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Abstract. Alzheimer's disease (AD) is a progressive
neurodegenerative disorder characterized by amyloid-f
deposition, tau pathology, synaptic dysfunction, neuronal loss
and neuroinflammation. Regular physical activity is a key
non-pharmacological strategy that can ameliorate cognitive
impairment and multiple AD-related pathological features
across experimental models by improving mitochondrial func-
tion and quality control, strengthening antioxidant defenses,
suppressing neuroinflammation and supporting synaptic
plasticity. These effects are closely linked to enhanced
neurotrophic signaling and cerebrovascular regulation, both
of which contribute to resilience against AD-associated
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cognitive decline. Fluoxetine, a selective serotonin reuptake
inhibitor widely prescribed for depression, has also shown
potential benefits in AD models, including modulation of
mitochondrial and redox homeostasis, inflammatory signaling
and neuroplasticity. The present review integrates evidence on
the convergent and divergent molecular targets of exercise and
fluoxetine within core AD pathways, highlighting scenarios in
which combined interventions may produce synergistic effects,
as well as conditions that could lead to antagonistic effects.
By mapping shared nodes and potential points of interference,
the present review aims to clarify mechanistic hypotheses and
inform the design of optimized, clinically translatable strate-
gies that integrate lifestyle and pharmacological approaches
for AD.
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1. Introduction

Against the backdrop of a globally aging population, aging is
still widely regarded as the primary risk factor for Alzheimer's
disease (AD) (1). Demographic trends show that the number
of older adults is increasing worldwide. Currently, ~5% of
individuals over the age of 60 years have been diagnosed with
dementia, a figure that rises to ~30% among those >85 years
old (2,3). AD accounts for 60-80% of all dementia cases (4),
and its prevalence continues to increase as the population
ages. According to the World Health Organization, 57 million
individuals worldwide were living with dementia in 2021, and
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nearly 10 million new cases occur every year (5). Without
breakthrough interventions, this number of individuals living
with dementia is projected to rise to 78 million by 2030 and
139 million by 2050 (6).

The AD continuum spans from early, often clinically
silent brain changes to progressive impairment in memory
and cognition, ultimately leading to long-term functional
dependence. AD is commonly divided into preclinical AD,
mild cognitive impairment (MCI) due to AD and dementia
due to AD. The dementia stage is further subdivided into
mild, moderate and severe stages (7). In the early phase, the
main symptom is occasional memory lapses, with particular
difficulty in remembering newly acquired information. As the
disease progresses to the middle stage, memory and language
problems worsen, multi-step activities of daily living are
impaired, personality and behavior change, and other systems
such as language, vision and the respiratory system may
gradually be affected (8). In the late stage, there is more severe
memory loss, disorientation and a need for round-the-clock
care. Patients often experience poor outcomes or death due to
complications such as aspiration, aspiration pneumonia and
infections caused by swallowing difficulties (9). Pathologically,
amyloid-p (AP) deposition, tau-related neurofibrillary tangles,
synaptic dysfunction and neuroinflammation constitute the
key pathological network of AD (10,11). However, drug
development targeting a single pathological process still faces
challenges in real-world settings, including limited efficacy,
narrow therapeutic windows and substantial individual vari-
ability (12). These limitations have prompted researchers to
shift their focus toward multi-target, comprehensive interven-
tion strategies that are feasible for long-term implementation
and more accessible to patients (13).

Exercise is considered to be an important non-pharma-
cological approach for the prevention and treatment of AD
because of its low cost, scalability, and wide-ranging systemic
and central benefits. Existing studies have suggested that
regular exercise can improve AD-related symptoms through
multiple pathways, including enhancing mitochondrial func-
tion and metabolism, boosting antioxidant capacity, inhibiting
neuroinflammation and promoting synaptic plasticity (14-16).
Fluoxetine, a commonly used selective serotonin (5-HT)
reuptake inhibitor (SSRI) in clinical practice, serves a key
role in mood regulation and also exhibits potential neuro-
protective effects, including promoting autophagy, exerting
anti-inflammatory and antioxidant effects, and enhancing
neuroplasticity (17-19). Preclinical evidence indicates that
fluoxetine may modulate AP metabolism and tau-related
pathways in the brain, although its disease-modifying effects
in patients with AD remain insufficiently established (20,21).
Given that exercise and fluoxetine may converge on the
5-HT system, hypothalamic-pituitary-adrenal (HPA) axis,
brain-derived neurotrophic factor (BDNF)-related neuroplas-
ticity and immune-metabolic pathways, combined intervention
integrating exercise and pharmacotherapy may represent a
biologically plausible personalized treatment strategy (22,23).
However, the long-term benefits of exercise are largely mediated
by adaptive remodeling induced by repeated moderate physi-
ological stress, whereas prolonged pharmacological inhibition
of serotonin reuptake by fluoxetine and medication-related
adverse effects may affect exercise tolerance, adherence and

neuroendocrine or metabolic responses (23-25). Therefore,
the net effect of combined intervention remains uncertain and
requires further validation.

