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Alzheimer’s disease (AD) induces profound circadian disruption—characterized by suprachiasmatic nucleus (SCN) degeneration, Aβ and tau pathology, and aberrant melatonin secretion which results in fragmented sleep–wake cycles and cognitive decline. Emerging evidence indicates that exercise significantly ameliorates these circadian rhythm and sleep–wake disturbances through multiple mechanisms. Specifically, exercise accelerates the removal of Aβ and tau by activating autophagy–lysosomal degradation and glymphatic clearance, thereby reducing the neuropathological burden. Furthermore, exercise also upregulates neuroprotective pathways and strengthens the amplitude and phase stability of core clock gene oscillations, which in turn restores robust melatonin rhythmicity and SCN function. Collectively, these effects break the vicious cycle between AD pathology and circadian disruption, stabilizing circadian homeostasis and improving cognitive function. These mechanistic insights highlight exercise as a robust non-pharmacological chronotherapeutic strategy for ameliorating circadian disruption in AD. These insights support the development of personalized, chronotype-tailored exercise interventions to resynchronize circadian rhythms and ultimately improve sleep quality and cognitive function in patients with AD.
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1 Introduction

Currently, over 47 million people worldwide have dementia, and this number is projected to rise to approximately 90 million by 2030 (Van Erum et al., 2018). Among all dementias, Alzheimer’s disease represents the predominant etiology, comprising about 75% of cases (Van Erum et al., 2018). Approximately 25–60% of AD patients exhibit circadian rhythm disturbances, with over 80% of those older than 65 years showing significant circadian disruption (Blazer et al., 1995; Van Someren, 2000). In AD patients, degeneration of SCN neurons, disruption of melatonin rhythms, and synergistic effects of β-amyloid (Aβ)/Tau pathology and neuroinflammation result in a fragmented sleep–wake cycle, diminished amplitude, and phase misalignment, which have profound adverse effects on cognitive function.

Circadian rhythm refers to the endogenous, approximately 24 h oscillation in physiology and behavior that persists without external cues and is synchronized to the environment by zeitgebers such as light, activity, and feeding (Shearman et al., 2000). At the cellular level it arises from transcription–translation feedback loops coordinated by the suprachiasmatic nucleus (SCN). In the core loop, CLOCK and BMAL1 heterodimerize, bind E-box elements, and activate transcription of Period (Per1/2/3) and Cryptochrome (Cry1/2); PER and CRY proteins then accumulate, re-enter the nucleus, and inhibit CLOCK: BMAL1, thereby closing the negative feedback cycle (Ko and Takahashi, 2006). An auxiliary loop involving RORα/β/γ and REV-ERBα/β acts on ROREs in the BMAL1 promoter to set phase and amplitude. Post-translational modifiers such as casein kinase 1δ/ε tune periodicity, and SCN coupling aligns cellular clocks across tissues, producing coherent daily programs of gene expression, metabolism, hormone secretion, and rest–activity behavior (Kondratova and Kondratov, 2012).

Circadian rhythm disruption denotes a state in which the internal circadian system is impaired or misaligned with external timing, either because intrinsic clock mechanisms are damaged or because entrainment to environmental cues fails (Meyer et al., 2022; Auger et al., 2015). Clinically, this manifests as difficulty initiating or maintaining sleep, reduced nighttime sleep quality, excessive daytime sleepiness, multiple daytime sleep episodes, loss of a clear day–night boundary, impaired deep sleep at night, and frequent napping during the day (Sun and Chen, 2022).

In AD, Aβ plaques and tau neurofibrillary tangles are increasingly recognized to be intimately linked with core clock gene dysregulation and corresponding alterations in melatonin signaling. Disruptions in clock gene function and diminished melatonin production in AD can impair the brain’s capacity to clear toxic proteins such as Aβ and tau, whereas accumulating Aβ in turn further disrupts circadian regulators and suppresses melatonin, creating a self-perpetuating cycle. This bidirectional interplay suggests that Aβ/tau pathology and circadian disruption should not be viewed as isolated phenomena but rather as interconnected elements of AD pathophysiology. Accordingly, there is growing interest in holistic therapeutic strategies that simultaneously target these mechanisms. One promising example is exercise—a readily accessible chronotherapeutic intervention—which has been shown to realign circadian clock gene oscillations and restore melatonin rhythmicity while concurrently promoting the clearance of Aβ and tau (Hu et al., 2025). However, research on exercise and circadian disruption in Alzheimer’s disease has largely focused on observed effects, while the underlying mechanisms remain insufficiently explored.

Animal studies have shown that scheduled voluntary aerobic exercise can remodel circadian rhythms and improve circadian disruption in mice (Hughes et al., 2021). Human trials indicate that time-based personalized aerobic exercise prescriptions can alleviate circadian disruption in healthy young adults, demonstrating the efficacy of aerobic exercise in ameliorating circadian disturbances in healthy organisms (Thomas et al., 2020). Therefore, whether exercise can modulate circadian disruption in AD patients—and by what mechanisms—is of great interest. Studies show that circadian disruption in patients with AD differs from that in normally aging individuals, likely due to Aβ and tau pathology, clock genes, and melatonin secretion (Eckhardt et al., 2025). Exercise interventions may improve AD-related circadian disruption through multiple molecular mechanisms—such as promoting Aβ clearance, mitigating Tau pathology, enhancing clock-gene expression and melatonin secretion, and modulating brain network function. This review focuses on: (1) the interplay between typical AD pathology and the circadian system; (2) exercise-mediated regulation of clock genes; and (3) mechanisms by which targeted melatonin modulation via exercise impacts circadian homeostasis in AD patients.



