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Exercise-induced fatigue is closely associated with mitochondrial dysfunction, and mitophagy plays a critical role in maintaining mitochondrial homeostasis by clearing damaged mitochondria and reducing oxidative stress. This review systematically summarizes current evidence on the regulatory mechanisms of mitophagy in exercise-induced fatigue, particularly through pathways such as PINK1/Parkin, BNIP3/Nix, FUNDC1, and AMPK, and examines how natural compounds including sulforaphane, Rhodiola crenulata, ginseng, modulate these pathways to alleviate fatigue. These findings suggest the presence of mitophagy threshold in different models and highlight its potential as a therapeutic target for fatigue management. Ultimately, this review proposes novel strategies for developing natural anti-fatigue agents based on mitophagy regulation, while underscoring the need for further mechanistic studies in diverse physiological and pathological settings.
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1 PATHOPHYSIOLOGICAL CHARACTERISTICS OF EXERCISE-INDUCED FATIGUE
Exercise-induced fatigue, defined as the inability to maintain a specific level or intensity of physical activity (Rosenthal et al., 2008; O'Sullivan et al., 2018), represents a physiological warning signal following excessive exertion rather than a pathological condition (Li et al., 2022a). Its research scope has expanded from athletic performance to broader health management.
Studies classify fatigue mechanisms into three categories, depletion of activity-required substrates, accumulation of metabolic byproducts such as lactic acid, and oxidative stress caused by free radicals (Jin and Zheng, 2008). Substrate depletion triggers the conversion of fats and proteins into energy substrates, which must be transformed into ATP and creatine phosphate for effective utilization. Excessive lactic acid accumulation impairs muscular contraction and relaxation by inhibiting fructose-1,6-bisphosphate aldolase, thereby impeding ATP synthesis (Li and Zhao, 2017; Melvin, 1998). During exercise, overproduction of free radical damages proteins and DNA, impairs organelles, decreases cell membrane fluidity, disrupts the tricarboxylic acid cycle, and ultimately induces fatigue (Yakes and Van Houten, 1997; Davies et al., 1982; Jackson and Farrell, 1993). Furthermore, reactive oxygen species (ROS) accumulation after high-intensity exercise can cause myocardial lipid peroxidation, threatening long-term health (Mu, 2023; You et al., 2011).
For athletes, fatigue is a core factor limiting competitive performance, as excessive fatigue may lead to muscle damage, metabolic dysregulation, and impaired organ dysfunction (Yang, 2016). Understanding fatigue mechanisms can help optimize athletic training programs, such as targeting mitophagy to remove damaged mitochondria, and provide strategies for scientific anti-fatigue research. Effectively management of exercise-induced fatigue requires enhancing the body’s antioxidant capacity.
Current anti-fatigue products aim to rapidly restore physical strength through direct ATP precursor supplementation, reduce oxidative stress by neutralizing free radicals, and delay subjective fatigue via central nervous system stimulation. However, these approaches fail to address root causes such as low mitochondrial oxidative phosphorylation efficiency. Long-term use may disrupt endogenous antioxidant system balance and mask true physiological strain, increasing the risk of exercise-related injuries.
2 MITOPHAGY: A CENTRAL MECHANISM IN CELLULAR HOMEOSTASIS AND DISEASE
Mitophagy, a selective form of autophagy responsible for removing damaged mitochondria, is essential for maintaining cellular energy homeostasis and viability (Onishi et al., 2021). This process is a key component of the mitochondrial quality control system, which also includes biogenesis, fusion, and fission (Yoo and Jung, 2018). Autophagy participates in multiple physiological processes, including organismal development, adaptive immune system function, and cellular energy homeostasis maintenance.
Research indicates that mitophagy is closely linked to numerous diseases, playing a crucial role in neurodegenerative disorders (Li et al., 2023), cardiovascular conditions (Ajoolabady et al., 2022), bone diseases (Zeng et al., 2022), and cancer (Panigrahi et al., 2020).
Neurodegenerative diseases-characterized by misfolded protein accumulation and mitochondrial dysfunction (Ma et al., 2021)-include prion diseases (Gao et al., 2020), Alzheimer’s disease (Li et al., 2022b), Parkinson’s disease (Jiang et al., 2022), and Huntington’s disease (Zilocchi et al., 2018; Khalil et al., 2015; Franco-Iborra et al., 2021), all associated with impaired mitophagy.
Cardiovascular conditions such as hypertension (Ding et al., 2022), atherosclerosis (Xi et al., 2022), ischemic heart disease (Siddall et al., 2013), and heart failure (Feng et al., 2018)is caused by mitochondrial dysfunction. Notably, exercise can mitigate heart failure-a severe condition with high mortality. Further investigation into exercise-induced mitophagy mechanisms and optimal intensity regulation for safe, effective induction may yield valuable insights for cardiovascular disease treatment and intervention (Zhang et al., 2022).
Abnormal mitophagy may also contribute to bone diseases including osteoporosis, osteoarthritis, and osteosarcoma. As a therapeutic target for such conditions, mitochondrial dynamics informs bone disease treatment research (Gao et al., 2021; Yao et al., 2019; Gorska-Ponikowska et al., 2021).
Mitophagy further correlates with cancer development. In gastric carcinogenesis, progressive autophagy downregulation coupled with increasing glycolysis during the transition from benign gastric disease to malignancy ultimately facilitates cancer occurrence (Giatromanolaki et al., 2013).
To maintain cellular function and homeostasis, dysfunctional mitochondria require timely clearance. Unrepaired damaged mitochondria cause energy deficits that impair physiological activities. Through sophisticated autophagic mechanisms, cells identify and eliminate these organelles, preserving energy production efficiency and cellular vitality. Exercise-induced mitophagy represents a current research focus, with ongoing discoveries of mitophagy receptors and proteins regulating these processes.
3 KEY MITOPHAGY PATHWAYS IMPLICATED IN EXERCISE FATIGUE REGULATION
3.1 PINK1/Parkin: dual roles in exercise contexts
The PINK1/Parkin pathway plays a crucial role in mitochondrial quality control. PINK1, a serine/threonine kinase, accumulates on damaged mitochondrial membranes and recruits the E3 ubiquitin ligase Parkin to initiate mitophagy (Tian et al., 2015; Tatsuta and Langer, 2008; Park et al., 2006; Clark et al., 2006). In exercise contexts, high-intensity activity inhibits proteasomal degradation of PINK1, leading to its accumulation and subsequent pathway activation, which peaks around 12 h post-exercise—coinciding with maximal mitochondrial damage (Botella et al., 2018) (Shang et al., 2018).
3.1.1 Natural compounds inhibiting PINK1/Parkin in exercise-induced fatigue
Multiple studies demonstrate that natural compounds and drugs modulate the PINK1/Parkin-mediated mitophagy pathway. Sulforaphane (SFN)-exhibiting antioxidant (Ma et al., 2023), anticancer (Kamal et al., 2020), anti-aging (Santín-Márquez et al., 2019), and antiviral (Ordonez et al., 2022) properties. Rhodiola crenulata, a Tibetan Crassulaceae plant, contains the primary active compound kaempferol with anti-inflammatory (Pu et al., 2020), neuroprotective (Zhang et al., 2019), radioprotective (Arora et al., 2005), and anticancer effects (Ravi et al., 2025). Guo et al., (2022) and Hou et al. (2020) investigated SFN and Rhodiola crenulata oral liquid effects on PINK1/Parkin signaling, exercise-induced mitophagy, and skeletal muscle fatigue. Despite different exercise models-treadmill vs. and weighted swimming, both studies reported reduced skeletal muscle damage, enhanced antioxidant capacity. Hou et al. additionally measured total antioxidant capacity and Na+-K+-ATPase activity, and attenuated fatigue through PINK1/Parkin-mediated mitophagy inhibition. Wang et al. (2023) subsequently found that a ginseng compound formula similarly inhibits PINK1/Parkin-mediated mitophagy to influence fatigue. Unlike prior studies, Wang et al. observed dose-dependent effects on loaded swimming time, 4.16 and 16.66 mL/kg doses significantly prolonged swimming versus controls, while 8.33 mL/kg showed no statistical difference-warranting further investigation into this anomalous result. Yuan et al. (2022) employed a fatigue-with-myocardial-injury model investigated Astragalus Shengmai Decoction-derived from Shengmai Powder and containing Astragalus, Codonopsis, Ophiopogon, Schisandra, and Southern Schisandra-which tonifies Qi, restores pulse rhythm, nourishes Yin, and promotes fluid production, enhancing myocardial hypoxia tolerance while reducing oxygen consumption (Qu and Hao, 2017; Jiang et al., 2021), confirmed Astragalus Shengmai Decoction’s inhibitory effect on PINK1/Parkin expression.