Therefore, the present review focuses on the coexistence
of synergy and antagonism, summarizing the evidence and
mechanisms by which exercise and fluoxetine influence key
pathological pathways in AD. Based on shared targets, the
current review outlines potential windows of benefit, as well
as scenarios in which combined intervention may fail. The
aim of the present review is to provide testable hypotheses for
subsequent mechanistic research and clinical translation.

2. Beneficial effects of exercise on AD

Exercise and mitochondria. Mitochondria occupy a central
position in AD because they integrate energy metabolism,
calcium homeostasis, redox regulation and cell survival,
making mitochondrial dysfunction a plausible hub at
which multiple pathological processes converge (26,27).
Recent reviews have synthesized evidence indicating that
mitochondrial dysfunction is closely linked to the core patho-
logical features of AD and may participate early in disease
evolution (27-29). This interpretation is strengthened by longi-
tudinal evidence from AD mice showing that mitochondrial
dysfunction develops in parallel with cognitive decline and
pathological progression (30). Once mitochondrial integ-
rity is compromised, bioenergetic defects, oxidative stress,
inflammatory activation and defective autophagy no longer
remain isolated abnormalities, but instead begin to reinforce
one another, thereby creating a self-amplifying process that
promotes neuronal stress, synaptic vulnerability, and further
accumulation of AB- and tau-related pathology (29). Within
this conceptual framework, exercise becomes important not
because it targets a single molecular event, but because it may
reshape the adaptive capacity of the mitochondrial network
itself (31). The concept is consistent with mitohormesis, in
which transient, low-level mitochondrial stress induced by
exercise activates adaptive signaling responses involving reac-
tive oxygen species (ROS), the mitochondrial unfolded protein
response and mitochondria-derived peptides (31-33). In AD
mice, treadmill exercise has been shown to reduce the A
burden, activate sirtuin 1 (SIRT1)-related protective signaling,
attenuate mitochondrial dysfunction and enhance mitophagy,
suggesting that exercise may influence several interconnected
AD-related pathological processes rather than targeting one
isolated downstream pathological feature (34,35).

Within the framework of mitochondrial quality control
(MQC), AD-related mitochondrial dysfunction can be inter-
preted not merely as mitochondrial damage, but as a progressive
impairment of quality control processes involving mitochon-
drial renewal, repair, transport and clearance (36). In SH-SY5Y
cells, AP and glia maturation factor disrupt the balance between
fission and fusion proteins, indicating a direct shift toward
excessive mitochondrial fragmentation (37). Specifically, in
neurons from patients diagnosed with AD, an abnormal inter-
action between AP and dynamin-related protein 1 (Drpl) has
been reported, while fibroblasts from patients with sporadic
AD display abnormal mitochondrial morphology and distribu-
tion (38,39). Together with mechanistic studies and reviews,
these findings support a broader pattern in which mitochondrial
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fission 1 protein- and Drpl-driven fission is enhanced, while
mitofusin (Mfn)l-, Mfn2- and Opal-mediated fusion and
repair are weakened (40-43). Once fragmented mitochondria
can no longer be effectively repaired, redistributed or replaced,
abnormalities in dynamics are translated into transport defects,
insufficient synaptic localization and local energy failure. This
may explain why a calcium-dependent mechanism involving
Miro can stall mitochondrial trafficking at the cellular
level (44), while AD-related axonopathy and transport deficits
aggravate synaptic instability and neurodegeneration at the
tissue level (45,46). This MQC-based framework also extends
to metabolic dysfunction, since impaired mitochondrial
maintenance may contribute to defects in neuronal energy
production and glucose utilization. Human evidence shows that
AD is associated with brain glucose dysregulation, reduced
regional glucose uptake, impaired oxidative phosphoryla-
tion and reduced mitochondrial enzyme activity (47-50).
Mechanistic studies have further suggested that these meta-
bolic defects are linked to altered amyloid precursor protein
(APP) processing, B-site APP-cleaving enzyme 1 (BACE]I)
upregulation, tau-related injury, and reduced activity of cyto-
chrome ¢ oxidase (COX), pyruvate dehydrogenase (PDH) and
a-ketoglutarate dehydrogenase (50,51). Animal studies have
further demonstrated impaired mitochondrial biogenesis,
defective axonal transport, synaptic degeneration, reduced
ATP production, increased oxidative stress and disruption of
the peroxisome proliferator-activated receptor y coactivator la
(PGC-loy-nuclear respiratory factors (NRFs)-mitochondrial
transcription factor A (TFAM) axis in AD animal models
compared with age-matched wild-type or non-transgenic
controls (49,52-54). Taken together, these findings suggest that a
central mitochondrial defect in AD may involve the progressive
failure of mitochondrial renewal, redistribution and removal,
meaning that mitochondrial dysfunction is sustained not by a
single isolated mitochondrial abnormality, but by disruption of
the broader MQC network (55).

