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Alzheimer's disease (AD) is the most common neurodegenerative disease in clinical practice. The kynurenine pathway (KP) is a potential intersection of factors associated with the development of AD (central nervous inflammation, glutamate excitotoxicity, and tau phosphorylation, among others). Pharmacological modulators targeting KP enzymes, such as inhibitors or agonists, and their major neuroprotective metabolites are beneficial in alleviating AD progression. Exercise significantly improves AD symptoms and also impacts KP pharmacokinetics. Promoting the production of neuroprotective active metabolites by KP may be one of the central mechanisms by which exercise improves AD symptoms. This article reviews the possible role of KP in AD neurodegeneration and AD exercise prevention and treatment.
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1 Introduction

Alzheimer's disease (AD) is a progressive neurodegenerative disease of insidious onset characterized pathologically by amyloid plaques resulting from excessive accumulation of extracellular β-amyloid (Aβ) and hyperphosphorylation of intracellular microtubule-associated protein tau leading to the formation of neurofibrillary tangles (NFTs) (Zhong et al., 2024). It is clinically characterized by generalized dementia manifestations such as memory impairment, aphasia, apraxia, agnosia, visuospatial skill impairment, executive dysfunction, and personality and behavioral changes (Safiri et al., 2024). At present, there are about 57 million AD patients worldwide, mainly concentrated in people aged 65 years and older; the prevalence of AD increases exponentially with age, and the number of AD patients is expected to increase dramatically to 152 million by 2050 (Kalyvas et al., 2024). The etiology of AD is complex and so far unknown, and it is generally accepted in the academic community that the synergistic effect of Aβ oligomers with hyperphosphorylated tau, triggering synaptic loss, neuronal death, and abnormal glial activation, and disrupting hippocampal-cortical neural network synchrony, leading to multilevel systemic decline in memory coding, integration, and executive function is the core mechanism of the pathological process of AD (Ramachandran et al., 2021; Reddi Sree et al., 2025; Zádori et al., 2018). Existing clinical treatments for AD mainly use single-target intervention strategies such as anti-amyloid, neuroprotection, or synaptic repair, which temporarily alleviate the progression of the disease, but have limited effects and are often accompanied by serious adverse effects (Cummings et al., 2021). Faced with this severe situation, there is an urgent need for in-depth study to reveal its pathological process and find new strategies or methods to delay the AD process and prevent the occurrence of AD.

Tryptophan (TRP)—Kynurenine metabolic pathway (KP) produces metabolites with neuroactive and anti-inflammatory properties that play an important role in maintaining neurohomeostasis and disease progression (Xue et al., 2023). KP is considered to be a key inflammatory regulatory hub in the etiology of AD, and abnormal changes in its metabolic enzyme activity and metabolite content can significantly affect the oligomerization and toxicity of Aβ, and regulate the intensity and characteristics of the inflammatory response, which in turn leads to neuronal dysfunction and triggers AD neurodegeneration, so KP abnormalities are regarded as part of the pathogenesis of AD (Savonije and Weaver, 2023). This idea has been demonstrated in both animal models and clinical observations (Chatterjee et al., 2019; Parker et al., 2023; Wu et al., 2013). Recent findings have shown that pharmacological modulators by targeting KP enzymes may serve as an effective neuroprotective strategy in AD (Martins et al., 2023; Yu et al., 2015). Exercise, as a non-pharmacological intervention for AD, synergistically regulates neurotransmitter homeostasis and enhances neuroplasticity through multiple effects such as neuroprotection, anti-inflammation and anti-oxidative stress (Li et al., 2024); its unique mechanism of action in delaying the pathological progression of AD has attracted much attention, and dissecting the potential molecular mechanisms behind exercise in relieving AD symptoms is a key point in the prevention and treatment of AD. Exercise regulates KP-related enzyme expression and associated metabolite levels to maintain KP homeostasis (Rangel et al., 2025) and is beneficial in neurodegenerative diseases, including AD (Joisten et al., 2020). Promoting KP-prone neuroprotective active metabolite branching may be one of the central mechanisms by which exercise improves AD symptoms. In this review, we systematically review the role and mechanism of KP in AD neurodegeneration and AD exercise prevention and treatment, in order to provide a theoretical basis and new ideas for the study of potential molecular mechanisms of exercise intervention in relieving AD symptoms and targeted intervention.



2 KP

KP is the main catabolic pathway of the essential amino acid TRP in the body, and nearly 95% of Trp is enzymatically degraded and metabolized through this pathway to generate a series of kynurenine derivatives (Figure 1) (Walczak et al., 2023). First, TRP is converted to N-formylkynurenine (N-fKYN) by three oxygen-reducing rate-limiting enzymes, indoleamine 2,3-dioxygenase (IDO) 1,2 or tryptophan-2,3-dioxygenase (TDO) (Wang et al., 2025). N-Formyl kynurenine is subsequently degraded to the first intermediate stable product, kynurenine (KYN). KP enzymes and their metabolites are widely present in different mammalian tissues and cells, and their expression is mainly regulated by mediators of the immune system (Cortés Malagón et al., 2024). IDO (inducible high expression) and TDO function similarity, but have different substrate specificity, tissue distribution and expression regulation. Physiologically, TRP mediates KP basal metabolism mainly by TDO located in liver and neuronal cells. However, IDO, which is widely expressed in multiple organs throughout the body, has low physiological activity, but when the body is under immune activation or chronic stress, IDO is overexpressed at the transcriptional level induced by the main inducers interferon-γ (IFN-γ) and specific inflammatory stimulating factors such as lipopolysaccharide (LPS) tumor necrosis factor-α (TNF-α), toll-like receptor (TLR), and CLA4, resulting in increased KYN levels in peripheral and central nervous tissues (Liang et al., 2022). Next, KYN, which is located at the KP metabolic center node, generates neurotoxic or neuroprotective products through metabolism in two major branches, respectively. In microglia and macrophages, KYN metabolizes KYN to 3-hydroxykynurenine (3-HK), 3-hydroxyanthranilic acid (3-HAA), and QUIN mainly by kynurenine-3-monooxygenase (KMO) and 3-hydroxyanthranilate-3,4-dioxygenase (HAAO) (Chen and Geng, 2023). KYN is considered a potential blood biomarker associated with cognitive impairment (Vints et al., 2024). Over 60% of peripheral KYN can be transported across the blood-brain barrier (BBB) by large neutral amino acid transporter 1 (LAT-1) as well as organic anion transporters (OATs) 1 and 3 (Mor et al., 2021). Its precursor TRP is also transported into the central nervous system (CNS), but KYNA and QUIN are unable to cross the BBB (Török et al., 2020). Under pathological conditions, QUIN acts synergistically through multiple pathways to lead to neuronal dysfunction and/or death. First, QUIN acts as an agonist of ionotropic glutamate receptors (iGluR) and α7 nicotinic acetylcholine receptors (α7nAChR), inducing excitotoxicity in neurons to promote neurodegeneration (Platten et al., 2019). In addition, QUIN not only directly stimulates glutamate (Glu) release from the presynaptic membrane of neurons, but also increases Ca2+ influx by inhibiting Glu reuptake by astrocytes and decreasing glutamine synthase activity in a dose-dependent manner, resulting in Glu accumulation in the synaptic cleft of neurons to form an abnormal excitotoxic microenvironment, further activating N-methyl-D-aspartate receptor (NMDAR), interfering with the homeostasis of the Glu-glutamate-γ-aminobutyric acid cycle between neurons and glia, and aggravating Glu excitotoxic effects (Tavares et al., 2002; Ting et al., 2009; Yang et al., 2024). More critically, QUIN can also perturb cellular phosphorylation homeostasis by continuously activating NMDAR, induce pathological phosphorylation of tau and neurofibrillary tangle (NFT) formation while (Rahman et al., 2009), increase abnormal phosphorylation of cytoskeletal components such as neurofilament and astrocyte GFAP, ultimately leading to synaptic structure destruction and neuronal degeneration (Guillemin, 2012; Lugo-Huitrón et al., 2013; Pierozan et al., 2010). In addition to mediating excitotoxicity, QUIN acts as an oxidative stress trigger, forming highly reactive complexes by chelating free Fe2+, not only significantly enhancing reactive oxygen species (ROS) and hydroxyl radical generation mediated by the Fenton reaction, but also triggering lipid peroxidation chain reactions (Hestad et al., 2022; Kubicova et al., 2015). Notably, the series of oxidative stress processes described above can either be exacerbated indirectly by the NMDAR-Ca2+ signaling pathway or independently triggered directly by the QUIN-Fe2+ complex.3-HK is a precursor of QUIN and an endogenous neurotoxin that exerts neurotoxic oxidation at nanomolar concentrations to produce ROS, superoxide radicals, and hydrogen peroxide, and induces copper-dependent oxidative protein damage, leading to neuronal degeneration and programmed death (Hughes et al., 2022). In addition to this, 3-HK synergistically enhances cytotoxicity mediated by QUIN activation of NMDA receptor formation (Colín-González et al., 2014). Both 3-HK and QUIN can induce inflammation and promote the secretion of central pro-inflammatory factors, and then IDO hyperactivation promotes the accelerated rate of TRP conversion, resulting in a dramatic increase in KYN levels; while downstream KMO is also overexpressed in the inflammatory environment, thus jointly promoting the neurotoxic branch of KP imbalance, and KP falls into a vicious cycle.
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FIGURE 1
 Tryptophan-kynurenine metabolic pathway. IDO, indoleamine 2,3-dioxygenase; TDO, tryptophan 2,3-dioxygenase; KATs, kynurenine aminotransferase; KMO, kynurenine-3-monooxygenase; 3-HAO, 3-hydroxyanthranilic acid 3,4-dioxygenase; ACMSD, α-amino-β-carboxymucoconate-ε-semialdehyde decarboxylase; QPRT, quinolinic acid phosphoribosyl transferase; NAD+, nicotinamide adenine dinucleotide.


In astrocytes and peripheral skeletal muscle cells, KYN is catalyzed by kynurenine aminotransferase (KAT) to generate kynurenine quinolinic acid (KYNA), and most of KYNA in the CNS is synthesized by KATII (Martin et al., 2020; Ramos-Chávez et al., 2018). In contrast to QUIN, KYNA is neuroprotective and can antagonize the neurotoxic effects of QUIN through a multi-target mechanism, and its effects form a dynamic balance with the pathological pathway of QUIN. KYNA is a non-selective NMDAR antagonist that also blocks excitatory neurotransmission of other iGluRs such as α-amino-3-hydroxy-5-methyl-4-isoxazolylpropionic acid (AMPARs), thereby counteracting QUIN-induced excitotoxicity (Mithaiwala et al., 2021). KYNA also acts as a negative allosteric modulator of α7nAChR receptors, reducing presynaptic Glu release and blocking the QUIN-induced vicious cycle of Ca2+ overload (Török et al., 2020; Vécsei et al., 2013). In addition to preventing QUIN-induced neuronal cytoskeletal damage (Pierozan et al., 2018), KYNA acts as an endogenous oxidant to scavenge ROS, reactive nitrogen species (Lugo-Huitrón et al., 2011), and enhances antioxidant enzyme activity to exert neuroprotective effects against QUIN neurotoxicity (Ferreira et al., 2018). However, although the neuroprotective effect of KYNA antagonizes the toxic effect of QUIN, KYNA requires up to three times the QUIN concentration to effectively neutralize its toxicity (Lovelace et al., 2016). In addition, IDO-1 in astrocytes is also overexpressed by inflammatory mediators; however, due to cell type specificity, this cell does not express KMO and cannot synthesize QUIN, which is converted to neuroprotective KYNA by highly expressed KAT; in contrast, microglia cannot synthesize KYNA due to deletion of KAT, but generate neurotoxic QUIN catalyzed by specifically expressed KMO, which presents a localized expression pattern in the CNS (Chen and Geng, 2023). In summary, KP produces KYNA or the cofactor nicotinamide adenine dinucleotide (NAD+) under physiological conditions, but KP shifts from QUIN/KYNA balance to over-expressing QUIN and other KP neurotoxic products under organismal inflammatory conditions (Pérez-De La Cruz et al., 2012).



