muscle characteristics, strength, and athletic performance
have been identified within the MSTN gene. Genetic variants
in MSTN are strongly correlated with muscle fiber type com-
position and endurance capacity among elite athletes. Previous
studies report that endurance athletes are approximately 2.1
times more likely to carry the MSTN deletion genotype than
non-athletes (Gineviciené et al. 2021).

Research interest in myostatin has increased due to its key role
in muscle hypertrophy and function. Therapeutic strategies tar-
geting MSTN include monoclonal antibodies (Latres et al. 2015),
small-molecule inhibitors, and follistatin-based gene therapies
(Iskenderian et al. 2018). However, several of these approaches
have shown limited success in clinical trials due to safety con-
cerns and lack of functional improvement. These approaches are
being explored for muscle-wasting conditions such as muscular
dystrophy and sarcopenia; however, concerns regarding safety,
limited functional improvement, and potential misuse in gene
doping remain significant.

Overall, myostatin plays a central role in regulating SM mass
and metabolic homeostasis. Investigating MSTN genetic vari-
ants and their interactions with endocrine factors, such as
insulin-like growth factor-1 (IGF-1) and testosterone, may en-
hance our understanding of muscle adaptation, therapeutic

interventions, and the optimization of athletic performance.
This review critically evaluates the regulatory role of myostatin
in SM growth and athletic performance, with particular empha-
sis on its molecular mechanisms, genetic polymorphisms, and
therapeutic potential.

2 | Myostatin—The Master Regulator of Skeletal
Muscle (SM) Mass

SM comprises approximately 40% of total body mass and
contracts in response to stimuli. SM is essential for physical
movement, posture, and critical functions such as chewing,
swallowing, and respiration. SM functions as a regulator of
interorgan communication for energy and protein metabolism
across the body, a role that is less acknowledged yet crucial.
The maintenance of muscle protein levels relies on the equilib-
rium between protein production and breakdown (Frontera and
Ochala 2015). Under typical circumstances, gains in muscle pro-
tein mass during the fed state offset losses during the fasted state
(Wolfe 2006). Under significant metabolic stress from severe ill-
ness or injury, muscle protein may be broken down through ca-
tabolism, leading to detrimental functional impairments.

Myostatin plays a central role in regulating SM mass. Myostatin
is produced by skeletal myofibers, circulates in the bloodstream,
and exerts inhibitory effects on myofibers, thereby restricting
their development (Lee 2023). Loss-of-function mutations in the
coding regions of the MSTN gene are correlated with augmented
SM mass, referred to as double muscling, and have been identi-
fied in specific cattle breeds such as Belgian Blue, Piedmontese,
South Devon, and Asturiana de los Valles, which possess natural
mutations in the MSTN coding sequence (Tripathi et al. 2012).
Comparable accounts of increased muscle mass resulting from
mutations in the MSTN gene have been documented in humans
and several other animals (Mendias et al. 2008).

Muscle atrophy resulting from heightened MSTN activity is
linked to several disorders, such as sarcopenia, cachexia, and
muscular dystrophy. This result underscores the significance
of myostatin in modulating muscle growth and atrophy during
an individual's lifespan. Genetic variants in the MSTN gene and
their receptor genes have been linked to muscle shape, function,
and athletic performance (Leoniska-Duniec et al. 2023). Many
researchers have identified SNPs associated with myostatin-
related genetic variation (Yue et al. 2012). These SNPs may in-
fluence the efficacy of the myostatin protein.

Knockout of the MSTN gene in several species results in the
“double-muscle” phenotype, characterized by increased fiber
size and quantity, whereas overexpression of the MSTN gene
suppresses muscle development (Trendelenburg et al. 2009).
They have also observed improvements in endurance and sprint
performance (Gineviciené et al. 2021). Interest in myostatin as
a therapeutic target for muscle-wasting disorders such as mus-
cular dystrophy, sarcopenia, and cancer cachexia is increasing
rapidly (Dewasi et al. 2025). The rationale behind these treat-
ments is to assist those who have undergone severe muscle wast-
age and struggle to recover from injury/illness. Remarkably, the
use of an MSTN inhibitor in professional sports raises concerns
about performance efficacy and “genetic doping.”
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Myostatin is produced as a precursor protein including a signal
sequence, which is cleaved to provide a mature C-terminal dimer
linked to the propeptide by a noncovalent bond, resulting in an
inactive complex (Baig et al. 2022). This compound is activated
in the circulation by acid treatment or proteolytic breakdown.
The activation process is not fully understood but is presumably
mediated by a network of protein interactions, with many in-
hibitory proteins modulating myostatin (Wolfman et al. 2003).
In addition to myostatin signaling, bone morphogenetic protein
(BMP) signaling also plays a crucial role in SM development.

Bone morphogenetic proteins (BMPs) are a category of growth
factors within the TGF-£ superfamily that play a crucial role in
musculoskeletal development and function. In vivo, the princi-
pal regulators of latent myostatin propeptide activation include
BMP-1, BMP-9, and BMP-10. Initially, myostatin is produced as
an inactive precursor protein with a propeptide region and an
active C-terminal region. The propeptide is subsequently cleaved
by BMP family members, activating myostatin and inhibiting
muscle development and differentiation. BMP-1 is a metallopro-
teinase essential for the liberation of the physiologically active
version of the myostatin propeptide. It is crucial for preserving
muscle homeostasis and mass. BMP-9 and BMP-10 have been
shown to interact with the myostatin signaling pathway by
modulating the phosphorylation of SMAD proteins, which are
crucial intracellular mediators of TGF-f signaling. Myostatin
also influences these BMPs, which might enhance its activity
and hence diminish the capacity for muscle growth. BMPs and
myostatin interact to regulate muscle development. Various
muscle wasting disorders, including sarcopenia and cachexia,
have been associated with the dysregulation of BMP signaling
in the activation of myostatin. Targeting myostatin signaling
via BMP has been proposed as a potential therapy for muscle
degenerative diseases based on experimental research (Dewasi
et al. 2025). These interactions highlight the complex regulatory
network between MSTN and BMP signaling pathways in muscle
homeostasis.

Myostatin interacts with the cell surface activin receptor type
1T or IIb (ActRII, ActRIIB) and activates either Alk3 or Alk4
as a coreceptor (Han et al. 2013). This coreceptor then triggers
the phosphorylation of the SMAD family of transcription fac-
tors via the classical TGF-f signaling pathway, but evidence
suggests that myostatin may potentially modulate muscle
mass independently of SMAD signaling (Philip et al. 2005).
MSTN inhibits the proliferation and differentiation of mus-
cle stem cells, regardless of the mechanism, and reduces
the accumulation of adult muscle fiber protein (McFarlane
et al. 2006), leading to a reduction in SM mass (Trendelenburg
et al. 2009). In vitro myostatin inhibits myotube and myoblast
development by reducing Akt/TORC1/p70S6K signaling and
antagonizing BMP7, which regulates adipogenesis and mod-
ulates mTOR pathways that control muscle mass (Lee 2004).
The myostatin pathway is essential for muscle growth, main-
tenance, and homeostasis, and its suppression is associated
with activation of the BMP pathway, influencing muscular
hypertrophy and atrophy. Subsequent research may facilitate
the development of accurate pharmaceutical therapies (Baig
et al. 2022). Table 1 describes the major regulators involved
in myogenesis. Overall, these findings emphasize the central
role of myostatin in regulating SM mass and function.

3 | History and Discovery of Myostatin

Hereditary factors have a significant impact on an athlete's
measures of SM strength, in conjunction with sports training,
environmental exposures, nutrition, and professional activity
(Beunen and Thomis 2004). The examination of genetic un-
derpinnings, encompassing gene polymorphisms and their as-
sociations with overall physical load resistance, as well as their
impact on an athlete's strength capabilities and progression,
ought to be regarded as a paramount domain within contempo-
rary sports science (Mangine et al. 2015).