2 AD pathological hallmarks and circadian disruption


2.1 Aβ pathology and circadian rhythms

AD is an age-related neurodegenerative disease, with β-amyloid (Aβ) plaques and Tau protein aggregates as its cardinal features (Scheltens et al., 2021; Nigam et al., 2017; Holth et al., 2019). Sleep plays a crucial role in Aβ clearance via the glymphatic system: during wakefulness, Aβ production and release into the extracellular space increase, whereas sleep enhances Aβ removal; circadian disruption leads to Aβ accumulation in the brain, ultimately causing neuronal death (Scheltens et al., 2021; van Hattem et al., 2024). Aβ deposition further disrupts the sleep–wake cycle, increasing wakefulness and exacerbating circadian disruption (Roh et al., 2012; Xie et al., 2013). Even reduced sleep duration alone elevates Aβ levels (Winer et al., 2021). Animal experiments demonstrate that in APP/PS1 transgenic mice, Aβ plaque deposition in the thalamic reticular nucleus (TRN) leads to local neuronal hyperexcitability and inhibits sleep spindle generation, thereby fragmenting sleep (Katsuki et al., 2022). Meanwhile, experimental evidence indicates that Aβ-induced degradation of BMAL1 and CBP precipitates circadian rhythm disruption in Alzheimer’s disease. Abnormal Aβ accumulation within the thalamic reticular nucleus (TRN) and the basal forebrain—both critical hubs for slow-wave sleep (SWS) generation—directly impairs regional network function, leading to SWS reduction and exacerbating circadian disruption (Wang and Holtzman, 2020). Mechanistically, Aβ promotes proteasomal degradation of key circadian regulators: the transcriptional co-activator CBP (CREB-binding protein) and the core transcription factor BMAL1, which normally heterodimerizes with CLOCK. Loss of the BMAL1–CBP complex diminishes its binding affinity at the Per2 promoter, thereby attenuating rhythmic Per2 mRNA oscillations and PER2 protein expression. This cascade destabilizes circadian output signals, which in turn accelerates Aβ deposition, establishing a vicious cycle of circadian disruption and amyloid pathology (Lucey et al., 2018; Song et al., 2015).



2.2 Tau pathology and circadian rhythms

Hyperphosphorylated Tau protein, forming neurofibrillary tangles, is not only a hallmark of AD pathology but also profoundly affects sleep–wake system stability (Holth et al., 2019). In Tau pathology mouse models, p-Tau immunoreactivity in the SCN region is accompanied by a significant reduction in the oscillation amplitude of core clock genes BMAL1 and Per2, directly impairing the molecular feedback loop of the central clock (Han et al., 2022). Tau aggregation leads to SCN neuronal dysfunction and loss of network synchrony, reducing SCN responsiveness to zeitgebers; this manifests as attenuated circadian amplitude, phase disorganization, and even complete loss of rhythmic behavior (Son et al., 2024). Moreover, Tau pathology activates microglia and astrocyte–mediated neuroinflammation, releasing pro-inflammatory cytokines that further inhibit CLOCK/BMAL1 transcriptional activity, disrupt the Per/Cry negative feedback loop, desynchronize clock gene expression timing, reduce nighttime melatonin peak amplitude and duration, and exacerbate disrupted sleep architecture and circadian flattening (Yang et al., 2025). In summary, hyperphosphorylated Tau impairs SCN function and disrupts circadian homeostasis in AD.




3 Exercise-mediated modulation of AD pathology to improve circadian disruption


3.1 Exercise accelerates Aβ clearance

Aerobic exercise has been shown to directly accelerate Aβ clearance via multiple mechanisms, thereby interrupting the vicious cycle between Aβ pathology and circadian rhythm disruption (Tan et al., 2021). Principal Aβ clearance pathways include autophagy, non-amyloid metabolic routes, lipid raft remodeling, and SIRT1-mediated deacetylation.


3.1.1 Autophagy–lysosome pathway

Autophagy is a cell-intrinsic degradation process that removes damaged organelles and invading pathogens to maintain intracellular homeostasis (Nixon and Rubinsztein, 2024). It is a critical route for intracellular Aβ clearance, aerobic exercise activates the autophagy–lysosome pathway (e.g., reducing p62 levels), enhances Aβ degradation efficiency, effectively inhibits mTOR hyperactivation, restores autophagic flux, and counteracts Aβ accumulation due to autophagic blockade in AD. A 12-week treadmill regimen effectively reduced Aβ deposition in APP/PS1 mice by enhancing autophagy–lysosome activity (Zhao et al., 2018). Wenfeng Liu et al. found that 12 weeks of aerobic exercise activated the AdipoR1/AMPK/TFEB pathway in AD rats, bolstered lysosomal function, mitigated aberrant autophagy, and thereby reduced Aβ accumulation (Jian et al., 2022).



3.1.2 PGC-1α/FNDC5/BDNF axis

The proteolytic conversion of amyloid precursor protein (APP) to Aβ involves sequential cleavage by β-secretase (BACE1), which generates the C-terminal fragment C99, followed by γ-secretase–mediated processing of C99 to release Aβ peptides (Zhang and Song, 2013). Exercise induces expression of the myokine FNDC5 via a PGC-1α–dependent pathway, directly inhibiting BACE1-mediated β-site cleavage of APP and reducing Aβ generation; FNDC5 also upregulates hippocampal BDNF, indirectly enhancing α-secretase activity. This PGC-1α → FNDC5 → BDNF cascade forms an anti-Aβ network. Research has shown that hippocampal PGC-1α and BDNF protein levels are significantly lower in Aβ model rats than in controls. Moderate treadmill exercise, by augmenting AMPK activity, significantly increased hippocampal PGC-1α and BDNF levels in Aβ model rats by 48 and 47%, respectively (Azimi et al., 2018).



