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The pursuit of sustainable livestock farming to meet the rising global protein
demand has positioned myostatin (MSTN) gene editing as a key technology.
However, the field's focus on the remarkable double-muscle phenotype has often
overshadowed a systematic examination of its concomitant effects. The present
review aims to bridge this gap by moving beyond a singular focus on productivity.
First, the pleiotropic effects of MSTN gene editing on growth performance,
carcass quality, and meat quality in cattle, swine, sheep, poultry, and aquatic
species were comprehensively evaluated. Next, the cascading biological effects of
MSTN editing on metabolic homeostasis, reproductive performance, and animal
health and welfare werAAe analyzed in depth. Finally, the inherent limitations and
ethical issues of current editing techniques were critically discussed, and future
sustainable breeding programs aimed at balanced multitrait regulation were
prospectively proposed. Ultimately, this review affirms that MSTN editing has a
multiplicative effect on trait alterations; however, there is also a series of
associated health challenges, which demonstrates that the technology's
impact is systemic, generating a spectrum of trade-offs that are often species
specific. Its responsible application therefore hinges on multitrait balancing
strategies to simultaneously secure productivity and sustainability in animal
agriculture.
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1 Introduction

Global population growth and increasing consumption levels have led to increased
demands for animal-derived food, creating an urgent need to promote the transformation of
animal husbandry toward high-yield, high-quality, and sustainable production (Wang et al.,
2025). Traditional breeding techniques have made important contributions to the genetic
improvement of livestock; however, long breeding cycles and slow genetic progress have
become increasingly challenging. In addition, the gaseous reactive nitrogen emissions
generated during breeding exert pressure on the environment, emphasizing the need for
more efficient and environmentally friendly animal breeding strategies (Yu et al., 2025). In
this context, rapid advances in molecular breeding technologies, particularly gene editing,
offer new technical pathways for the genetic improvement of livestock and poultry. Among
them, the myostatin (MSTN) gene, also known as growth differentiation factor 8 (GDF-8), is
a key negative regulatory factor in skeletal muscle growth and has emerged as a gene of
considerable potential in livestock breeding (Kalds et al., 2023).
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MSTN is a member of the TGF-p superfamily. Through gene
knockout experiments, it was first confirmed in 1997 that MSTN
inhibits the proliferation and differentiation of myoblasts through
autocrine and paracrine mechanisms, precisely regulating muscle
mass (McPherron et al., 1997). A loss-of-function mutation of this
gene can reduce its inhibitory effect on muscle growth, leading to the
typical “double-muscle” phenotype in animals. This phenomenon
has been validated in natural mutant breeds such as Belgian blue
cattle and Piedmontese cattle (Lee EJ. et al., 2021). The successful
replication of this phenotype via targeted gene editing in various
livestock species has further solidified the status of MSTN as a high-
priority target for increasing meat yield (Lee et al., 2024; Hickford
et al., 2010).

However, the singular focus on double-muscle traits has led to
neglect of the comprehensive effects brought about by MSTN gene
editing. Studies have shown that MSTN contributes to the regulation
of muscle growth and participates in the aging process. Findings
have also indicated that MSTN contributes to the regulation of
muscle aging by upregulating the expression of the fibromodulin
(FMOD) gene. The FMOD protein, in turn, affects MSTN
transcription or activity via a negative feedback mechanism,
resulting in the formation of a negative feedback loop that
regulates muscle aging (Grochowska et al., 2019). The scientific
discourse on MSTN has been dominated by its double-muscle
effects, but its function as a molecular integrator of systemic
metabolic homeostasis is poorly understood. This knowledge gap
insufficient assessment of the concomitant
shifts,
reproductive challenges, and health issues—that accompany

has caused an
physiological ~ compromises—such ~ as  metabolic
enhanced musculature across different species (Hickford et al.,
2010; Ayuti et al, 2024). Therefore, advancing the field toward
responsible application of MSTN editing necessitates a holistic and
comparative understanding of its pleiotropic networks. The core
objective of this review is to provide this systemic perspective. We
systematically evaluate the pleiotropic effects of MSTN editing
across major livestock species, analyze the underlying biological
trade-offs, and discuss pathways toward sustainable breeding
through balanced multitrait regulation.

2 Biological characteristics of the
MSTN gene

2.1 Gene structure

The MSTN gene is highly conserved in animals. Its genomic
structure exhibits the typical structural characteristics of TGEF-$
superfamily genes, which contain three exons and two introns. The
encoded precursor protein undergoes two protease hydrolysis
processes to generate the biologically active C-terminal mature
peptide (Grobet et al., 1997). This peptide forms a homodimer
through the “Cys-Knot” structure, which is formed by nine
conserved cysteine residues. This structure is essential for
maintaining the spatial conformation and biological functions of
the peptide (Kambadur et al., 1997).

Although the MSTN gene sequence is highly conserved, it still
differs to some extent among different species (Gong et al., 2009).
For example, the MSTN gene in mice encodes 376 amino acids,
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whereas in other mammals, it encodes only 375 amino acid
residues (Hill et al., 2010). Birds have five different splice
(MSTN-A to MSTN-E), of which MSTN-A has
complete biological activity, while MSTN-B has a certain

variants

antagonistic function because it lacks part of the propeptide
region (McPherron et al,, 1997; Maeta et al., 2022). Naturally
occurring loss-of-function mutations further confirm the gene’s
functional conservation. The frameshift mutation caused by the
11-bp deletion in Belgian blue cows and the G—A missense
mutation in Piedmontese cows could cause premature
termination of translation and eventually produce a “double-
muscle” phenotype (Lin et al, 2002; Kerr et al, 2005).
Therefore, although the homology of the coding regions is
high, the functions of transcription regulatory mechanisms,
expression profiles, and splice variants of MSTN genes in
different species may significantly differ. These variations
provide a molecular basis for cross-species comparative studies

and the optimization of targeted breeding strategies.
2.2 Expression and regulatory mechanisms

The expression of the MSTN gene is clearly specific to each
tissue and developmental stage, with the highest expression
occurring in animal skeletal muscle (Grobet et al., 1997). This
gene is expressed mainly in somite and muscle progenitor cells
during the embryonic stage and regulates the number of muscle
fibers; after birth, it is expressed mainly in muscle fibers to
regulate total muscle mass (Philip et al., 2005). In addition to
skeletal muscle, MSTN is expressed at lower levels in the
myocardium, adipose tissue, liver, and kidney (Li et al., 2021).
These findings indicate that MSTN may be involved in the
regulation of multiorgan metabolism. This gene is more widely
expressed in fish and can be detected in gill, intestine, and gonad
tissues (Clop et al., 2006), reflecting species-specific differences in
adaptive expression.