3.1.2 Divergent roles of the PINK1/Parkin pathway in chemotherapy-induced fatigue
Lei et al. (2019) employed a chemotherapy-induced fatigue (CIF) model,. Lei et al. utilized Maitake polysaccharides extracted from fruiting bodies, possessing immunomodulatory, antitumor, anti-HIV, antihypertensive, anti-fatigue, antioxidant, and pro-apoptotic properties in hepatocellular carcinoma (Xiao et al., 2022; Zhao et al., 2023). Demonstrated impaired mitophagy via PINK1/Parkin downregulation in CIF, which Maitake polysaccharides ameliorated by upregulating these proteins. This discrepancy may stem from model differences (Figure 1).
[image: Diagram illustrating the mitophagy process involving PINK1, Parkin, and phosphorylation on the mitochondrion membrane. It shows interventions with numbers: 1) Sulforaphane, 2) Rhodiola crenulata, 3) Ginseng compound formula, 4) Maitake polysaccharides, and 5) Astragalus Shengmai Decoct. Includes elements like TBK1, OPTN, OMM, LC3, and P62, with markers for ubiquitination and phosphorylation.]FIGURE 1 | Natural compounds act on the key nodes of the PINK1/Parkin signalling pathway. Sulforaphane: Inhibition of mRNA and protein expression of PINK1 and Parkin; inhibition of PINK1/Parkin-dependent mitochondrial ubiquitination; downregulation of p62 protein levels. Rhodiola crenulate oral liquid: Inhibition of mRNA and protein expression of PINK1 and Parkin; inhibition of PINK1/Parkin-dependent mitochondrial ubiquitination; downregulation of LC3-II/LC3-I ratio and p62 protein levels. Ginseng compound formula: Inhibit the mRNA expression of PINK1 and Parkin. Astragalus Shengmai Decoction: Inhibit the protein expression of PINK1 and Parkin. Maitake polysaccharides:Promote the protein expression of PINK1 and Parkin. This figure was created by Figdraw (www.figdraw.com).In summary, natural compounds such as SFN, ginseng, astragalus, and RC alleviate exercise-induced fatigue by inhibiting PINK1/Parkin-mediated mitophagy. However, the mechanism of Maitake polysaccharides is fundamentally different: it upregulates suppressed PINK1/Parkin expression to restore autophagic homeostasis in chronic fatigue models. This seemingly contradictory phenomenon highlights the specificity of mitophagy under different stressors. To thoroughly investigate this phenomenon, we must extend beyond PINK1/Parkin itself and consider upstream/downstream targets for deeper exploration of natural product mechanisms. SFN and RC may neutralize excess ROS generated during early exercise through their potent antioxidant properties, thereby reducing mitochondrial damage signals upstream and preventing excessive activation of the PINK1/Parkin pathway. The cardiomyopathy-enhancing effects of Astragalus Shengmai Decoction, such as improving myocardial hypoxia tolerance and reducing oxygen consumption may collectively lower relative hypoxia levels during exercise, indirectly mitigating mitochondrial damage. Maitake polysaccharides might regulate upstream signals of the PINK1/Parkin pathway, functionally restoring mitochondrial self-renewal capacity. In the future, research should be devoted to revealing whether these natural products are multi-target synergistic in mitophagy or whether there is an initial and core target, further analyze the mitophagy threshold in different models, and explore the precise intervention strategy of PINK1/Parkin pathway.
3.2 Nix/BNIP3: bidirectional regulatory factor in exercise stress
Nix (BNIP3L), a pro-apoptotic mitochondrial outer membrane protein (Liu et al., 2019), shares 56% cDNA homology with BNIP3 (Ashrafi and Schwarz, 2013). Both are Bcl-2 family members involved in mitophagy. Nix-mediated mitophagy occurs during erythrocyte maturation (Sandoval et al., 2008), while hypoxia upregulates Nix and BNIP3 to induce mitophagy (Zhang et al., 2008). BNIP3 also regulates alternative mitophagy pathways by preventing PINK1 degradation, leading to PINK1 accumulation and subsequent PINK1/Parkin-mediated mitophagy (Zhang et al., 2016).
3.2.1 Positive activation of mitophagy
Jamart et al. (2013) and Bo et al. (2014) respectively demonstrated that fasted endurance training and hypoxic exercise significantly increase Bnip3 and Nix mRNA expression, indicating enhanced mitophagy. Similarly, Liao et al. (2020) found high-intensity interval training (HIIT) activates myocardial BNIP3 signaling in middle-aged mice, elevating Bnip3/Nix expression, increasing mitochondrial quantity, and improving respiratory function.
3.2.2 Inhibition of excessive mitophagy
Ma et al. (2011) observed reduced Bnip3/Nix expression, improved mitochondrial function, and decreased mitophagy following endurance training in mice with alcohol-induced liver injury, suggesting enhanced hepatic oxygen supply. Wu et al. (2022a) studied Yifei-Sanjie pill-a Qi-tonifying, phlegm-resolving formula containing Uncaria rhynchophylla, Bombyx mori pupae, Arisaema heterophyllum, Lilium brownii, Fritillaria thunbergii, Pinellia ternata, Ganoderma lucidum, and Panax quinquefolius Wu et al. (2023) showing it inhibits BNIP3 pathway-mediated skeletal muscle mitophagy in exhausted tumor-bearing mice (Figure 2).
[image: Diagram illustrating the interaction between mitochondria, phagophore, and proteins NIX and BNIP3 in mitochondrial dynamics. LC3 binds to the phagophore. NIX and BNIP3 undergo ubiquitination and phosphorylation, indicated by symbols. Parkin is depicted interacting with these proteins. A legend explains symbols: triangle for Yifei-Sanjie Pill, numbered circles for training types, dark circle for ubiquitination, and yellow circle for phosphorylation.]FIGURE 2 | Natural compounds and movement modes act on key nodes of the Nix/BNIP3 signalling pathway. Yifei-Sanjie Pill: Inhibit the expression of BNIP3. Fasted endurance training, Hypoxic exercise, High-intensity interval training: Promote BNIP3 expression. This figure was created by Figdraw (www.figdraw.com).Collectively, these findings indicate that combining endurance training with Traditional Chinese Medicine (TCM) may effectively regulate mitophagy and enhance functional outcomes. Regarding adaptive activation, fasting-induced endurance training, hypoxic exercise, or HIIT as physiological hypoxia stimuli can upregulate Bnip3/Nix expression. In terms of inhibiting hyperactivation, within the pathological context of alcoholic liver injury, endurance training improves hepatic oxygen supply and systematically reduces oxidative stress, thereby decreasing excessive demand on the Bnip3/Nix pathway. Yifei-Sanjie Pill inhibits BNIP3-mediated hyperautophagy, where multiple herbal components may act as multi-target regulators to stabilize metabolic homeostasis, indirectly modulating BNIP3 expression. Future research should focus on analyzing potential synergistic effects among Yifei-Sanjie Pill’s components and identifying which key ingredients play dominant roles.
3.3 FUNDC1: a hypoxia-sensing mitophagy receptor
FUNDC1, a mitochondrial outer membrane receptor, senses hypoxia and initiates mitophagy through dephosphorylation and subsequent binding to LC3 (Mao et al., 2020; Shi, 2018; Wu et al., 2016). This mechanismis essential for the selective removal of damaged mitochondria under low-oxygen conditions.
Electrical pulse stimulation, a non-invasive neuromuscular technique, modulates muscle tone, strength, endurance, circulation, and recovery (Neumann et al., 1982). Gao. (2019) demonstrated its induction of FUNDC1-mediated mitophagy, post-stimulation increases in PGC-1α, COX-I, LC3, and FUNDC1 coincided with p62 reduction. This process activates the AMPK-ULK1 pathway to initiate mitophagy. Separately, Yan et al. (2022) identified Fenugreek Seed extract, which contains galactomannan, steroidal saponins, flavonoids, alkaloids, terpenes, and coumarins (Toshiyuki et al., 2000; Masayuki et al., 1997),as an anti-fatigue agent acting through FUNDC1/LC3B pathway inhibition, independent of PINK1/PARKIN signaling, thereby enhancing rat exercise performance.
