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that exercise can enhance muscle regeneration through multiple molecular
mechanisms, including increased expression of growth factors, improved insulin
sensitivity, reduced inflammation and oxidative stress, and stimulation of muscle
hypertrophy. Therefore, the present study aimed to review and elucidate the
molecular mechanisms through which therapeutic exercise promotes skeletal
muscle regeneration in patients with diabetes.

Review Methods and Data Sources:

This narrative review was conducted by examining Persian- and English-
language scientific articles published between 2020 and 2024. Relevant studies
were identified through systematic searches of Scopus, PubMed, SID, Journal
Citation Reports (JCR), Google Scholar, Web of Science, and ScienceDirect.
Following an assessment of methodological quality and relevance, 11 eligible
studies were selected for detailed analysis.

Findings:

The reviewed studies indicated that inflammatory factors, particularly
interleukin-6 (IL-6), play an important role in the development and management
of diabetes. Elevated levels of IL-6 have been associated with insulin resistance
and impaired glucose metabolism. Aerobic exercise has been shown to prevent
methylglyoxal-induced skeletal muscle atrophy, while increased expression of
glucose transporter type 4 (GLUT4) is associated with enhanced insulin
sensitivity and improved glucose uptake in skeletal muscle. In addition, exercise
may promote muscle regeneration by reducing inflammation and oxidative stress
and by activating molecular pathways involved in muscle growth and metabolic
regulation.

Conclusion:

Therapeutic exercise may improve skeletal muscle regeneration and overall
metabolic health in patients with diabetes by activating key molecular signaling
pathways, including AMP-activated protein kinase (AMPK) and
phosphoinositide 3-kinase/protein kinase B (PI3K/Akt), while reducing
inflammation and oxidative stress. Both aerobic and resistance exercise
contribute to metabolic regulation by increasing GLUT4 expression and
improving insulin sensitivity. These findings highlight the importance of
structured exercise interventions as a nonpharmacological strategy for improving
muscle health and metabolic function in individuals with diabetes.
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Extended Abstract

Introduction:

Diabetes mellitus is one of the most prevalent metabolic disorders worldwide and is characterized
by chronic hyperglycemia, insulin resistance, and disturbances in carbohydrate, lipid, and protein
metabolism. Skeletal muscle is one of the primary tissues affected by diabetes, as it plays a central
role in glucose uptake, insulin sensitivity, and whole-body energy metabolism. In individuals with
diabetes, several pathological alterations occur in skeletal muscle, including impaired muscle
regeneration, mitochondrial dysfunction, increased oxidative stress, chronic inflammation, and
reduced satellite cell activity. These alterations may lead to muscle atrophy, decreased muscle
strength, impaired physical performance, and an increased risk of metabolic complications.

In recent years, therapeutic exercise has been widely recognized as an effective
nonpharmacological intervention for improving metabolic control and preventing diabetes-related
complications. Regular physical activity has been shown to enhance skeletal muscle regeneration
through multiple molecular mechanisms, including the activation of metabolic signaling pathways,
improved insulin sensitivity, increased expression of glucose transporters, reduced inflammatory
responses, and stimulation of muscle hypertrophy. Exercise also promotes the secretion of
myokines and other signaling molecules that regulate metabolic homeostasis and tissue repair.
Given the critical role of skeletal muscle in metabolic regulation, understanding the molecular
mechanisms underlying exercise-induced muscle regeneration may contribute to the development
of effective therapeutic strategies for individuals with diabetes. Therefore, the present study aimed
to review and analyze the molecular mechanisms through which therapeutic exercise enhances
skeletal muscle regeneration in patients with diabetes.

Methodology:

This study was conducted as a systematic review to investigate the molecular mechanisms through
which therapeutic exercise influences skeletal muscle regeneration in patients with diabetes. A
comprehensive literature search was performed in several international databases, including
Scopus, PubMed, Web of Science, ScienceDirect, and Google Scholar. The search covered articles
published between 2020 and 2024 and used keywords such as “molecular mechanisms,”
“therapeutic exercise,” “muscle regeneration,” and “diabetes.”