3.1.3 Lipid raft remodeling

Lipid rafts are cholesterol- and sphingolipid-enriched plasma-membrane microdomains that concentrate BACE1 and γ-secretase, integrate transmembrane signaling, and play a central role in receptor regulation and cellular homeostasis. In Alzheimer’s disease (AD), rafts serve as pathological platforms for aberrant Aβ metabolism: by clustering β- and γ-secretases, they enhance amyloidogenic APP cleavage, and their dynamic reorganization disrupts autophagic–lysosomal degradation, impeding Aβ clearance and accelerating neurodegeneration (Cordy et al., 2006; Zhang et al., 2019). Exercise has been shown to attenuate both the biogenesis and stability of lipid rafts via multiple convergent mechanisms. Firstly, chronic aerobic training upregulates cholesterol-24-hydroxylase (CYP46A1), reducing neuronal cholesterol content and limiting the substrate pool required for raft assembly. Secondly, exercise downregulates the scaffold proteins caveolin-1 and flotillin-1, which are essential for raft nucleation and maturation, thereby diminishing the coalescence of APP-processing enzymes within these domains. Thirdly, enhanced AMPK activity during exercise phosphorylates and inhibits acetyl-CoA carboxylase, shifting membrane lipid composition away from saturated fatty acids that favor raft rigidity. Collectively, these changes disrupt the spatial colocalization of BACE1 and γ-secretase, preventing efficient β- and γ-site APP cleavage. By dispersing amyloidogenic enzyme complexes into non-raft regions—where APP predominantly encounters α-secretase—exercise not only suppresses Aβ production but, through concomitant improvements in autophagic–lysosomal function, also promotes the degradation of residual peptide (Zeng et al., 2020).



3.1.4 SIRT1-dependent pathway

The SIRT1 pathway is implicated in multiple neurodegenerative processes. In AD, SIRT1 is downregulated, resulting in increased Aβ production, whereas SIRT1 overexpression can reverse this pathology, highlighting SIRT1’s importance in Aβ regulation. Aerobic exercise-induced SIRT1 upregulation activates ADAM10 via deacetylation, enhancing non-amyloidogenic metabolism; SIRT1 also upregulates PGC-1α to inhibit BACE1 expression, and, in concert with retinoic acid receptor β (RARβ), blocks amyloidogenic enzyme activity—forming a dual-track regulation of Aβ production (Radak et al., 2020). Notably, SIRT1 activation is induced by both aerobic and resistance exercise, indicating a broad role in exercise-mediated neuroprotection.



3.1.5 Glymphatic clearance

The glymphatic system is a cerebrospinal fluid (CSF)–interstitial fluid (ISF) exchange pathway dependent on astrocytic aquaporin 4 (AQP4). Pulsatile forces and astrocyte endfeet mediate CSF influx into brain parenchyma, clearing metabolic waste during sleep and rest (Iliff et al., 2012; Olegário et al., 2024). In AD, AQP4 polarity loss significantly weakens glymphatic clearance, exacerbating Aβ accumulation; Aerobic exercise can restore AQP4 polarization, enhance CSF–ISF exchange, and markedly reduce soluble Aβ levels in AD rodent brains, thereby delaying cognitive decline (Xie et al., 2013; Liu et al., 2022). Studies have shown that, in APP/PS1 mice, moderate aerobic exercise improved glymphatic efficiency, accompanied by upregulated perivascular AQP4 expression and enhanced arterial pulsatility, thereby reducing brain soluble Aβ (Liang et al., 2025). Voluntary wheel running significantly accelerated glymphatic flow, promoting Aβ efflux via enhanced CSF–ISF exchange, while improving astrocytic AQP4 expression and polarization, reducing Aβ deposition and neuroinflammation (He et al., 2017).



3.1.6 Microglial phenotype modulation

Microglia are the resident immune cells of the central nervous system, able to polarize between pro-inflammatory M1 and anti-inflammatory M2 states to regulate neuroinflammation and phagocytic clearance of pathological debris. They are crucial modulators in AD progression (Cherry et al., 2014). M1 microglia releases inflammatory cytokines, promoting neurotoxicity, whereas M2 microglia have phagocytic, tissue-repair, and neuroprotective functions. The M1/M2 balance determines brain inflammation levels and pathological clearance capacity—key factors in maintaining neural homeostasis and preventing AD (Lannes et al., 2017). Treadmill exercise can polarize hippocampal microglia in AD mice from an M1 to M2 phenotype; M2 microglia show significantly increased Arg1 and IL-10 expression, enhancing Aβ phagocytosis and degradation in the microenvironment (Liang et al., 2022).



3.1.7 Exerkine signaling

Exerkines are exercise-induced, muscle-secreted bioactive molecules—such as FNDC5/irisin—that cross the blood–brain barrier to activate BDNF, PGC-1α, and other neuroplasticity and metabolic pathways in the brain. FNDC5/irisin levels in the hippocampus and cerebrospinal fluid of AD patients are significantly reduced; regular aerobic exercise, via PGC-1α upregulation, elevates FNDC5 expression, enhancing irisin-mediated neprilysin (NEP) secretion and ADAM10 activity, synergistically inhibiting BACE1 and accelerating Aβ degradation (Lourenco et al., 2019). In vitro and in mouse experiments, irisin also promotes astrocytic NEP secretion via ERK–STAT3 signaling, accelerating Aβ clearance, further corroborating the dual regulatory role of exercise factors in Aβ homeostasis (Kim et al., 2025) (please refer to Table 1 for detailed information).