The myostatin protein was identified in 1997 and is encoded by
the MSTN gene, located on chromosome 2 at 2q32.2. This gene
spans roughly 8kb and encodes 375 amino acids across three
exons (Rodriguez et al. 2014). This discovery was deemed a nota-
ble achievement in the investigation of genetic determinants for
augmenting muscle mass and enhancing strength capabilities.
The gene MSTN was named for its ability to impede muscle dif-
ferentiation and development, and its overexpression correlates
with muscular atrophy (Dalbo et al. 2011). These findings have
proven the pivotal role of MSTN in inhibiting muscle develop-
ment (Allen et al. 2011).

MSTN attracts attention because early publications demon-
strated that its absence increased overall muscle mass, primarily
through fiber hypertrophy and hyperplasia. Resistance training
in humans can reduce MSTN expression and modestly enhance
muscle hypertrophy. In contrast, complete genetic absence of
MSTN, as observed in knockout animal models and rare human
mutations, produces a far greater increase in muscle mass
through both hypertrophy and hyperplasia (Roth et al. 2003).
The increase in robust scientific investigations into MSTN and
its potential applications in published research, driven by var-
ious biomedical and athletic reasons, including gene doping,
has led to greater scholarly interest in the topic. The discovery
that myostatin can limit muscle mass growth quickly has drawn
interest from researchers examining its potential applications
in sports and sports medicine. Myostatin is of considerable in-
terest in sports science because of its central role in regulating
SM growth and performance (Sergeeva et al. 2019). In addition
to SM, myostatin is also expressed in the heart and adipose tis-
sue (Pan et al. 2012). Given that many SM are involved and that
myokines play a role, MSTN could serve as a genetic marker of
athletic ability in strength sports. There were some seemingly
contradictory studies on MSTN and its function in SM strength
and hypertrophy (Fuku et al. 2016). A review of the literature in-
dicates that MSTN acts as an intrinsic negative regulator of SM
mass, functioning as an antianabolic agent that inhibits the ac-
tivation, proliferation, and protein synthesis of muscle satellite
cells, thereby influencing myogenic differentiation (Gonzalez-
Cadavid and Bhasin 2004). Investigators from Taiwan discov-
ered that myostatin had a negative correlation with age and fat
mass percentage in healthy young males (Han et al. 2017). The
experimental results showed that the reference value of myo-
statin concentration in the blood serum of healthy young males
is 12.3+3.6ng/mL, exhibiting a negative correlation with age
(Lakshman et al. 2009). A lot of attention must be directed to
the variables that impede MSTN expression. Scientific sources
indicate that such causes encompass hypodynamia, medi-
cal conditions of diverse origins, weightlessness, and aging
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FIGURE 1 | Proteolytic processing and dimerization mechanism of myostatin — Myostatin is synthesized as a 346-amino acid precursor con-

taining a signal peptide, prodomain, and mature growth factor domain. After dimerization and furin cleavage, a latent complex forms. BMP1/TLD

proteases release the active disulfide-linked dimer, highlighting its wrist and 3-sheet finger domains.

(Gonzalez-Freire et al. 2010). The concentration of myostatin in
SM is also affected by power-oriented physical activity (Sharma
et al. 2015).

4 | Cellular Structure and Function of Myostatin

MSTN has the characteristic hand-shaped architecture of the
TGF-B family, with each monomer comprising four twisted £3-
strands, or “fingers,” a cystine knot domain in the “palm” re-
gion, and a prominent helix, or “wrist.” Two monomers align

palm-to-palm in an anti-parallel orientation, forming an in-
termolecular disulfide bond and resulting in the mature dimer
(Figure 1).

In a comparison of MSTN with activin A and TGF-£3, the
root mean square deviation (RMSD) values for Ca atoms are
1.6 A (105 residues) and 2.7 A (102 residues), respectively, as
determined using Combinatorial Extension (CE) and one
monomer from each of the structures 2BOU, 2PJY, and 3HH2
(Groppe et al. 2008). Two monomers unite in a palm-to-palm
configuration. Despite myostatin's structural resemblance to
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FIGURE 2 | Biological functions and signaling roles of myostatin in skeletal muscle - schematic illustrating myostatin's key functions in skel-

etal muscle. Myostatin negatively regulates muscle mass by inhibiting growth, hypertrophy, satellite cell activation, and myogenic differentiation.

Through Smad2/3 signaling, it promotes transcription of atrophy-related genes and enhances proteolysis. It also influences mesenchymal stem cell

commitment, promoting adipogenesis and regulating overall muscle homeostasis and body composition.

other TGF-f family ligands, notable distinctions exist in the
N-termini and the prehelix loop, located in the type I receptor-
binding site, before the wrist helix. It has been hypothesized
that a significant portion of type I receptor specificity arises
from variations in this area (Cash et al. 2009). Myostatin is
produced as a precursor protein consisting of 375 amino acids,
which includes a signal sequence, an N-terminal propeptide
domain, and a C-terminal domain that generates the active
ligand. Myostatin activation necessitates two proteolytic
cleavages of the precursor protein. The first cleavage by furin
family enzymes eliminates the 24-amino acid signal peptide.
The secondary cleavage by BMP1/Tolloid matrix metallopro-
teinase transpires at an RSRR (Arg-Ser-Arg-Arg) site between
amino acids 240 and 243, counted from the first amino acid
after the signal sequence, resulting in N-terminal and C-
terminal domains of 27,640Da and 12,400Da, respectively
(Lee 2004). Mature myostatin is a dimer linked by disulfide
bonds, made up of the C-terminal domain. It is identical in
humans, mice, rats, pigs, chickens, turkeys, and dogs.

Muscle mass is meticulously regulated by the equilibrium of
cellular proliferation, protein synthesis, protein degradation,
and cellular apoptosis. MSTN inhibits muscle growth by reduc-
ing protein synthesis (Welle et al. 2009), primarily by obstruct-
ing the Akt/mTOR signaling pathway (Lipina et al. 2010).
These findings suggest that myostatin plays a crucial role in
protein metabolism, particularly in regulating protein produc-
tion and degradation.

Myostatin has been linked to insulin resistance and obesity in
addition to SM. Obesity can lead to metabolic alterations and
excessive fat deposition, both of which can adversely affect in-
sulin sensitivity. In vivo studies have shown that inhibiting
functional MSTN can improve insulin sensitivity and glucose
uptake (Guo et al. 2009). MSTN modulates AMPK phosphor-
ylation, thereby influencing GLUT4 translocation and glucose

uptake in skeletal muscle cells (Chen et al. 2010). In mice fed
a high-fat diet, reduced MSTN activity partially prevents the
development of obesity-induced insulin resistance (Wilkes
et al. 2009). Additionally, MSTN inhibits the expression of
glucose transporter type 4 (GLUT4) and reduces insulin-
mediated GLUT4 translocation, thus causing a decrease in
glucose uptake (Liu et al. 2018). Myostatin has also been impli-
cated in muscle-wasting diseases, such as cachexia and sarco-
penia, both of which are characterized by chronic muscle loss.
Although the exact pathways are not fully understood, studies
in animal models and clinical trials suggest that inhibiting
MSTN could represent a novel approach to reduce muscle loss
from disease processes, such as cancer cachexia (Sakuma and
Yamaguchi 2012).