MSTN expression is finely regulated at multiple levels. At the
transcription level, promoter activity is regulated by key myogenic
transcription factors such as MyoD and MEF2 (Zhang et al.,
2018). At the posttranscription level, a variety of microRNAs
(such as miR-1, miR-206, and miR-27b) can inhibit the
translation of MSTN mRNA through targeted binding to the
3'-untranslated region (3'-UTR) (Morissette et al., 2009; Rodgers
and Garikipati, 2008). A G—A mutation in the 3'-UTR of the
MSTN gene in Texel sheep introduces a new miR-1/206 binding
site, resulting in decreased MSTN expression and a muscle
hypertrophy phenotype (Rodgers and Garikipati, 2008). This
finding indicates that economic traits can be improved through
the regulation of miRNA expression. In addition, MSTN
upregulates the expression of miR-27a/b through Smad3, and
conversely, miR-27a/b can target and inhibit MSTN, thereby
introducing a new type of miRNA-mediated self-regulatory
negative feedback loop in the myogenesis process (McFarlane
etal., 2014). Other studies have shown that environmental factors
such as heat stress and high stocking density can also significantly
upregulate MSTN expression to further inhibit muscle growth (Li
et al., 2019). These findings indicate that optimized feeding
management is highly important for the realization of
genetic potential.
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Schematic illustration of the intracellular signaling pathways regulated by myostatin (MSTN). Legend: MSTN primarily inhibits key transcription
factors, such as MyoD and MEF2, through the classic Smad pathway (indicated by the black arrow), which activates receptors and facilitates the nuclear
translocation of the Smad2/3-Smad4 complex, thereby restricting muscle growth. Simultaneously, MSTN inhibits anabolic pathways such as PI3K/Akt/
mTOR, as shown by the red dotted lines, and activates the p38/IJNK MAPK pathway, jointly regulating protein synthesis and degradation.

2.3 Signaling pathways and molecular
mechanisms

At the molecular level, MSTN signaling converges on a
multilevel regulatory system centered on the Smad pathway,
including extensive cross-talk with other critical networks that
collectively determine its pleiotropic outcomes.

MSTN functions mainly through the typical TGF-$/BMP
signaling pathway (Figure 1) (Morissette et al., 2009). By binding
to the type II receptor (ACVRIIB) on the cell membrane, the mature
MSTN dimer recruits and phosphorylates the type I receptor
(ALK4 or ALKS5) to activate downstream Smad2/Smad3 signaling
proteins. The activated Smads then form a complex with Smad4 and
translocate into the nucleus (Goodman et al., 2013). In the nucleus,
this complex acts as a transcriptional regulator to directly inhibit the
expression of key myogenic regulatory factors such as MyoD and
myogenin, thereby inhibiting the proliferation and differentiation of
myoblasts (Hennebry et al.,, 2009).

In addition to the Smad pathway, MSTN contributes to the
inhibition of muscle growth through multiple mechanisms. Its
P13K/Akt/mTOR
pathway, thereby inhibiting protein synthesis, increasing the

signaling activity can intersect with the
expression of E3 ubiquitin ligases (such as Atrigin-1 and MuRF-
1) to promote protein degradation, and jointly restricting muscle
hypertrophy through degradation and synthesis (Goodman et al.,
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2013; Hennebry et al., 2009). MSTN also activates the p38 MAPK
and JNK pathways through TAK1-MKKG6 signaling and inhibits
myoblast proliferation independent of the Smad pathway (Carnac
et al,, 2007). Additionally, the Arangin-1/Mut-1 pathway has been
implicated in MSTN signaling, further expanding the regulatory
network governing muscle homeostasis. In addition, MSTN can
regulate muscle fiber type conversion. By inhibiting transcription
factors such as MEF2 and MyoD, MSTN can promote the
conversion of muscle fibers from oxidative to glycolytic, thereby
affecting muscle metabolism (Hennebry et al., 2009; Joulia et al.,
2003). Together, these pathways constitute a complex multilevel
regulatory system to finely control muscle homeostasis.

These pathways collectively form a complex, multilevel
regulatory system that finely controls muscle homeostasis. It is
worth noting that MSTN’s signaling specificity is not absolute.
MSTN shares up to 90% sequence homology with the mature
peptide sequence of its homolog GDF11, and the two of them
share the ActRIIB and ALK4/5 receptors as well as the downstream
Smad2/3 signaling molecules (Chen et al., 2021). However, GDF11 is
more focused on regulating tissue aging and embryonic
development (Chen et al, 2021; Walker et al, 2016). This
receptor sharing and functional differentiation implies that
interventions targeting MSTN may inadvertently disrupt
GDF11 signaling, thereby producing effects far beyond the
muscular system.
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2.4 Pleiotropic regulatory functions

The pleiotropic effects induced by MSTN editing stem from its
function as a core node in the GDF11/BMP signaling network.
Therefore, its loss-of-function phenotype should be understood as
triggering a systemic remodeling of the GDF11/BMP signaling
network rather than a simple lifting of muscle growth inhibition.
This
mechanisms to influence various systems in the body, including

network-level — reprogramming  coordinates multiple
metabolism, skeletal structure, and reproduction.