From this perspective, the value of exercise lies not simply
in improving one biochemical index, but in helping restore
coordination across MQC (36,56). Most direct evidence for the
view that exercise may help restore coordination across MQC in
AD still comes from animal models (32,35,57-62), whereas the
broader mechanistic rationale is supported by general exercise
and mitochondrial research showing that exercise can regulate
mitochondrial biogenesis, metabolism, dynamics, calcium
handling and mitophagy (34,36,63,64). In AD model mice and
rats, regular exercise improves mitochondrial ultrastructure,
increases ATP levels, enhances respiratory chain function,
upregulates brain glucose transporter expression, promotes
glycolysis and oxidative phosphorylation, and increases the
expression or activity of key metabolic regulators such as
PDH and COX (57,58,60). Exercise also shifts mitochondrial
dynamics toward a more favorable state by increasing Mfnl
levels and suppressing excessive Drpl-related fission (58).
These findings imply that exercise does not simply increase
ATP availability in AD-related neural tissue, but may improve
the capacity of neuronal mitochondrial systems to match energy
production with demand, maintain bioenergetic stability under
energy-deficient stress and coordinate organelle turnover.
This interpretation is consistent with evidence showing that
long-term running enhances lysosomal biogenesis (65) and
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vesicle trafficking via adenosine monophosphate-activated
protein kinase (AMPK), transcription factor EB (TFEB) and
Rab7/Rab9, thereby promoting clearance of A and damaged
mitochondria, and improving cognition in APP/presenilin 1
(APP/PS1) mice (59). More broadly, exercise-induced acti-
vation of AMPK and the PGC-1a-NRFs-TFAM pathway
supports mitochondrial DNA maintenance, transcription
and mitochondrial renewal (35,60,63,64). Exercise may also
improve inter-organelle signaling through regulation of
voltage-dependent anion channel 1, suppression of mitochon-
drial permeability transition pore opening and stabilization of
calcium handling at the endoplasmic reticulum-mitochondria
interface relative to the dysregulated calcium transfer observed
in AD-related conditions (36,66,67). The role of exercise in
mitophagy is particularly important. The PTEN-induced
kinase 1/Parkin pathway provides the classical framework for
selective elimination of damaged mitochondria (68), whereas
in AD, defective autophagy-lysosome pathway activity, p62
accumulation, impaired LC3 conversion and lysosomal
dysfunction limit the clearance of both damaged mitochondria
and AP (69,70). In animal models, exercise restores mitophagy
and autophagic flux, improves TFEB-related lysosomal regu-
lation, reduces A} deposition, and rescues mitochondrial and
synaptic function (35,59,61,62).

Exercise and oxidative stress. Evidence from human
neuropathological studies and mitochondria-related reviews
suggests that oxidative damage emerges before overt clinical
signs of AD and before substantial AP deposition, indicating
that oxidative stress is not merely a downstream byproduct
of pathology, but an early force that contributes to disease
vulnerability and progression (71-74). Oxidative stress refers
to an imbalance between pro-oxidants, such as ROS and
reactive nitrogen species, and antioxidant defenses, including
enzymatic and non-enzymatic antioxidant systems such as
superoxide dismutase, catalase, glutathione peroxidase and
glutathione, together with disruption of redox signaling and
regulation (75). When ROS production exceeds the capacity
of antioxidant systems, this imbalance can promote mito-
chondrial dysfunction, neuroinflammation and progressive
impairment of neural structure and function, thereby driving
neurodegeneration forward (76). This framework also helps
explain the apparent paradox of exercise. Although physical
exercise acutely increases ROS generation at the whole-body
and skeletal muscle levels (77), regular exercise is consistently
associated with reduced disease risks of cardiometabolic and
neurodegenerative diseases, including cardiovascular disease,
type 2 diabetes and dementia, and broader health benefits (78).
The key issue, therefore, is not whether ROS are generated, but
whether the magnitude and duration of ROS signals remain
low-to-moderate and transient enough to trigger adaptive
responses rather than oxidative injury. At low-to-moderate
levels, mitochondrial ROS act as signaling molecules thatinduce
mitohormetic adaptation and activate exercise-responsive
transcriptional programs, thereby supporting mitochondrial
biogenesis and antioxidant defense (32).