Interest in MSTN's other roles beyond the musculoskeletal sys-
tem is growing. MSTN has been identified in reproductive tis-
sues, including the ovary, placenta, and uterus. MSTN plays
distinct roles in the ovary, including regulating follicle size and
development, synthesizing ovarian steroids, promoting granu-
losa cell proliferation, and facilitating oocyte maturation. This
highlights the crucial function of MSTN in reproduction and
fertility (Wang et al. 2022). Clinical evidence indicates MSTN's
involvement in reproductive disorders, such as uterine fibroids,
preeclampsia (Peiris et al. 2015), ovarian hyperstimulation syn-
drome, and polycystic ovary syndrome (Arpaci 2019). MSTN
has been recognized as a contributor to cardiovascular prob-
lems, including atherosclerosis. Genetic silencing of myostatin
in LDL receptor-deficient mice alleviates diet-induced athero-
sclerosis (Tu et al. 2009). At the cellular level, MSTN activates
TGF-@ signaling in aortic endothelial cells, reduces endothelial
nitric oxide synthase phosphorylation, and increases the expres-
sion of proatherogenic adhesion molecules such as Intercellular
Adhesion Molecule 1 (ICAM-1) and Vascular Cell Adhesion
Molecule 1 (VCAM-1) (Guo et al. 2013). The important MSTN
functions were depicted in Figure 2.
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5 | Synthesis and Signaling Pathways Involved in
Myostatin

5.1 | Synthesis of Myostatin

In mammals, the MSTN gene exhibits a reasonably conserved
structure, comprising two introns and three exons, and encodes
a protein of 375 amino acids (Gao et al. 2013). The myostatin
protein exhibits features indicative of TGF-$ family members,
including an N-terminal secretory signal peptide sequence, a
protein hydrolysis site including an RSRR motif, and a cysteine-
rich C-terminal domain (Chen et al. 2021). The precursor pro-
tein undergoes hydrolysis twice to provide active biomolecules.
The initial cleavage occurs 24 residues from the N-terminus,
facilitating the removal of the signal peptide, while the subse-
quent cleavage occurs at the RSRR site, generating the C- and N-
terminal polypeptides (Wolfman et al. 2003). The co-expression
of pro-myostatin and latent transforming growth factor beta-
binding protein 3 (LTBP-3) sequesters pro-myostatin inside the
extracellular matrix, while secreted pro-myostatin can be de-
graded extracellularly by the proprotein convertase furin. The
co-expression of LTBP-3 with myostatin diminishes Smad2
phosphorylation, while the ectopic expression of LTBP-3 in ma-
ture mouse SM enhances fiber area, aligning with a decrease in
myostatin activity (Anderson et al. 2008). The C-terminal pep-
tide ultimately constructs the mature disulfide-linked MSTN
dimer, which is released into the bloodstream to fulfill its func-
tion. MSTN often exists in an inactive form, with a portion of
its mature C-terminus non-covalently associated with the N-
terminal propeptide. Alteration of the C-terminal polypeptide
results in muscle hypertrophy in cattle and mice, suggesting
that MSTN resides in the C-terminal region of the propeptide
(Wolfman et al. 2003). Notably, full-length MSTN may activate
its receptor via low-affinity binding, potentially leading to para-
doxical outcomes. GDF11 is a member of the TGF-{ superfamily
and is strongly associated with MSTN. It is widely regarded as
having properties analogous to those of MSTN. Similar to other
members of the TGFf family, the GDF11 and MSTN precursor
proteins undergo proteolytic processing to generate biologically
active carboxy-terminal dimers that exhibit 90% amino acid
sequence identity in their active domains. GDF11 and MSTN
primarily engage the type II activin receptor kinases II-A and
II-B (ActRIIB) and the type I activin receptor-like kinases 4
and 5 (ALK4/5) to initiate signal transduction through Smad
2 and 3 (Andersson et al. 2006). The signaling of GDF11 and
myostatin is entirely governed by extracellular binding pro-
teins, such as follistatin, follistatin-like 3 (FSTL3), decorin, and
growth/differentiation factor-associated serum proteins 1 and 2
(Sidis et al. 2006). Although their protein sequences, receptor
engagement, and signaling pathways are largely identical, re-
cent results indicate that GDF11 and MSTN may have distinct
functional consequences in certain contexts (Lee et al. 2022).
Myostatin inhibits the growth of skeletal and cardiac muscle
mass and also affects metabolic processes. GDF11 has a more
specific role in mammals, including tissue aging, bone growth,
and the development of the nervous system and heart muscle
(Walker et al. 2016). However, the impact of myostatin may go
beyond SM. It may also influence tissues such as cardiac mus-
cle, fat tissue, bone, and the brain, which are also regulated by
MSTN (Rodgers and Garikipati 2008). Moreover, it is possible
that MSTN and GDF11 modulate one another's activity. Recent

work has indicated that when the expression of MSTN was in-
hibited, the production of GDF11 increased, which in turn ac-
tivated the BMP signaling pathway, promoted maturation of
differentiated cells and chondrocytes, inhibited the formation
of osteoclasts, and promoted both osteogenic differentiation and
osteogenesis (Suh et al. 2020) (Figure 3).

The TGF-§ family includes proteins that regulate various cell
activities, such as proliferation, regeneration, and morphogen-
esis (Rebbapragada et al. 2003) delineated several elements of
the MSTN signaling. The mature C-terminal dimer of myostatin
binds with higher affinity to ActRIIB as compared to ActRIIA,
thereby regulating the binding and phosphorylation of ActRI re-
ceptors, ALK4, and ALKS5, which exert their own phosphoryla-
tion effect on Smad2 and Smad3. Smad2 and Smad3 ultimately
form a heterodimeric complex with Smad4, the universal me-
diator of Smad signaling. Once phosphorylated and activated,
Smad2 and Smad3 act as the major intracellular mediators of
myostatin signaling, translocating to the nucleus and inducing
target gene transcription by binding to DNA and other nuclear
factors (Zhu et al. 2004).

In this condition, complexity arises from Smad7, a member of the
Smad family that serves as a negative regulator of MSTN signal-
ing. Upon MSTN activation, Smad7 subsequently functions as a
negative feedback inhibitor of MSTN signaling (Zhu et al. 2004).
Smad7 reduces myostatin gene expression and disrupts the for-
mation of the Smad2/3-Smads4 complex, which inhibits MSTN
signaling. Several studies show that inhibiting components of
the MSTN-ActRIIB-ALK4/ALK5-Smad2/3 pathway promotes
muscle growth in adults (Trendelenburg et al. 2009). A recent
study found that muscle growth in MSTN~/~ mice depends on
BMP signaling (Sartori et al. 2013). The authors showed that
BMP signaling plays a dominant role over MSTN signaling
in regulating muscle growth. When BMP signaling was sup-
pressed, muscle atrophy occurred, and the hypertrophic char-
acteristics of MSTN~/~ mice disappeared. This suggests that the
hypertrophic effects seen with MSTN inhibition are due to un-
controlled BMP signaling. The MSTN signaling pathways can
be divided into Smad- and non-Smad-mediated pathways.