3 KP and AD


3.1 KP abnormalities and AD

Studies have shown that immune dysfunction (Liu et al., 2023), Glu excitotoxicity (Wang and Reddy, 2017) and tau phosphorylation (Rawat et al., 2022) are closely related to the abnormal development of AD, while the immune system, glutamatergic system and protein kinase/phosphatase system involved in the above factors are cross-regulated through KP. KP, which is hyperactivated by pro-inflammatory factors, tends to neurotoxic branches to generate QUIN and 3-HK, among others, and plays an important role in the pathogenesis of AD through oxidative stress and/or inflammatory responses.

The academic community has long shown that KP is abnormally activated in the brain tissue of AD patients. Baran et al. reported that KYN and 3-HK contents were significantly decreased in the frontal cortex, caudate nucleus, putamen, hippocampus, and cerebellum, but significantly increased in the putamen and caudate nucleus in AD patients (Baran et al., 1999); Some scholars attribute the abnormal increase of KYNA content to the compensatory physiological response of the body and believe that it is the compensatory mechanism by which KYNA antagonizes QUIN-mediated excitotoxicity (González-Sánchez et al., 2020; Jacobs et al., 2019). Subsequently, numerous studies have shown that KP metabolites and enzymes are associated with AD. Guillemin et al. found that IDO was overexpressed and QUIN content was significantly increased in microglia, astrocytes, and neurons in the medial temporal lobe, frontal lobe, and cingulate cortex of the brain in AD patients by immunohistochemical techniques, with IDO and QUIN in microglia and astrocytes being most significantly expressed and diffusely distributed in the periphery of senile plaques; QUIN colocalized with hyperphosphorylated tau in cortical neurons and also existed evenly in NFT in the form of granular deposits (Guillemin et al., 2005) providing conclusive evidence for KP involvement in AD pathogenesis. However, the sample size of the above studies is small and needs to be further verified in combination with large-sample studies. Van der Velpen et al. used untargeted metabolomics and targeted quantification analysis to confirm that cerebrospinal fluid QUIN levels were elevated in AD patients, and microtubule-associated protein tau and threonine-181 phosphorylated tau (pTau-181) were significantly negatively correlated with cerebrospinal fluid QUIN content. B-Amyloid-42 (Aβ1-42) was significantly positively correlated with KYNA content in cerebrospinal fluid (van der Velpen et al., 2019). Bakker et al. found that plasma TRP and KYN contents were significantly negatively correlated with total tau and phosphorylated tau, cerebrospinal fluid TRP and KYN contents were significantly negatively correlated with phosphorylated tau, and cerebrospinal fluid KYN, KYNA, and KYN/TRP contents were significantly positively correlated with Aβ1-42 in AD patients using ELISA (Bakker et al., 2023). There is now evidence that Aβ1-42 induces IDO1 expression and enhances QUIN production, and significantly elevates pro-inflammatory cytokine responses, thereby upregulating IDO1, TDO2, and KMO expression (Guillemin et al., 2003; Pocivavsek et al., 2024). However, a large study reported that neuroprotective metabolites KYNA and Pic were increased in cerebrospinal fluid of AD patients and were also associated with slow progression of AD, while toxic metabolites 3-HK and QUIN were not significantly increased (Knapskog et al., 2023). The reasons for this finding may be methodological differences, or influenced by disease stage vs. population cohort characteristics. In addition, age as a factor associated with KP may also influence the study results, as controls were younger than AD patients in van der Velpen's study, which suggests that future studies need to strictly match age variables (Giil et al., 2017; Knapskog et al., 2023). It has also been demonstrated that patients with AD have decreased KYNA/QUIN ratio in cerebrospinal fluid and decreased XA/3-HK ratio in serum. Age was strongly associated with increased KYN, KYNA, and QUIN contents in serum and cerebrospinal fluid, and KYNA concentrations were significantly lower in AD patients than in age-matched controls. Serum KYN and QUIN levels are strongly positively correlated with corresponding levels in cerebrospinal fluid (Sorgdrager et al., 2019). This suggests that KP metabolite levels are altered in both the periphery and CNS of AD patients and are positively correlated with the severity of clinical symptoms, in good agreement with what has been reported in previous studies (Jacobs et al., 2019). In addition, there was a significant association between changes in peripheral levels of KP metabolites and cognitive dysfunction in AD patients. Gulaj et al. used HPLC to analyze plasma TRP and KP metabolites in AD patients and age-matched controls and confirmed that plasma TRP and KYNA levels and AA/KYN, KYNA/KYN, and 3-HK/KYN ratios were significantly decreased, and QUIN levels and KYN/TRP and QUIN/3-HK ratios were significantly increased in AD patients. Plasma TRP levels were positively correlated with instrumental activities of daily living (IADL) and physical activities of daily living scores (PADL) assessing self-care ability and independent living standards in individuals with cognitive impairment groups. AA levels were positively correlated with IADL scores. KYNA levels and KYNA/KYN ratio were positively correlated with Mini-Mental State Examination (MMSE) scores reflecting cognitive function in AD. QUIN levels were negatively correlated with clock drawing test (CDT) scores reflecting the severity of cognitive impairment in AD patients (Gulaj et al., 2010). Another study showed that age was significantly positively correlated with KYN, 3-HK, QUIN content and KYN/TRP ratio in plasma and significantly negatively correlated with XA content in AD patients. QUIN levels were significantly negatively correlated with Cambridge Cognitive Examination (CAMCOG) scores, which reflect the degree of dementia and assess the degree of cognitive impairment (Giil et al., 2017).

In summary, the levels of heavy KP metabolites in the peripheral and central nervous systems of AD change, and are closely related to the development of AD. However, research regarding KP abnormalities and aspects of AD remains problematic. (1) The results of some current studies on KP metabolite levels in AD are conflicting and lack sufficient experimental data to support them; small sample sizes in some studies and differences in detection methods between different studies may affect the generalizability of the results, (2) existing studies have not been able to determine whether KP imbalance is a causative factor or a secondary phenomenon in the development of AD. It is thought that KP imbalance may precede clinical symptoms (Knapskog et al., 2023), (3) there is also a lack of a strong explanation for the differences in KP metabolism that appear in different brain regions. In response to the above issues, further studies are still needed to elucidate the potential mechanism of action of KP in AD.



3.2 KP and AD treatment

The association between AD symptoms and levels of specific KP metabolites suggests that reversing KP imbalance would be beneficial in alleviating AD progression. One way to achieve this goal could be to exert a direct impact on KPs. KYNA has the limitation of low permeability through blood-brain barrier and insignificant administration effect. In animal models of AD, it has been shown that KYNA analogs or KYNA prodrugs are effective methods to prevent and/or delay AD progression. Majerova et al. used the KYNA analog kynurenoquinolinic acid N-(2-N, N-dimethylaminoethyl)−4-oxo-1 H-quinoline-2-carboxamide (KYNA-1), which has similar biological activity but is more brain permeable, to overcome BBB restriction and found that KYNA-1 reduced hyperphosphorylation of insoluble tau in the brain and plasma total tau and inhibited neuroinflammation to alleviate AD progression in SHR-24 transgenic rats when administered chronically (Majerova et al., 2022). Deora et al. developed multi-target KYNA series analogs 5b and 5c with structural modification of canine urinary quinolinic acid (KYNA) mother nucleus. In AD transgenic C. elegans strain GMC101, 5c administration significantly suppressed Aβ42 profibrotic levels and prevented Aβ42-induced cytotoxicity. 5b inhibited NMDAR and had moderate potency during DPPH radical scavenging. 5b and 5c are highly permeable in tests based on the blood-brain barrier (BBB) model of MDR1-MDCKII cells (Deora et al., 2017). It was shown that systemic administration of 4-chloro-KYN (KYNA analog), a prodrug of 7-chloro-KYNA (synthetic KYNA prodrug), protected rat hippocampus from QUIN-induced excitotoxicity (Wu et al., 2000). 3-HAA is an essential precursor for the synthesis of QUIN and has dual oxidative stress and antioxidant properties, which are associated with a variety of physiological and pathological processes. Studies have confirmed that transgenic C. elegans AD models expressing amyloid-β in body wall muscles effectively prevent Aβ toxicity after 3-HAA supplementation, and their efficacy is equivalent to direct knockdown of HAAO-1 (Hull et al., 2024).

IDO and TDO are responsible for regulating the rate of KYN production, and their activity determines the potential role of KP neurotoxic metabolites in neurodegenerative diseases, which are now confirmed as one of the key targets for AD drug therapy. Souza et al. showed that 1-MT treatment with IDO inhibitor decreased KYN content and KYN/TPR ratio in prefrontal cortex and hippocampus, and improved cognitive memory ability and non-cognitive dysfunction in Aβ1-42-induced AD model in mice. It is characterized by increased cognitive indices in novel object recognition experiments and opening and closing activity times in elevated plus maze as well as decreased immobility times in tail suspension experiments (Souza et al., 2016). Breda et al. showed that peripheral blood KYNA, 3-HK, XA, 3-HAA, and QUIN levels were lower in β-amyloid precursor protein (APP233) transgenic mice than in control wild-type mice with AD. After 6 weeks of oral administration of TDO inhibitor 680C91, peripheral blood KYN, QUIN, and PIA levels were significantly reduced, and memory recognition and spatial learning ability and anxiety-related behaviors were improved. It is characterized by a decrease in cognitive index in the novel object recognition test, a decrease in escape latency and second quadrant activity time in the Morris water maze; and an increase in open-arm activity time and a decrease in closed-arm activity time in the elevated plus maze (Breda et al., 2016). Minhas et al. showed that 4-week treatment with the IDO1 inhibitor PF068 (15 mg/kg) decreased KYN content in the hippocampus of APP/PS1, 5XFAD, and PS19 (P301S) tau transgenic mouse AD models, significantly reduced latency to reach the target hole in the Barnes maze test and significantly increased the identification index in the novel object recognition test. Aβ peptide accumulation in thioflavin S (ThioS) -positive dense core plaques and 6E10-positive diffuse plaques was significantly reduced in the hippocampus of the 5XFAD mouse model, and Thr231 phosphorylated tau in the soluble and insoluble tau fractions and Thr181 phosphorylated tau in the insoluble fraction of the hippocampus were significantly reduced in the PS19 mouse model (Minhas et al., 2024). It has also been shown that coptisine, an IDO-1 inhibitor, decreased IDO concentrations in serum and mRNA levels of IDO1, KYNU, KMO, and 3-HAAO in the hippocampus of AβPP/PS1 transgenic AD mouse models, and eliminated neuroinflammatory responses and neurotrophic defects in the hippocampus (Yu et al., 2015). KMO is a key enzyme in the toxic branch of KP and is not only directly involved in the synthesis of 3-HK, but also plays a central role in the formation and function of downstream metabolites 3-HAA and QUIN (Hughes et al., 2022). Zwilling et al. showed that KYNA levels in the brain of β-amyloid precursor protein (APP) transgenic mouse AD model were lower than those in littermate controls, and after long-term oral administration of JM6 (weak KMO inhibitor), KYNA levels in brain tissue and peripheral blood were significantly increased, and extracellular Glu in neurons in the brain was continuously reduced and synaptic loss in the hippocampus and cortex was prevented, and spatial memory deficits in the Morris water maze test and anxiety-like behavior in the elevated plus maze were improved, as shown by increased activity time in the platform quadrant and closed/open arm activity time ratio, respectively (Zwilling et al., 2011).