These studies clarify FUNDC1’s role and mechanisms in mitophagy, revealing new insights into autophagy regulation. Physical stimuli including electrical pulses (Neumann et al., 1982) activate this pathway to clear damaged mitochondria, while chemical interventions like Fenugreek Seed balance autophagy intensity by modulating pathway activity to alleviate fatigue. Future, research should be committed to identifying specific intervention targets for FUNDC1 regulation, verifying whether fenugreek seed directly acts on FUNDC1 itself or its upstream regulatory factors, and precisely regulating FUNDC1 through the intersection of physical intervention and natural pharmacological chemistry.
3.4 AMPK: the cellular energy sensor governing mitophagy
AMPK, an AMP-dependent protein kinase and primary cellular energy sensor, is regulated by AMP levels altered during ATP hydrolysis (Steinberg and Hardie, 2022). It monitors cellular energy and nutrient status (Hardie, 2014) and is activated by natural compounds including curcumin (Wong et al., 2009; Zhan et al., 2015). Exercise excess, hypoxia, oxidative stress, and ischemia activate the AMPK-mediated autophagy pathway, phosphorylating key metabolic and transcriptional regulators while affecting all cellular metabolism branches (Khan et al., 2021). Exercise elevates muscular energy metabolism, modifying AMP levels and consequently AMPK activity (Hancock et al., 2006). AMPK enhances autophagy through TSC2 and Raptor phosphorylation (Inoki et al., 2006). Phosphorylation sites act as molecular switches that precisely regulate the initiation, amplification, and termination of mitophagy by altering protein conformation, activity, or intermolecular interactions. This process involves the coordinated action of multiple signaling pathways, ultimately ensuring the selective clearance of damaged mitochondria and the maintenance of energy homeostasis under stress conditions. Targeting these phosphorylation sites may constitute a promising strategy for managing exercise-induced fatigue in future research.
Current research investigates AMPK-mediated mitophagy using aerobic exercise combined with natural compounds. Yan. (2023) and Dun et al. (2017) demonstrated that curcumin and RC increase AMPK expression, activate mitophagy, and enhance skeletal muscle mitochondrial quality control. Dun et al. further identified RC’s synergistic cardioprotective effect on congenital myocardial injury and myocardial mitochondrial quality. Wang. (2021) compared HIIT and moderate-intensity continuous training (MICT) in high-fat-diet mice, finding both elevated AMPK expression. MICT more effectively enhanced mitophagy, restoring mitochondrial function and maintaining skeletal muscle mitochondrial content. Wang et al. (2021) observed that chronic stress inhibits AMPK signaling, blocking mitophagy and causing gastrocnemius mitochondrial dysfunction. Collectively, aerobic exercise and natural compounds regulate AMPK-mediated mitophagy to improve mitochondrial quality control.
These studies advance understanding of the AMPK-mediated mitophagy pathway, demonstrating the potential of aerobic exercise and natural compounds to enhance mitochondrial quality control. They specifically reveal the superior efficacy of MICT for skeletal muscle mitochondrial function. This advantage may arise because MICT producessustained, mild energy stress that enables AMPK to activate autophagy flux in a more sustainable and non-destructive manner; whereas HIIT may trigger excessive stress that activates more antagonistic or complex signalling, thereby diminishing the net benefit of AMPK-mediated mitochondrial quality control. Curcumin and RC may activate AMPK, thereby driving a series of mitophagy-promoting processes. Future research should focus on identifying the critical thresholds where AMPK and its key downstream targets facilitate adaptive responses and trigger metabolic depletion under different exercise modes. Additionally, it is crucial to determine whether curcumin and RC directly act on AMPK itself or function as upstream kinases.
3.5 Additional mediators of mitophagy in exercise fatigue
Gong. (2021) compared mitophagy responses across exercise regimens-moderate-intensity continuous, resistance, and HIIT versus exhaustive exercise alone. All protocols significantly increased LC3II expression versus controls, with the exhaustive-only group showing the highest LC3II levels. This group also exhibited elevated FKBP8 protein expression relative to other exercise modalities.
Fix et al. (2018) demonstrated that skeletal muscle gp130 receptor absence does not impair exercise-induced Beclin-1 expression but mediates mitophagosome formation during oxidative stress.
Huang et al. (2016) further established an inverse correlation between endurance and muscle malondialdehyde levels, confirming astragalus polysaccharides enhance exercise capacity in oxidative stress models by boosting antioxidant enzyme activity and ameliorating mitochondrial dysfunction.
Weichmann et al. (2021) reported Robinia pseudoacacia extract alleviates physical fatigue; its primary component quercetin elevates mitophagy, promotes mitochondrial biogenesis, enhances antioxidant capacity, and improves exercise performance.
However, the reported associations between exercise and induced mitophagy warrant further investigation. Mitophagy stability is essential for metabolic homeostasis, as its dysregulation contributes to various pathologies. Certain factors and natural components enhance autophagy-related protein expression, promoting mitophagy to restore aerobic adaptation and mitochondrial regeneration. In the future, the research should be committed to deeply analyzing the direct molecular targets of natural products such as astragalus polysaccharides and Robinia pseudoacacia extract in regulating mitophagy, exploring the interaction between multiple pathways, and whether other pathways will be activated compensatorily after a certain pathway is decreased under specific conditions.
Current anti-fatigue products face significant efficacy limitations. Energy supplements and antioxidants provide symptomatic relief without fundamental correction, as their mechanisms lack deep regulation of core fatigue factors like mitochondrial dysfunction and oxidative balance. Mitophagy-targeting products offer distinct advantages, by enabling cells to eliminate damaged mitochondria, they maintain mitochondrial quality control at its source, reduce oxidative stress accumulation, and restore energy homeostasis. Compared to conventional products, these novel interventions demonstrate enhanced specificity, achieving true “repair and regeneration” effects (Table 1).
TABLE 1 | Analysis of exercise fatigue and mitochondrial autophagy.	Document number	Medicines/natural ingredients	Research model	Main conclusion	Signaling pathway
	Clark et al. (2006)	Sulforaphane (SFN)	Running mouse model	SFN reduces skeletal muscle injury and fatigue by inhibiting the PINK1/Parkin pathway	PINK1/Parkin
	Botella et al. (2018)	Hongjingtian oral solution (RCOL)	Weight-bearing swimming mouse model	RCOL alleviates fatigue by inhibiting the PINK1/Parkin pathway	PINK1/Parkin
	Wang et al. (2022)	Ginseng compound beverage	Weight-bearing swimming mouse model	The herbal drink alleviates fatigue by inhibiting the PINK1/Parkin pathway, but the dose effect needs to be further studied	PINK1/Parkin
	Shang et al. (2018)	Astragalus seedling drink	Fatigue combined myocardial injury rat model	Astragalus membranaceus improved myocardial injury by inhibiting PINK1/Parkin pathway	PINK1/Parkin
	Ma et al. (2023)	Grifolan	Chemotherapy-induced fatigue (CIF) mouse model	Arbutinan promotes PINK1/Parkin expression to restore mitochondrial autophagy homeostasis	PINK1/Parkin
	Lei et al. (2019)	Yi Fei San Jie Wan	Swimming exhaustion cancer mouse model	Yi Fei San Jie Pills relieve excessive mitochondrial autophagy in skeletal muscle by inhibiting BNIP3/Nix pathway	BNIP3/Nix
	Wu et al. (2023a)	Huangba extract	Exhausted exercise rat model	Huquba improves exercise performance by inhibiting FUNDC1/LC3B pathway	FUNDC1/LC3B
	Toshiyuki et al. (2000)	Curcumin	T2DM rat model	Curcumin promotes mitochondrial autophagy by activating AMPK pathway	AMPK
	Masayuki et al. (1997)	Herba Rhodiolae (RC)	Exhaustion motion model	By promoting the AMPK pathway, Red Jing Tian improves mitochondrial function and protects myocardial injury	AMPK
	Dun et al. (2017)	Astragalan	Oxidative stress mouse model	Astragalus polysaccharide increased the activity of antioxidant enzymes and improved mitochondrial dysfunction	oxidative stress
	Wang (2021)	Allyl tannin	Motion fatigue model	Aloe tannin improves fatigue by increasing mitochondrial autophagy and antioxidant capacity	oxidative stress