In terms of metabolic homeostasis, MSTN’s inhibitory effect on
muscle anabolism via the Smad2/3 pathway also extends to systemic
metabolic regulation. Its functional deficiency alleviates the
inhibition of insulin/AKT signaling, thereby increasing glucose
uptake and improving insulin sensitivity (Liu et al., 2018; Ahmad
etal,, 2018). More importantly, the weakened MSTN signal alters the
competition for shared effectors (such as ActRIIB) and intracellular
signaling components (such as Smad4), potentially favoring the
activation of other metabolic regulatory signals within the TGF-f
superfamily network (Sartori et al., 2013). This network-level
rebalancing, achieved in part by downregulating key lipogenic
factors such as PPARy, collectively results in a significant
reduction in fat deposition (Clop et al., 2006).

In terms of bone metabolism, the observed increases in bone
density and strength are a direct result of the compensatory
activation of the GDF11/BMP pathway (Bialek et al., 2014).
When MSTN signaling is reduced, the subsequent upregulation
of GDF11 expression and release of BMP signaling capacity jointly
increase the activity of the pro-osteogenic Smadl/5/8 pathway
(Sartori et al., 2013; Suh et al., 2020). This mechanistic linkage
directly couples muscle hypertrophy phenotypes with skeletal
adaptations and explains species-specific effects, such as
increased bone density in quails and skeletal developmental
abnormalities in mammals, by accounting for variations in the
baseline state and output of this compensatory network across
different species.

This network influence also extends to critical systems such as the
reproductive and cardiovascular systems. In the cardiovascular system,
modulating cardiac remodeling by suppressing MSTN-induced
network perturbations provides protection against pathological
hypertrophy (Yang et al., 2023). In terms of reproduction, systemic
metabolic shifts and altered endocrine environments triggered by the
rebalancing of the MSTN-GDF11-BMP network may indirectly
influence reproductive processes. Furthermore, the direct expression
in the gonads suggests local effects, potentially influencing follicular
development and steroid production in females as well as Leydig cell
function in males (Wang S. et al., 2022; Gonzalez-Ponce et al., 2022). It
is worth noting that gene-edited animals face reproductive challenges,
such as declining litter sizes in pigs and delayed onset of egg-laying in
poultry (Tivesten et al., 2002), which may stem from the signal’s direct
action in the gonads or may represent the body’s redistribution of
resources to prioritize metabolism and skeletal growth.

In summary, the MSTN-GDF11-BMP signaling network
functions as an integrated regulatory module. Editing MSTN
triggers a series of compensatory adjustments within this module,
radiating to coordinated changes in the muscular, metabolic,
skeletal, and reproductive systems. This process elucidates how
diverse polygenic effects represent interconnected manifestations
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of the same systemic regulatory disorder across different
physiological levels.

3 MSTN gene-editing technology

The elucidation of the multilevel biological mechanisms
involving MSTN points to a core challenge: how can this system
be precisely regulated to achieve predictable breeding phenotypes
and manage its pleiotropy? This challenge has directly driven the
iterative development of gene-editing tools. The evolution from zinc
finger nucleases (ZFNs) and transcription activator-like effector
nuclease (TALENSs) to CRISPR/Cas9 and its derivative systems
represents of optimizing precision,
efficiency, and controllability for this specific target, and it also
charts the path from fundamental understanding to agricultural

a continuous process

application.
3.1 Evolution of editing tools

The iterative development of gene-editing technology has
provided a powerful tool for functional analysis and breeding
applications involving the MSTN gene. Early techniques, such as
ZFN and TALEN gene editing, have enabled targeted gene
knockout. For example, using ZFN technology, Qian et al. (2015)
successfully induced a double-muscle phenotype in Meishan pigs.
However, these techniques have limitations such as complex designs
and high costs. In recent years, the CRISPR/Cas9 system has become
the mainstream technology for MSTN gene editing because of its
simple design, high efficiency, and low cost (Cong et al., 2013). This
system uses Cas9 nuclease to generate DNA double-strand breaks at
the target site and uses the cell’s own nonhomologous end joining
repair mechanism to introduce insertion/deletion mutations,
thereby achieving gene knockout. This technique has been
successfully applied in cattle (Gim et al, 2022a), sheep (Zhou
et al., 2022), pigs (Cong et al.,, 2013), poultry (Kim et al., 2020),
and aquatic animals (Khalil et al., 2017). This evolution from ZFNs
and TALENS to the prevailing CRISPR/Cas9 platform has firmly
established gene editing as the foremost method for functional
studies of MSTN and the induction of the
phenotype across species.

double-muscle

3.2 CRISPR/Cas9 system optimization
strategy for the MSTN gene

To improve the efficiency and safety of CRISPR/Cas9 in
breeding, various optimization strategies have been implemented.
For target selection, the conserved regions in the front exons of the
MSTN gene that encode key functional domains were screened
through bioinformatics analysis to maximize the effect of loss-of-
function mutations (Kong et al., 2025). To improve efficiency,
researchers have significantly increased the success rate of gene
editing by optimizing the secondary structure of guide RNAs
(gRNAs), using high-fidelity Cas9 variants, and improving
embryonic microinjection (Gim et al., 2022a). In terms of
controlling off-target effects, the dual-nickase system (D10A-
Cas9), the use of high-fidelity Cas9 variants, and the analysis of
whole-genome off-target effects (such as GUIDE-seq) greatly
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TABLE 1 Comparison of the characteristics of major gene-editing technologies.