In summary, targeting the KP major enzyme system to regulate KP homeostasis could provide new therapeutic directions for AD. Modulators of the major KP enzymes, such as agonists or antagonists, and analogs and precursors of their major neuroprotective metabolites can be potential therapeutic targets for AD and one of the strategies to achieve effective neuroprotection in AD. However, current evidence supporting these strategies stems almost exclusively from animal model studies and no relevant human clinical studies have been identified. In addition, targeted regulation of the KP system is highly complex, and some KP metabolites play different mechanistic roles according to concentration gradient and microenvironment specificity (such as the dual characteristics of 3-HAA), so supplementation of KP metabolite analogs may trigger unpredictable pathway compensation; while long-term intervention against specific KP enzymes will likely lead to disturbance of the degradation cascade downstream of KP and affect the production of downstream products resulting in impaired KP function, and comprehensive studies are needed to evaluate the strategy of KP enzyme inhibitors and agonists and KP metabolite analogs to target KP for the treatment of AD in the future.




4 Exercise for AD prevention and treatment

Exercise, as a highly socially acceptable, low-cost, and low-risk non-pharmacologic intervention, has been shown to improve overall health and has a specific positive impact on brain health and is considered an effective strategy to prevent cognitive decline and reduce the risk of cognitive impairment and dementia (Brasure et al., 2018; Tao et al., 2023). Epidemiological studies have demonstrated that physical exercise is associated with a reduced risk of cognitive impairment and with behavior-related improvements in patients with neurodegenerative diseases (Marques-Aleixo et al., 2012). Lack of physical activity is generally considered a predisposing factor for AD, and overall physical activity in middle age or later life is associated with a reduced risk of AD in later life, while higher levels of exercise are associated with a lower incidence of AD (Friedland et al., 2001; Iso-Markku et al., 2022). In addition, clinical studies have confirmed that different types of exercise (aerobic exercise, resistance exercise, physical and mental exercise) can actively promote AD rehabilitation through a variety of ways, improve their physical and cognitive function in multiple dimensions, and effectively control and delay AD disease progression (Andrade-Guerrero et al., 2023; De la Rosa et al., 2020).


4.1 Aerobic exercise and AD exercise prevention and treatment

Among various types of exercise programs, aerobic exercise is considered the most potential and cost-effective intervention (Lee et al., 2023). Aerobic exercise such as outdoor aerobic walking (Venturelli et al., 2011), power cycling (Yu et al., 2021), and treadmill training (Vidoni et al., 2019) are widely used as adjuncts to AD drug therapy and have been shown to have direct beneficial effects in improving cognitive function, motor function, and quality of life in AD patients. Aerobic pedal rehabilitation training, based on the fixation device ReckMOTOmed, improves multidimensional cognitive function (including executive control, verbal fluency, response speed, and attention allocation) in AD patients and greatly relieves stress on care in AD patients; follow-up studies have shown that its improvement remains sustained for at least 3 months after termination of the intervention (Holthoff et al., 2015). Comparative studies have found that different aerobic exercise training modes enhance aerobic fitness and physical performance in AD patients, with intermittent aerobic training (IAT) also significantly improving self-care ability in AD patients (Enette et al., 2020). It has also been shown that even a single acute work rate cycling training session significantly improves cognitive dysfunction in patients with moderate AD, and this improvement is enhanced when combined with cognitive play (Ben Ayed et al., 2021). Subsequent studies have shown that there is also no significant gender difference in the benefit of a single acute aerobic exercise in AD patients (Ben Ayed et al., 2024) (as shown in Table 1).

TABLE 1  Research on the relationship between aerobic exercise and AD prevention and treatment.


	Authors
	Sample size
	Age
	Experimental group
	Control group
	Main result





	(Venturelli et al. 2011)
	Walking program (11) Control (10))
	83 ± 6
	Aerobic walking: Walking with hands outside accompanied by nursing staff. 30 min/time, once a day, 4 times a week, 6 months.
	Control group: Bingo games, spelling sewing and music therapy were performed every day. 30 min/time, once a day, 6 months.
	Six-minute walk test (6 MW) total distance and activities of daily living (ADLs) activities of daily living index (BI) were significantly increased.

 
	(Yu et al. 2021)
	Power cycling group (64) Stretching control group (32)
	66–85
	Power cycling: intensity of 50–75% heart rate reserve (HRR) or subjective fatigue perception assessment scale (Borg RPE) 9–15. The initial phase starts with 50–55% HRR or RPE9-11and increases by 5 min or 5% HRR weekly until the target of 70–75% HRR (RPE12–14) and 50 min is reached. 30–50min/time, warm-up and relaxation for 5 min each,4 times/week, lasting for 6 months.
	Control group: Sitting exercise and static stretching exercise were performed. Less intense than HRR < 20% or Borg RPE 9. The number of repetitions and duration of each stretch gradually increased and the duration was the same as in the power cycling group.
	Alzheimer's Disease Assessment Scale-Cognitive Subscale (ADAS-Cog) scores were significantly reduced.

 
	(Vidoni et al. 2019)
	Treadmill group (33) Stretch conditioning control group (32)
	>55
	Treadmill: 40–55% HRR in target heart rate interval (THR) for first 4 weeks; 50–65% HRR for weeks 5–18; 60–75% HRR for last 8 weeks. Incremental slope and speed warm-up for 5 minutes, decreasing slope and speed for 5 minutes at the end. Exercise was performed 60 min per week from week 1 and increased approximately 21 min per week to reach a target of 150 min per week after 3–5 training sessions. 30–50 min/time, 60–150 min/week for 26 weeks.
	Control group: A series of weekly rotations of non-aerobic exercise (core intensive training, elastic belt, modified Tai Chi, modified yoga) were performed after a 5-min hot walk on the runway. Participants wore a heart rate monitor and required a THR of less than 100 bpm.
	Dementia Disability Assessment Scale (DAD) and IADL scores were significantly elevated.

 
	(Holthoff et al. 2015)
	PA Intervention (13) Control (14)
	≧55
	PA Intervention: ReckMOTOmed lower limb rehabilitation training machine was used. Exercise trainer resistance level set to 2–4. 30 min/time, 1 time/day, 3 times/week for 12 weeks.
	Control group: received only usual care.
	Semantic and phonemic word fluency measured in Alzheimer's Disease Registry Consortium Test (CERAD) and Letter Fluency Test (FAS) increased significantly, and ruler dropping test predicted significantly less time; ADL total score and NPI total score remained stable during the study and follow-up periods.

 
	(Enette et al. 2020)
	CAT (14) IAT (17) Control (21)
	68–82
	CAT: Cycling was performed with intensity set according to incremental maximal exercise test (IMET) results (70% HRmax for achievers and 50% MTP for non-achievers) and dynamic incremental loading of 5–10 W according to heart rate reduction of 5–10 beats per minute or RPE reduction of 1 grade (Borg 6–20). IAT: 6 × 1min high-intensity cycling exercise (PEAK: 80% HRmax or MTP-10W) + 4 min recovery (BASE: 60% HRmax), increasing 5–10W according to heart rate decreased 5–10 beats/min or RPE decreased 1 grade (Borg 6–20), and heart rate at 28th/30 min was used as the regulation benchmark throughout the training. 30 min/time, twice a week for 9 weeks.
	Control group: not participating in any exercise training program. Weekly meetings and questionnaire activities were held for a total of 9 meetings of 30 min each.
	After CAT and IAT interventions, 6 MW walking distance and IMET maximum task metabolic equivalent (MET) increased; CAT also increased Alzheimer's Disease Quality of Life Scale (QoL-AD) score.

 
	(Ben Ayed et al. 2021)
	EG (27) CEG (26) CG (26)
	69.62 ± 0.99
	EG: Performed a 20-min ergometer bicycle exercise at an intensity equivalent to 60% of the maximum heart rate at the end of the 6 MWT test. Warm up for 5 min and relax for 5–10 min. CEG: Performing a 20-min power cycling exercise while completing a simple computer cognitive game. Warm up for 5 min and relax for 5–10 min.
	CG group: perform 20 min reading task
	The Stroop test interference score and the completion time of Hanoi tower task were significantly reduced, and the correct rate of memory span forward and backward test was significantly increased.






In conclusion, aerobic exercise, as a mainstream intervention for cognitive rehabilitation, shows immediate benefits in symptom management in AD patients and is regarded as one of the potential non-pharmacological intervention strategies. However, large-scale randomized controlled trials with long-term follow-up are needed to confirm the current findings, and the optimal intensity-frequency combinations and optimal implementation protocols for different training modalities (e.g., continuous training vs. intermittent training) remain to be further explored and evaluated.



4.2 Resistance training and AD exercise prevention and treatment

Resistance training is a periodic form of physical exercise that induces neuromuscular adaptive changes by gradually overload of skeletal muscle using external weights and is considered an important intervention to improve most motor performance (Sepúlveda-Lara et al., 2024). It has been suggested that diminished muscle strength may be an early indicator or contributory factor in the development of Alzheimer's disease (Buchman et al., 2007). Lower muscle strength is associated with an increased risk of cognitive impairment, including AD (Boyle et al., 2009). Whereas, for every unit increase in muscle strength, the prevalence of AD decreases by 43% at the beginning of cognitive impairment (Li et al., 2024).

Resistance training has been shown to positively impact agility, lower limb strength, balance, and flexibility in AD (Garuffi et al., 2013). Papatsimpas et al. demonstrated that resistance training was effective in slowing global cognitive function, executive function, and working memory decline and improving instrumental daily activity in patients with mild AD; the effect was more significant if combined with aerobic exercise (Papatsimpas et al., 2023). Xiao et al. showed that isokinetic muscle strength training can not only significantly promote the recovery of cognitive function and activities of daily living in AD patients, but also significantly improve motor function and balance function, and advocated that isokinetic muscle strength training should be used as an adjuvant therapy for the treatment of AD patients (Xiao et al., 2017). Chang et al. showed that resistance training targeting the trunk and lower limbs resulted in significant improvements in depression, muscle mass, and muscle function in patients with mild AD-sarcopenia comorbidity (Chang et al., 2020). Resistance training of the upper and lower extremities based on elastic bands has also been shown to significantly improve muscle strength and endurance, cardiopulmonary function, and gait speed in patients with mild AD, and resistance training is considered an effective rehabilitation program for patients with AD (Ahn and Kim, 2015). Other studies have also shown that resistance training does not significantly improve cognitive function in AD patients. The reason for the lack of expected results may be that the low-volume, low-intensity exercise program adopted under the principle of safety first failed to fully activate the neural adaptive mechanism (Vital et al., 2012). Based on the multifaceted improvement of AD patients by resistance training with different intensity and cycle parameters mentioned above (including cognitive function, motor function, muscle strength, functional flexibility, and quality of life), it should be considered as an important component of AD public health promotion programs (as shown in Table 2).