TABLE 1 Major molecular pathways by which exercise promotes Aβ clearance.


	Pathway
	Exercise modality
	Study population/model
	Key molecular cascade
	References (author, year)

 

 	Autophagy–lysosome pathway 	Aerobic (treadmill; voluntary wheel) 	APP/PS1 mice; aged mice 	Exercise→ AMPK↑ → mTOR↓ → ULK1 activation→ Autophagosome formation → Fusion with lysosomes → Cathepsin D-mediated Tau/Aβ degradation 	Zhao et al. (2018) and Jian et al. (2022)


 	PGC-1α → FNDC5 → BDNF cascade 	Aerobic (moderate continuous); HIIT (where tested) 	Aβ-induced rats; APP/PS1 mice 	Exercise→AMPK↑ → PGC-1α↑ → FNDC5/irisin↑ → BDNF↑ → ADAM10↑& BACE1↓ → Reduced Aβ production 	
Azimi et al. (2018)



 	Lipid raft modulation 	Aerobic (treadmill; intensity-stratified protocols) 	APP/PS1 mice 	Exercise→Reduced β/γ-secretase clustering in lipid rafts → Disruption of raft integrity → Relief of autophagy–lysosome blockade → Enhanced Aβ clearance 	Zhang et al. (2019) and Zeng et al. (2020)


 	SIRT1-dependent pathway 	Aerobic; resistance; combined (evidence across modalities) 	Human skeletal muscle; rodents 	Exercise → ↑NAD+ → SIRT1activation → Deacetylation →↑ADAM10&↑PGC-1α → RARβ-mediated BACE1 inhibition → Dual suppression of Aβ generation 	
Radak et al. (2020)



 	Glymphatic clearance pathway 	Aerobic (wheel/treadmill); HIIT (select studies) 	Aged mice; APP/PS1 mice; AQP4−/− mice (controls) 	Exercise → Restoration of AQP4 polarity & increased vascular pulsatility → ↑CSF–ISF exchange → ↑Aβ efflux → Decreased soluble brain Aβ 	He et al. (2017), Liu et al. (2022), and Liang et al. (2025)


 	Microglial phenotype shift (M1 → M2) 	Aerobic (treadmill) 	APP/PS1 mice 	Exercise → ↑IL-4/IL-13–STAT6 & ↓NF-κB → M2 polarization → ↑Arg1, ↑IL-10 → Enhanced Aβ phagocytosis → Reduced neuroinflammation 	Cherry et al. (2014) and Liang et al. (2022)


 	Exerkine-mediated signaling 	Aerobic (wheel/treadmill); HIIT (reported in some models) 	Rodent AD models with human/CSF corroboration 	Exercise → ↑PGC-1α → ↑FNDC5/irisin → ↑ERK/STAT3 → ↑NEP & ↑ADAM10 → ↓BACE1 → Accelerated Aβ degradation 	Lourenco et al. (2019) and Kim et al. (2025)




 




3.2 Exercise improves Tau protein load

Multiple animal studies (primarily using aerobic exercise) show that regular physical activity reduces Tau accumulation in the brain and ameliorates Tau-related pathology (Brown et al., 2019; Belarbi et al., 2011). Human research finds that individuals with higher physical activity levels have lower Tau burdens in brain tissue or blood (Desai et al., 2021; Brown et al., 2018). Among older adults with high total tau, medium physical activity was associated with a 58% slower rate of global cognitive decline and high physical activity with a 41% slower rate; among those with low total tau, the association was comparatively lower (Desai et al., 2021). Exercise may affect Tau expression and aggregation via multiple pathways, including modulation of neuronal activity, antioxidant capacity, and inflammatory responses (Belarbi et al., 2011; Daniele et al., 2017; Wu et al., 2016).




4 The suprachiasmatic nucleus and clock genes

The SCN is widely recognized as the master circadian pacemaker, controlling behavioral rhythms and coordinating peripheral clocks in organs such as the liver, kidney, and muscle (Song et al., 2015; Kumar et al., 2024). Through neural and humoral signals, the SCN synchronizes peripheral clocks, ensuring that systemic physiological processes align with the environmental light–dark cycle; conversely, peripheral clocks contribute to rhythm regulation via metabolites, gut hormones, and neural feedback to the SCN, forming a bidirectional coupling network that optimizes energy utilization and organismal function (Mohawk et al., 2012). Under normal conditions, this central–peripheral coordination ensures synchronous rhythmicity of behavior (e.g., sleep–wake), endocrine (e.g., melatonin, cortisol), and other physiological processes. When SCN function is impaired or peripheral clocks are desynchronized, global circadian disruption ensues, manifesting as sleep disorders, cognitive decline, and other pathological states (Reilly et al., 2007).

In mammals, circadian rhythms are regulated by a core molecular clock mechanism centered on a dynamic balance between transcriptional activators (CLOCK/NPAS2 and BMAL1) and repressors (mPER, mCRY), with CREB-binding protein (CBP) serving as a key coactivator that, together with BMAL1, drives downstream clock gene transcription. This molecular network operates within the SCN to regulate circadian output signals, maintaining synchronization of behavioral and physiological rhythms (Song et al., 2015). SCN deterioration can exacerbate circadian disruption in AD patients.

Exercise, as a non-photic zeitgeber, has been widely shown to modulate core and peripheral clock gene expression, thereby influencing sleep–wake rhythms. In human and animal models, both acute single bouts of exercise and chronic regular training significantly affect expression of key clock genes such as BMAL1 and PER2.