4 CONCLUSION AND FUTURE PERSPECTIVES
This review synthesizes evidence supporting the critical role of mitophagy’s in exercise-induced fatigue and discusses how natural compounds and pharmacological agents regulate this process. Mitophagy enhances antioxidant capacity while alleviating exercise fatigue through clearance of damaged mitochondria and oxidative stress reduction. Several interventions—including sulforaphane, Rhodiola-based formulations, and ginseng extracts—have demonstrated anti-fatigue effects through modulation of mitophagic pathways. These findings advance molecular understanding of exercise fatigue and establish a foundation for novel anti-fatigue therapeutics. Nevertheless, mechanistic aspects of mitophagy’s impact on exercise fatigue require further elucidation.
Animal models are fundamental for studying the mechanisms of exercise-induced fatigue and developing interventions. Rodents, such as SD/Wistar rats and ICR/BALB/c mice, are the most commonly used subjects. Classical approaches simulate physiological exhaustion through forced exercise, primarily using treadmill running or weight-loaded swimming protocols. However, these models have considerable limitations. Future directions include using gene-editing technologies to create models with specific genetic modifications and applying optogenetics or chemogenetics to precisely advance molecular-level insights.
Although existing research has addressed fatigue in specific diseases, such as mitochondrial dysfunction in Sjögren’s syndrome (Kurien et al., 2024), or focused on particular populations, such as those with chronic fatigue syndrome (Si et al., 2023), direct clinical studies involving healthy individuals or exercise-related fatigue remain scarce. Subsequent research should include targeted interventions, including examining how different exercise types or nutritional supplements affect autophagy and incorporate clinical trials to verify their effectiveness.
Future studies should prioritize multidisciplinary approaches that integrate cellular, molecular, and systemic perspectives to clarify context-specific mitophagy mechanisms. Well-controlled investigations are needed to determine how different exercise modalities and natural compounds precisely influence mitophagic activity, and to identify their direct molecular targets. Such efforts will help translate these findings into targeted anti-fatigue interventions.
AUTHOR CONTRIBUTIONS
MY: Methodology, Writing – original draft. XoL: Funding acquisition, Validation, Writing – review and editing. YZ: Formal Analysis, Writing – original draft. WZ: Investigation, Writing – original draft. TW: Investigation, Writing – original draft. JW: Investigation, Writing – original draft. JS: Investigation, Writing – original draft. LZ: Resources, Writing – original draft. YS: Formal Analysis, Writing – original draft. XM: Conceptualization, Writing – review and editing. XJ: Supervision, Writing – review and editing. XnL: Conceptualization, Project administration, Writing – review and editing.
FUNDING
The author(s) declare that financial support was received for the research and/or publication of this article. This research was funded by the Education Department of Jilin Province (no. JJKH20251206KJ) and the Department of Science and Technology of Jilin Province (no. 20220202076NC). The APC was funded by X.L.
CONFLICT OF INTEREST
The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
GENERATIVE AI STATEMENT
The author(s) declare that no Generative AI was used in the creation of this manuscript.
Any alternative text (alt text) provided alongside figures in this article has been generated by Frontiers with the support of artificial intelligence and reasonable efforts have been made to ensure accuracy, including review by the authors wherever possible. If you identify any issues, please contact us.
REFERENCES
	Ajoolabady A., Chiong M., Lavandero S., Klionsky D. J., Ren J. (2022). Mitophagy in cardiovascular diseases: molecular mechanisms, pathogenesis, and treatment. Trends Mol. Med. 28 (10), 836–849. doi:10.1016/j.molmed.2022.06.007