Technology

platform

Major advantage

Main limitations

Editing
efficiency

Relative
cost

10.3389/fgeed.2026.1749445

Phase of application to
MSTN

(Anzalone et al., 2019)

editing efficiency

et al., 2025)

ZFN Customized gene editing Off-target effects, high Medium (Pagant Extremely high Early proof-of-concept studies (e.g., in
toxicity et al., 2021) (Wang et al,, pigs) (Qian et al., 2015)
2022b)

TALEN More flexible with higher Cloning and delivery Medium to high High (Wang et al,, | Early proof-of-concept studies (e.g., in

specificity challenges (Mahata and Biswas, | 2022b) rabbits) (Lv et al., 2016)
2017)

CRISPR/Cas9 Simple design, capacity for | Risk of off-target effects | High (Alariqi et al., Low (Wang et al, | Mainstream technology, widely used in
re-editing (Cong et al., and PAM sequence 2025) 2022b) many species (e.g., cattle (Gim et al.,
2013) restrictions 2022a), sheep (Zhou et al,, 2022), and

chickens (Kim et al., 2020))

Base editor (BE) Low risk of off-target Limited types of editing | Medium (Tachida Medium Frontier exploration stage. Reversible
effects, high accuracy et al,, 2025) pathogenic mutation (Liang et al., 2023)
(Anzalone et al., 2019)

Pilot editor (PE) Extremely high accuracy Complex system, low Medium to low (Wei | High Frontier exploration stage. Partial

restoration of vision in mice (An et al.,

2024)

increase the safety of editing (Zhou et al., 2022). However, the
editing strategy needs to take species differences into account. For
example, owing to the special structure and reproductive physiology
of zygotes, the efficiency of conventional embryo injection in poultry
is low. Thus, special methods, such as adenoviral vectors or
primordial germ cell (PGC) transplantation, are often used for
gene editing (Kim et al.,, 2020; Lee et al., 2022).

3.3 Next-generation editing tools for the
precise regulation of MSTN function

Currently, CRISPR/Cas9-mediated MSTN gene knockout can
effectively increase muscle yield; however, random mutations are
difficult to control, and complete loss of function is often
accompanied by side effects such as reproductive disorders and
skeletal abnormalities (Zhou et al., 2022; Khalil et al., 2017). Next-
generation gene editing tools, particularly base editors (BEs) and
pre-editors (PEs), offer promising approaches for overcoming these
bottlenecks (see Table 1). The primary advantage of these systems
lies in their shift from “complete knockout” to “precise regulation”
(Anzalone et al,, 2019). For example, a base editor can effectively
simulate natural missense mutations, such as the GDF8 point
mutation in Piedmontese cattle, rather than introducing random
breakage, which is expected to reduce the negative effect caused by
the complete absence of the protein while maintaining muscle
growth (Meloux et al, 2019). Pre-editors allow more complex
“customized” editing, such as introducing precise and subtle
mutations in the regulatory region of the MSTN gene rather than
completely eliminating its expression. This approach offers
unprecedented potential for balancing muscle growth and animal
health or reproductive performance (Anzalone et al., 2019).

3.4 Application of MSTN gene editing in
different species

Since the first successful editing of the goat MSTN gene and the
generation of knockout embryos using the CRISPR/Cas9 system

Frontiers in Genome Editing

combined with somatic cell nuclear transplantation by Ni et al.
(2014), MSTN gene-editing technology has achieved a series of
breakthroughs in livestock breeding and related fields (Figure 2).
However, it has not yet been widely implemented in large-scale
production. Subsequent studies have achieved efficient MSTN gene
editing in multiple species through the optimization of various
delivery systems: Crispo et al. (2015) generated MSTN-knockout
sheep by microinjecting Cas9 mRNA and sgRNA into the cytoplasm
of fertilized eggs, confirming the effectiveness of this technology in
ruminants; Wang et al. (2015) developed MSTN-knockout pigs via
somatic cell nuclear transplantation, demonstrating that CRISPR/
Cas9 can efficiently induce MSTN gene mutations in pigs; Gim et al.
(2023) demonstrated that the RNP electroporation method offers
the advantage of improved efficiency in bovine embryo editing. The
simultaneous knockout of MSTN and FGF5 genes in sheep through
multigene collaborative editing marked a significant leap from
single-trait improvement to comprehensive trait selection (Chen
et al.,, 2024).

MSTN gene editing has achieved significant improvements in
muscle development across various species. In livestock, Gim et al.
(2022a) reported that MSTN-edited cattle exhibited an 8%-15%
increase in carcass weight and a 15%-20% increase in loin-eye area.
Sheep generated using an optimized Cas9/sgRNA delivery system
showed an 8%-12% increase in body weight (Zhou et al., 2022). In
pigs, MSTN editing not only increased muscle depth and reduced
backfat thickness (Qian et al, 2015) but also improved glucose
metabolism and insulin sensitivity (Li et al., 2020a). Regarding
poultry, Kim et al. (2020) successfully knocked out the MSTN
gene in chickens using the D10A-Cas9 nickase system, leading to
a specific increase in muscle mass in the legs and wings. Studies in
quail also revealed muscle hyperplasia and improved feed
conversion efficiency (Lee et al., 2020). Regarding aquatic species,
MSTN-edited catfish exhibited enhanced muscle growth (Khalil
et al., 2017), while Liu et al. (2020) elucidated at the cellular level
that MSTN editing influences cell proliferation via suppression of
the mTOR signaling pathway. However, editing also has pleiotropic
effects; for example, bone density increases before sexual maturity

frontiersin.org


https://www.frontiersin.org/journals/genome-editing
https://www.frontiersin.org
https://doi.org/10.3389/fgeed.2026.1749445

Chen et al.