5.2 | Smad-Mediated Pathways

The mature MSTN consists of a disulfide-linked dimer of the
C-terminal domain. It is identical in humans, mice, rats, pigs,
chickens, and dogs. The C-terminal dimer of mature MSTN in-
teracts with ACVRIIB. This interaction leads to the recruitment
and activation of activin type I receptors, Alk4 or Alk5. These
receptors then activate Smad2 and Smad3, which suppress myo-
blast development. Myostatin signaling reduces IGF-1-induced
Akt phosphorylation. This may hinder the IGF-1-induced pro-
tein synthesis pathway, likely through Smad3 (Morissette
et al. 2009). The suppression of the MSTN-ACVRIIB-ALK4/
ALKS5-Smad2/3 pathway is significantly correlated with mus-
cle growth in adults. Smad3 enhances the expression of the E3
ligase atrogin-1, thereby augmenting protein catabolism via
the proteasome ubiquitination pathway (Goodman et al. 2013).
Despite the primary function of Smad2/3 in the protein cata-
bolic pathway activated by MSTN, Smad3-deficient mice also
demonstrate MSTN-induced SM atrophy. MSTN overexpression
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FIGURE 3 | Overview of myostatin signaling in muscle atrophy and regeneration — Activated myostatin binds ACVRIIA/IIB and ALK4/5 re-

ceptors, triggering Smad2/3 signaling, suppressing PI3K/AKT/mTOR, and activating FoxO-mediated ubiquitin-proteasome pathways (Atrogin-1,

MuRF-1), leading to muscle atrophy. Crosstalk with MAPK and NF-xB pathways enhances proteolysis. IGF-1 opposes these effects, while antago-

nists inhibit myostatin. Myostatin also regulates satellite cell differentiation and myotube formation.

has been shown to limit myoblast development by suppressing
MyoD expression through the MEK/Erk1/2 pathways (Yang
et al. 2006). MSTN modulates muscle mass by influencing many
signaling pathways that govern muscular development.

5.3 | Non-Smad Signaling Pathway

Myostatin initiates the JNK/Erk 1/2 (c-Jun N-terminal kinase/
Erk 1/2) signaling pathway in both proliferating and differenti-
ating C2C12 cells (Huang et al. 2007). Philip et al. (2005) showed
that MSTN activates p38 MAPK through the TAK1-MKK6

pathway, independent of Smad activation, in proliferating A204
and C,C,, cells. They found that p38 MAPK is crucial for pre-
venting myoblasts from growing via myostatin signaling. In a
separate investigation, MSTN was identified as acting upstream
of Wnt pathway components and inhibiting Wnt4 expression,
which could promote the growth of mesenchymal stem cells
(MSCs). Consequently, the suppression of Wnt signaling reduced
MSC growth (Steelman et al. 2006). These data indicate that the
intricacy of MSTN signal transduction likely arises from the
engagement of several signaling pathways, and that the exact
integration of these pathways is fundamental to the growth
inhibitory effects of MSTN. Table 2. Explains the signaling
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References
Lan et al. (2024)

Yang et al. (2006)
Aravena et al. (2020)

Notes
Canonical regulation; overlaps
with activin/TGF-£ family
Links stress signals & cytokines
to myostatin induction
Inflammatory stimuli upregulate myostatin.

Effect on Myostatin Expression
Increased Transcription
Increased Expression
Increased Expression

Key regulators
SMAD2/3, SMAD4
ERK1/2, p38 MAPK

TNF-a, IKK complex

Signaling pathways regulating myostatin expression.

|
Pathway
TGF-B/SMAD
MAPK/ERK
NF-xB pathway

TABLE 2

Hildebrandt
et al. (2022)

Glass (2010)
Lin et al. (2024)

Coordinate atrophy genes (Atrogin-1,

Increased Expression

FoxO1, FoxO3

FoxO signaling

MuRF1) with myostatin.

Anabolic pathway: suppresses myostatin synthesis.

IGF-1, AKT Decreased Expression

f-catenin, GSK-3f3

PI3K/AKT/mTOR
Wnt/B-catenin

Supports myogenesis, antagonizes myostatin.

Decreased Expression

(context-specific)

Wang et al. (2016)

Catabolic hormones induce myostatin.

Increased Expression

Cortisol, glucocorticoid receptor

Glucocorticoid
signaling

Lixin et al. (2019)

Low oxygen tension enhances

Increased Expression

HIF-1a

Hypoxia/HIF pathway

myostatin transcription.

Links metabolic stress to muscle catabolism. Das et al. (2012)

Enhanced Expression

AMPK, metabolic stress

AMPK signaling

pathways involved in the synthesis of MSTN. Together, these
pathways demonstrate the complex regulatory network con-
trolling muscle growth and atrophy.

6 | Role of Muscle Growth Regulation by
Myostatin

Myostatin and Insulin-like Growth Factor 1 (IGF1) are both
very important for muscle growth. While their cellular inter-
actions are widely understood, the mechanisms by which they
regulate overall muscle growth are only now being elucidated.
MSTN and IGF1 modulate SM growth, myofiber type, and go-
nadal fat via different processes that enhance the overall abun-
dance and phosphorylation state of AKT and rpS6 (Hennebry
et al. 2017). Many, if not all, of these activities seem to be com-
mon with various activators of the Smad2/3 pathway, includ-
ing ActRII ligands, GDF11, activins, and TGF-$ (Rodgers and
Ward 2021). The stated dualism indicates that the homeostatic
regulation of postnatal muscle development, which adapts to
various physiological and pathological situations, is founded on
a yin-yang dynamic between anabolic growth stimulators and
catabolic growth suppressors. This encompasses not just TGF-f3
superfamily ligands and IGF1, but also other additional factors
(Rodgers and Ward 2021).

Besides its autocrine and paracrine functions, current research
indicates that MSTN also affects the systemic regulation of mus-
cle development by inhibiting the GH/IGF1 axis, commonly re-
ferred to as the somatomedin model of growth regulation (Czaja
et al. 2019). This endocrine paradigm is well established and
relies on the premise that many somatotropic effects ascribed
to GH are predominantly mediated by locally produced IGF1,
such as in bone, muscle, or the liver. This is significant because,
although IGF1 operates as a myokine, a substantial portion of
its effects on muscle is transmitted systemically. Circulating
concentrations of IGF1, but not GH, have a strong correlation
with muscle hypertrophy (Colao 2008), but GH receptors are
present at much reduced levels in postnatal muscle, about one-
tenth of those found in the liver (Frick et al. 1998). Furthermore,
lean body mass and muscle function are preserved in muscle-
specific GH receptor knockout mice (Vijayakumar et al. 2013),
but they are reduced in liver-specific knockouts (List et al. 2014).
Moreover, muscle IGF1 expression was increased in the latter,
suggesting that local autocrine expression cannot compensate
for systemic IGF1 deficiency.

Research involving acid-labile subunit (ALS) deletion and he-
patic IGF1-deficient mice further substantiates the muscle's
need for circulating IGF1 rather than locally synthesized IGF1
(Yakar et al. 2002). In both models, circulating IGF1 levels are
decreased by 65% to 75%. The substantial suppression of IGF1
negative feedback to the pituitary results in a compensatory
increase in GH production, which sustains bone development,
although it likely does not promote muscular growth, as body
mass has diminished. Myostatin inhibition of liver-derived IGF1
would therefore signify a unique physiological mechanism op-
posing muscle development (Rodgers and Ward 2021). Recently,
MSTN was shown to inhibit GH-induced IGF1 and ALS produc-
tion in primary human hepatocytes (Czaja et al. 2019). It also
increased the expression of insulin-like growth factor-binding
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protein (IGFBP)1. ALS preserves the half-life of circulating
IGF1, but IGFBP1 diminishes IGF activity by inhibiting IGF1's
interaction with the type 1 IGF receptor (Duan et al. 2010). The
results align with other studies indicating a changed circulating
IGFBP profile in MSTN~/~ mice, which would enhance the bio-
available portion of IGF1 (Williams et al. 2011). The hypermus-
cular phenotype of MSTN—/— mice is substantially mitigated
in the double knockout liver IGF1-deficient (LID)-o-Mighty
animal, which lacks myostatin and is unable to express IGF1
in the liver. Collectively, these findings indicate that myostatin
not only diminishes IGF1 activity in muscle but also reduces he-
patic IGF1 synthesis and circulating bioavailability, reflecting
an endocrine rather than an autocrine role. This divergence is
significant and implies that circulating myostatin functions in
tissues beyond muscle.