All potentially relevant studies identified during the initial search were screened. After duplicate
records were removed, the titles and abstracts of the remaining articles were evaluated to determine
their relevance to the research objective. The inclusion criteria were relevance to the research topic,
publication within the specified time frame, availability of the full text, and acceptable scientific
and methodological quality. Studies that did not meet these criteria were excluded.

A total of 32 articles were initially identified. Following a detailed evaluation of their
methodological quality and relevance, 11 high-quality studies were selected for final analysis.
These studies were examined to evaluate the effects of therapeutic exercise on molecular signaling
pathways, mitochondrial function, inflammatory responses, satellite cell activity, and other
exercise-induced molecular adaptations in diabetic skeletal muscle.

Findings:

The findings of the reviewed studies indicate that therapeutic exercise may enhance skeletal
muscle regeneration in patients with diabetes through several interconnected molecular
mechanisms. Resistance training plays a significant role in increasing muscle mass and strength
while improving insulin sensitivity and metabolic regulation. It may activate key metabolic
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signaling pathways, including AMP-activated protein kinase (AMPK) and peroxisome
proliferator-activated receptor gamma coactivator-1 alpha (PGC-1a), which are involved in energy
metabolism and glucose utilization in skeletal muscle.

Aerobic exercise also contributes to the prevention of diabetes-related muscle atrophy by
improving mitochondrial function and enhancing cellular energy production. Studies have shown
that regular exercise increases the expression of glucose transporter type 4 (GLUT4) in skeletal
muscle, thereby facilitating glucose uptake and contributing to improved glycemic control.

In addition, exercise-induced myokines play an important role in muscle regeneration and
metabolic regulation. Myokines such as interleukin-6 (IL-6), irisin, and brain-derived neurotrophic
factor (BDNF) may contribute to improved metabolic function and muscle repair. Conversely,
elevated levels of pro-inflammatory cytokines, such as tumor necrosis factor-alpha (TNF-a), are
associated with impaired muscle regeneration and insulin resistance. Regular physical activity may
also reduce oxidative stress, improve mitochondrial quality and function, and stimulate satellite
cell activation, all of which are essential processes in muscle repair and regeneration.

Discussion:

Overall, therapeutic exercise plays an important role in promoting skeletal muscle regeneration in
patients with diabetes through multiple molecular and cellular mechanisms. Regular physical
activity activates key metabolic signaling pathways, improves mitochondrial function, increases
GLUT4 expression, and modulates the secretion of myokines involved in metabolic regulation and
inflammatory processes.

Resistance and aerobic exercise appear to provide complementary benefits. Resistance training
primarily promotes muscle mass, strength, and hypertrophic adaptations, whereas aerobic exercise
contributes substantially to improvements in mitochondrial function, energy metabolism, and
insulin sensitivity. Both exercise modalities may help reduce inflammation, oxidative stress, and
other diabetes-related complications that negatively affect skeletal muscle health.

A deeper understanding of these molecular mechanisms may contribute to the optimization of
exercise-based therapeutic strategies and improve health outcomes and quality of life in
individuals with diabetes. However, further research is needed to identify additional molecular
targets and develop more personalized exercise interventions based on individual metabolic and
physiological characteristics.

Conclusion:

In conclusion, exercise therapy plays an important role in promoting skeletal muscle regeneration in patients with
diabetes through multiple molecular mechanisms. The activation of signaling pathways such as AMPK and PI3K/Akt,
together with improvements in mitochondrial function, insulin sensitivity, and GLUT4-mediated glucose uptake, may
contribute to enhanced muscle repair and function. In addition, the modulation of inflammatory responses and
oxidative stress appears to be an important mechanism through which exercise supports skeletal muscle health.

Both aerobic and resistance exercise offer valuable and complementary benefits for improving muscle function and
metabolic health in individuals with diabetes. A better understanding of these molecular mechanisms may help
optimize exercise-based therapeutic protocols and ultimately improve muscle regeneration, metabolic control, and
overall well-being. Further research is needed to identify additional therapeutic targets and determine the most
effective exercise protocols for different populations of patients with diabetes.
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