10.3389/fgeed.2026.1749445

1 (Dong Y, etal.)
(Bevacqua RJ, et I

| ZFN -
] 1
i First MSTN | TALEN j CRISPR-Cas9 ! PE
I gene-edited | : microinjection :
: pig.(Qian, : First MSTN I MSTN gene-edited I Development of a
| etal) | gene-edited | et o : pioneering editing system
e I .
Discover mutations in : : g;);lt.(Qnan, St | exogenous gene 1 f(:r ;nouse embryos.(Liu,
MSTN in double-muscled 1 = ! integration (Gim, et al.) i =)
1
cattle.(McPherron et al.) 12015 12016 12022 12025
® ®. ® ®. e ® @ —
1997 1 2014 I CRISPR/Cas9 1 2020 :2022 1 2024 1 2025
- 1
| ZFN - | CRISPR/Cas9 | CRISPR/Cas9 | CRISPR-Cas9 RNP | MSTN silencing via m6A
1 I First MSTN nickase ! I electroporation methylation
1 First MSTN 1 e : I Confirmed 1. P : Yy
= gene-edited : I heritability of | into zygotes . )
I gene-edited 1 rabbit.(Lv et 1 First MSTN H eritability o - I Amelioration of muscle
Cow. : al.) ’ : gene-edited 1 MSTN knockout y The world's first : atrophy in a diabetic
1 (Luo et al.) 1 ; chicken(Ki I cattle traits to the | gene-edited sheep 1 nephropathy model.
I 1 | m,etal) : F1 generation I (Pietal)
- i :
1
'

FIGURE 2
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Timeline of MSTN gene-editing developments. Note: From the discovery of target points in 1997 to the validation of technical feasibility in 2014,
design breeding was initiated. Through cross-species validation from 2015 to 2020, the core role of MSTN was confirmed, ultimately advancing to the
current phase of industrial deepening since 2022, focusing on multitrait balance.

(Lee et al., 2022), resulting in negative effects on reproductive
performance, such as reduced egg counts and delayed onset of
laying (Lee et al., 2021b).

As MSTN gene editing technology matures, the research focus
has shifted from merely increasing efficiency to improving biosafety
and expanding the scope of application. The development of
exogenous-DNA-free MSTN knockout cattle by Gim et al., along
with the confirmation of stable heritability of the edited traits, has
provided critical evidence for the safe application of gene-edited
livestock (Gim et al, 2022a; Gim et al,, 2022b). Concurrently,
research frontiers are expanding into the medical field. Dong
et al. (2025) engineered exosomes to silence MSTN expression by
modifying m6A methylation, and these exosomes demonstrated
therapeutic potential in a diabetic nephropathy model. This is a
strategic transition of MSTN modulation from agricultural breeding
to disease therapy. Collectively, these advances are driving the
translation of MSTN gene editing from basic research toward
practical application.

4 Pleiotropic effects of MSTN gene
editing on production traits

When these cutting-edge editing tools are successfully applied to
animal genomes, how do the final output “products”, that is, the
growth, meat production, and health traits of MSTN gene-edited
individuals, perform? These are the core elements for evaluating the
breeding value of this technology and the key focus areas for
future research.

4.1 Improvement in growth performance

The loss of MSTN function generally leads to significant
improvements in the animal growth rate and feed conversion
efficiency, among other trait modifications (Figure 3). In
mammals such as cattle and sheep, edited individuals usually
show a continuous gain advantage during the entire growth
period (Gim et al., 2022a; Zhou et al.,, 2022). In poultry, such as
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quails, the growth-promoting effect is greatest in the middle and late
growth stages (Lee et al., 2020). This difference in the growth pattern
of these species may be related to their respective growth and
development patterns. The underlying mechanism is related
mainly to energy metabolism. After the inhibition of muscle
growth is removed, protein anabolism is enhanced, and the body
allocates more energy to muscle tissue rather than to fat deposition,
thereby improving overall feed utilization efficiency (Li R. et al,,
2020; Zhao et al., 2022). Therefore, the growth-promoting effect of
MSTN editing not only depends on its “growth switch” but is also
subject to the species’ inherent growth curve and the fine-tuned
regulation of metabolic timing.

4.2 Effects on carcass quality and
meat quality

In terms of carcass quality, the most significant changes
observed in MSTN-edited animals are a substantial increase in
muscle yield and a decrease in fat deposition. Notably, there are
species and sex differences in the location and extent of reduced
fat deposition. For example, abdominal and leg fat were
significantly reduced in quails (Lee et al, 2020). However, a
significant reduction in abdominal fat was observed only in
males (Kim et al.,, 2020). This phenomenon cannot be simply
attributed to the passive change in energy distribution but is the
result of MSTN directly regulating lipid metabolism pathways.
Studies have shown that MSTN directly inhibits the process of
lipogenesis by inhibiting the expression of the key adipogenic
transcription factor PPARy (Deng et al., 2017).

The effects on meat quality are more complex. A common trend
is a decrease in intramuscular fat content, which may affect the
flavor and juiciness of meat (Zhou et al., 2022; Kim et al., 2023).
Changes in meat tenderness vary across species and parts, and the
mechanisms underlying these changes may be related to changes in
muscle fiber type composition and changes in calpain activity
associated with postmortem muscle tenderization. MSTN editing
may affect the glycolytic potential in muscle, leading to a change in
the rate of decrease in the pH value of postmortem muscle, thereby
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FIGURE 3
Pleiotropic effects of MSTN gene editing on production traits.

affecting the color and water-holding capacity of the meat (Kim
et al., 2023).

4.3 Effects on animal health

MSTN gene editing has demonstrated significant potential in
enhancing meat production performance in livestock and poultry,
yet it also impacts animal health to varying degrees. These effects can
be systematically categorized into three major domains, namely, the
skeletal system, reproductive health, and metabolic function, and
exhibit both cross-species commonalities and species-specific
characteristics (Gim et al., 2022a; Lv et al., 2016).