Activin receptors are expressed in several organs, including the
liver and pituitary gland, whereas myostatin, activin, and GDF11
have been shown to affect the physiology of one or both of these
tissues (Delogu et al. 2019). The systemic function of each ligand
is contentious, as several studies have measured circulating lev-
els that show inconsistent correlations with muscle atrophy, age,
and sex; however, the quantified absolute amounts differ depend-
ing on the employed approach (Furihata et al. 2016). Circulating
myostatin concentrations vary from 2ng/mL to 12ng/mL when
measured by ELISA and are 5- to 10-fold higher than the concen-
trations of GDF11 and ActA, respectively, in human individuals
(Kalampouka et al. 2018). In contrast, LC-MS research indicates
comparable circulating myostatin concentrations, although sig-
nificantly elevated GDF11 levels (~3ng/mL) (Peng et al. 2022). In a
previous study, the authors have shown that MSTN levels in males
are approximately twice as high as those in females, and testoster-
one treatment elevates circulating MSTN levels without affecting
GDF11 levels. The testosterone observations contradict the estab-
lished effects of testosterone on MSTN gene and protein expression
and may indicate a pharmacological rather than a physiological
response (Son et al. 2019). Some disparities may arise from the in-
terference of binding proteins with test performance, as indicated
by (Kalampouka et al. 2018), who observed variations in total and
free MSTN levels after acid extraction using the former method.
Consequently, more research is required to ascertain if variations
in circulating levels of distinct ActRII ligands, particularly MSTN,
are causative or consequential to pathogenic and age-related alter-
ations in muscle mass or to sexual dimorphism in muscle.

7 | Mechanism and Effect of Myostatin on Skeletal
Muscle (SM) Mass and Strength

Physical activity induces muscle hypertrophy, as evidenced by
power-movement workouts. Heavy resistance exercise causes
mechanical damage to sarcomeres and the sarcolemma.
Eventually, protein synthesis exceeds protein degradation, lead-
ing to phenotypic shifts that increase the size and strength of
SM (Kruszewski et al. 2022). The active MSTN produced by
these practices affects satellite cells and fibroblasts within the
damaged muscle. Regarding muscle fiber function, MSTN can
inhibit the initiation of myofibril proteins (Joulia-Ekaza and
Cabello 2007). According to a previous study, MSTN concen-
tration increased by 12% at Day 25 of the sedentary interven-
tion (Kruszewski and Aksenov 2022). MSTN can regulate the

function of muscle fibers and their neighboring cells, including
fibroblasts and satellite cells. Final differentiation results in ma-
ture muscular fibers (Walker et al. 2016).

The combination of muscle fibers along with satellite cells in-
creases muscle growth (Snijders et al. 2015). In adult organisms,
microtrauma in a single muscle fiber primarily serves as a stim-
ulus for satellite cell proliferation. Genes related to myoblasts
will also be activated when satellite cells are stimulated and exit
the dormant state (Almeida et al. 2016). Therefore, satellite cells
become myoblasts and travel to the damaged muscle. Depending
on the level of damage, myoblasts will either fuse with the dam-
aged muscle fiber (hypertrophy) or with one another to create
new muscle fibers (hyperplasia) (Zanou and Gailly 2013). Hence,
in adults, satellite cells control the functional characteristics
of SM. They add extra nuclei to facilitate muscle growth with
training and are needed for the repair of injured muscle fibers.
Training for power induces mechanical stretch in the muscle,
which can lead to microdamage. Furthermore, there is evidence
that MSTN inhibits the growth of resting satellite cells by nega-
tively regulating their activation. Since the early fusion of satel-
lite cells with myofibrils may impair the functioning of muscle
fibers, these inhibitory actions are important for ideal muscle
recovery (Baczek et al. 2020). The protein is processed into a
proteolytic form, which is then released from a latent precur-
sor protein into circulation. In circulation, it is transformed into
a mature peptide that binds to the extracellular actin receptor
type II (ActRIIB). By activating intracellular proteins through
its binding to ActRIIB, myostatin regulates myoblast devel-
opment and proliferation, which in turn affects muscle mass
(Huang et al. 2011; Szlama et al. 2015). These molecular mech-
anisms have important implications for athletic performance.

8 | The Role of Myostatin in Athletes’
Performance

Elevated muscle mass may result from reduced myostatin lev-
els and activity, a phenomenon that can occur through genetic
mutations, specific MSTN gene polymorphisms, or training.
However, because muscle quality is equally important, larger
muscles do not necessarily ensure enhanced athletic capability
(Gineviciené et al. 2021; Kruszewski and Aksenov 2022). Certain
athletic negative regulator phenotypes may also be associated
with specific variants of the MSTN. For example, while strength
and power phenotype athletes may have variants that exagger-
ate their ability to increase muscle mass, endurance athlete phe-
notypes exhibit polymorphisms that support the predominance
of slow-twitch muscle fibers and increased metabolic efficiency.
Resistance exercise can increase follistatin, a myostatin antag-
onist, thereby naturally reducing MSTN levels and stimulating
muscle growth and strength. In addition to this natural myosta-
tin suppression, dietary sources of essential amino acids during
this period can further support muscle quality (Jang et al. 2021).
While MSTN inhibition is a future consideration for enhancing
performance, it is essential to note that the interaction of genetic
ability, environmental factors, and training produces tangible
effects in humans. In addition, remember that the application of
MSTN inhibitors raises legitimate ethical and anti-doping con-
cerns. To elicit improved sport-specific performance outcomes,
we must understand how to appropriately modify it.
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Several genetic variants in the MSTN gene, including rs11333758
and rs1805086, have been linked to athletic characteristics
such as endurance and strength (GineviCiené et al. 2021).
Polymorphisms and variants in the MSTN receptor gene likely
affect the performance of top athletes by modifying muscle
growth and function. Although myostatin inhibition promotes
muscular growth, resistance exercise is essential to optimize
muscle quality and strength improvements. Research exam-
ining MSTN mutations in humans, along with animal studies,
suggests that a myostatin-related functional modification may
enhance athletic performance (Table 3).

9 | The Interconnection Between Myostatin and
Testosterone Among Athletes

The relationship between MSTN and testosterone in athletes
is critical for muscle hypertrophy, performance enhancement,
and recovery (Kadi 2008). Testosterone functions as an anabolic
hormone that facilitates muscle hypertrophy and significantly
inhibits MSTN levels. Research indicates that testosterone ad-
ministration reduces MSTN levels in SM tissue. A significant
study found that testosterone treatment reduced SM MSTN
levels by 29% (Ghanim et al. 2019). Testosterone administra-
tion in athletes is believed to promote muscle hypertrophy and
protein synthesis by inhibiting myostatin. The androgen recep-
tor pathway mediates the interaction between testosterone and
MSTN. Testosterone binds to androgen receptors in myonuclei
and satellite cells, thereby inhibiting myostatin production
in muscle tissue. Furthermore, the interaction of testosterone
with the androgen receptor in satellite cells facilitates the ac-
tivation of cells essential for muscle growth and repair (Oura
et al. 2025). The interaction is further complicated by genet-
ics; specific MSTN variations (rs11333758 and rs1805086) are
significantly associated with cardiovascular issues in athletes.
In a study of elite and high-performing athletes, 29% exhibited
specific MSTN gene variants, compared to 14% of the control
group who showed significant MSTN gene variants (Ginevic¢iené
et al. 2021). Deletion variants, such as rs11333758, have been
associated with improvements in endurance and muscle devel-
opment. Some genetic variations can influence the interaction
between an MSTN gene variant and the hormone testosterone,
which, in turn, influences the rate of decline in muscle develop-
ment and the recovery of an athlete's muscle function. Factors
such as lower testosterone and positive myostatin gene variants
will combine to enhance recovery rates, muscle hypertrophy,
and consequently, performance; this is another interface of the
use of hormones and genetic factors in compelling elite athletes
compared to average individuals. The implications for the sci-
ence of sport, the optimization of performance, and even the
variability of training stimulus response are enormous with this
information (Leoniska-Duniec et al. 2023).