	Arora R., Chawla R., Sagar R., Prasad J., Singh S. Kumar R., et al. (2005). Evaluation of radioprotective activities Rhodiola imbricata Edgew--a high altitude plant. Mol. Cell Biochem. 273 (1-2), 209–223. doi:10.1007/s11010-005-0822-4

	Ashrafi G., Schwarz T. L. (2013). The pathways of mitophagy for quality control and clearance of mitochondria. Cell Death Differ. 20 (1), 31–42. doi:10.1038/cdd.2012.81

	Bo H., Li L., Duan F. Q., Zhu J. (2014). Effects of hypoxia combined with exercise training on mitochondrial autophagy in skeletal muscle of rats. Chin. J. Rehabilitation Med. 29 (10), 908–912.

	Botella J., Saner N., Granata C. (2018). Guardian of mitochondrial function:an expanded role of parkin in skeletal muscle. J. Physiology 596 (24), 6139–6140. doi:10.1113/JP276841

	Clark I. E., Dodson M. W., Jiang C., Cao J. H., Huh J. R. Seol J. H., et al. (2006). Drosophila pink1 is required for mitochondrial function and interacts genetically with parkin. Nature 441 (7097), 1162–1166. doi:10.1038/nature04779

	Davies K. J. A., Quintanilha A. T., Brooks G. A., Packer L. (1982). Free radicals and tissue damage produced by exercise. Biochem. biophysical Res. Commun. 107 (4), 1198–1205. doi:10.1016/s0006-291x(82)80124-1

	Ding X. Q., Ma C. W., Gao B. H. (2022). Research progress on the effects of exercise on myocardial mitochondrial biogenesis and SIRT3. Chin. J. Sports Med. 41 (7), 552–560. doi:10.16038/j.1000-6710.2022.07.012

	Dun Y., Liu S., Zhang W., Xie M., Qiu L. (2017). Exercise combined with Rhodiola sacra supplementation improves exercise capacity and ameliorates exhaustive exercise-induced muscle damage through enhancement of mitochondrial quality control. Oxidative Med. Cell. Longev. 2017, 8024857. doi:10.1155/2017/8024857

	Feng J. P., Chen C., Chen S. T., Wang L. (2018). Recent advances in the relationship between autophagy and heart failure. Chin. J. Geriatric Heart Brain Vessel Dis. 20 (2), 202–204. doi:10.3969/j.issn.1009-0126.2018.02.025

	Fix D. K., Hardee J. P., Gao S., VanderVeen B. N., Velázquez K. T., Carson J. A. (2018). Role of gp130 in basal and exercise-trained skeletal muscle mitochondrial quality control. J. Appl. Physiology 124 (6), 1456–1470. doi:10.1152/japplphysiol.01063.2017

	Franco-Iborra S., Plaza-Zabala A., Montpeyo M., Sebastian D., Vila M., Martinez-Vicente M. (2021). Mutant HTT (huntingtin) impairs mitophagy in a cellular model of Huntington disease. Autophagy 17 (3), 672–689. doi:10.1080/15548627.2020.1728096

	Gao J. X. (2019). Mechanism of FUNDC1 in exercise-induced skeletal muscle mitophagy[D]. China: BeiJing Sport University.

	Gao L. P., Xiao K., Wu Y. Z., Chen D. D., Yang X. H. Shi Q., et al. (2020). Enhanced mitophagy activity in prion-infected cultured cells and prion-infected experimental mice via a Pink1/Parkin-dependent mitophagy pathway. ACS Chem. Neurosci. 11 (5), 814–829. doi:10.1021/acschemneuro.0c00039

	Gao Y., Patil S., Jia J. (2021). The development of molecular biology of osteoporosis. Int. J. Mol. Sci. 22 (15), 8182. doi:10.3390/ijms22158182

	Giatromanolaki A., Koukourakis M. I., Koutsopoulos A. V., Harris A. L., Gatter K. C., Sivridis E. (2013). Autophagy and hypoxia in colonic adenomas related to aggressive features. Colorectal Dis. 15 (5), e223–e230. doi:10.1111/codi.12147

	Gong W. H. (2021). Effects of different forms of exercise preconditioning on autophagy and function of skeletal muscle mitochondria in rats after exhaustive exercise[D]. LiaoNing Normal University.

	Gorska-Ponikowska M., Bastian P., Zauszkiewicz-Pawlak A., Ploska A., Zubrzycki A. Kuban-Jankowska A., et al. (2021). Regulation of mitochondrial dynamics in 2-methoxyestradiol-mediated osteosarcoma cell death. Sci. Rep. 11 (1), 1616. doi:10.1038/s41598-020-80816-x

	Guo C. D., Yang J. X., Li P. C. (2022). Reduction effect of sulforaphane on skeletal muscle injury and fatigue induced by exhaustive exercise through inhibiting mitochondrial autophagy mediated by PINK1/Parkin signal pat way. Chin. J. Food Hyg. 34 (06), 1158–1165. doi:10.13590/j.cjfh.2022.06.006

	Hancock C. R., Janssen E., Terjung R. L. (2006). Contraction-mediated phosphorylation of AMPK is lower in skeletal muscle of adenylate kinase-deficient mice. J. Appl. Physiology 100 (2), 406–413. doi:10.1152/japplphysiol.00885.2005

	Hardie D. G. (2014). AMPK-sensing energy while talking to other signaling pathways. Cell metab. 20 (6), 939–952. doi:10.1016/j.cmet.2014.09.013

	Hou Y., Tang Y., Wang X., Ai X., Wang H. Li X., et al. (2020). Rhodiola Crenulata ameliorates exhaustive exercise-induced fatigue in mice by suppressing mitophagy in skeletal muscle. Exp. Ther. Med. 20 (4), 3161–3173. doi:10.3892/etm.2020.9072

	Huang Y. F., Lu L., Zhu D. J., Wang M., Yin Y. Chen D. X., et al. (2016). Effects of astragalus polysaccharides on dysfunction of mitochondrial dynamics induced by oxidative stress. Oxidative Med. Cell. Longev. , 2016. doi:10.1155/2016/9573291

	Inoki K., Ouyang H., Zhu T., Lindvall C., Wang Y. Zhang X., et al. (2006). TSC2 integrates Wnt and energy signals via a coordinated phosphorylation by AMPK and GSK3 to regulate cell growth. Cell 126 (5), 955–968. doi:10.1016/j.cell.2006.06.055

	Jackson M. J., Farrell S. O. (1993). Free radicals and muscle damage. Br. Med. Bull. 49 (3), 630–641. doi:10.1093/oxfordjournals.bmb.a072636

	Jamart C., Naslain D., Gilson H., Francaux M. (2013). Higher activation of autophagy in skeletal muscle of mice during endurance exercise in the fasted state. Endocrinol. Metab. 305 (8), E964–E974. doi:10.1152/ajpendo.00270.2013

	Jiang J. G., Du X. M., Yao Y. M., Tang Z., Wang X. H. Shen X., et al. (2021). Effects of Huangqishengmaiyin on cardiac function, immune function and expression of plasma miRNA-155 in patients with coronary heart disease and heart failure. J. Electrocardiol. Circulation 40 (3), 262.