4.1 Amplitude amplification and rhythm stabilization

Long-term, time-locked aerobic or resistance training can re-entrain the central circadian pacemaker, stabilizing and strengthening clock-gene rhythms within the suprachiasmatic nucleus (SCN) by increasing the amplitude of core clock-gene oscillations and improving cycle-to-cycle stability of their peaks and troughs. In mice held in constant darkness, scheduled voluntary wheel running aligned SCN Per1-luc oscillations and preserved internal temporal order between the SCN and peripheral tissues, while simultaneously preventing the progressive damping of Per1-luc bioluminescence normally observed under constant conditions and maintaining high-amplitude oscillations across successive cycles—evidence that chronic exercise acts as a bona fide non-photic zeitgeber for the central molecular clock (Sato and Yamanaka, 2023). In complementary models, 3 weeks of timed daily running remodeled SCN network coupling by reducing GABA_A inhibition, increased synchrony of SCN Per1 and Per2 gene rhythms, and enhanced the population-level amplitude and coherence of these rhythms, restoring stable approximately 24 h behavioral rhythms in mice with impaired VIP–VPAC2 signaling, thereby functionally converting weak, low-amplitude SCN outputs into more robust, high-amplitude oscillations that are more resistant to internal and external perturbations (Hughes et al., 2021).



4.2 Phase adjustment and clock dependency

A single acute bout of exercise can transiently reset local clock gene phases. Hours after resistance exercise, muscle Per1 and Per2 mRNA peaks significantly advance; exercise timing determines phase shift direction—high-intensity evening exercise induces phase advances, potentially correcting “phase delay” type circadian disruption, whereas morning exercise induces phase delays, aiding in correcting “phase advance” misalignment. This time-of-day dependency provides a theoretical basis for personalized exercise prescriptions, making exercise an effective non-photic chronotherapeutic strategy (Aoyama and Shibata, 2020; Procopio and Esser, 2025).



4.3 Central–peripheral bidirectional coupling and indirect SCN influence

Although direct evidence of exercise’s effects on the SCN remains limited, and most available data are derived from a relatively small number of rodent studies and indirect human readouts, animal studies nevertheless suggest that physical activity can act as a non-photic zeitgeber that indirectly stabilizes the central clock via exercise-induced physiological cues. Such cues include changes in core body temperature, adrenergic activation, and neuroendocrine outputs such as glucocorticoids. Timed voluntary wheel running or scheduled treadmill exercise in rodents has been reported to reorganize molecular clock rhythms in the SCN and peripheral tissues and to restore more robust 24 h behavioral rhythms in models with impaired SCN neuropeptide signaling (Hitrec et al., 2023). In parallel, exercise exerts well-documented effects on peripheral clocks: time-restricted aerobic training alters Per1 and Bmal1 expression and the phase of cardiac and skeletal muscle rhythms, while chronic physical training in humans is associated with modified clock-gene expression in immune cells and a more anti-inflammatory profile (Schroeder et al., 2012; Dial et al., 2024). Beyond the exercise literature, broader circadian work indicates that peripheral metabolic and endocrine factors (e.g., leptin, ghrelin, FGF21, adiponectin, and inflammatory cytokines) can signal back to the hypothalamus and SCN via humoral and autonomic pathways, thereby modulating SCN clock-gene expression and neuronal activity and providing a mechanistic framework for central–peripheral bidirectional coupling (de Assis and Oster, 2021; Gachon et al., 2025; Dumbell et al., 2016). Together, these findings should therefore be viewed as preliminary and largely hypothesis-generating evidence that exercise-induced changes in peripheral clocks and inflammatory status may feed back onto the central circadian system via humoral and autonomic pathways, but this putative bidirectional coupling between peripheral oscillators and the SCN remains incompletely validated and will require targeted experimental testing before firm causal conclusions can be drawn.




5 Exercise-targeted modulation of melatonin

Melatonin, the principal marker of circadian phase shifts, is synthesized in the pineal gland from serotonin and its precursor tryptophan (Easton et al., 2024; Song, 2019). Its nocturnal rhythm under low-light conditions reliably reflects intrinsic timing and is closely tied to sleep propensity. During daylight, retinal photic signals travel via SCN–hypothalamus–spinal cord–superior cervical ganglia to the pineal gland, inhibiting norepinephrine release and suppressing melatonin synthesis. At night, this inhibitory pathway ceases, and melatonin peaks around midnight before declining at dawn. Thus, melatonin is an endogenous sleep “promoter,” used to treat insomnia and readjust circadian rhythms (Zisapel, 2018; Comai and Gobbi, 2024). With aging and certain diseases, melatonin production decreases or shifts (Homolak et al., 2018; Prodhan et al., 2021). In AD patients, nocturnal plasma and cerebrospinal melatonin levels are significantly lower, with peak secretion shifted early or late—reflecting phase misalignment (Nous et al., 2021; Steinbach and Denburg, 2024).

In early AD, reduced melatonin triggers sleep disturbances and circadian disruption, which further promotes Aβ accumulation; Aβ accumulation, in turn, inhibits melatonin production, forming a vicious cycle that exacerbates circadian disruption (Zhang et al., 2025; Cecon et al., 2015). Mechanistically, circadian or sleep loss elevates neuronal activity and impairs glymphatic clearance, increasing interstitial Aβ; in parallel, experimental work shows that soluble Aβ can directly impair pineal melatonin synthesis by activating NF-KB/ERK signaling in pinealocytes, downregulating the rate-limiting enzyme AANAT and thereby suppressing melatonin output (Kang et al., 2009; Xie et al., 2013; Zisapel, 2018; Cecon et al., 2015). Melatonin metabolite 6-sulfatoxymelatonin (aMT6s) excretion over 24 h is reduced in AD patients, with decreased nighttime peak amplitude—indicating intrinsic pineal dysfunction (Nous et al., 2021). The circadian amplitude of melatonin in AD patients is notably flattened, with reduced day–night differences, correlating with sleep fragmentation and sundowning (Lin et al., 2021). As AD progresses, pineal calcification and neuroinflammation further reduce melatonin receptor (MT1/MT2) expression, diminishing neural responsiveness to melatonin signals and disrupting rhythmic feedback loops (Roy et al., 2022; Steinbach and Denburg, 2024).