10 | Mutations and Their Related Studies
Associated With Myostatin

Research on MSTN mutations and their effects on athletic
performance has been conducted in human populations, an-
imal models, and clinical trials. Previous studies have iden-
tified many missense substitutions in exons 1 and 2 of MSTN

that are of significant interest to researchers seeking to estab-
lish the association between MSTN and athletes’ strength ca-
pabilities, muscular growth, and recovery following extensive
strength training (Thomis et al. 2004). The polymorphisms of
the MSTN gene, including K153R (rs1805086), A55T (rs180565),
E164K (rs35781413), P198A, 1225T, and c. 373 + 5 (rs397515373),
significantly influence muscle development and athletic per-
formance. The most commonly studied polymorphism is
rs1805086 (K153R), which is present in 7% of the population (3%
of Caucasians and 22% of Africans). Another variant, particu-
larly relevant to endurance performance, is the deletion variant
rs11333758, with a frequency in elite endurance athletes that is
2.1 times higher than in athletic and control cohorts (Gineviciené
et al. 2021). According to the (Schuelke et al. 2004) case study,
the incredibly uncommon rs397515373 (c.373+5G > A) muta-
tion (frequency 0.0004%) results in considerable muscle hyper-
trophy from birth. Numerous studies examining the impact of
the E164K rs35781413 genotype on the phenotypes of athletes
and non-athletes revealed no statistically significant differences
in the experimental outcomes (Juffer et al. 2009). The Ensembl
database indicates that the average frequency of a rare allele is
1%. The impact of this mutation on muscle mass and strength
in humans is supported only by indirect evidence. These as-
sumptions are predicated on the premise that this polymor-
phism can substantially influence the biochemical variability
of mature MSTN, hence impacting the condition of the verte-
brate muscular system. This premise deserves more investiga-
tion (Garatachea et al. 2013) rs180565 is crucial for maintaining
the stability of MSTN's inhibitory function and influences the
mature form of MSTN (Corsi et al. 2002). Research on physical
activity has shown that, after 8 weeks of resistance training, in-
dividuals with the A55T polymorphism in the AT and TT gen-
otypes exhibited greater muscular growth than those with the
AA genotype (Li et al. 2014). Research conducted with an Asian
cohort (n=>500) revealed that the A55T polymorphism affects
MSTN activity, SM mass, and body fat levels. The findings in-
dicate that the A55T polymorphism influences genetic suscep-
tibility to excessive obesity and reduced muscle mass (Bhatt
etal. 2012). The MSTN rs1805086 RR genotype is more prevalent
among elite weightlifting athletes (AxceHoB and AHJpIOIIEHKO
(Bnnanckas) 2018). Certain researchers identified a favorable
correlation between the KI153R rs1805086 polymorphism and
the expression of strength capabilities and muscular hypertro-
phy (Filonzi et al. 2015), while others found no significant link
(Ben-Zaken et al. 2017). Numerous studies have established a
correlation with superior performance in high jumps (Santiago
et al. 2011). Research on the association between K153R and
SM phenotypes in elderly Caucasian women suggests that the
heterozygous MSTN rs1805086 KR polymorphism is beneficial
for enhancing muscle mass in the biceps (Khanal et al. 2020).
Detailed information about MSTN mutations is listed in the
Table 4. Applying these findings to a clinical setting presents
challenges; however, they illustrate the impact of myostatin
variations on muscle characteristics, athletic performance, and
clinical treatment outcomes.

11 | Myostatin Inhibitors and Activators

Given the established role of myostatin in regulating muscle
and bone mass, significant efforts have focused on targeting
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TABLE 3 | Studies conducted till now on myostatin and athletes’ performance.

Study & reference Design/population Myostatin focus Main findings
Gineviciené et al. (2021) 102 Lithuanian elite athletes MSTN gene Identified MSTN
polymorphisms variants associated
with endurance
athlete status; deletion
polymorphism
linked to endurance
Sports success
Leonska-Duniec 102 sequenced athletes; 330 MSTN and receptor Found interactions of
et al. (2023) athletes + controls genes (ACVR2A, MSTN and receptor
ACVR2B) gene variants
polymorphisms influencing elite
athlete performance
and competition level
Kruszewski and Meta-analysis of 71 studies MSTN rs1805086 Athletes with a minor

Aksenov (2022)

Mosher et al. (2007)

Jang et al. (2021)

Ben-Zaken et al. (2015)

Usag et al. (2020)

Various reviews
(Lee 2007; Fedoruk and

Genetic mutation study in Whippet
dog breed known as “bully”

Mouse model with myostatin
inhibition + exercise

Genetic polymorphism in
athletes and swimmers

Turkish arm wrestlers' genetic study
conducted in a total of 79 volunteers who
were 24 national (7 females, 17 males)
Turkish arm wrestlers, 21 amateur (7

females, 14 males) Turkish arm wrestlers and

34 sedentary people (12 females, 22 males)

Comprehensive literature reviews

polymorphism and
muscle strength
phenotype

MSTN gene mutation
impact on muscle
mass and athletics

Myostatin inhibition
combined with
resistance training

MSTN Lys(K)-153Arg(R)
polymorphism
frequency

MSTN polymorphisms
rs1805086 and rs1805065

MSTN biology and
regulation in muscle

R allele showed a
higher association with
strength phenotypes,
supporting the role
of MSTN in muscle
hypertrophy

Disruption of MSTN
function increases
muscle mass and
boosts athletic
performance; caution is
advised for gene doping

Resistance training
amplified muscle
mass and strength
gains beyond
MSTN inhibition
alone; dietary
EAAs enhanced
muscle quality

Higher frequency of
153R allele in top-
level runners versus
national level, linking
MSTN variants to
athletic success

Variants correlated
with muscle
performance traits in
strength-based athletes

Confirm myostatin as
a negative regulator of

Rupert 2008) muscle growth; natural
and training-induced
MSTN changes
affect performance
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Frequency
7% average (22% African,
3% Caucasian)
13.6% European population
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Mutation/variant
rs1805086 (K153R)
rs11333758 (deletion)

| Studies of myostatin mutations.

Kruszewski and Aksenov (2022)

Gineviciené et al. (2021)

Study/reference

TABLE 4

endurance athletes

vs. controls)

Overrepresented in 24.8% athletes vs. 15.7% controls

143 (Polish elite vs. controls)

rs11333758 (deletion)

Leonska-Duniec et al. (2023)

high-elite athletes

0.0004% (extremely rare)

1 case study (newborn) Severe muscle hypertrophy

rs397515373 (c.373+5G>A)

Schuelke et al. (2004)

from birth

7% average

14 non-athletic men Reduced explosive power

rs1805086 (K153R)

Santiago et al. (2011)

with the KR genotype

Fixed in breed

Belgian Blue cattle ~20% muscle mass increase

11-bp deletion (cattle)

Grobet et al. (1997)

this pathway to offer therapeutic advantages in various phys-
iological and pathological conditions, including muscle de-
generative diseases, cachexia, sarcopenia, osteoporosis, and
Type 2 diabetes. A variety of myostatin targeting approaches,
including neutralizing antibodies, MSTN propeptides, sol-
uble ACVRIIA or ACVRIIB receptors, and naturally occur-
ring antagonists, have been devised, with those advancing to
clinical trials detailed in Table 5. It is crucial to acknowledge
that the majority of MSTN inhibitors also engage with other
closely associated members of the TGF-f family. Although
the inhibition of these ligands has been documented to
elicit greater muscle hypertrophy than solely targeting myo-
statin (Lee 2007), it may also lead to significant adverse
effects in other tissues (Suh et al. 2020). The subsequent
section details the clinical advancements of various MSTN
inhibitors.