	Jiang X. J., Wu Y. Q., Ma R., Chang Y. M., Li L. L. Zhu J. H., et al. (2022). PINK1 alleviates cognitive impairments via attenuating pathological tau aggregation in a mouse model of tauopathy. Front. Cell Dev. Biol. 9, 736267. doi:10.3389/fcell.2021.736267

	Jin L., Zheng K. (2008). On the generation and elimination of exercise fatigue. New West 8 (29), 222–224.

	Kamal M. M., Akter S., Lin C. N., Nazzal S. (2020). Sulforaphane as an anticancer molecule: mechanisms of action, synergistic effects, enhancement of drug safety, and delivery systems. Arch. Pharm. Res. 43 (4), 371–384. doi:10.1007/s12272-020-01225-2

	Khalil B., El Fissi N., Aouane A., Cabirol-Pol M. J., Rival T., Liévens J. C. (2015). PINK1-induced mitophagy promotes neuroprotection in Huntington’s disease. Cell death & Dis. 6 (1), e1617. doi:10.1038/cddis.2014.581

	Khan H., Gupta A., Singh T. G., Kaur A. (2021). Mechanistic insight on the role of leukotriene receptors in ischemic–reperfusion injury. Pharmacol. Rep. 73, 1240–1254. doi:10.1007/s43440-021-00258-8

	Kurien B. T., Ice J. A., Wood R., Pharaoh G., Cavett J. Lewis V., et al. (2024). Mitochondrial dysfunction and fatigue in Sjögren's disease. bioRxiv . doi:10.1101/2024.06.17.598269

	Lei P., Han X. W., Xu M., Hou D. D., Guan H. Q. (2019). Effects of Grifola Frondosa polysaccharides on mitophagy proteins PINK1 and Parkin in CIF model from the perspective of Yin and Yang. Chin. Archives Traditional Chin. 37 (11), 2597–2600. doi:10.13193/j.issn.1673-7717.2019.11.007

	Li J., Zhao W. X. (2017). Research progress of human motion fatigue in modern medicine and traditional Chinese medicine. J. Henan Med. Coll. 29 (03), 301–303.

	Li Q. Z., Zhang W., Dong L. (2022a). The research progress of elimination of exercise-induced fatigue. Chin. J. Conval. Med. 31 (06), 577–579. doi:10.13517/j.cnki.ccm.2022.06.005

	Li J., Lai M., Zhang X., Li Z., Yang D. Zhao M., et al. (2022b). PINK1-parkin-mediated neuronal mitophagy deficiency in prion disease. Cell Death & Dis. 13 (2), 162. doi:10.1038/s41419-022-04613-2

	Li J., Yang D., Li Z., Zhao M., Wang D. Sun Z., et al. (2023). PINK1/Parkin-mediated mitophagy in neurodegenerative diseases. Ageing Res. Rev. 84, 101817. doi:10.1016/j.arr.2022.101817

	Liao B., Huang C., Hu S., Zhang Y., Jia X. P. Zhang Q., et al. (2020). Effects of high-intensity interval training on the expressions of Autophagy/Mitophagy-related proteins in the myocardium and mitochondrial respiratory function of middle-aged mice. Chin. J. Sports Med. 39 (09), 704–710. doi:10.16038/j.1000-6710.2020.09.007

	Liu H., Huang H., Li R., Bi W., Feng L. Lingling E., et al. (2019). Mitophagy protects SH-SY5Y neuroblastoma cells against the TNFα-induced inflammatory injury: involvement of microRNA-145 and Bnip3. Biomed. & Pharmacother. 109, 957–968. doi:10.1016/j.biopha.2018.10.123

	Ma G. D., Liu Y. H. (2011). The influence of endurance training on the mitophagy and its mechanism in alcoholinduced acute hepatic injury in rats. China Sport Sci. 31 (10), 85–90. doi:10.16469/j.css.2011.10.001

	Ma J., Wang X., Li N., Cheng Y. (2021). A bifunctional probe that allows dual-channel fluorescence turn-on detection of protein aggregates and hydrogen peroxide in neurodegenerative diseases. Sensors Actuators B Chem. 346, 130536. doi:10.1016/j.snb.2021.130536

	Ma C., Gu C., Lian P., Wazir J., Lu R. Ruan B., et al. (2023). Sulforaphane alleviates psoriasis by enhancing antioxidant defense through KEAP1-NRF2 pathway activation and attenuating inflammatory signaling. Cell Death Dis. 14 (11), 768. doi:10.1038/s41419-023-06234-9

	Mao C., Hu C., Zhou Y., Zou R., Cui Y., Li S. Gui Y. M., et al. (2020). Electroacupuncture pretreatment against cerebral ischemia/reperfusion injury through mitophagy. Evidence-Based Complementary Altern. Med. 2020, 7486041. doi:10.1155/2020/7486041

	Masayuki Y., Toshiyuki M., Hajime K., Murakami N., Yamahara J., Matsuda H. (1997). Medicinal Foodstuffs.IV.Fenugreek Seed.(1):Structures of trigoneosides Ia,Ib,IIa,IIb,IIIa,and IIIb,New furostanol saponins from the seeds of Indian Trigonella foenum-graecum L. Chem. Pharm. Bull. 45, 81–87. doi:10.1248/cpb.45.81

	Melvin W. (1998). The ergodenics edge pushing the of sports performance. Hum. Kinet. 6 (9), 171–173.

	Mu Y. J. (2023). Mechanism and research progress of natural polysaccharide in alleviating exercise fatigue. China Food Addit. 34 (05), 343–348. doi:10.19804/j.issn1006-2513.2023.05.040

	Neumann E., Schaefer-Ridder M., Wang Y., Hofschneider P. H. (1982). Gene transfer into mouse lyoma cells by electroporation in high electric fields. EMBO J. 1, 841–845. doi:10.1002/j.1460-2075.1982.tb01257.x

	O'Sullivan K., O'Sullivan P. B., Tim J. G. (2018). Pain and fatigue in sport: are they so different?Br. J. sports Med. 52 (9), 555–556. doi:10.1136/bjsports-2017-098159

	Onishi M., Yamano K., Sato M., Matsuda N., Okamoto K. (2021). Molecular mechanisms and physiological functions of mitophagy. EMBO J. 40 (3), e104705. doi:10.15252/embj.2020104705

	Ordonez A. A., Bullen C. K., Villabona-Rueda A. F., Thompson E. A., Turner M. L. Merino V. F., et al. (2022). Sulforaphane exhibits antiviral activity against pandemic SARS-CoV-2 and seasonal HCoV-OC43 coronaviruses in vitro and in mice. Commun. Biol. 5 (1), 242. doi:10.1038/s42003-022-03189-z

	Panigrahi D. P., Praharaj P. P., Bhol C. S., Mahapatra K. K., Patra S. Behera B. P., et al. (2020). The emerging, multifaceted role of mitophagy in cancer and cancer therapeutics. Semin. Cancer Biol. 66, 45–58. doi:10.1016/j.semcancer.2019.07.015

	Park J., Lee S. B., Lee S., Kim Y., Song S. Kim S., et al. (2006). Mitochondrial dysfunction in drosophila PINK1 mutants is complemented by parkin. Nature 441 (7097), 1157–1161. doi:10.1038/nature04788

	Pu W. L., Zhang M. Y., Bai R. Y., Sun L. K., Li W. H. Yu Y. L., et al. (2020). Anti-inflammatory effects of Rhodiola rosea L.: a review. Biomed. Pharmacother. 121, 109552. doi:10.1016/j.biopha.2019.109552

	Qu W. Z., Hao L. X. (2017). Anti-anoxia and anti-fatigue effects of HuangQi ShengMai drink on the mice. West. J. Traditional Chin. Med. 30 (11), 37.