Whether exercise can effectively counteract melatonin dysregulation in AD patients remains debated; some studies report increased, decreased, or unchanged melatonin levels after exercise (Bian et al., 2025; Korkutata et al., 2025). From a mechanistic perspective, acute exercise often transiently elevates melatonin: increased exercise intensity activates the sympathetic nervous system, elevating plasma norepinephrine (NE) and epinephrine (EPI). NE binds β₁-adrenergic receptors on pinealocytes, stimulating G_s protein, which activates adenylyl cyclase to convert ATP into cyclic AMP (cAMP). Elevated cAMP activates protein kinase A (PKA), which phosphorylates and activates arylalkylamine N-acetyltransferase (AANAT)—the rate-limiting enzyme in melatonin synthesis—catalyzing serotonin to N-acetylserotonin, which is then methylated by hydroxyindole O-methyltransferase (HIOMT/ASMT) to form melatonin (Souissi et al., 2022). Thus, under consistent environmental conditions, a single moderate-to-high intensity exercise bout temporarily amplifies the NE–cAMP–PKA–AANAT cascade, leading to a short-term increase in nocturnal melatonin peak and overall secretion.

However, in practical research, there are often differences in experimental results due to various factors (Burgess and Fogg, 2008). The most powerful confounding factor is ambient light, light is the primary zeitgeber for the human circadian system and its presence, even at low levels, potently suppresses pineal melatonin synthesis. Many exercise studies, especially older or field-based trials, are conducted outdoors or in brightly-lit indoor gymnasiums. Light intensity is inherently unstable, changing based on time of day, cloud cover, and season. Even a slight variation in start time (e.g., 5:00 p.m. vs. 5:30 p.m.) can mean a dramatic difference in light exposure (lux), which can easily override, mask, or completely blunt any potential exercise-induced effect. This makes comparisons between studies, and even between subjects in the same study, exceptionally difficult (Phillips et al., 2019; Giménez et al., 2022). Second, genetic factors and individual chronotype create significant inter-subject variability. Genetic polymorphisms in core clock genes (e.g., PER2, BMAL1) or in the AANAT enzyme itself can alter an individual’s sensitivity to circadian resetting. An individual’s baseline chronotype (i.e., being a “lark” vs. an “owl”) will fundamentally change their response to the same exercise stimulus (Shen et al., 2023; Thomas et al., 2020). Finally, factors such as exercise type and duration also influence melatonin levels. However, these variables are relatively easier to control in experiments compared to environmental light exposure and individual genetic differences. Therefore, the divergent findings on exercise-induced melatonin changes are likely due to these confounding factors; under well-controlled conditions, exercise tends to reliably increase melatonin levels. For instance, a recent study of 80 healthy males aged 18–65 reported that after 12 weeks of HIIT, melatonin levels significantly increased, a finding made more persuasive by the rigorous control of light and sampling conditions (Al-Rawaf et al., 2023).

Exercise influences melatonin across four key dimensions: (1) phase shifting; (2) overall secretion changes; (3) amplitude enhancement; and (4) timing stability.


5.1 Phase shifting

Morning and forenoon exercise can “advance” the clock, shifting melatonin secretion earlier, facilitating earlier sleep onset, and alleviating circadian disruption; conversely, evening or pre-sleep high-intensity exercise can “delay” the clock, shifting melatonin secretion later, causing delayed sleep onset and exacerbating insomnia. One-hour moderate-intensity running (treadmill or outdoor) performed in the morning (~07:00 a.m.) or early afternoon (13:00–16:00) can induce significant phase advances, whereas evening (19:00–22:00) exercise leads to phase delays (Youngstedt et al., 2019). Youngstedt et al. established an exercise phase response curve (PRC) in 51 older and 48 younger healthy adults, showing that, similar to light, exercise at these times modulates clock phases of urinary aMT6s onset and peak, thereby advancing or delaying nocturnal melatonin release to correct phase-delayed or phase-advanced circadian disruption (Youngstedt et al., 2019). This finding provides a scientific basis for personalized exercise prescriptions in AD patients (e.g., morning exercise to advance rhythms; avoid high-intensity evening exercise to prevent delayed sleep).

Exercise modulates melatonin phase shifts by elevating SCN neuronal intracellular Ca2+, activating cAMP/PKA signaling, and phosphorylating CREB at Ser133, thereby upregulating Per1 and Per2 transcription to achieve phase advances or delays (Tahara et al., 2017; Korf and von Gall, 2024). Morning exercise–induced mild body temperature elevation also enhances HSF1 activity in the SCN, collaborating with CREB to promote Per gene expression and induce phase advances (Lee et al., 2024). Evening high-intensity exercise prolongs PCREB activation window in the SCN, delaying Per1/Per2 peak expression and producing phase delay effects. Additionally, peripheral cytokines (e.g., BDNF) induced by muscle exercise cross the blood–brain barrier to influence SCN TRKB receptors, further modulating downstream MAPK pathways and aiding clock gene restructuring (Zsuga et al., 2018; Cheng and Lee, 2022).