The significant anabolic impact of myostatin inhibition on
musculoskeletal tissues is corroborated by evidence indicat-
ing that ACVR2B-Fc injection increases both bone and mus-
cle mass in wild-type and osteogenesis imperfecta mouse
models (DiGirolamo et al. 2015). Similarly, systemic admin-
istration of ACVR2A-Fc enhanced bone growth, bone mass,
and bone strength in both normal and ovariectomized mice
(Pearsall et al. 2008). Sotatercept (ACE-011), manufactured by
Acceleron Pharma for the treatment of osteoporosis, is a fu-
sion protein comprising the extracellular domain of ACVR2A
connected to a human IgG Fc domain (Abdulkadyrov
et al. 2014). ACE-2494, developed by Acceleron Pharma as a
prospective treatment for bone fragility and muscle-wasting
disorders, is a soluble ACVR2B receptor engineered to reduce
vascular adverse effects associated with BMP9/10 inhibition
(Campbell et al. 2017). Stamulumab (Myo-29), created by
Wyeth Pharmaceuticals (now Pfizer), is the inaugural myosta-
tin inhibitor to advance to clinical trials. Myo-29 is a monoclo-
nal antibody targeting myostatin, intended for the treatment
of people with Becker muscular dystrophy, facioscapulohu-
meral muscular dystrophy (FSHD), or limb-girdle muscular
dystrophy (LGMD) (Singh et al. 2016).

Domagrozumab (PF-06252616) is a novel humanized monoclo-
nal anti-myostatin antibody produced by Pfizer for the treat-
ment of individuals with Duchenne muscular dystrophy (DMD)
and limb-girdle muscular dystrophy (LGMD). Domagrozumab
significantly enhanced muscle volume in cynomolgus monkeys
and muscle weight in mdx mice (St Andre et al. 2017), while
demonstrating a favorable safety profile and gradual clear-
ance rate in healthy individuals (Bhattacharya et al. 2018).
Landogrozumab (LY-2495655) is a humanized monoclonal an-
tibody targeting myostatin, developed by Eli Lilly & Company
for the treatment of patients with sarcopenia, elective total hip
replacement, and pancreatic cancer cachexia. In patients aged
75years or older with a history of falls in the last year, a 20-week
injection of landogrozumab resulted in a 0.43kg increase in
appendicular lean mass and enhanced performance in stair as-
cending, chair raise with arms, and rapid walking speed (Becker
et al. 2015). Trevogrumab (REGN-1033), produced by Regeneron
Pharmaceuticals Inc., is a monoclonal anti-myostatin antibody
intended for the treatment of sarcopenia, with phase 2 trials
completed in 2015. REGN-1033 specifically suppresses pro-,
latent, and mature myostatin without interacting with GDF11
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References

Notes

Effect on myostatin

Type
Endogenous protein

List of different inhibitors and activators for myostatin.
Molecule/factor

Category

TABLE 5

Moore et al. (2023)
Cash et al. (2012)

Potent natural antagonist

| Activity

Follistatin (FST)

Inhibitors

Similar to follistatin

| Activity

Endogenous protein

FSTL3 (Follistatin-like 3)

Miura et al. (2006)

Binds myostatin directly

| Activity

ECM protein

Decorin

Parenté et al. (2020)

Block ligand-receptor interaction

| Activity

Endogenous proteins

GASP-1, GASP-2

Rodgers and Ward (2021)

Prevent ligand binding to ActRIIB

| Signaling

Receptor decoys/antibodies

Activin type IIB receptor blockers

Wagner et al. (2008)

Clinical trials for muscle wasting

| Activity

Therapeutic antibodies

Stamulumab (MYO-29)

Reduces myostatin mRNA levels Satkunskiene et al. (2019)

| Expression

Physiological stimulus

Exercise/mechanical loading

Core regulatory pathway Rebbapragada et al. (2003)

1 Transcription

Canonical pathway

TGF-f/SMAD2/3 signaling

Activators

Ma et al. (2003)

Catabolic hormones induce myostatin

1 Expression

Hormonal

Glucocorticoids (dexamethasone)

Links inflammation to wasting Bakkar et al. (2005)

1 Expression

Inflammatory cytokine

TNF-a/NF-xB pathway

Pircher et al. (2021)

Low oxygen induces myostatin

1 Expression

Stress response

Hypoxia (HIF-1cr)

Das et al. (2012)

Links metabolic stress to catabolism

1 Expression

Energy stress pathway

AMPK activation

or activin A, significantly augmenting SM mass and enhancing
isometric force generation in both young and aged mice (Latres
et al. 2015).

SRK-015, newly developed by Scholar Rock for the treatment
of spinal muscular atrophy (SMA), is a monoclonal antibody
that obstructs the activation of MSTN. In vivo, SRK-015 an-
alogs significantly enhanced muscle mass and function in
animal models of SMA (Long et al. 2019) and inhibited mus-
cular atrophy induced by dexamethasone administration
(Pirruccello-Straub et al. 2018). PINTA-745 (AMG-745) is an
innovative anti-myostatin peptibody, including a myostatin-
neutralizer peptide conjugated to a human IgG Fc domain,
first developed by Amgen. Subcutaneous administration of
PINTA-745 markedly augmented SM mass in murine mod-
els of chronic renal disease (Zhang et al. 2011) and stroke
(Desgeorges et al. 2017). RG6206 is an anti-myostatin adnec-
tin, a genetically modified form of the 10th type 3 domain of
human fibronectin, conjugated to a human IgG Fc domain.
It was initially developed by Bristol-Myers Squibb and subse-
quently licensed to Roche for the treatment of patients with
DMD (Zhu et al. 2016). Bimagrumab (BYM-338), developed by
Novartis in partnership with MorphoSys AG, is a monoclonal
antibody that binds to activin type 2 receptors, with higher
affinity for ACVRIIB than ACVRIIA. This mechanism pre-
vents the binding of natural ligands, such as GDF11, activins,
and BMPs, to their receptors, thereby inhibiting downstream
Smad2/3 phosphorylation, which is markedly elevated in the
muscle tissues of patients with sporadic inclusion body myosi-
tis (sSIBM) (Amato et al. 2014). Ramatercept (ACE-031) is a sol-
uble variant of ACVR2B, developed by Acceleron Pharma for
the treatment of DMD. Notwithstanding the promising out-
comes of the animal investigation, where ACE-031 markedly
augmented the cross-sectional area of both type 1 and type 2
muscular fibers in young mice (Cadena et al. 2010), and the
phase 1 clinical trial involving healthy postmenopausal indi-
viduals (Attie et al. 2013). ACE-083, a fusion protein based on
FST, incorporates FST291 linked to a human IgG Fc domain. It
is an alternate formulation of ACE-031, created by Acceleron
Pharma for the treatment of Facioscapulohumeral Muscular
Dystrophy (FSHD) and Charcot-Marie-Tooth disease (CMT)
(Pearsall et al. 2019). Nationwide Children's Hospital and Milo
Biotechnology are currently developing intramuscular gene
transfer of rAAV1.CMV.huFollistatin 344 to treat children
with Becker muscular dystrophy, sporadic inclusion body my-
ositis, and Duchenne muscular dystrophy (Lerch et al. 2007).