	Ravi P., Jasuja H., Sarkar D., Vahidi Pashaki B., Gaikwad H. K. Vahidi Pashaki P., et al. (2025). Rhodiola crenulata induces apoptosis in bone metastatic breast cancer cells via activation of caspase-9 and downregulation of MtMP activity. Sci. Rep. 15 (1), 9341. doi:10.1038/s41598-025-93274-0

	Rosenthal T. C., Majeroni B. A., Pretorius R., Malik K. (2008). Fatigue: an overview. Am. Fam. Physician 78 (10), 1173–1179.

	Sandoval H., Thiagarajan P., Dasgupta S. K., Schumacher A., Prchal J. T. Chen M., et al. (2008). Essential role for Nix in autophagic maturation of erythroid cells. Nature 454 (7201), 232–235. doi:10.1038/nature07006

	Santín-Márquez R., Alarcón-Aguilar A., López-Diazguerrero N. E., Chondrogianni N., Königsberg M. (2019). Sulforaphane - role in aging and neurodegeneration. Geroscience 41 (5), 655–670. doi:10.1007/s11357-019-00061-7

	Shang H. Y., Zhang H., Xia Z., Zhou Y. Wang R. Y., et al. (2018). Role of PINK1/Parkin-mediated mitophagy in exercise-induced skeletal muscle damage. J. Shanghai Univ. Sport 42 (03), 103–110. doi:10.16099/j.sus.2018.03.017

	Shi X. Y. (2018). Effect of exercise on mitochondrial autophagy of skeletal muscle and thefunction of FUNDC1[D]. China: BeiJing Sport University.

	Si J. C, Sun L. L., Zhu W. N., Yin W. D., Peng L. N. (2023). Research status of mitochondrial autophagy and the promotion of health by Exercise—based on the visualized analysis of CiteSpace. Heilongjiang Sci. 14 (14), 93–96. 99.

	Siddall H. K., Yellon D. M., Ong S. B., Mukherjee U. A., Burke N. Hall A. R., et al. (2013). Loss of PINK1 increases the heart's vulnerability to ischemia-reperfusion injury. PloS one 8 (4), e62400. doi:10.1371/journal.pone.0062400

	Steinberg G. R., Hardie D. G. (2022). New insights into activation and function of the AMPK. Nat. Rev. Mol. Cell Biol. 24, 255–272. doi:10.1038/s41580-022-00547-x

	Tatsuta T., Langer T. (2008). Quality control of mitochondria: protection against neurodegeneration and ageing. EMBO J. 27 (2), 306–314. doi:10.1038/sj.emboj.7601972

	Tian W., Li W., Chen Y., Yan Z., Huang X. Zhuang H., et al. (2015). Phosphorylation of ULK1 by AMPK regulates translocation of ULK1 to mitochondria and mitophagy. FEBS Lett. 589 (15), 1847–1854. doi:10.1016/j.febslet.2015.05.020

	Toshiyuki M., Akinobu K., Hisashi M., Yoshikawa M. (2000). Medicinal Foodstuffs.XVII.Fenugreek Seed.(3):Structures of new Furostanol-Type steroid Saponins,TrigoneosidesXa,Xb,XIb,XIIa,XIIb,and XIIIa,from the seeds of Egyptian trigonellafoenum-graecum L. Chem. Pharm. Bull. 48, 994–1 000. doi:10.1248/cpb.48.994

	Wang S. (2021). HIIT/MICT activated the expression of NAMPT during mitochondrial autophagy in skeletal muscle of rats with high fat diet[D]. China: HeBei Normal University.

	Wang Z., Xia T., Jin S., Liu X., Pan R. Yan M., et al. (2021). Chronic restraint stress-induced muscle atrophy leads to fatigue in mice by inhibiting the AMPK signaling pathway. Biomedicines 9 (10), 1321. doi:10.3390/biomedicines9101321

	Wang X. X., Ling J. H., Wang Y. J., Li L., Jia Q. L. (2022). Regulation of mitochondrial autophagy by Pink1/Parkin signaling pathway. Genomics Appl. Biol. 41 (4), 919–926. doi:10.13417/j.gab.041.000919

	Wang T. W., Chi Y. N., Liu Y. Q., Zhang W. Z (2023). Study on the functional mechanism of ginseng compound in relieving physical fatigue. Chin. J. Food Hyg. 35 (01), 8–14. doi:10.13590/j.cjfh.2023.01.002

	Weichmann F., Avaltroni F., Burki C. (2021). Review of clinical effects and presumed mechanism of action of the French oak wood extract robuvit. J. Med. Food 24 (9), 897–907. doi:10.1089/jmf.2020.0165

	Wong A. K. F., Howie J., Petrie J. R., Lang C. C. (2009). AMP-activated protein kinase pathway: a potential therapeutic target in cardiometabolic disease. Clin. Sci. 116 (8), 607–620. doi:10.1042/CS20080066

	Wu W., Li W., Chen H., Jiang L., Zhu R., Feng D. (2016). FUNDC1 is a novel mitochondrial-associated-membrane(MAM) protein required for hypoxia-induced mitochondrial fission and mitophagy. Autophagy 12 (9), 1675–1676. doi:10.1080/15548627.2016.1193656

	Wu Y., Zhou S. Y, Pi D., Dong Y. Y., Wang W. H. Ye H., et al. (2023a). Deciphering the molecular mechanism of Yifei-Sanjie pill in cancer-related fatigue. J. Oncol. , 2023. doi:10.1155/2023/5486017

	Wu Y. Z., Zuo Q., Luo W., Wang H., Pi D. Chen Q., et al. (2023b). Yifei sanjie Pills alleviates cancer-related skeletal muscle atrophy in mice possibly by lowering inflammatory insulin resistance. J. South. Med. Univ. 43 (11), 1839–1849. doi:10.12122/j.issn.1673-4254.2023.11.02

	Xi Z. N., Su R., Li N., Zhan H., Hu Z. (2022). Research progress of traditional Chinese medicine in the treatment of cardiovascular diseases by intervening mitophagy. J. Liaoning Univ. Traditional Chin. Med. 24 (7), 68–72. doi:10.13194/j.issn.1673-842x.2022.07.016

	Xiao J. Y., Chen Z. C., Zhu Y. X., Chen K., Huang Z. R., Liu B. (2022). Study on extraction and antioxidant activity of different Grifola frondosa polysaccharides. Food Industry 43 (08), 59–63.