5.2 Total secretion changes

A single moderate-to-high intensity exercise session transiently suppresses melatonin (especially for nocturnal exercise), but as night falls, total melatonin secretion returns to baseline or slightly above. Boden et al. observed in 12 subjects that high-intensity treadmill running at night caused a transient spike in plasma melatonin (20–50% above resting levels), which returned to baseline within 30–60 min post-exercise; similar daytime (09:00–13:00) exercise induced mild melatonin increases, more pronounced under reduced light conditions (Buxton et al., 2003). Although this transient peak alone is insufficient to reshape rhythms, supplemental nocturnal melatonin may deepen subsequent slow-wave sleep.

During acute moderate-to-high intensity aerobic exercise, sympathetic-induced NE acts on pineal β₁-adrenergic receptors, activating AC–cAMP–PKA and promoting AANAT phosphorylation; however, exercise-induced cortisol and light factors transiently suppress AANAT gene transcription, lowering melatonin peak (Zemkova et al., 2011; Schomerus et al., 2003). After exercise, NE levels fall, PKA-mediated AANAT phosphorylation persists, and the CREB/CBP complex more readily binds the AANAT promoter, inducing mRNA rebound, forming a melatonin “rebound peak” (Schomerus et al., 2003). Simultaneously, exercise-released IL-6 and TNF-α downregulate RORα via STAT3 signaling, weakening its inhibition of AANAT, thereby further enhancing nocturnal melatonin secretion (Song, 2019; Moravcová et al., 2021).



5.3 Amplitude enhancement

Regular moderate-intensity aerobic exercise can amplify nocturnal melatonin peaks and lower daytime baselines, thereby enhancing circadian amplitude contrast, deepening slow-wave sleep, reducing nocturnal awakenings, and restoring sleep–wake rhythm stability and consistency, improving circadian disturbance (Tanaka et al., 2023). A systematic review found that compared to controls, long-term aerobic exercise increased aMT6s amplitude (acrophase) by 15–25% on average, lengthened nighttime peak duration, and flattened daytime troughs, significantly correlating with improved slow-wave sleep amount and sleep efficiency (Kim et al., 2023). In AD patients, such amplitude enhancement can strengthen nocturnal sleep signals and counteract fragmented sleep due to rhythm flattening. Buxton et al. observed that 60 min of nocturnal running increased melatonin peak by ~25% relative to baseline and further suppressed daytime baseline, creating a more pronounced day–night contrast. This amplitude enhancement is closely associated with increased deep sleep proportion and overall sleep quality (Buxton et al., 2003).

Long-term moderate-intensity aerobic exercise raises whole-body NAD+/NADH ratios, activating SIRT1 deacetylase, leading to deacetylation of BMAL1 and PER2, and enhancing CLOCK/BMAL1 dimer transcriptional activity on E-box elements of AANAT and ASMT genes—thereby amplifying nocturnal melatonin peaks and lowering daytime baselines (Chang and Guarente, 2013; Foteinou et al., 2018). Exercise-induced PGC-1α upregulation in the pineal gland binds directly to E-box sites on the AANAT promoter, synergizing with CLOCK/BMAL1 complexes to further expand day–night amplitude differences. SIRT1 deacetylation of REV-ERBα reduces its repression of Bmal1, resulting in higher nocturnal BMAL1 peaks and lower daytime baselines, strengthening melatonin circadian amplitude (Foteinou et al., 2018; Sweeney and Song, 2016; Fernández-Martínez et al., 2023).



5.4 Timing stabilization

Long-term endurance athletes often exhibit earlier melatonin onset and prolonged peak duration at night, maintaining stable nocturnal elevated melatonin levels. In a 6-week, moderate-intensity aerobic exercise randomized controlled trial among 40 sedentary adults, the exercise group showed a 25 min advance in dim-light melatonin onset (DLMO), an 18% increase in peak levels compared to baseline, and a 45 min extension of peak duration (Zhao et al., 2024). Another 8-week resistance training study in older adults reported a ~ 30 min increase in nighttime peak duration and 15% increase in total melatonin output, accompanied by a 28% reduction in nighttime awakenings (Kim et al., 2023). This “timing stabilization” not only optimizes continuous sleep–wake rhythm but also reduces nighttime awakenings—critical for AD patients, who experience frequent nocturnal arousals and difficulty initiating sleep; stable melatonin signals significantly improve sleep continuity and depth.

Regular aerobic exercise enhances SCN VIP and PACAP neuropeptide secretion and synchrony. VIP, via VPAC₂ receptors, activates SCN cAMP/PKA/CREB signaling, advancing DLMO and prolonging peak duration (Hughes et al., 2021). Concurrently, exercise-activated AMPK in the pineal gland enhances CREB binding affinity to the AANAT promoter, advancing DLMO by ~20–30 min on average and extending peak duration (Barger et al., 2004). miR-132 has been shown to fine-tune circadian rhythms in the hypothalamus by targeting CLOCK and PER2 expression; although direct evidence of exercise-induced miR-132 effects on pineal PER2 and melatonin secretion is lacking, given that exercise can upregulate miR-132, it is speculated that similar mechanisms may modulate melatonin timing stability (please refer to Figure 1 for detailed information).

[image: Graphical representation of exercise timing effects on circadian rhythms and melatonin levels. Daytime exercise advances rhythms, while nighttime exercise delays them. Melatonin levels rise during sleep, stabilizing and peaking. Arrows indicate amplitude enhancement, timing stabilization, and phase shifting.]

FIGURE 1
 The effect of exercise on melatonin at different time periods.