TABLE 2  Research on the relationship between Resistance training and AD prevention and treatment.


	Authors
	Sample size
	Age
	Experiment group
	Control group
	Main result





	(Garuffi et al. 2013)
	Resistance training (TG) group (17) Social gathering group (SGG) (17)
	78.2 ± 7.3
	TG: Training consisted of 5 device exercises (chest clipper, high pulldown, leg lift, triceps pulley press, and barbell bending) for major muscle groups; initial load was determined by two sets of 20 + exhaustive tests (more than 22 with dosing increases and retesting every 15 days), with an adaptation period for the first 5 weeks. Each training session was warmed up with low load and completed 3 sets × 20 times with 85% maximal load (2 min rest between groups) without stretching throughout. 60 min/time, 3 times/week, non-continuously for 16 weeks.
	SGG: Conducted in a quiet environment, activities include painting, writing, reading, group activities and relaxation training, and occasionally walking (non-regular) in track and field. 60 min/time, 3 times/week, non-continuously for 16 weeks.
	Basic activities of daily living (Basic ADLs, BADLs) and IDAL scores significantly increased.

 
	(Papatsimpas et al. 2023)
	Aerobic and Resistance Exercise (57) Resistance Exercise (57) Control (57)
	≧65
	Aerobic exercise and resistance exercise: perform moderate intensity step (64–76% HRmax, 30 min/time, 5 times/week, for 12 weeks), with resistance training, the movement covers the main muscle groups such as biceps bending, shoulder flexion and extension, hip and knee extension (50–69% 1-RM, 10 movements × 2 groups × 12 times, interval between groups 1–3 min, 30–45 times/min, 5 times/week, for 12 weeks, including 1 home, 2 supervision in the rehabilitation center). Resistance exercise: Performed the same resistance training as the upper group.
	Keep your daily activities away from any exercise program.
	The Andenbrook Cognitive Examination (ACE-R), Digit Span Forward Backward Test (DST F-B), and IDAL scores significantly increased, and the Trail Making Test A-B (TMT A-B) took significantly less time.

 
	(Xiao et al. 2017)
	Conventional therapy combined with isokinetic muscle strength training group (20) Conventional therapy group (20)
	69–78
	On the basis of routine clinical treatment (the same as routine treatment group), isokinetic muscle strength rehabilitation training was performed. Isokinetic muscle strength training was performed on the quadriceps femoris and hamstrings of the lower limbs using the Kinitech isokinetic system using an alternate day training method. According to the patient's condition, select 60-150°/s angular velocity (such as 60/90/120 or 90/120/150 combination), repeat each group for 10 times, rest for 20 seconds between groups, rest for 2 minutes between cycles, and complete 2–4 cycles daily (it is appropriate to induce moderate fatigue on the day and no fatigue on the next day). Each muscle group was trained once a day, 3 times/week for 8 weeks.
	Routine treatment was oral donepezil hydrochloride 5 mg/day, and symptomatic treatment such as antiplatelet, lipid-lowering, antihypertensive, or hypoglycemic therapy was given as appropriate.
	CAMCOG, Berg balance test scores, and functional extension test distance significantly increased, and timed up-and-go test (TUG) time significantly decreased.

 
	(Chang et al. 2020)
	Exercise (20) Control (20)
	79 ± 5.1
	Resistance training: Including 10-min warm-up, 40-min Theraband elastic band resistance exercise (intensity set at the patient's self-perceived “moderate exertion” level) and relaxation links, focusing on strengthening the trunk and limb core muscle groups. 50 min/time, 3 times/week, non-continuous day training for 12 weeks. Control group: no training.
	Control group: no training.
	Hamilton Depression Rating Scale (HDRS) and Beck Depression Inventory (BDI) scores were significantly reduced, and isometric maximum voluntary contraction (N/kg), grip strength, and gait speed were significantly increased in shoulder abduction, hip and elbow flexion, and knee extension.

 
	(Ahn and Kim 2015)
	Experimental group (23)
	74.21 ± 6.09
	Resistance training: consisted of 10 min warm-up, 10 min relaxation, and 40 min progressive upper and lower limb resistance exercises based on Theraband elastic bands. Upper limb training included seven movements: sitting rowing, overhead pushing, biceps bending, shoulder forward flexion 90 degrees, PNF D2 flexion mode, elbow flexion training, and back shoulder archery pulling, with 10 times × 3 groups of lower limb training including seven movements: hip flexion and extension, heel lift training, device leg lifting, hip adduction in standing knee extension, hip abduction with external rotation in standing position, and ankle plantar flexion in long sitting position, using the same 10 times × 3 group mode. 60 min/time, once a day, 3 times a week for 5 months.
	Pre-and post-control within group
	The number of chair squats, left and right one-legged standing time (UST), total steps in the 2-min walking test, and gait speed in the 8-m walking test were significantly increased.








4.3 Physical and mental exercise for AD prevention and treatment

Physical and mental exercise is a non-pharmacological adjunctive strategy to improve symptoms in AD patients. Traditional Chinese physical and mental exercises such as Tai Chi and Baduanjin Qigong are mostly based on Traditional Chinese Medicine (TCM) theory, combined with respiratory control, stretching and relaxation of skeletal muscles and concentration of mental ideation, which aim to enhance strength, flexibility, balance and proprioception, while increasing attention to reduce anxiety and stress, and have a positive effect on improving cognitive impairment, physical function and quality of life in AD patients (Jiang et al., 2022). Yao et al. found that Tai Chi significantly improved functional activity performance associated with fall risk and effectively reduced fall risk in AD patients (Yao et al., 2013). Li et al. showed that Tai Chi exercise combined with Naoling decoction improved cognitive function and anxiety status and quality of life in AD patients (Liu et al., 2013). It has also been confirmed that Tai Chi combined with traditional Chinese art calligraphy and painting exercises that have a stabilizing physical and mental effect can significantly improve cognitive function and quality of life in AD patients (Tai et al., 2016). In addition, Baduanjin Qigong has been shown to positively improve cognitive function and activities of daily living in patients with mild-to-moderate AD (Wei et al., 2024). In recent years, dance and yoga have also been used in the rehabilitation of AD patients and have been shown to show positive benefits in improving cognitive function, neuromental status, balance ability, functional flexibility, and lower limb strength in AD patients (Tao et al., 2023). Chiesi et al. showed that Biodanza intervention significantly improved neuropsychiatric symptoms in AD patients and relieved aggressive behavior and verbal agitation symptoms in agitated states, with a positive promoting effect on mental health status (Chiesi et al., 2021). Salsa dance has also demonstrated significant improvements in range of motion, strength, balance, functional flexibility, gait distance, and speed in AD (Abreu and Hartley, 2013). In addition, yoga significantly improves cognitive function and quality of life in AD patients, while effectively relieving depressive symptoms and enhancing their social engagement. This therapy not only has a positive impact on mental health and overall quality of life in AD patients, but also significantly reduces caregiver stress (Kaushik et al., 2025) (as shown in Table 3).

TABLE 3  Research on the relationship between physical and mental exercise and AD prevention and treatment.


	Authors
	Sample size
	Age
	Experiment group
	Control group
	Main result





	(Yao et al. 2013)
	Tai Chi (22)
	80.6 ± 6.2
	Tai Chi: In the first stage, simplified Yang Tai Chi course training was performed, 60 min/time, twice a week, with an interval of 1 to 3 working days between each class, for 2 weeks; in the second stage, home Tai Chi exercise was performed with the assistance of nursing staff, 20 min/time, three times a week, for 12 weeks.
	Pre-and post-control within group
	TUG and UST time increased

 
	(Liu et al. 2013)
	Naoling decoction combined with Tai Chi (32) conventional treatment group (30)
	52.5 ± 10.8
	The treatment group was additionally treated with Naoling Decoction on the basis of conventional treatment; 1 dose per day, decoction, divided into 2 doses, if necessary, can be added or subtracted with the disease; at the same time, Yang's simplified Tai Chi 24-style exercise, 5 times/week, for 3 months.
	The control group was treated with conventional methods, oral piracetam tablets, 400 mg, 3 times/day; oral nimodipine, the initial dose of 20 mg, 3 times/day, 3 days later without adverse reactions gradually increased to 40 mg, 3 times/day, and conventional rehabilitation training such as memory thinking training and self-care ability training.
	MMSE and ADL scores were significantly increased, and Hamilton Anxiety Rating Scale (HAM-A) scores were significantly decreased.

 
	(Tai et al. 2016)
	Intervention (14) Control (10)
	>65
	24 style Yang Tai Chi 1 h, calligraphy 1 h, painting 1 h. 3 h/time, twice a week for 6 weeks.
	Maintain daily activities. Participants in the control group performed non-health-related social activities such as playing cards and singing during the same time period.
	Increased scores on the Cognitive Performance Screening Instrument (ACASI) Orientation Subscale and the World Health Organization Quality of Life-BREF (WHOQOL-BREF) Psychiatry Sub item.

 
	(Wei et al. 2024)
	Baduanjin (48) control group (50)
	73.09 ± 7.18
	Baduanjin: A structured Baduanjin intervention was implemented on the basis of the control group, including a complete 10 style such as preparatory type and two hands supporting Tianli Triple Jiao, which was performed during 14:30-−18:30 every day, 30 min/time, 7 times/week, for 4 weeks, and patients were provided with Baduanjin teaching videos at discharge, and family members were followed up by WeChat/telephone to supervise home training to ensure the continuity of the intervention.
	Control group: 4 weeks of routine care, including diet care, safety protection, sleep care, psychological care.
	MMSE, AD Collaborative Study Daily Performance Scale(ADCS-ADL)and QOL-AD were significantly increased.

 
	(Chiesi et al. 2021)
	Biodanza (16)
	80.2 ± 7.5
	Biodanza: It is divided into two stages, the first stage (2 h/time, once a week for 3 months) and the second stage (1 h/time, once a week) courses are performed with the assistance of specialists. Appropriate music types and movements were also selected according to the patient's physical and mental status.
	Pre-and post-control within group
	Neuropsychiatric Inventory—Nursing Home Version (NPI-NH) and Cohen-Mansfield Agitation Inventory (CMAI) scores for aggression and verbal agitation were significantly reduced.

 
	(Kaushik et al. 2025)
	Yoga (30)
	66.4 ± 3.8
	Yoga: 60 min/session, 6 sessions/week for 12 weeks. Including 10 min of bay Japanese, 5–7 min of deep muscle relaxation, 15 min of asana (supine, prone, sitting, and standing positions), 15 min of pranayama, and the last 5–10 min of meditation ended.
	Pre-and post-control within group
	GDS scores decreased significantly and MoCA overall scores increased significantly.