12 | Impact of Myostatin and Bone Inflammation

Muscles and bones are physically connected and come from
the same type of early cell during development. Clinical re-
search indicates that muscle is the primary factor contributing
to recovery from severe bone injuries. Myokines made by the
muscle are vital in this process. In the first phase of healing a
fracture, there is a boost in myostatin receptors in chondrocytes
within the fracture area. This includes the type IIB Activin re-
ceptor (Puolakkainen et al. 2017). Myostatin not only activates
the SMAD pathway but also suppresses the Wnt/beta-catenin
pathway. This helps control bone growth and healing (Cui
et al. 2023).
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FIGURE4 | Myostatinin autoimmune inflammation and bone loss - schematic showing myostatin-mediated activation of NF-xB and AP-1/c-Jun
pathways, increasing IL-13, TNF-a, and IL-17A production. These cytokines promote TH17 responses, osteoclast activation, and reduced osteoblast
function, contributing to bone loss in rheumatoid arthritis and neuroinflammation in multiple sclerosis. Fenofibrate inhibits myostatin signaling

and downstream inflammatory effects.

Rheumatoid arthritis is an autoimmune disorder character-
ized by a significant elevation of various proinflammatory cy-
tokines in the synovial fluid. This results in joint damage and
a reduction in the adjacent muscle mass (Smolen et al. 2016).
Hu et al. (2017) utilized qPCR and ELISA in human MH7A
cells to demonstrate that myostatin induced a dose-dependent
increase in IL-1f expression. This suggests that myostatin
may be involved in inflammatory pathways that contribute to
inflammation-induced muscle mass loss. Like IL-13, TNF-a
may also play a role in the inflammatory pathway initiated by
myostatin. Smolen et al. (2016) identify a specific variant of the
PI3-Akt pathway that induces TNF-a production through the
activation of AP-1 and the c-Jun transcription factor in the in-
flamed synovium of rheumatoid arthritis patients. TNF-a is a
crucial cytokine involved in bone degradation. IL-17A is an in-
flammatory cytokine that is released. This cytokine is produced
by Th17 cells and is associated with the pathophysiology of sev-
eral immune-mediated inflammatory disorders, such as rheu-
matoid arthritis and multiple sclerosis. Previous studies have
shown that a deficiency of myostatin in arthritic mice reduces
Th17 migration to joint sites, thereby reducing the inflamma-
tory response. Mechanistically, myostatin deficiency reduces

CCL20 production, thereby decreasing Th17 recruitment to
the inflamed site in rheumatoid arthritis (Fennen et al. 2021).
Research has also investigated the mitigation of inflammation
in rheumatoid arthritis via myostatin signaling, utilizing feno-
fibrate, a PPARa agonist (Castillero et al. 2011). Fenofibrate in-
hibits myostatin expression at both mRNA and protein levels, as
well as the two key SM-specific E3-ubiquitin ligases, Atrogin-1
and MuRF-1, to avert muscle atrophy.

MSTN has a significant influence on bone marrow-derived
mesenchymal stem cells (BMSCs). BMSCs derived from
myostatin-null mice exhibit superior osteogenic differenti-
ation compared to those from wild-type animals (Hamrick
et al. 2007). Conversely, MSTN significantly activates
receptor-associated nuclear factor kappa B (NFkB) ligand,
thereby enhancing osteoclast production (Figure 4). Thus, it
can be concluded that resorption exceeds differentiation. With
this, bone inflammation is likely to be closely linked to the
signaling pathways of surrounding muscles, with MSTN act-
ing as an important mediator. Consequently, the advancement
of myostatin-targeted treatment techniques may be advanta-
geous for muscle and bone regeneration.
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13 | Therapies Involved in Regulating Myostatin

Research on the treatment of muscle-wasting illnesses has
placed great emphasis on therapeutic strategies targeting myo-
statin regulation. These strategies have employed a range of ap-
proaches, including gene therapy interventions and monoclonal
antibodies. Several agents have advanced through clinical tri-
als, including MYO-029 (Walker et al. 2016), the first myostatin
inhibitor to enter human trials. Despite promising preclinical
results, several myostatin inhibitors have failed in clinical tri-
als. For instance, ACE-031 was discontinued due to vascular
side effects, and domagrozumab failed to meet primary end-
points in Duchenne muscular dystrophy. These findings high-
light the gap between increased muscle mass and functional
improvement, as well as concerns regarding long-term safety
and off-target effects. Despite evidence of bioactivity, MYO-029
failed to demonstrate functional improvements in patients with
muscular dystrophy, indicating that antibody-based therapeu-
tics are the most thoroughly researched category (Lee 2023).
Although clinical trials in Duchenne muscular dystrophy and
sarcopenia, respectively, produced mixed results, domagro-
zumab and landogrozumab are second-generation humanized
monoclonal antibodies with improved pharmacokinetic pro-
files. Landogrozumab failed to meet the primary endpoints in
patients undergoing hip replacement but demonstrated mod-
est improvements in physical function among older individu-
als who had fallen (Nielsen et al. 2021). Although functional
improvements varied across trials, bimagrumab, an activin re-
ceptor type IT (ACVR2B) antagonist, showed the most promis-
ing results by significantly increasing lean body mass (6%-8%)
and decreasing fat mass (20%) in patients with sarcopenia and
type 2 diabetes (Mariot et al. 2017). GYM329 is an example of
a novel antibody technique that uses “sweeping antibody tech-
nology” to bind latent myostatin and remove it from circulation.
It exhibits greater increases in muscular strength than tradi-
tional treatments, especially in older animal models (Rooks
et al. 2020). Gene therapy approaches have demonstrated im-
pressive preclinical results. In animal models, follistatin deliv-
ered by adeno-associated virus (AAV) produced long-lasting
increases in muscle growth and strength that lasted for more
than 2years, suggesting the possibility of single-administration
therapies (Yamada et al. 2012).

Follistatin, follistatin-related gene (FLRG), and growth and
differentiation factor-associated serum protein-1 (GASP-1) are
natural myostatin antagonists, providing alternative therapeu-
tic avenues. Follistatin gene therapy has shown promise due
to its strong capacity to counteract myostatin and its safety in
studies with non-human primates and mice (Mariot et al. 2017).
Propeptide-targeting antibodies, such as apitegromab (SRK-
015), are the most recent therapeutic advances that block myo-
statin activation while having no effect on other members of
the TGF-{ family. Researchers are currently studying these an-
tibodies in patients with spinal muscular atrophy; preliminary
outcomes have shown positive trends (McPherron et al. 1997).
The discrepancy between increased muscle volume and func-
tional improvement suggests complex underlying myostatin
biology and underscores the need for patient stratification and
potential mechanisms of combination, all of which complicate
clinical implementation despite meaningful advances in therapy
development.

14 | Future Perspective

Future research should focus on improving the specificity and
safety of myostatin-targeting therapies. Advanced approaches
such as gene editing, RNA-based therapies, and tissue-specific
drug delivery systems may enhance therapeutic outcomes while
minimizing off-target effects. Additionally, integrating genetic
profiling with personalized training and nutrition strategies
could help optimize athletic performance. Long-term clinical
studies are required to better understand the functional out-
comes and safety of sustained myostatin inhibition in humans.

15 | Limitations

Despite extensive research, myostatin-targeting therapies
show inconsistent clinical outcomes. Most evidence is derived
from animal studies, and long-term safety in humans remains
unclear. Additionally, increased muscle mass does not always
translate into improved functional performance. Many clinical
trials have failed to meet primary endpoints, highlighting the
need for better patient selection, more specific inhibitors, and
combination strategies that also target other negative regula-
tors of muscle mass (e.g., activin A). Furthermore, most studies
focus on muscle mass rather than muscle strength or endurance,
which are more clinically and athletically relevant.

16 | Conclusion

Through its interaction with Smad and Akt/mTOR signal-
ing pathways, myostatin serves as a key regulator of SM mass
and athletic performance. Genetic variations and modulation
of MSTN activity affect muscle phenotype and endurance ca-
pacity in athletes. Insights into MSTN signaling could enhance
training strategies and therapeutic methods in the field of sports
science.
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