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Physical exercise induces numerous metabolic and 

molecular adaptations that enhance physical performance, 

metabolic health, and healthy aging. Among the key molecular 

regulators involved in exercise adaptation, Sirtuin 1 (SIRT1), 

a NAD+-dependent deacetylase, has emerged as a central 

mediator linking cellular energy status to gene expression and 

metabolic regulation. SIRT1 regulates mitochondrial 

biogenesis, oxidative stress responses, inflammation, glucose 

metabolism, lipid oxidation, and skeletal muscle remodeling. 

Exercise-induced activation of the AMPK–SIRT1–PGC-1α 

signaling pathway enhances mitochondrial function and 

energy production, thereby contributing to improved 

endurance and metabolic flexibility. Recent studies indicate 

that both acute and chronic exercise increase SIRT1 

expression and activity in skeletal muscle and circulating 

blood, although these responses vary depending on exercise 

type, intensity, duration, and participant characteristics. This 

review summarizes current knowledge regarding the 

mechanisms by which exercise regulates SIRT1, its role in 

exercise-induced metabolic adaptations, and its potential 

implications for athletic performance and healthy aging. 

Furthermore, future perspectives on nutritional and 

pharmacological strategies targeting SIRT1 are discussed. 
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Introduction 

Physical exercise is widely recognized as one of the most effective non-pharmacological 

interventions for improving health and preventing chronic diseases. Exercise induces complex 
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physiological adaptations involving skeletal muscle, liver, adipose tissue, cardiovascular tissues, 

and the nervous system (Hawley et al., 2014). At the molecular level, these adaptations are 

mediated by energy-sensing pathways that coordinate cellular responses to increased energy 

demand (Hardie et al., 2012). 

Sirtuin 1 (SIRT1) belongs to the mammalian sirtuin family (SIRT1–SIRT7) and functions as 

a NAD+-dependent deacetylase. Because its activity depends on intracellular NAD+ availability, 

SIRT1 acts as a metabolic sensor that responds to exercise-induced changes in cellular energy 

status (Cantó & Auwerx, 2009). Growing evidence suggests that SIRT1 is a key regulator of 

mitochondrial function, oxidative metabolism, inflammation, and cellular longevity 

(Houtkooper et al., 2012). Studies have demonstrated that SIRT1 plays an important role in 

exercise adaptation not only in skeletal muscle but also in other tissues, including the heart, liver, 

and kidneys, highlighting its systemic significance (Bordone & Guarente, 2005). 

Recent advances in electrochemical biosensor technologies have enabled real-time 

monitoring of oxidative stress biomarkers, such as superoxide dismutase (SOD) and 

malondialdehyde (MDA), during investigations of the anti-aging effects of SIRT1. These 

developments may contribute to the design of personalized exercise programs and precision 

health strategies (Zhang et al., 2023). 

2. Structure and Biological Functions of SIRT1 

SIRT1 is predominantly localized in the nucleus; however, it can shuttle between cellular 

compartments depending on metabolic conditions (Tanno et al., 2007). It deacetylates histones 

and several transcription factors, including: 

PGC-1α (Peroxisome proliferator-activated receptor gamma coactivator 1-alpha); FOXO 

(Forkhead box O) family proteins; NF-κB (Nuclear factor kappa B); p53 (tumor suppressor 

protein); LKB1 (Liver kinase B1); eNOS (Endothelial nitric oxide synthase) (Michan and 

Sinclair, 2007). Through these target molecules, SIRT1 regulates several important cellular 

processes, including (Guarente, 2013): energy metabolism; resistance to oxidative stress; 

mitochondrial biogenesis; autophagy; inflammation; cell survival; muscle regeneration and 

myonuclear number (Ryu et al., 2014). SIRT1 also plays an important role in maintaining the 

balance between anabolic and catabolic pathways during muscle hypertrophy. Studies have 

demonstrated that SIRT1 protein levels and activity increase during hypertrophy induced by 

muscle overload, accompanied by an increase in nitric oxide (NO) levels through eNOS 

deacetylation (Kitaoka et al., 2018). Furthermore, SIRT1-mediated deacetylation of Akt 

improves insulin signaling and enhances glucose transport, which is important for glycogen 

synthesis following exercise (Wang et al., 2019). 

3. Exercise-Induced Activation of SIRT1 

During physical exercise, ATP consumption increases, resulting in an elevated AMP/ATP 

ratio. This activates AMP-activated protein kinase (AMPK), which promotes NAD⁺ synthesis 

and subsequently stimulates SIRT1 activity (Canto et al., 2009). Activated SIRT1 deacetylates 
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PGC-1α, thereby enhancing mitochondrial biogenesis and oxidative phosphorylation (Rodgers 

et al., 2005). 