In summary, various types of exercise therapy have potential clinical benefits in the overall management of AD. Although there is no consensus on improving the optimal type and intensity of exercise in AD patients to date, it has been comprehensively documented that regular moderate-intensity exercise or combined exercise (e.g., aerobic exercise plus resistance training), and maintaining a high frequency (e.g., >30 min per day, ≥2 days per week for ≥4 weeks), can bring significant clinical benefits to delay the progression of AD. Key implementation principles include the development and implementation of personalized exercise prescriptions under the guidance of professionals, whose content, intensity, and supervision level need to be adjusted in a timely manner according to individual health status and needs, especially considering the staging characteristics of AD, and early patients are recommended to pursue the benefits of maximizing cognitive and physiological function improvement and delaying decline using moderate-intensity exercise (e.g., brisk walking, power cycling) or combined training (e.g., aerobic resistance + resistance) under the premise of assessing good tolerability. For patients in the middle and advanced stages, in view of their significant cognitive and motor dysfunction, it is necessary to give priority to ensuring safety and compliance. Physical and mental movements (such as yoga, tai chi, qigong) emphasize physical and mental integration, and have low fall risk characteristics and adaptability to residual executive function, which can be used as a core intervention for the management of behavioral psychiatric symptoms (BPSD) and maintenance of ADL in patients with advanced AD. Exercise protocols must also be developed to integrate patients' current physical condition exercise type preferences, and previous medication use to ensure compliance and long-term sustainability. Although the current AD exercise intervention strategy has certain applicability, there are few randomized controlled studies on the effect of different types of exercise on improving the symptoms of AD patients, and it is necessary to compare the improvement effect of different types of exercise on the symptoms of AD patients through a larger sample size. This requires that future studies should focus on the following: (1) consider combined exercise and focus on optimizing the dose, and investigate whether specific characteristics of AD patients are associated with different types of exercise; (2) clinical intervention programs for AD patients need to fully consider specific factors such as gender, disease severity, specific drug use, and intervention cycles to effectively control heterogeneous factors and make clinical exercise intervention programs objective, scientific, and effective for AD patients; (3) evidence-based recommendations on which exercise is most suitable for an individual and the optimal length and intensity of intervention required to produce clinically relevant positive effects remain lacking, and it is necessary to systematically determine the most effective treatment for specific signs and symptoms from all available exercise types and provide individual evidence-based recommendations for AD patients.




5 Exercise and KP

A large number of studies have reported that exercise activates peripheral KP, and both acute (single) exercise and long-term (multi-week structured training) exercise significantly alter peripheral KP-related metabolite levels. Acute exercise such as full marathon (Lewis et al., 2010) resulted in a significant decrease in plasma TRP and a significant increase in KYN; plasma KYN was effectively converted to KYNA after cross-country running (Puigarnau et al., 2022), super marathon (Mieszkowski et al., 2022), and 150 km bicycle timer (Schlittler et al., 2016), as shown by an increase in KYNA/KYN ratio. Chronic exercise, on the other hand, similarly activates peripheral KPs, thereby increasing the propensity of KP metabolites to KYNA branching, possibly due to elevated expression levels and activity of KATs. Chronic exercise such as 72 weeks of diving training and swimming training decreased TRP content and increased KYNA content in peripheral blood (Sánchez Chapul et al., 2022). Studies have shown that the results of acute and chronic exercise on peripheral KP metabolites in clinically ill people are consistent with those in healthy people. Mudry et al. showed that a significant increase in serum KYNA concentration, a significant decrease in KYN concentration, and a significant decrease in serum TRP concentration at 3 h after recovery were observed in male patients with type 2 diabetes after performing acute aerobic exercise and a significant increase in the [KYNA] 1,000/[KYN] ratio (Mudry et al., 2016). Herrstedt et al. showed that 12 weeks of aerobic exercise and systemic resistance exercise decreased serum 3-HK concentrations in patients with gastroesophageal junction adenocarcinoma; a trend toward increased serum KYNA concentrations was found after 60 min of a single exercise (Herrstedt et al., 2019). However, not all studies have shown positive benefits of exercise for KP. Hennings et al. showed that 1 week of physical activity only significantly reduced KYN content in patients with major depression, while KP metabolites did not change significantly in the serum of patients with somatoform syndrome (Hennings et al., 2013). The emergence of such differential results suggests that the effect of exercise on KP may depend on the mode, intensity, duration of exercise, and the specific disease context of the subject, and future studies are needed to further dissect these variables. The effects of exercise on peripheral KP-related metabolic enzyme activity and expression levels have been reported in healthy organisms and different disease states. Wyckelsma et al. showed that 3-week sprint interval training increased KATIII expression levels in skeletal muscle by about 50% in healthy older men compared with controls (Wyckelsma et al., 2021). Allison et al. showed that 12 weeks of combined (systemic resistance + high-intensity interval training) exercise (significantly up-regulated KAT I–KAT IV expression levels in skeletal muscle of healthy elderly men (Allison et al., 2019). Pal et al. showed that 72 weeks of device-based progressive resistance could indirectly decrease the KYN/TRP ratio, an indicator of IDO/TDO enzyme activity, in peripheral serum of pancreatic cancer patients (Pal et al., 2021) (as shown in Table 4). These findings together suggest that different types of long-term exercise can significantly up-regulate KATs expression levels in skeletal muscle of healthy people or decrease IDO/TDO activity indicators in the periphery of diseased people, skewing KP-prone neuroprotective branches.

TABLE 4  The effect of exercise on peripheral KP enzymes and metabolites.


	Authors
	Sample size
	Exercise training
	Main result
	Tissue type





	
	
	
	Within analysis
	Within analysis
	Between analysis
	

 
	(Lewis et al. 2010)
	Full Marathon (25)
	Marathon: 26.2 miles, average time 247 ± 46 min.
	Marathon: TRP↓ KYN↑ QUIN↑ AA↑
	/
	/
	Plasma

 
	(Puigarnau et al. 2022)
	Trail running(33)
	Trail running: 21 kilometers in total, with a cumulative uphill gradient of 1,400 m.
	trail running: KYN↑ KYNA↑
	/
	/
	Plasma

 
	(Mieszkowski et al. 2022)
	Vitamin D supplementation + ultra-marathon (S) (16) Placebo + ultra-marathon (C) (19)
	S: The supplement group took a single dose of vitamin D3 (150,000 IU) 24 hours before the ultra-marathon race. C: The control group took a placebo before the ultra-marathon race.
	S: TRP↓ KYN↑ 3-HK↑ KYNA↔ QUIN↔ PA↔ XA↔ KYNA/KYN↔
	C: TRP↓ KYN↑ KYNA↑ QUIN↑ 3-HK↑ PA↑ XA↑ KYNA/KYN↑
	S vs. C: TRP↓ KYNA↓ XA↓ QA↓ PA↓ KYNA/KYN↓
	Plasma

 
	(Schlittler et al. 2016)
	150 km cycling(9) Half marathon (11)
	Road cycling: Amateur athletes complete the race (distance: 150 km) Half marathon: Mountain route (distance not specified)
	150 km cycling: KYNA↑ QUIN↑ QUIN/KYNA↓
	half-marathon: KYNA↑
	150km cycling vs. half-marathon: KAT1 mRNA↑ KAT2 mRNA↑ KAT3 mRNA↑ KAT4 mRNA↑ KAT1↑ KAT3↑ KAT4↑
	Plasma Muscle

 
	(Sánchez Chapul et al. 2022)
	Diving group (Divers) (20) Swimming rescue group (SHRS) (14) Control group (Controls) (12)
	Divers: Underwater training: 3 pool dives per week (1–5 m deep, 2 h per session) + 3–4 deep-sea dives per week (60 m deep, 1.5 h per session), using compressed air (21% O2, 79% N2). Land Training (same as swimming group): 2 sessions per week, 20 min per session, heart rate intensity 60–80% of maximum, including strength training (push-ups, squats, etc.) and endurance training (sprinting, dragging weights). SHRS: Water training: Timed swimming (800 meters in 14 min, 1,500 m in 28 min, 2000 m in 42 min with equipment) + body-dragging training (800 m in 28 min) + 3 sessions per week of 25-m breath-holding training. Land training: Same as the diver group. Controls: Sedentary healthy males not participating in any exercise program, serving as a baseline reference.
	Divers: 3-HK↑
	SHRS: TRP↓ 3-HK/TRP↑
	Divers vs. Controls: TRP↓ 3-HK↓ SHRS vs. Controls: KYN↓ KYNA↑ HK↑ KYNA/TRP↑ 3-HK/TRP↑
	Plasma

 
	(Mudry et al. 2016)
	Type 2 diabetes group (T2D) + power cycling exercise (27) Normal glucose tolerance group (NGT) (26)
	T2D: Participate in acute power cycling exercise. Warm-up: 5 min, initial load set at 50% of power output when respiratory exchange ratio (RER) = 1.0 during individual maximal oxygen uptake test. Main exercise: 30 min of continuous cycling, load adjusted to maintain 85% of maximal heart rate. NGT: Same as T2D
	T2D: TRP↓ KYN↓ KYNA↑ [KYNA] * 1000/[KYN]↑
	NGT: TRP↓ KYN↓ KYNA↑ [KYNA] * 1,000/[KYN]↑
	T2D vs. NGT:s TRP↔ KYN↔ KYNA↔
	Plasma

 
	(Herrstedt et al. 2019)
	Patients with adenocarcinoma of the gastroesophageal junction (GEJ) + aerobic interval training and resistance training (EX) (18) GEJ cancer patients (CON) (25)
	EX: Aerobic interval training (stationary bike) + resistance training (chest press, leg press, lateral pull, knee extension). Frequency: 2 times per week for 12 weeks. Single session duration: 30–45 min of aerobic exercise + resistance training (total duration approximately 60 min). Intensity: Aerobic: Load set based on initial Wattmax test (high-intensity interval). Resistance: Load set based on 1RM test (4 exercises, major muscle groups). Advanced: Adjust load after mid-term assessment (ensure progressive overload).
	GEJ+EX: TRP↓ AA↑
	CON: TRP↓ AA↑ 3-HK↑ QUIN↑ 3-HK/KYN↑
	GEJ+EX vs. CON: TRP↔ KYN↔ KYNA↔ 3-HK↓ QUIN↓ HK/KYN↓ KMO↓
	Plasma Muscle

 
	
	
	CON: Standard care: Routine follow-up, allow participation in community exercise (no structured intervention).
	
