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Abstract
Exercise critically regulates skeletal muscle proteostasis, mitochondrial function, and overall metabolic health. It enhances in-

sulin sensitivity and glucose uptake, particularly beneficial in type 2 diabetes. Physical activity modulates key myokines like FGF21
and significantly impacts autophagy and the gut microbiota, influencing systemic metabolic and immune responses. These adapta-
tions, especially in mitochondrial respiration, are vital for endurance performance and energy metabolism, highlighting exercise as a
multifaceted intervention for health and disease.
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Introduction
Exercise exerts a profound influence on the intricate balance of
protein synthesis and breakdown within skeletal muscle, a process
known as proteostasis. This balance is not merely academic; it rep-
resents a crucial aspect of metabolic adaptation and underpins mus-
cle health across the lifespan. Disturbances in proteostasis are of-
ten implicated in conditions of disease and aging, making exercise-
induced modulation a significant area of study for therapeutic inter-
ventions [1].

Beyond the direct effects of physical activity, an integrated ap-
proach combining exercise with appropriate nutritional interven-
tions has been shown to elicit even more favorable adaptations
within skeletal muscle. These interventions collectively target the
molecular and cellular mechanisms that are essential for promoting

and sustaining improved metabolic health. The synergy between
what we do and what we eat provides a robust framework for opti-
mizing muscle function and systemic metabolic benefits [2].

A key cellular player in metabolic health is the mitochondrion,
and exercise significantly influences its function. This includes reg-
ulating dynamic processes such as mitochondrial fusion, where mi-
tochondria combine, and fission, where they divide. Furthermore,
exercise promotesmitophagy, the selective removal of damagedmi-
tochondria, which is critical for maintaining a healthy mitochon-
drial pool. These dynamic processes are indispensable for overall
metabolic health and play a vital role in combating the onset and
progression of various metabolic diseases [3].

The clinical relevance of exercise is particularly evident in indi-
viduals with type 2 diabetes. Comprehensive reviews highlight how
various types of exercise training lead to substantial metabolic adap-
tations within skeletal muscle. These adaptations include marked
improvements in glucose uptake, heightened insulin sensitivity,
and enhanced overall metabolic control, offering a powerful non-
pharmacological strategy for managing this widespread condition
[4].
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Among the various myokines—muscle-derived factors—
released during exercise, Fibroblast Growth Factor 21 (FGF21)
stands out as a critical metabolic regulator. FGF21 influences both
glucose and lipid metabolism across a spectrum of tissues. Its
potent effects underscore its potential as a therapeutic agent for
metabolic disorders, opening avenues for novel treatments based
on exercise-induced signaling pathways [5].

An emerging area of research is the bidirectional communica-
tion between exercise and the gut microbiota. Physical activity is
known to significantly modify the composition and functional ca-
pabilities of the microbial community residing in the gut. These
exercise-induced alterations subsequently exert a profound influ-
ence on systemic metabolic and immune responses, thereby play-
ing a crucial role in determining overall health and susceptibility to
disease [6].

Autophagy, a finely tuned cellular process involving the self-
degradation and recycling of cellular components, is a significant
target of exercise modulation within skeletal muscle. Different
forms of physical activity can either activate or inhibit specific
autophagic pathways, which are critical for muscle adaptation to
stress, maintaining energy homeostasis, and contributing to overall
metabolic fitness. This mechanism ensures cellular resilience and
efficient resource allocation [7].

Regular engagement in physical activity is a well-established
means of enhancing insulin sensitivity within human skeletal mus-
cle. This beneficial effect is mediated through a complex network of
cellular and molecular pathways that ultimately facilitate improved
glucose uptake and utilization by muscle cells. These updated in-
sights are not only crucial for preventing metabolic disorders but
also for effectively managing existing conditions like insulin resis-
tance and type 2 diabetes [8].

Furthermore, exercise training, varying in both type and inten-
sity, is a potent stimulus for inducing adaptations in skeletal mus-
cle mitochondrial respiration. These adaptations lead to signifi-
cant enhancements in oxidative capacity, which is absolutely cru-
cial for improving endurance performance and maintaining robust
metabolic health. Tailoring exercise modalities allows for specific
targeting of these mitochondrial improvements [9].

In essence, skeletal muscle mitochondria are central to both
peak exercise performance and fundamental metabolic health. Ex-
ercise training is a primary driver of beneficial adaptations, increas-
ing mitochondrial content, enhancing their function, and optimizing
their dynamic processes. These changes collectively work to im-
prove energy metabolism, underscoring the indispensable role of

mitochondria in the body’s overall physiological resilience [10].