The main signaling cascade can be summarized as follows: 

Exercise → AMP/ATP ↑ → AMPK ↑ → NAD⁺ ↑ → SIRT1 ↑ → PGC-1α deacetylation → 

Mitochondrial biogenesis ↑ 

SIRT1 activation accelerates mitochondrial protein synthesis in muscle cells and promotes 

remodeling of the mitochondrial network. Studies have shown that genetic deletion (knockout) 

of SIRT1 leads to impaired mitochondrial function and reduced ATP production (Price et al., 

2012). Deacetylation of FOXO proteins by SIRT1 protects cells against oxidative damage by 

activating antioxidant defense systems, including catalase and superoxide dismutase (SOD) 

(Brunet et al., 2004). 

Moreover, the interaction of SIRT1 with FAK (focal adhesion kinase) and Akt signaling 

pathways contributes to the regulation of cell migration and muscle regeneration processes. 

4. SIRT1 and Skeletal Muscle Adaptation 

SIRT1 contributes to several adaptations induced by physical exercise. 

4.1. Mitochondrial Biogenesis 

SIRT1 activates PGC-1α, which stimulates the transcription of genes involved in 

mitochondrial replication and function (Fernandez-Marcos and Auwerx, 2011). PGC-1α, in turn, 

activates NRF-1 (nuclear respiratory factor 1) and TFAM (mitochondrial transcription factor A), 

which are essential for mitochondrial DNA replication and transcription (Scarpulla, 2011). 

Chronic exercise programs, such as 8-week cycling training, significantly increase SIRT1 

and PGC-1α expression in skeletal muscle. This results in increased mitochondrial density and 

improved aerobic capacity, including enhanced VO₂max (Little et al., 2011). 

4.2. Regulation of Oxidative Stress 

Exercise generates reactive oxygen species (ROS). Moderate ROS production acts as a 

signaling mechanism that stimulates antioxidant defense systems (Powers et al., 2011). SIRT1 

increases the expression of antioxidant enzymes such as superoxide dismutase and catalase 

(Kobayashi et al., 2005). 

Furthermore, SIRT1 reduces mitochondrial ROS production and protects cells against 

oxidative stress through the deacetylation of FOXO3a (Olmos et al., 2013). In SIRT1 knockout 

mice, exercise-induced oxidative stress markers, including MDA (malondialdehyde), were 

significantly elevated, indicating impaired antioxidant defense mechanisms (Chen et al., 2016). 

4.3. Muscle Remodeling 

SIRT1 regulates protein synthesis, muscle regeneration, and adaptation following physical 

activity. Increased SIRT1 expression is associated with improved muscle recovery and 

endurance performance (Philp et al., 2011). SIRT1 promotes the proliferation of activated 

myogenic cells in response to muscle overload, thereby enhancing post-exercise muscle 
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hypertrophy and recovery (Tonkin et al., 2018). Studies have shown that the absence of SIRT1 

impairs muscle regenerative capacity and increases inflammatory responses (Zhang et al., 2020). 

5. Effects of Different Types of Exercise on SIRT1 

5.1. Aerobic Exercise 

Aerobic exercise: increases mitochondrial density (Holloway et al., 2018); enhances 

oxidative metabolism (Pilegaard et al., 2003); stimulates sustained SIRT1 activation (Gurd et al., 

2011); a 12-week moderate-intensity running program increases SIRT1 protein levels by 

approximately 35–40% (Huang et al., 2020). 

5.2. Resistance Exercise 

Resistance exercise: 

increases circulating SIRT1 levels (Chen et al., 2021); 

supports muscle hypertrophy and recovery (Haddock et al., 2017); 

12 weeks of resistance training increases peripheral blood SIRT1 concentrations by 

approximately 28% (Bagheri et al., 2021). 

5.3. High-Intensity Interval Training (HIIT) 

HIIT: induces robust AMPK activation (Gibala et al., 2012); enhances SIRT1 signaling 

through metabolic stress (Little et al., 2010); a 6-week HIIT program increases SIRT1 mRNA 

expression by approximately 2.5-fold (Granata et al., 2018). Meta-analytic evidence indicates 

that acute high-intensity exercise increases SIRT1 gene expression in skeletal muscle, whereas 

chronic training increases circulating SIRT1 concentrations (Williams et al., 2020). Twelve 

weeks of HIIT have been reported to increase plasma SIRT1 levels by approximately 45%, 

while simultaneously improving insulin sensitivity and glucose tolerance (Timmons et al., 2018). 