	
	

 
	(Hennings et al. 2013)
	Major depressive disorder (MDD) + EX (38) Somatoform disorder (SSI-8) + EX (27) Healthy controls + EX (58)
	EX: Active Week; Home-based independent training. Perform moderate-intensity endurance training (such as brisk walking or jogging) and stretching exercises (focusing on the back, abdomen, and thigh muscle groups). 30 min per day, for 7 consecutive days.
	MDD+EX: TRP↔ KYN↔ 5-hydroxyindole acetic acid(5-HIAA)↔
	SSI-8+EX: TRP↔ KYN↔ 5-HIAA↔
	MDD+EX vs. SSI-8+EX TRP↔ KYN↔ 5-HIAA↔
	Plasma

 
	(Wyckelsma et al. 2021)
	Antioxidant group (Vitamin-treated) + EX (11) Placebo group (Placebo) + EX (9)
	Vitamin-treated: Daily supplementation with vitamin C (1 g) + vitamin E (235 mg) EX: Sprint interval training. Intensity: Full-power cycling. Single training structure: After warm-up, 4–6 sets × 30 s of full-power cycling (Wingate test), with 4 min of rest between sets, 3 times a week for 3 weeks (9 training sessions in total). Placebo: Placebo administration.
	Vitamin-treated+EX: TRP↔ KYN↔ KYNA↔ QUIN↔ 3-HK↔ PIC↔ KYN/TRP↔ KYNA/QUIN↔ KAT III↔s KAT I↔ KAT IV↔ TDO2↔
	Placebo+EX: TRP↔ KYN↔ KYNA↔ QUIN↓ 3-HK↔ PIC↔ KYN/TRP↔ KYNA/QUIN↑ KAT III↑ KAT I↔ KAT IV↔ TDO2↔
	Vitamin-treated+EX vs. Placebo+EX: QUIN↑ KYNA/QUIN↓ KAT III↓
	Plasma Muscle

 
	(Allison et al. 2019)
	Healthy, non-depressed elderly men + EX(25)
	EX: Perform resistance training and high-intensity interval training (HIIT) 3 times per week (2 resistance training sessions + 1 HIIT session), for 12 weeks. Resistance training: 2 times per week, warm-up (5 min of cycling followed by 3 sets of 4 exercises (leg press, bench press, etc.), intensity: 65%−80% of 1RM. HIIT: 1 time per week, warm-up for 3 min followed by 10 sets of 60 s (90% of maximum heart rate, ≥90 rpm), with 5 min of cool-down between sets.
	Healthy, non-depressed elderly men + EX: KYN↓ KYNA↑ QUIN↓ QUIN/KYNA↓ KAT1↑ KAT2↑ KAT3↑ KAT4↑
	/
	/
	Plasma Muscle

 
	(Pal et al. 2021)
	Supervised training group (7) Home-based training group (14) Control group (11)
	Supervised: Resistance training with equipment, moderate to high intensity (60–80% 1-RM), twice a week, supervised by a therapist, for 6 months. Home-based: Home-based bodyweight/resistance band training (Borg scale 14–16 points, moderate intensity), twice a week, for 6 months.
	Supervised: KYN↔ TRP↔ KYN/TRP↓
	Home-based: KYN↑ TRP↔ KYN/TRP↑ Control: KYN↔ TRP↔ KYN/TRP↔
	Supervised vs. Control: KYN↔ TRP↔ KYN/TRP↔ Home-based vs. Control: KYN↑ TRP↔ KYN/TRP↑
	Plasma





↑ Significant increase (p ≤ 0.05).

↓ Significant decrease (p ≥ 0.05).

↔ No significant change.

/ No relevant data.




Reports on the effects of exercise on KP in the central nervous system have focused on rodent models. Souza et al. showed that 8-week swimming training effectively prevented cognitive and non-cognitive dysfunction and significantly decreased IDO activity, KYN and TRP content, and KYN/TRP ratio in prefrontal cortex and hippocampus of AD model mice (Souza et al., 2017). Liu et al. demonstrated that 4 weeks of swimming training improved depression-like behavior induced by chronic unpredictable mild stress (CUMS) in rats and significantly reduced IDO activity in prefrontal cortex (Liu et al., 2013). Liu Ruilian et al. found that 8 weeks of moderate-intensity treadmill exercise significantly improved neurocognitive impairment and significantly decreased IDO activity and KYN content in the hippocampus of CUMS mice (Liu and Qu, 2021). Ieraci et al. showed that 4 weeks of spontaneous running wheel exercise significantly increased KYNA content and significantly up-regulated KAT2 and KAT4 mRNA and protein expression levels in the hippocampus of homozygous knock-in brain-derived neurotrophic factor Val66Met (BDNF Met/Met) mice (Ieraci et al., 2020). Agudelo et al. demonstrated that skeletal muscle-specific peroxisome proliferator-activated receptor gamma coactivator 1α (PGC-1α) transgenic mice were significantly resistant to depression-like behavior induced by chronic mild stress (CMS) compared with wild-type mice, with significantly reduced 3-HK expression levels in whole brain tissue and significantly down-regulated IDO1, TDO1, KMO, 3-HAO, and KYNUmRNA expression levels in the hippocampus. However, skeletal muscle-specific PGC-1α gene-null mice were sensitive to CMS-induced depression-like behavior, and hippocampal IDO1, TDO1, KMO, 3-HAO, and KYNU mRNA expression levels were significantly up-regulated. However, 8-week locomotor running wheel exercise significantly upregulated PGC-1α expression in skeletal muscle of wild-type mice, suggesting that exercise can regulate peripheral and central KP metabolism by up-regulating PGC-1α expression in skeletal muscle (Agudelo et al., 2014). Human studies have found that 4 weeks of high-intensity exercise significantly increased KYNA and PIC contents, significantly increased KYNA/TRP ratio, and significantly decreased 3-HK and QUIN contents in the cerebrospinal fluid of healthy male college students; while low-moderate intensity exercise also significantly increased KYNA content, significantly decreased 3-HK and QUIN contents, and significantly decreased KYN/TRP ratio in the cerebrospinal fluid of healthy male college students (Isung et al., 2021) (as shown in Table 5). In summary, exercise with different exercise intensity, frequency and duration can change peripheral and central KP-related metabolites and enzymes. However, the current study still faces the following limitations: (1) the differential effects and long-term effects of different exercise modalities (types, intensities, etc.) on the pharmacokinetics of peripheral and central KP still need to be systematically explored; (2) the mechanism of action of exercise on central KP mainly focuses on animal models, while the limited human data (such as cerebrospinal fluid studies) have a small sample size, and whether cerebrospinal fluid parameters can accurately reflect the metabolic status of KP in the brain still needs to be verified. Future studies are needed to further explore the long-term specific effects of different exercise modalities on central and peripheral KP metabolic dynamics by combining non-invasive neuroimaging and metabolomics techniques in a well-characterized large-scale population to elucidate the possible pathways of kinesia-regulated KP (e.g., muscle-brain axis or entero-brain axis) and their mediated neuroprotective mechanisms.

TABLE 5  The effect of exercise on KP enzymes and metabolites in the central nervous system.


	Authors
	Sample size
	Exercise training
	Main result
	Tissue type





	
	
	
	Within analysis
	Within analysis
	Between analysis
	

 
	(Souza et al. 2017)
	Aβ sedentary group (8) Sham surgery sedentary group (8) Aβ exercise group (8) Sham surgery exercise group (8)
	Swimming training: 5 times/week for 8 weeks. Week 1: Adaptation period with a water depth of 5 cm, no weight, 20 min/day. Weeks 2-3: Water depth of 20 cm, mice unable to touch the bottom, no weight, 30–40 min/day. Weeks 4–8: Progressive tail weight (1%−3% of body weight), 50–60 min/day.
	Aβ sedentary vs. Sham sedentary: TRP↑ KYN↑ KYN/TRP↑ IDO↑ TRP↑ KYN↑ KYN/TRP↑ IDO↑
	Aβ exercise vs. Sham exercise: KYN↑ KYN/TRP↑ IDO↑
	Sham exercise vs. sham sedentary lifestyle: KYN↓ KYN/TRP↓ IDO↓ Aβ exercise vs. Aβ sedentary lifestyle: KYN↓ KYN/TRP↓ IDO↓
	Prefrontal Cortex Hippocampus

 
	(Liu et al. 2013)
	Control group (CON) (10) CUMS group (10) Swimming control group (Con+Swim) (10) Swimming CUMS group (CUMS+Swim) (10)
	Weightless free swimming: Adaptive training prior to formal experimentation; Week 1: Gradually increase from 15 min per day to 60 min per day. Formal training: 60 min per day, 9:00–11:00 a.m. daily, 5 days per week, for 4 weeks.
	Con+Swim vs. Con: IDO↓
	CUMS+Swim vs. CUMS: IDO↓
	CUMS vs. Con: IDO↑ CUMS+Swim vs. Con+Swim: IDO↔
	Prefrontal Cortex

 
	(Liu and Qu 2021)
	Blank control (CG) (14) Model control group (chronic stress modeling (CUMS) + no exercise) (MG) (14) Model exercise group (CUMS + exercise) (ME) (14)
	Treadmill exercise: Adaptive training on a treadmill was conducted prior to the formal experiment. Moderate intensity (0% incline, speed 10 m/min) was used, 6 days/week, 60 min/day, for 8 weeks.
	MG vs. CG: KYN↑ IDO↑ IDO mRNA↑
	/
	ME vs. MG: KYN↓ IDO↔ IDO mRNA↓
	Hippocampus

 
	(Ieraci et al. 2020)
	BDNFVal/Val+sedentary (VV-SED) (17–23) BDNFVal/Val+exercise (VV-EXE) (17–23) BDNFMet/Met+sedentary (MM-SED) (17–23) BDNFMet/Met +exercise(MM-EXE) (17–23)
	Voluntary wheel running: 24 h of free wheel running per day for 4 weeks.
	VV-SED vs. VV-EXE: KYNA↔ KAT1/2/3 mRNA↑ KMO mRNA↑ KAT1 ↑ KAT2 ↔
	MM-SED vs. MM-EXE: KYNA↔ KAT1 mRNA↔ KAT2/4 mRNA↑ KMO mRNA↑ KAT1 ↑ KAT2 ↔
	MM-SED vs. VV-SED: KYNA↑ KAT2 ↑ IDO1 mRNA↑ KAT1/3/4 mRNA↔ KMO mRNA↔ MM-EXE vs. VV-EXE: KYNA↑ IDO1 mRNA↑ KAT1/3/4 mRNA↔ KMO mRNA↑ KAT2↑
	Hippocampus

 
	(Isung et al. 2021)
	Acute exercise group (Acute) (14) Training intervention group (Training) (13)
	Acute: Four consecutive days of high-intensity aerobic exercise. Days 1 and 3: Interval running (1 min RPE 18–19 + 2 min RPE 9–11). Days 2 and 4: Continuous running (average RPE 14–16). Training: Continuous running (average RPE 14–16). ≥30 min per session, 3 times per week, for 4 weeks.
	Acute: KYNA↑ 3-HK↑ PIC↑ KYN/TRP↔
	Training: KYNA↔ 3-HK↔ PIC↔ KYN/TRP↑
	Acute vs. Training: TRP KYNA↑ PIC↑
	CSF








6 KP may mediate the effects of exercise in the prevention and treatment of AD

Studies have shown that immune dysfunction (Liu et al., 2023), Glu excitotoxicity (Wang and Reddy, 2017), and tau phosphorylation (Rawat et al., 2022) are closely associated with the abnormal development of AD., The immune system, glutamatergic system, and protein kinase/phosphatase system involved in these factors interact and regulate each other through the KP. Changes in KP enzyme expression or related metabolic product levels induced by exercise may represent potential therapeutic targets for AD prevention and treatment. Although no studies have reported on the effects of exercise on peripheral and central KP regulation in AD patients, animal studies have confirmed that exercise significantly influences central KP in mouse AD models and significantly improves AD symptoms (Souza et al., 2017). Studies have shown that TRP and KYN can cross the blood-brain barrier, while KYNA and QUIN cannot (Joisten et al., 2021). In the central nervous system, KYN is metabolized by KP into neurotoxic products (such as 3-HK and QUIN) and neuroprotective products (such as KYNA). Therefore, peripheral clearance of TRP and KYN may prevent pathological accumulation of KYN in the central nervous system (Joisten et al., 2020), thereby achieving preventive and therapeutic effects against neurodegenerative diseases (Agudelo et al., 2014).