Description
Exercise plays a fundamental role in maintaining skeletal muscle
health and metabolic function. It directly impacts proteostasis, the
delicate balance of protein synthesis and breakdown, which is vital
for muscle adaptation, particularly in the face of disease and aging
[1]. Beyond mere activity, integrating exercise with targeted nutri-
tional interventions can significantly promote favorable adaptations
within skeletal muscle, enhancing overall metabolic health through
specific molecular and cellular mechanisms [2]. This synergy is
crucial for optimizing how muscles utilize nutrients and respond to
metabolic challenges. A key benefit of regular physical activity is
its capacity to enhance insulin sensitivity in human skeletal muscle.
This occurs via sophisticated cellular and molecular pathways that
improve glucose uptake and utilization, which is essential for both
preventing and managing various metabolic disorders [8]. The im-
pact of exercise on glucose metabolism is particularly relevant for
conditions like type 2 diabetes.

Central to muscle and metabolic health are mitochondria, the
powerhouse of the cell. Exercise profoundly influences mitochon-
drial function, including dynamic processes such as fusion and
fission, which regulate their shape and network structure. Fur-
thermore, physical activity promotes mitophagy, the selective re-
moval of damaged mitochondria, ensuring a healthy and efficient
mitochondrial population [3]. These mitochondrial dynamics are
critical for maintaining metabolic health and actively combating
metabolic diseases. Different types and intensities of exercise train-
ing uniquely stimulate adaptations in skeletal muscle mitochondrial
respiration, leading to enhanced oxidative capacity [9]. This im-
proved capacity is indispensable for endurance performance and
overall metabolic health, highlighting how exercise optimizes cel-
lular energy production. In essence, skeletal muscle mitochondria
are fundamentally important, and exercise training induces adap-
tations in their content, function, and dynamics to improve energy
metabolism and support both performance and health [10].

The benefits of exercise extend to specific metabolic regulators
and disease management. For instance, various types of exercise
training are highly effective in inducing skeletal muscle metabolic
adaptations in individuals with type 2 diabetes. These adaptations
directly lead to improvements in glucose uptake, enhance insulin
sensitivity, and contribute to better overall metabolic control for
patients [4]. Moreover, exercise triggers the release of specific
myokines, such as Fibroblast Growth Factor 21 (FGF21), which
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acts as a key metabolic regulator. FGF21 influences both glu-
cose and lipid metabolism across various tissues and holds potential
for therapeutic applications in metabolic disorders, illustrating how
muscles communicate with other organs to maintain systemic bal-
ance [5].

Beyond direct cellular and hormonal effects, exercise also in-
fluences broader systemic processes. It modulates autophagy, a
cellular process of self-degradation and recycling, within skeletal
muscle. This mechanism is critical for muscle adaptation, main-
taining energy homeostasis, and contributing to overall metabolic
fitness, ensuring the removal of cellular waste and renewal [7]. Fur-
thermore, there is a complex, bidirectional communication between
exercise and the gut microbiota. Physical activity modifies micro-
bial composition and function, and these changes, in turn, influence
systemic metabolic and immune responses. This interplay impacts
overall health and disease susceptibility, suggesting that the benefits
of exercise extend beyond the muscle itself to the entire physiolog-
ical ecosystem [6].

Conclusion
Exercise profoundly influences skeletal muscle, impacting protein
synthesis and breakdown, crucial for metabolic adaptation andmus-
cle health, especially in disease and aging [1]. Integrated exer-
cise and nutritional interventions promote favorable muscle adapta-
tions, focusing on molecular and cellular mechanisms for improved
metabolic health [2]. Exercise also critically affects mitochondrial
function, including dynamics like fusion, fission, and mitophagy,
essential for metabolic health and combating related diseases [3].
Different exercise training types can significantly improve skele-
tal muscle metabolic adaptations in individuals with type 2 dia-
betes, enhancing glucose uptake, insulin sensitivity, and overall
metabolic control [4]. Fibroblast Growth Factor 21 (FGF21), a
myokine released during exercise, acts as a key metabolic regula-
tor, influencing glucose and lipid metabolism with potential thera-
peutic applications [5]. Furthermore, exercise fosters bidirectional
communication with the gut microbiota, modifying its composition
and function, which in turn influences systemic metabolic and im-
mune responses [6]. The cellular process of autophagy, vital for
self-degradation and recycling, is modulated by various exercise
forms within skeletal muscle, supporting muscle adaptation and en-
ergy homeostasis [7]. Regular physical activity enhances insulin
sensitivity in human skeletal muscle through specific cellular and
molecular pathways, improving glucose uptake and utilization to
manage metabolic disorders [8]. Exercise training stimulates adap-
tations in skeletal muscle mitochondrial respiration, boosting ox-

idative capacity essential for endurance performance and metabolic
health [9]. This highlights the fundamental importance of skeletal
muscle mitochondria in both exercise performance and metabolic
health, with exercise inducing adaptations in mitochondrial content,
function, and dynamics to optimize energy metabolism [10].
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