In the skeletal system, loss of MSTN function leads to significant
muscle hypertrophy, which places a persistent burden on the bones
and often results in structural defects. In cattle, this manifests as
skeletal dysplasia and increased rates of dystocia (Gim et al., 2022a);
in pig models, multiple developmental defects have been reported,
(Qian et al, 2015);
abnormalities such as pelvic bone tumors have been observed in
rabbits (Lv et al., 2016). Recent studies have shown that sheep
engineered with dual gene editing of MSTN and FGF5 via CRISPR/
Cas9 exhibit significantly enhanced muscle fiber proliferation.

including skeletal malformations and

However, the long-term impact on skeletal load-bearing capacity
remains to be evaluated (Chen et al., 2024). Notably, MSTN gene-
edited quails have exhibited increased bone density (Lee et al., 2022),
which suggests that the role of MSTN in bone metabolism has some
degree of species specificity.

Second, impaired reproductive health represents another cross-
species challenge. MSTN is widely expressed in female reproductive
organs and participates in regulating key processes such as follicular
development (Ongaro et al., 2025). In quails, this directly leads to
reduced egg production, delayed onset of egg laying, and
compromised eggshell quality (Kim et al.,, 2020; Kim et al., 2023;
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Lee et al, 202lc). Similarly, the reproductive performance of
chickens faces potential risks (Gim et al., 2022a; Hai et al., 2023).
In cattle, studies have reported upregulation of sperm-motility-
related proteins (Zhao et al., 2022); however, the long-term
effects on overall reproductive fitness remain unclear. In sheep,
the still
comprehensive evaluation (Zhou et al., 2022).

long-term  reproductive  performance requires

MSTN editing profoundly restructures the body’s metabolic
functions, yielding complex outcomes with both beneficial and
detrimental aspects. In pigs, MSTN editing may improve glucose
metabolism and insulin sensitivity (Cong et al., 2013). Recent studies
in sheep have shown that dual gene editing of MSTN and
FGF5 significantly remodels the metabolic profile of muscle
satellite cells, thereby suppressing the tricarboxylic acid cycle and
promoting the pentose phosphate pathway (Chen et al., 2023). This
profound metabolic impact not only increases muscle yield but also
influences the animal’s overall energy homeostasis. Additionally,
MSTN gene editing improves the gut microbiota of sheep, yielding
additional metabolic benefits (Kim et al., 2023; Lee et al., 2021d; Du
et al,, 2022), but its long-term physiological significance remains to
be explored. Therefore, for both economic traits and health in
MSTN should

systematic  evaluation

animal  production, editing undergo a
further
advancement, and the potential of polygenic editing should be

recognized (Chen et al., 2023).

comprehensive and before

4.4 Mechanistic analysis of species-specific
effects and implications for breeding

The species differences presented in Table 2 stem from
fundamental variations in growth and development patterns,
reproductive system types, and energy allocation strategies
among different species. At the developmental level, the
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TABLE 2 Pleiotropic effects of MSTN gene editing in different animal models.

Species Muscle Fat Health effects References
growth reduction
Cattle 15%-20% 15%-25% Increased dystocia; elevated sperm motility proteins Hai et al. (2023), Zhao et al. (2022)
Pigs 10%-15% 20%-50% Reduced litter size; improved metabolism Qian et al. (2015), Li et al. (2020), Choe et al.
(2022)
Sheep 10%-30% \ Enhanced gut microbiota Zhou et al. (2022), Du et al. (2022)
Rabbits 30%-40% \ Abnormal pelvic development, bone tumors Lv et al. (2016)
Fish Approximately 40% 10%-20% High fertilized egg mortality Khalil et al. (2017), Liu et al. (2020)
Poultry 15%-25% Approximately Decreased egg production, delayed onset of egg laying, reduced | Lee et al. (2022), Lee et al. (2020), Lee et al.
15% eggshell quality (2021¢)

sustained muscle growth pattern throughout the growth period in
mammals (such as cattle and sheep) confers a continuous weight
gain advantage after genetic editing. In contrast, the concentrated
developmental characteristics of poultry (such as quail) result in a
pronounced effect during the middle to late growth stages (Crispo
et al., 2015). At the level of reproductive health, the differences
between viviparity and oviparity lead to distinctly different
challenges. Specifically, viviparous mammals (such as cattle and
pigs) primarily face maternal-fetal conflicts, manifested as dystocia
or reduced litter sizes (Tivesten et al., 2002; Gim et al., 2022a); the
core conflict in oviparous birds lies in resource allocation,
specifically, the trade-off between muscle growth and egg/shell
formation, which leads to reduced egg-laying performance (Lee
et al.,, 2021¢; Hai et al., 2023; Chen et al., 2023). At the metabolic
level, interspecies differences in active lipid metabolism pathways
(e.g., in pigs) or unique “gut-muscle axis” regulation (e.g., in sheep)
determine the extent of fat reduction and the magnitude of potential
metabolic benefit (Li R. et al., 2020; Zhao et al., 2022; Hai et al.,
2023). Therefore, the application of MSTN editing must adhere to
the principle of “species-specific customization™: the core breeding
strategy involves balancing muscle growth with reproductive health
in mammals, coordinating muscle growth with reproductive
resource allocation in poultry, and weighing growth advantages
against early developmental vitality in aquatic animals. A deep
understanding of these intrinsic biological principles is key to
transcending mere descriptive analysis and achieving cross-
species optimization of precision breeding.

5 Biological mechanisms underlying
the pleiotropic effects of the
MSTN gene

MSTN is widely involved in the regulation of metabolic and
skeletal systems under physiological conditions, suggesting that
perturbation of its function may have a profound effect. In fact,
many studies have shown that MSTN overexpression is closely
related to the occurrence and development of various muscle
atrophy diseases, such as cancer cachexia and senile sarcopenia,
making it an important potential therapeutic target (Ahmad et al,,
2018; Lee and McPherron, 1999). For example, in an experimental
cancer cachexia model, the MSTN signaling pathway was
upregulated before the occurrence of muscle atrophy (Samant
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et al, 2017; Han and Mitch, 2011). The use of ACVRIIB
antagonists to block MSTN signaling could effectively reverse
muscle atrophy and prolong survival in model animals, providing
an important pathophysiological perspective for understanding the
pleiotropic effects induced by the loss of MSTN function caused by
gene editing.