Possible mechanisms underlying neuroprotection in exercise-mediated KP have been investigated. Agudelo et al. found that exercise significantly upregulated KATs expression by activating the PGC-1α signaling pathway in skeletal muscle, thereby converting plasma KYN into KYNA that cannot penetrate the blood-brain barrier and reducing its neurotoxic penetration into the central nervous system (Agudelo et al., 2014). In addition, Wang et al. investigated how exercise regulates KP metabolism through the microbiota-gut-brain axis to exert anti-AD effects, emphasizing the central role of gut microbes in KP regulation and the positive effects of exercise on it (Wang et al., 2025). In the context of the above exercise-mediated KP regulation mechanisms, this study further focused on: (1) whether exercise enhances peripheral KYN clearance by activating skeletal muscle KATs, reduces central KP neurotoxic metabolic load, and reverses KP neurotoxicity and neuroprotective imbalance; (2) whether exercise can directly regulate central KP metabolism, predispose it to neuroprotective metabolic branches, promote the production of neuroprotective products (e.g., KYNA), and antagonize toxic products to exert neuroprotective effects (Figure 2). However, the current evidence gap supporting the role of exercise in mediating AD prevention and treatment through KP requires further clarification: (1) The available key evidence is mainly derived from animal models (the majority of rodents), while the direct effects of exercise on KP metabolites and enzyme activities in the periphery and CNS of AD are still lacking to be supported by human study data. (2) Is there an inevitable link between exercise improving AD symptoms and altered KP metabolism? Future human studies are needed to directly validate the association between exercise-induced KP and improvement of symptoms characteristic of AD. (3) Which enzyme in KP plays a dominant role in AD exercise prevention and treatment? This needs to first be verified at the basic level by transgenic animal models combined with optogenetic and/or chemogenetic strategies, specific enzyme agonists and/or inhibitors. On this basis, in order to further confirm the mechanism of KP-mediated AD exercise prevention and treatment, it is also necessary to reveal the spatial association between key KP enzyme (such as IDO, KMO) activity and Aβ and tau pathological deposition in the brain in combination with brain imaging techniques (such as PET, fMRI) in the future, explore the efficacy differences of exercise intervention in achieving AD prevention and treatment by regulating KP, and optimize exercise prescription parameters (exercise intensity, frequency, and type) to achieve individualized AD management.


[image: Diagram illustrating the effects of exercise on Alzheimers disease (AD). It shows how exercise may improve symptoms by affecting muscle protein synthesis and kynurenine pathway, influencing astrocytes and microglia in the brain. This could enhance neuronal survival, plasticity, and delay cognitive decline, improving memory, physical function, mood, and behavior.]
FIGURE 2
 Exercise and KP metabolism in skeletal muscle and central nervous system in AD. Modified from (Martins et al. 2023). Green arrows indicate movement status and red downward arrows indicate decrease.




7 Summary and outlook


7.1 Summary

(1) KP is a common pathway of action of factors associated with the development of AD (central nervous inflammation, Glu excitotoxicity and tau phosphorylation, etc.). Promoting KP propensity to produce neuroprotective metabolite branches may be a novel therapeutic strategy for AD.

(2) Frequent and regular participation in physical activity is not only significantly associated with a reduced risk of AD, but is also able to significantly improve AD symptoms.

(3) the molecular mechanism by which exercise improves AD symptoms may be related to exercise enhancing the conversion of peripheral KYN to KYNA by activating skeletal muscle KATs on the one hand, decreasing peripheral KYN levels and increasing KYNA levels and protecting the CNS from KYN accumulation; on the other hand, it is related to the generation of neuroprotective neuroactive product branches by predisposing KPs in the CNS. And this still needs to be confirmed by further studies.

In summary, KP is closely related to the occurrence and development of AD, regular exercise may regulate the balance of KP metabolism in the central and/or peripheral, so as to achieve AD exercise prevention and treatment, and this still needs to be confirmed by further studies.



7.2 Outlook

Scientific exercise/physical activity is an important component of the public health promotion program for AD (AD health management). However, the neuroprotective effect of exercise intervention in AD and the molecular basis of its pathology and symptom improvement remain to be deeply elucidated. Recent studies have mainly focused on autophagy, oxidative stress, Glu excitotoxicity, mitochondrial dysfunction, cholinergic deletion and other perspectives to explore the possible neurobiological mechanism of exercise in the prevention and treatment of AD. Combined with the above exercise and KP, KP and AD occurrence and development and the role of prevention and treatment and exercise in AD prevention and treatment, it is speculated that KP key metabolic enzymes (IDO, KMO and KAT) may be a new target to mediate AD exercise prevention and treatment. In subsequent studies, we will employ integrated pharmacological modulation and genetic modification strategies. This will include utilizing gene editing technologies (e.g., Cre-LoxP and CRISPR-Cas9) alongside advanced cellular and molecular imaging techniques to achieve cell- and tissue-specific knockdown or knockout of key KP metabolic enzymes. These approaches will elucidate the critical role of KP enzymes in exercise-mediated prevention and mitigation of AD, thereby validating their feasibility as novel therapeutic targets for exercise-based AD interventions. This work will provide essential theoretical foundations and innovative perspectives for research on the neurobiological mechanisms underlying exercise-induced alleviation of AD-related symptoms, as well as for targeted therapeutic strategies.
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Chapul (Divers) (20) week (1-5m deep, 2 h per session) + 3-4 3-HKp TRPJ TRP
etal. (2022) Swimming rescue deep-sea dives per week (60 m deep, 1.5h per 3-HK/TRP? 3-HK{
group (SHRS) (14) session), using compressed air (21% Oy, 79% SHRS vs. Controls:
Control Ny). KYN{
group (Controls) (12) | Land Training (same as swimming group): 2 KYNAt
sessions per week, 20 min per session, heart rate HKt
intensity 60-80% of maximum, including KYNA/TRPT
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(2016) (T2D) + power Warm-up: 5 min, initial load set at 50% of power | KYNJ TRP} s TRP<
cycling exercise (27) output when respiratory exchange ratio (RER) = | KYNAt KYNJ KYNo
Normal glucose 1.0 during individual maximal oxygen uptake [KYNA] KYNAT KYNA©
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(NGT) (26) cycling, load adjusted to maintain 85% of 1,000/[KYN]$
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Herrstedt Patients with EX: Aerobic interval training (stationary bike) + | GEJ+EX: CON: GEJ+EX vs. CON: Plasma
etal. (2019) | adenocarcinoma of resistance training (chest press, leg press, lateral | TRPJ, TRPJ, TRP< Muscle
the gastroesophageal | pull, knee extension). Frequency: 2 times per AAt AAT KYNo
junction (GEJ) + week for 12 weeks. Single session duration: 3-HK} KYNA<
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training and training (total duration approximately 60 min). 3-HK/KYNT QUIN}
resistance training Intensity: Aerobic: Load set based on initial HK/KYN{
(EX) (18) ‘Wattmax test (high-intensity interval). KMO|
GE]J cancer patients Resistance: Load set based on 1RM test (4
(CON) (25) exercises, major muscle groups). Advanced:
Adjust load after mid-term assessment (ensure
progressive overload).
CON: Standard care: Routine follow-up, allow
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structured intervention).
Hennings Major depressive EX: Active Week; Home-based independent MDD+EX: SSI-8+EX: MDD+EX Plasma
etal. (2013) disorder (MDD) + training. Perform moderate-intensity endurance | TRP< TRP<> vs. SSI-8+EX
EX (38) training (such as brisk walking or jogging) and KYNo KYNo TRP<>
Somatoform disorder stretching exercises (focusing on the back, 5-hydroxyindole 5-HIAA& KYNe
(SI-8) + EX (27) abdomen, and thigh muscle groups). 30 min per | acetic acid(5- 5-HIAA©
Healthy controls + day, for 7 consecutive days. HIAA)&
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Placebo: Placebo administration. KYN/TRP« KYNA/QUIN?T
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KAT Il KAT I«
s KAT [+ KAT Ve
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Allison Healthy, EX: Perform resistance training and Healthy, / / Plasma
ctal.(2019) | non-depressed elderly | high-intensity interval training (HIIT) 3 times non-depressed Muscle
men + EX(25) per week (2 resistance training sessions + 1 elderly men
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(5 min of cycling followed by 3 sets of 4 exercises | KYNAT
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warm-up for 3 min followed by 10 sets of 60s KAT19
(90% of maximum heart rate, >90 rpm), with KAT2¢
5 min of cool-down between sets. KAT3t
KAT41
Pal etal. Supervised training Supervised: Resistance training with equipment, | Supervised: Home-based: Supervised Plasma
(2021) group (7) moderate to high intensity (60-80% 1-RM), KYNo KYN$ vs. Control:
Home-based training | twice a week, supervised by a therapist, for 6 TRP<> TRP<> KYNe
group (14) months. KYN/TRP} KYN/TRPH TRP<
Control group (11) Home-based: Home-based Control: KYN/TRP <
bodyweight/resistance band training (Borg scale KYNo Home-based
14-16 points, moderate intensity), twice a week, TRP< vs. Control: KYNT
for 6 months. KYN/TRP< TRP< KYN/TRP1

+ Significant increase (p < 0.05).
| Significant decrease (p = 0.05).
© Nosignificant change.