6 Conclusion

Exercise offers a multi-scale countermeasure against the circadian disruptions associated with AD pathology. At the molecular level, physical activity promotes Aβ clearance, inhibits tau aggregation, and reduces neuroinflammation via pathways involving BDNF, SIRT1, PGC-1α and various exercise-induced factors (exerkines). At the cellular level, exercise — acting as a non-photic zeitgeber — amplifies core clock gene oscillation (e.g., increases BMAL1–PER2 amplitude, shifts Per1/Per2 phase) while activating SCN neuropeptides (such as VIP and AVP) and reshaping peripheral clock-gene expression patterns. At the systemic level, it helps restore the amplitude and phase stability of the melatonin rhythm, thereby stabilizing the overall sleep–wake cycle. Importantly, these data support a unified Aβ/tau–clock–melatonin axis. Exercise-enhanced Aβ and tau clearance—via upregulated Aβ-degrading enzymes, improved glymphatic flux, and autophagy—diminishes their inhibitory effects on core clock components and SCN integrity. Normalized BMAL1/CLOCK oscillations, together with restored, high-amplitude melatonin rhythms, stabilize sleep–wake timing and deepen slow-wave sleep, further boosting glymphatic and proteostatic removal of neurotoxic species. Through this reciprocal reinforcement, appropriately timed physical activity has the potential to re-synchronize circadian organization and attenuate AD-related pathology in an integrated rather than pathway-by-pathway manner.

There is emerging human evidence supporting these benefits, although it remains limited. Preliminary clinical studies suggest that exercise protocols timed to an individual’s chronotype can yield improvements in sleep efficiency, daytime alertness, and short-term memory in older adults with cognitive impairment. However, these findings are tentative and come from small-scale trials with short durations and heterogeneous methods. In fact, much of our mechanistic understanding still stems from animal and cellular models; thus, caution is warranted when extrapolating to clinical practice. Larger, well-controlled human trials are needed to confirm that exercise-driven circadian improvements translate into tangible cognitive benefits for AD patients. Most current human studies lack statistical power and critical analyses because their sample sizes are typically well below 50 participants per arm. Assuming small-to-moderate effect sizes on sleep and cognitive outcomes (Cohen’s d ≈ 0.3–0.4), parallel-group randomized controlled trials with approximately 100–150 participants per group (total N ≈ 200–300) would be required to achieve 80–90% power at a two-sided α = 0.05, even after accounting for 20–25% attrition (Zhou et al., 2022). Future trials should therefore be designed at this scale or larger if the goal is to robustly detect clinically meaningful benefits of circadian-targeted exercise interventions in AD (Huang et al., 2017).

Translating these insights into standardized clinical practice also faces methodological challenges, particularly the heterogeneity in patient characteristics and intervention protocols. Differences in exercise modality, intensity, timing, and participants’ baseline circadian profiles complicate direct comparisons and generalizability. To address this, future randomized controlled trials should incorporate standardized circadian phenotyping and other design improvements to reduce variability. For example, using wearable actigraphy to track rest–activity patterns, measuring dim-light melatonin onset (DLMO) to determine each participant’s internal circadian phase, and profiling clock-gene expression rhythms in blood could allow researchers to stratify participants by circadian phenotype and tailor exercise timing to the individual (Cremascoli et al., 2021; Wittenbrink et al., 2018). Aligning exercise sessions relative to an individual’s internal clock (e.g., prescribing activity a certain number of hours before or after their DLMO) and adjusting analyses for each person’s baseline phase and amplitude may improve consistency of outcomes. Additionally, future trials should aim for longer intervention periods (beyond 12 weeks) to assess the durability of benefits and to observe any potential disease-modifying effects on AD progression.

Beyond clinical outcomes, mechanistic studies in humans are needed to validate key pathways suggested by preclinical research. For example, it remains to be verified whether exercise-induced upregulation of regulators like PGC-1α and SIRT1 actually occurs in the aging human brain, and whether peripheral exercise-derived factors (exerkines) released during workouts cross the blood–brain barrier in sufficient concentrations to trigger the neuroprotective signaling observed in animal models. Advanced neuroimaging techniques (such as PET scans with Aβ or tau tracers) could be employed in future trials to directly visualize whether exercise interventions slow or reverse AD pathology in vivo. Obtaining such mechanistic evidence in humans would solidify the causal link between restoring circadian rhythms through exercise and achieving neuroprotection in AD.

Finally, an important translational challenge is designing exercise programs that are feasible and safe for AD patients who often have significant mobility impairments or frailty, while still providing a sufficient physiological stimulus to preserve or improve physical function and circadian regulation. Many standard exercise regimens require standing balance and a degree of vigor that may be unfeasible for individuals with advanced age, arthritis, or high fall risk. Indeed, traditional standing workouts can be “difficult or impossible for those who are immobile or severely balance-impaired” (Efendi et al., 2023). Recent work in frail and cognitively impaired older adults further indicates that upright, weight-bearing programs are often associated with low adherence and heightened concern about falls in this population. By contrast, chair-based or seated routines offer a safe alternative that reduce postural demands, minimize loading of weight-bearing joints, and allow graded adjustment of range of motion, resistance, and tempo according to individual capacity. To accommodate limited mobility, future interventions should emphasize low-impact, accessible formats—such as chair-based exercises, gentle range-of-motion and flexibility training, and light aerobic or resistance exercises that can be performed with support (Park et al., 2020; Cordes et al., 2021). as these protocols have been shown in older adults with dementia or frailty to improve lower-limb strength, sit-to-stand performance, and functional mobility with a low incidence of adverse events. Implementing these regimens in supervised, therapist-guided programs (or with caregiver assistance) will help ensure participant safety and adherence and facilitate progressive titration of exercise volume and complexity over time. By tailoring the exercise mode and intensity to each patient’s functional abilities, even frail AD patients can be engaged in regular physical activity and potentially reap the circadian and cognitive benefits suggested by emerging chair-based intervention studies.
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