	Yakes F. M., Van Houten B. (1997). Mitochondrial DNA damage is more extensive and persists longer than nuclear DNA damage in human cells following oxidative stress. Proc. Natl. Acad. Sci. 94 (2), 514–519. doi:10.1073/pnas.94.2.514

	Yan L. L. (2023). Effect of aerobic exercise combined with curcumin on skeletal muscle glucose metabolism through AMPK/Rab5/GLUT4 pathway in T2DM rats[D]. China: XiAn Physical Education University. doi:10.27401/d.cnki.gxatc.2023.000225

	Yan D., Yan Y., Ma R. Y., Chu J. L., Mao X. M., Li L. L. (2022). Ameliorating effect of Trigonella foenum-graecum L.(fenugreek) extract tablet on exhaustive exercise-induced fatigue in rats by suppressing mitophagy in skeletal muscle. Eur. Rev. Med. Pharmacol. Sci. 26 (20), 7321–7332. doi:10.26355/eurrev_202210_30001

	Yang R. J. (2016). Changes of expression of Bax, Bcl-2 and BDNF in brain motor cortex of continous loaded swimming rats under the State of Excessive Fatigue[D]. China: ChengDu Sport University.

	Yao X. D, Zhang J. M., Jing X. Y., Ye Y. P., Guo J. C. Sun K., et al. (2019). Fibroblast growth factor 18 exerts anti-osteoarthritic effects through PI3K-AKT signaling and mitochondrial fusion and fission. Pharmacol. Res. 139, 314–324. doi:10.1016/j.phrs.2018.09.026

	Yoo S. M., Jung Y. K. (2018). A molecular approach to mitophagy and mitochondrial dynamics. Mol. Cells 41 (1), 18–26. doi:10.14348/molcells.2018.2277

	You L. J., Zhao M. M., Regenstein J. M., Ren J. (2011). In vitro antioxidant activity and in vivo anti-fatigue effect of loach (Misgurnus anguillicaudatus)peptides prepared by papain digestion. Food Chem. 124 (1), 188–194. doi:10.1016/j.foodchem.2010.06.007

	Yuan Y. H., Yuan R., Miao Y., Wang Y., Li F. Q. Hui J. Q., et al. (2022). Effect and mechanism of Huangqi Shengmai decoction in treatment of joint rat model of fatigue and myocardial injury. China J. Chin. Materia Medica 47 (19), 5292–5298. doi:10.19540/j.cnki.cjcmm.20220325.702

	Zeng Z., Zhou X., Wang Y., Cao H., Guo J. Wang P., et al. (2022). Mitophagy-A new target of bone disease. Biomolecules 12 (10), 1420. doi:10.3390/biom12101420

	Zhang S. F., Wang X. L., Yang X. Q., Chen N. (2015). Autophagy-associated targeting pathways of natural products during cancer treatment. Asian Pac. J. Cancer Prev. 15 (24), 10557–10563. doi:10.7314/apjcp.2014.15.24.10557

	Zhang H., Bosch-Marce M., Shimoda L. A., Tan Y. S., Baek J. H. Wesley J. B., et al. (2008). Mitochondrial autophagy is an HIF-1-dependent adaptive metabolic response to hypoxia. J. Biol. Chem. 283 (16), 10892–10903. doi:10.1074/jbc.M800102200

	Zhang T., Xue L., Li L., Tang C., Wan Z. Wang R., et al. (2016). BNIP3 protein suppresses PINK1 kinase proteolytic cleavage to promote mitophagy. J. Biol. Chem. 291 (41), 21616–21629. doi:10.1074/jbc.M116.733410

	Zhang X., Wang X., Hu X., Chu X., Li X., Han F. (2019). Neuroprotective effects of a Rhodiola crenulata extract on amyloid-β peptides (Aβ1-42) -induced cognitive deficits in rat models of Alzheimer's disease. Phytomedicine 57, 331–338. doi:10.1016/j.phymed.2018.12.042

	Zhang P. W., Zhang X. X., Liang L. M. (2022). Role of motion-mediated mitophagy in cardiovascular disease. Contemp. Sports Technol. 12 (36), 18–21.

	Zhao X. K., Chen J., Ren M. Y. (2023). The effect of Grifola frondosa polysaccharides on the anti-fatigue in mice. Cereals & Oils 36 (07), 142–145+162. doi:10.16655/j.cnki.2095-2813.2211-1579-5790

	Zilocchi M., Finzi G., Lualdi M., Sessa F., Fasano M., Alberio T. (2018). Mitochondrial alterations in Parkinson's disease human samples and cellular models. Neurochem. Int. 118, 61–72. doi:10.1016/j.neuint.2018.04.013


Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
Copyright © 2025 Yu, Jiang, Zhang, Zhang, Wang, Wang, Shao, Zhang, Sun, Meng, Li and Liu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/xhtml/nav.xhtml
Table of Contents

		Cover

		Mitophagy as a therapeutic target for exercise-induced fatigue: modulation by natural compounds and mechanistic insights		1 PATHOPHYSIOLOGICAL CHARACTERISTICS OF EXERCISE-INDUCED FATIGUE

		2 MITOPHAGY: A CENTRAL MECHANISM IN CELLULAR HOMEOSTASIS AND DISEASE

		3 KEY MITOPHAGY PATHWAYS IMPLICATED IN EXERCISE FATIGUE REGULATION		3.1 PINK1/Parkin: dual roles in exercise contexts		3.1.1 Natural compounds inhibiting PINK1/Parkin in exercise-induced fatigue

		3.1.2 Divergent roles of the PINK1/Parkin pathway in chemotherapy-induced fatigue





		3.2 Nix/BNIP3: bidirectional regulatory factor in exercise stress		3.2.1 Positive activation of mitophagy

		3.2.2 Inhibition of excessive mitophagy





		3.3 FUNDC1: a hypoxia-sensing mitophagy receptor

		3.4 AMPK: the cellular energy sensor governing mitophagy

		3.5 Additional mediators of mitophagy in exercise fatigue





		4 CONCLUSION AND FUTURE PERSPECTIVES

		AUTHOR CONTRIBUTIONS

		FUNDING

		CONFLICT OF INTEREST

		GENERATIVE AI STATEMENT

		REFERENCES









OPS/images/cover.jpg
& frontiers | Frontiers in Physiology






OPS/images/fphys-16-1664909-g001.jpg
@ Sulforaphane

~~~~~~~ @ Rhodiola crenulata

OOe®E

\\.
D " W @ Ginseng compound
b ¥ formula

L

- @ Maitake
polysaccharides

Astragalus Shengmai
Decoction

OPTN

@ Ubiquitination

‘ Phosphorylation

Mitochondrion





OPS/images/fphys-16-1664909-g002.jpg
/A Yifei-Sanjie Pil
@ Fasted endurance training

@ Hypoxic exercise

High-intensity interval
training

() Ubiquitination










OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
¥ frontiers | Frontiers in Physiology