/ No relevant data.
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Venturelli Walking 83+6 | Aerobic walking: Walking with hands outside | Control group: Bingo games, Six-minute walk test (6 MW)
etal. (2011) program (11) accompanied by nursing staff. 30 min/time, spelling sewing and music total distance and activities of
Control (10)) once a day, 4 times a week, 6 months. therapy were performed every daily living (ADLS) activities of
day. 30 min/time, once a day, 6 daily living index (BI) were
months. significantly increased.
Yuetal. Power cycling 66-85 Power cycling: intensity of 50-75% heart rate | Control group: Sitting exercise Alzheimer's Disease Assessment
(2021) group (64) reserve (HRR) or subjective fatigue and static stretching exercise Scale-Cognitive Subscale
Stretching perception assessment scale (Borg RPE) 9-15. | were performed. Less intense (ADAS-Cog) scores were
control group The initial phase starts with 50-55% HRR or | than HRR < 20% or Borg RPE9. | significantly reduced.
(32) RPE9-11and increases by 5 min or 5% HRR The number of repetitions and
weekly until the target of 70-75% HRR duration of each stretch
(RPE12-14) and 50 min is reached. gradually increased and the
30-50min/time, warm-up and relaxation for duration was the same as in the
5min each,4 times/week, lasting for 6 power cycling group.
months.
Vidoni et al. Treadmill >55 Treadmill: 40-55% HRR in target heart rate Control group: A series of weekly Dementia Disability Assessment
(2019) group (33) interval (THR) for first 4 weeks; 50-65% rotations of non-aerobic exercise | Scale (DAD) and IADL scores
Stretch HRR for weeks 5-18; 60-75% HRR for last 8 (core intensive training, elastic were significantly elevated.
conditioning weeks. Incremental slope and speed warm-up | belt, modified Tai Chi, modified
control group for 5 minutes, decreasing slope and speed for | yoga) were performed after a
(32) 5 minutes at the end. Exercise was performed 5-min hot walk on the runway.
60 min per week from week 1 and increased Participants wore a heart rate
approximately 21 min per week to reach a monitor and required a THR of
target of 150 min per week after 3-5 training less than 100 bpm.
sessions. 30-50 min/time, 60-150 min/week
for 26 weeks.
Holthoff etal. | PA >s55 PA Intervention: ReckMOTOmed lower limb | Control group: received only Semantic and phonemic word
(2015) Intervention rehabilitation training machine was used. usual care. fluency measured in Alzheimer’s
(13) Control Exercise trainer resistance level set to 2-4. 30 Disease Registry Consortium
(14) min/time, 1 time/day, 3 times/week for 12 Test (CERAD) and Letter
weeks. Fluency Test (FAS) increased
significantly, and ruler dropping
test predicted significantly less
time; ADL total score and NP1
total score remained stable
during the study and follow-up
periods.
Enette etal. CAT (14) 68-82 CAT: Cycling was performed with intensity Control group: not participating | After CAT and IAT
(2020) IAT (17) set according to incremental maximal in any exercise training program. | interventions, 6 MW walking
Control (21) exercise test (IMET) results (70% HRmax for | Weekly meetings and distance and IMET maximum
achievers and 50% MTP for non-achievers) questionnaire activities were held | task metabolic equivalent (MET)
and dynamic incremental loading of 5-10 W/ for a total of 9 meetings of increased; CAT also increased
according to heart rate reduction of 5-10 30 min each. Alzheimer’s Disease Quality of
beats per minute or RPE reduction of 1 grade Life Scale (QoL-AD) score.
(Borg 6-20). IAT: 6 x Lmin high-intensity
cycling exercise (PEAK: 80% HRmax or
MTP-10W) + 4 min recovery (BASE: 60%
HRmax), increasing 5-10W according to
heart rate decreased 5-10 beats/min or RPE
decreased 1 grade (Borg 6-20), and heart rate
at 28th/30 min was used as the regulation
benchmark throughout the training. 30
min/time, twice a week for 9 weeks.
Ben Ayed EG (27) 69.624 | EG: Performed a 20-min ergometer bicycle CG group: perform 20 min The Stroop test interference
etal. (2021) CEG (26) 0.99 exercise at an intensity equivalent to 60% of reading task score and the completion time of
CG (26) the maximum heart rate at the end of the 6 Hanoi tower task were

MWT test. Warm up for 5 min and relax for
5-10 min. CEG: Performing a 20-min power
cycling exercise while completing a simple
computer cognitive game. Warm up for

5 min and relax for 5-10 min.

significantly reduced, and the
correct rate of memory span
forward and backward test was
significantly increased.
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Garuffi et al. Resistance 782+7.3 TG: Training consisted of 5 device exercises (chest SGG: Conducted in a Basic activities of daily living
(2013) training (TG) clipper, high pulldown, leg lift, triceps pulley press, quiet environment, (Basic ADLs, BADLs) and
group (17) and barbell bending) for major muscle groups; initial | activities include IDAL scores significantly
Social gathering load was determined by two sets of 20 + exhaustive painting, writing, increased.
group (SGG) (17) tests (more than 22 with dosing increases and retesting | reading, group activities
every 15 days), with an adaptation period for the first 5 | and relaxation training,
weeks. Each training session was warmed up with low | and occasionally walking
load and completed 3 sets x 20 times with 85% (non-regular) in track
maximal load (2 min rest between groups) without and field. 60 min/time, 3
stretching throughout. 60 min/time, 3 times/week, times/week,
non-continuously for 16 weeks. non-continuously for 16
weeks.
Papatsimpas Aerobic and 265 Aerobic exercise and resistance exercise: perform Keep your daily activities The Andenbrook Cognitive
etal. (2023) Resistance moderate intensity step (64-76% HRmax, 30 away from any exercise Examination (ACE-R), Digit
Exercise (57) min/time, 5 times/week, for 12 weeks), with resistance program. Span Forward Backward Test
Resistance training, the movement covers the main muscle (DST F-B), and IDAL scores
Exercise (57) groups such as biceps bending, shoulder flexion and significantly increased, and
Control (57) extension, hip and knee extension (50-69% 1-RM, 10 the Trail Making Test A-B
movements X 2 groups x 12 times, interval between (TMT A-B) took significantly
groups 1-3 min, 30-45 times/min, 5 times/week, for less time.
12 weeks, including 1 home, 2 supervision in the
rehabilitation center). Resistance exercise: Performed
the same resistance training as the upper group.
Xiao etal. Conventional 69-78 On the basis of routine clinical treatment (the same as Routine treatment was CAMCOG, Berg balance test
(2017) therapy combined routine treatment group), isokinetic muscle strength oral donepezil scores, and functional
with isokinetic rehabilitation training was performed. Isokinetic hydrochloride 5 mg/day, extension test distance
muscle strength muscle strength training was performed on the and symptomatic significantly increased, and
training group quadriceps femoris and hamstrings of the lower limbs treatment such as timed up-and-go test (TUG)
(20) using the Kinitech isokinetic system using an alternate | antiplatelet, time significantly decreased.
Conventional day training method. According to the patient’s lipid-lowering,
therapy group condition, select 60-150°/s angular velocity (such as antihypertensive, or
(20) 60/90/120 or 90/120/150 combination), repeat each hypoglycemic therapy
group for 10 times, rest for 20 seconds between was given as appropriate.
groups, rest for 2 minutes between cycles, and
complete 2-4 cycles daily (it is appropriate to induce
moderate fatigue on the day and no fatigue on the next
day). Each muscle group was trained once a day, 3
times/week for 8 weeks.
Chang et al. Exercise (20) 79451 Resistance training: Including 10-min warm-up, Control group: no Hamilton Depression Rating
(2020) Control (20) 40-min Theraband elastic band resistance exercise training. Scale (HDRS) and Beck
(intensity set at the patient’s self-perceived “moderate Depression Inventory (BDI)
exertion” level) and relaxation links, focusing on scores were significantly
strengthening the trunk and limb core muscle groups. reduced, and isometric
50 min/time, 3 times/week, non-continuous day maximum voluntary
training for 12 weeks. contraction (N/kg), grip
Control group: no training. strength, and gait speed were
significantly increased in
shoulder abduction, hip and
elbow flexion, and knee
extension.
Ahn and Experimental 7421+ Resistance training: consisted of 10 min warm-up, Pre-and post-control The number of chair squats,
Kim (2015) group (23) 6.09 10 min relaxation, and 40 min progressive upper and within group left and right one-legged

lower limb resistance exercises based on Theraband
elastic bands. Upper limb training included seven
movements: sitting rowing, overhead pushing, biceps
bending, shoulder forward flexion 90 degrees, PNF D2
flexion mode, elbow flexion training, and back
shoulder archery pulling, with 10 timesx 3 groups of
lower limb training including seven movements: hip
flexion and extension, heel lift training, device leg
lifting, hip adduction in standing knee extension, hip
abduction with external rotation in standing position,
and ankle plantar flexion in long sitting position, using
the same 10 times x 3 group mode. 60 min/time, once
aday, 3 times a week for 5 months.

standing time (UST), total
steps in the 2-min walking
test, and gait speed in the 8-m
walking test were significantly
increased.
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Souza etal. AB sedentary group (8) Swimming training: 5 times/week for 8 AB sedentary vs. AP exercise Sham exercise vs. Prefrontal
(017 Sham surgery sedentary | weeks. Week 1: Adaptation period with | Sham sedentary: | vs. Sham sham Cortex
group (8) a water depth of 5 cm, no weight, 20 TRP1 exercise: sedentary lifestyle: Hippocampus
A exercise group (8) min/day. Weeks 2-3: Water depth of KYNt KYNt KYN{
Sham surgery exercise 20 cm, mice unable to touch the bottom, KYN/TRPY KYN/TRP} KYN/TRP}
group (8) no weight, 30-40 min/day. Weeks 4-8: IDOt TRPH 1IDOt IDOJ AP exercise
Progressive tail weight (1%—3% of body | KYN{ vs. AB
weight), 50-60 min/day. KYN/TRP} sedentary lifestyle:
IDOt KYNJ
KYN/TRP}
DO}
Liuetal. Control group Weightless free swimming: Adaptive Con+Swim CUMS+Swim | CUMS vs. Con: Prefrontal
(2013) (CON) (10) training prior to formal vs. Con: vs. CUMS: DO} Cortex
CUMS group (10) experimentation; Week 1: Gradually DO} DO} CUMS+Swim
Swimming control group increase from 15 min per day to 60 min vs. Con+Swim:
(Con+Swim) (10) per day. Formal training: 60 min per IDO<
Swimming CUMS group | day, 9:00-11:00a.m. daily, 5 days per
(CUMS+Swim) (10) week, for 4 weeks.
Liuand Qu Blank control (CG) (14) Treadmill exercise: Adaptive trainingon | MG vs. CG: / ME vs. MG: Hippocampus
(2021) Model control group a treadmill was conducted prior to the KYNt KYNJ
(chronic stress modeling | formal experiment. DOt DO
(CUMS) + no exercise) Moderate intensity (0% incline, speed 10 | IDO mRNA® IDO mRNA}
(MG) (14) m/min) was used, 6 days/week, 60
Model exercise group min/day, for 8 weeks.
(CUMS + exercise)
(ME) (14)
Teraci et al. BDNFVal/Val+sedentary Voluntary wheel running: 24 h of free VV-SED MM-SED vs. MM-SED Hippocampus
(2020) (VV-SED) (17-23) wheel running per day for 4 weeks. vs. VV-EXE: MM-EXE: vs. VV-SED:
BDNFVal/Val+exercise KYNA< KYNA< KYNAtT
(VV-EXE) (17-23) KAT1/2/3 KAT1 KAT2 1
BDNFMet/Met-+sedentary mRNAT mRNA< IDO1 mRNAT
(MM-SED) (17-23) KMO mRNAT KAT2/4 KAT1/3/4
BDNFMet/Met KAT1 1 mRNAt mRNA&
+exercise(MM-EXE) KAT2 < KMO KMO mRNA <
(17-23) mRNAT MM-EXE
KAT1 1 vs. VV-EXE:
KAT2 « KYNAT
IDO1 mRNAT
KAT1/3/4 mRNA <+
KMO mRNAT
KAT2¢%
Isungetal. | Acute exercise group Acute: Four consecutive days of Acute: Training: Acutevs. Training: | CSF
(2021) (Acute) (14) high-intensity aerobic exercise. Days 1 KYNA$ KYNA< TRP KYNAT
Training intervention and 3: Interval running (1 min RPE 3-HK1 3-HK& PICt
group (Training) (13) 18-19+ 2 min RPE 9-11). Days2and : | PICH PICo
Continuous running (average RPE KYN/TRP< KYN/TRPt

14-16).

Training: Continuous running (average
RPE 14-16). =30 min per session, 3
times per week, for 4 weeks.
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