6. SIRT1, Physical Performance, and Endurance 

SIRT1-mediated mitochondrial adaptations contribute to: improved ATP production (Rowe 

et al., 2012); enhanced fatty acid oxidation (Gurd et al., 2012); delayed onset of fatigue (Chen et 

al., 2020); improved endurance performance (Bishop et al., 2019); increased metabolic 

flexibility (Goodpaster and Sparks, 2017); improved muscle blood supply through eNOS 

signaling. Athletes with greater mitochondrial capacity generally demonstrate higher aerobic 

performance, suggesting an indirect role of SIRT1 in athletic performance (Sahlin et al., 2014). 

A study of elite Japanese cyclists found a statistically significant association between the SIRT1 

gene polymorphism rs7895833 and VO₂max values (Miyamoto et al., 2019). Increased SIRT1 

activity improves carbohydrate utilization by upregulating the muscle glucose transporter 

GLUT4, which is important for maintaining energy supply during prolonged exercise (Sylow et 

al., 2017). SIRT1 is also involved in the regulation of the expression of fatty acid oxidation-

related proteins, including fatty acid translocase (CD36/FAT) and carnitine palmitoyltransferase 

1 (CPT1), through FOXO1-dependent mechanisms. This process is important for regulating 

energy balance and metabolic transitions during endurance exercise (Muoio et al., 2012). 

7. SIRT1 and Healthy Aging 
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Aging is associated with a decline in NAD⁺ levels and reduced SIRT1 activity (Gomes et al., 

2013). Exercise counteracts these effects by restoring SIRT1 signaling, reducing inflammation, 

improving mitochondrial quality, and enhancing cellular resilience (Lanza et al., 2008). Recent 

reviews have proposed SIRT1 as a potential “exerkine”—an exercise-induced factor that 

mediates some of the anti-aging effects of physical activity (O'Leary et al., 2019). In aged mice, 

12 weeks of voluntary wheel running restored SIRT1 and PGC-1α expression and increased 

mitochondrial biogenesis by approximately 40% (Gueugneau et al., 2017). Human studies have 

shown that 6 months of aerobic exercise increases SIRT1 mRNA levels by approximately 30% 

in adults over 65 years of age, which may contribute to the maintenance of motor unit activity 

and the prevention of age-related sarcopenia (Bori et al., 2019). SIRT1 has also been shown to 

potentially reduce the risk of age-related Alzheimer's disease through its neuroprotective effects 

(Donmez et al., 2010). Integrative investigation of exercise and SIRT1 may provide new 

therapeutic opportunities for correcting age-related mitochondrial dysfunction, maintaining 

cellular energy homeostasis, and promoting longevity (Menzies et al., 2016). 

8. Future Perspectives 

Future research should focus on the following areas: Exercise-specific SIRT1 responses 

comparison of the effects of different exercise modalities, including aerobic, anaerobic, and 

HIIT, as well as their combinations, on SIRT1 signaling (Egan and Zierath, 2013); Sex-specific 

adaptations investigation of differences in SIRT1 responses between females and males 

(Boreham et al., 2020); Nutritional modulation of SIRT1  investigation of the interaction 

between caloric restriction and SIRT1 activation (Canto and Auwerx, 2012); Combination of 

exercise and natural SIRT1 activators investigation of the potential synergistic effects of 

resveratrol and flavonoids such as quercetin and rutin (Baur et al., 2006; Lagouge et al., 2006); 

Personalized exercise prescriptions based on molecular biomarkers  development of 

individualized exercise programs according to SIRT1 genotype and related molecular profiles 

(Voisin et al., 2016). Particular attention should be given to natural compounds such as 

quercetin, rutin, resveratrol, and flavonoids derived from buckwheat, which may potentially 

exert synergistic effects on SIRT1 activity (Chung et al., 2010; Howitz et al., 2003). 

SIRT1 agonists, such as SRT1720 and SRT2104, have shown promising effects in animal 

models by improving endurance capacity and metabolic health (Milne et al., 2007). In the future, 

studies are expected to investigate whether CRISPR-Cas9-mediated SIRT1 gene editing or 

epigenetic modifications can be used to enhance exercise adaptations and physical performance. 

9. Conclusion 

SIRT1 is a central regulator of metabolic adaptations induced by physical exercise. Through 

its interactions with AMPK, PGC-1α, FOXO, and other signaling molecules, SIRT1 coordinates 

mitochondrial biogenesis, antioxidant defense, muscle remodeling, and metabolic flexibility. 

Current evidence supports exercise as a potent physiological activator of SIRT1, 

contributing to improved physical performance and healthy aging. Understanding the exercise–
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SIRT1 axis may provide new opportunities for optimizing athletic performance and preventing 

age-related metabolic disorders. Investigating SIRT1 not only in skeletal muscle but also in 

other tissues is essential for obtaining a comprehensive understanding of the systemic effects of 

exercise. This represents an important direction for future research and may provide a 

foundation for developing SIRT1-targeted therapeutic strategies. 
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