5.1 Metabolic regulatory mechanisms

MSTN gene editing profoundly affects the metabolism of
global
metabolism and nutrient distribution. As mentioned above,

animals and involves reprogramming of energy
edited animals generally show reduced fat deposition and
improved feed efficiency. These phenotypes are due to the
following core mechanisms.

In terms of energy metabolism, MSTN deficiency can
significantly increase protein anabolism by alleviating the
inhibition of the Akt/mTOR pathway (Oke et al, 2021).
Moreover, edited individuals usually exhibit adaptive changes in
their basal metabolic rate, directing more energy toward muscle
growth (Zhao et al,, 2022). At the molecular level, MSTN reduces
glucose uptake by inhibiting insulin-dependent and insulin-
independent pathways, whereas MSTN deficiency reverses these
effects and improves systemic glucose homeostasis (Urnov
et al., 2010).

In terms of lipid metabolism, a recent study revealed that in
addition to directly inhibiting PPARy expression (Deng et al., 2017),
MSTN deletion can affect the fatty acid desaturation process
through MEF2C/miR-222/SCD5
regulating the quality and quantity of lipid deposition (Ren et al.,
2020). This metabolic reprogramming has systemic features and is

signaling, thereby finely

even reflected in germ cells. For example, the expression of
mitochondria-related proteins in MSTN-edited bovine sperm was
upregulated, suggesting that the energy metabolism pathway
underwent extensive adaptive changes.

5.2 Physiological and molecular basis of
effects on reproductive properties

The effects of MSTN gene editing on the reproductive
performance of animals are complex and species specific. The
mechanism involves the direct regulation of reproductive energy
allocation and organ function. With respect to energy distribution, a
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reduction in body fat reserves is a key factor that leads to a delay in
laying and a decrease in egg production (Liu et al, 2022). The
underlying cause involves the energy homeostasis signal represented
by leptin, which has a disordered regulatory effect on the timing and
intensity of the
hypothalamic-pituitary-gonadal (HPG) axis.

activation of the

At the level of organ function, studies have revealed species-
specific effects. Regarding mammals, the development of the
myometrium in the uterine horn is enhanced in MSTN
homozygous mutant pigs, and the expression of a-smooth actin
(ACTA2) and calcinin is upregulated, suggesting that adaptive
changes may occur in the structure and contractile function of
the uterus (Zhang et al., 2019). Proteomic analysis of the sperm of
MSTN-edited Chinese cattle revealed that the expression of proteins
related to sperm movement was upregulated in bulls, which may
explain why fertility was not significantly affected (Zhao et al., 2022).

In terms of reproductive efficiency, there are species differences.
Studies on poultry have shown that although the muscle mass of
MSTN-edited quails significantly increased, the number of eggs was
reduced, and the age at laying onset was delayed (Kim et al., 2020;
Moroudi et al., 2025). These findings suggest that MSTN may affect
follicular development through an energy distribution mechanism.
The impact on the reproduction of mammals is more complicated.
Although MSTN-edited cattle exhibit enhanced sperm function
(Zhao et al, 2022) and normal mating ability, excessive fetal
muscle development often leads to an increased rate of dystocia,
which becomes a major breeding challenge (Gim et al., 2022a).
These differences highlight the key role of species-specific
reproductive physiological characteristics and energy distribution
strategies in the effects of MSTN editing.

5.3 Health and welfare

The effects of MSTN editing on animal health and welfare need
to be understood from the perspective of the interactions among the
bones, the immune system, and stress.

In terms of bone development, the increase in bone mineral
density (BMD) mentioned above is not only due to mechanical stress
(Wolff's law) caused by the increase in muscle mass but also related to
the direct regulation of the bone metabolism pathway by MSTN
(Cheng et al., 2024). Studies have shown that MSTN deficiency
activates the BMP signaling pathway through the upregulation of
GDF11 expression, thereby promoting osteogenic differentiation and
inhibiting osteoclast formation (Zhang et al., 2019). This activation of
the GDF11/BMP pathway is an important direct mechanism through
which MSTN editing affects bone quality.

In terms of immune function, there is close “myokine”-mediated
crosstalk between muscles and the immune system. Sriram et al.
(2011) have shown that MSTN affects the inflammatory response by
regulating the NF-kB signaling pathway and that its editing may
change the secretion profile of myokines (such as IL-6), thereby
affecting immune homeostasis.

The stress response is the core indicator of animal welfare.
MSTN-edited pigs showed heightened stress sensitivity, which is
related to the substantial metabolic burden caused by the rapid
increase in muscle mass, as well as the possible concomitant increase
in the degree of mitochondrial dysfunction and oxidative stress (Li
et al., 2020a; Sriram et al., 2011).
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6 Sustainable development of MSTN
gene editing

MSTN gene editing has entered a new era from the stage of
phenotypic verification to in-depth mechanistic analysis and risk
assessment (Chen et al., 2019). The current consensus shows that the
key to realizing its application value for breeding lies in how to
precisely regulate its functions to balance the conflicting needs of
muscle growth and overall animal health.

6.1 Technical bottlenecks and the
development of precise regulatory tools

A technical bottleneck has driven the development of editing
tools toward high precision and high efficiency. Currently, editing
efficiency and delivery methods vary across species and are still
major limitations, especially in poultry (Kim et al., 2020; Khalil et al.,
2017). The more fundamental challenge is that although complete
MSTN knockout can significantly increase the lean meat percentage,
it is often accompanied by side effects such as dystocia and bone
defects, which reveal the risks that accompany uncontrollable loss of
function (Gim et al., 2022a; Li et al., 2020a). Therefore, the focus of
technological evolution is shifting from “complete knockout” to
“fine regulation”.

Next-generation gene editing tools, especially base editors (BEs)
and pre-editors (PEs), provide new ideas for overcoming this
bottleneck (Anadon et al.,, 2004). The primary goal is to achieve
precise site-specific modification rather than random gene breakage
(Anzalone et al., 2019; Moscoso et al., 2020). For example, a base
editor can accurately simulate natural beneficial point mutations
found in Piedmontese cattle, which is expected to reduce the
negative effects of complete protein deletion while maintaining
muscle growth. More powerful PEs allow the introduction of
subtle mutations in the regulatory region of the MSTN gene so
that its expression level is finely downregulated rather than
completely turned off, representing an unprecedented possibility
for balancing muscle growth and animal health/reproductive
performance (Laible et al.,, 2015). Recent studies have successfully
implemented BEs in avian primordial germ cells, validating the
feasibility of this pathway (Wang et al., 2024).

6.2 Multitrait collaborative breeding strategy

An in-depth understanding of the biological function of MSTN
reveals the necessity of pleiotropic management. Existing evidence
indicates that MSTN is one of the network hubs that regulates
homeostasis. The editing effect involves not only the inhibition of
muscle release but also cross-talk with other pathways (such as
GDF11/BMP) (Sartori et al., 2013). For example, MSTN deficiency
may affect bone metabolism through the upregulation of
GDF11 expression, which explains the bone changes observed in
mice (Suh et al., 2020).

Therefore, a successful breeding strategy needs to take a
systematic perspective into account. Combining MSTN editing
and genome selection to simultaneously improve the genetic
background related to reproduction and health during the
breeding process is an effective way to balance multiple traits
(Hai et al., 2023). Wang et al. (2015) successfully bred pigs with
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dual-gene editing of MSTN and the disease resistance gene CD163,
the of
improvement in production and health traits through multigene

demonstrating feasibility achieving  synchronous
coediting. This study represents a breakthrough from single-trait

breeding to balanced multitrait breeding.

6.3 Prospects of dynamic and inducible
editing systems

Regulatable gene editing represents a strategic solution to
mitigate the lifelong side effects of constitutive MSTN knockout.

Unlike permanent editing, this approach enables precise
spatiotemporal control (Huang et al, 2019). Technical
strategies—such as tissue-specific promoters or inducible

Cas9 systems (e.g., Cre-LoxP or drug-induced control)—could
theoretically restrict MSTN inhibition to postnatal growth,
thereby avoiding adverse effects on critical physiological stages
such as reproduction (Anzalone et al, 2019). For future
translation, research must prioritize adapting these systems for
livestock by developing safe delivery vectors and optimizing
inducers (Langley et al., 2002). Success in this endeavor would
mark a transformative advance, allowing the industry to harness
productivity benefits while upholding stringent welfare standards.

6.4 Ethics, regulation and public acceptance

The introduction of MSTN-edited animals to the market
involves not only technology but also complex ethical and social
considerations. First, the animal welfare of gene-edited animals is
the core ethical concern (Wray-Cahen et al., 2024). The problems
that may occur in gene-edited individuals, such as skeletal
abnormalities and dystocia, must be prioritized for resolution in
the application of this technology (Zhou et al., 2022; Li et al., 2020a).
Second, the regulatory policies for gene-edited organisms differ
across countries. For example, the United States Department of
Agriculture (USDA) has relaxed regulations on some CRISPR-
edited crops that do not carry exogenous DNA. In contrast, the
European Court of Justice (EC]), in its landmark 2018 ruling,
explicitly subsumes organisms obtained by newer mutagenesis
techniques, including gene editing, under the existing stringent
GMO directives (Critchley et al., 2018). This divergence creates
regulatory uncertainty and poses challenges in the global promotion
of this technology (Anadon et al., 2004).

In addition, public acceptance largely determines the fate of the
product market. The transparency of scientific communication; full
emphasis on the sustainable benefits of the technology, such as
reducing feed consumption and the environmental footprint and
potentially improving animal health; and early and continuous
communication with consumers and stakeholders are the keys to
building social trust. Therefore, the formulation of clear ethical
guidelines and active promotion of the dialog between scientific and
policy circles are indispensable for the sustainable development of
MSTN editing and breeding.

6.5 Nongenetic auxiliary strategies

In addition to genetic means, the emerging study of the
“gut-muscle axis” suggests that the gut microbiome may
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indirectly affect muscle homeostasis through immune and
metabolic pathways (Du et al., 2022). For example, the
composition of the gut microbial communities in MSTN-
edited sheep changed, which may be related to the observed
metabolic advantages (Du et al,, 2022; Gao et al., 2013). This
study provides new ideas for optimizing the health performance
of MSTN-edited animals and alleviating their potential
metabolic burden through nongenetic auxiliary means such as
and prebiotic/probiotic

nutritional intervention

supplementation.

7 Conclusion

This review was motivated by the critical need to move beyond
the narrow focus on the double-muscle phenotype that has
dominated the MSTN editing field. Although previous reviews
and studies have successfully established its role in muscle
the
pleiotropic network that MSTN governs. We systematically

hypertrophy, they have largely overlooked complex
synthesized evidence that MSTN editing exerts profound, species-
specific effects on systemic metabolism, reproduction, bone health,
and animal welfare, consequences that are imperative for sustainable
breeding. Our analysis concludes that the conventional knockout
approach, despite its efficacy in enhancing muscling, is inherently
limited by these trade-offs. Therefore, the foremost contribution of
this review is to champion a paradigm shift toward precision
modulation—using next-generation editors such as base editors
and inducible systems—to fine-tune MSTN activity rather than
ablate it. This strategic pivot, integrated with multitrait genomic
selection, is essential to unlock the full potential of MSTN editing for
developing resilient, productive, and welfare-compatible livestock,
thereby aligning genetic gains with the principles of sustainable

agriculture.
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