This redox-adaptation logic becomes clearer when the
antioxidant system is viewed as a dynamic buffering network
rather than a static defensive barrier. The antioxidant system
is composed of antioxidant enzymes, including superoxide
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dismutase (SOD), glutathione peroxidase (GPx) and catalase,
and non-enzymatic antioxidants, including glutathione (GSH),
that work together to neutralize oxidants, interrupt chain
reactions and preserve the redox balance (79-82). In mito-
chondria, superoxide generated by the electron transport chain
is converted by manganese SOD (Mn-SOD) into hydrogen
peroxide, which is then reduced through the GSH system by
GPx or decomposed by catalase into water and oxygen (80-82).
During this process, GSH is oxidized to GSH disulfide
(GSSQG); therefore, the GSH/GSSG ratio is an informative
index of the intracellular redox status, and its decline suggests
that ROS generation has exceeded the reducing capacity of
endogenous antioxidant defenses (83). Experimental evidence
further indicates that the GSH/GSSG ratio declines early in
AD and continues to worsen as pathology progresses (84). This
pattern suggests that antioxidant failure develops progressively
rather than abruptly in AD. In the early stages, the brain may
still partially compensate for increased ROS production by
increasing the activity of enzymes such as SOD and GPx;
however, the persistent oxidative burden gradually exhausts
this reserve. As a result, the redox imbalance shifts from a
limited adaptive response to a more self-sustaining patholog-
ical state (84). When considering this progressive loss of redox
balance, the beneficial effect of exercise is more convincingly
understood as redox recalibration rather than simple ROS
suppression (24,85). In AD models, exercise alleviates the
pathological burden and cognitive impairment, while also
improving mitochondrial adaptation. In rodent brain tissue,
endurance training can upregulate Mn-SOD and GSH levels
in the hippocampus, lower the levels of the lipid peroxidation
product malondialdehyde (MDA), alleviate oxidative stress and
enhance the mitochondrial ROS scavenging capacity (86-88).
Broader exercise research in mixed clinical populations and
healthy adults, including individuals with cardiometabolic,
oncological and neurological conditions, has similarly demon-
strated improved oxidative stress biomarker profiles and
enhanced antioxidant capacity compared with baseline values
or non-exercise control conditions (89,90).

However, this benefit has physiological limitations.
Long-term high-intensity exercise can increase ROS
production beyond the clearance capacity of cellular and mito-
chondrial antioxidant systems, leading to lipid peroxidation,
protein oxidation and DNA damage (91). Once this threshold
is exceeded, oxidative stress no longer supports adaptation,
but instead damages mitochondrial structure and function,
impairs energy metabolism, and further amplifies oxidative
and inflammatory signaling (91,92). Therefore, the value of
exercise in AD lies not in eliminating ROS altogether, but in
maintaining redox stress within a range that favors adaptation
over degeneration.

Exercise and neuroinflammation. Persistent accumulation of
protein aggregates, mitochondrial stress and oxidative imbal-
ance not only injures neurons directly but also continuously
reshapes the inflammatory environment of the brain. Within
this setting, activation of the NOD-like receptor family pyrin
domain containing 3 (NLRP3) inflammasome is better under-
stood as a point where these pathological signals converge (93).
After microglia internalize A, lysosomal damage accompa-
nied by ionic imbalance and oxidative stress can activate the

NLRP3 inflammasome (94,95). AP aggregates and hyper-
phosphorylated tau may further strengthen this activation
through lysosomal rupture, K* efflux and mitochondria-related
danger signals (94-96). This activation not only facilitates
tau pathology, but may also enhance apoptosis-associated
speck-like protein containing a CARD (ASC)-mediated AP
aggregation and weaken microglial AP clearance (96-98).
In addition, IL-1f continuously released by the activated
NLRP3 inflammasome can promote tau phosphorylation and
aggregation through regulation of tau-related kinases and
phosphatases (96). Inflammatory activity may arise early in
the disease course (99), and once established, NLRP3-related
neuroinflammation can participate in sustained pathological
progression in AD (98). These mechanisms together create
a vicious cycle of pathological deposition and inflammatory
activation, driving the progression of AD pathology (96-98).

When this process is considered together with autophagy
and MQC, its pathological importance becomes clear. Impaired
autophagy favors NLRP3 activation, whereas enhancement of
autophagy and mitophagy can suppress inflammasome-related
neuroinflammation (62,100,101). This helps explain why the
anti-inflammatory value of exercise is unlikely to lie only in
lowering inflammatory markers. Exercise may act on upstream
conditions that sustain inflammatory activation, including
defective autophagy and mitochondrial abnormalities (62,101).
Exercise-related modulation of the autophagy-inflammation
crosstalk has also been documented in healthy older adults
aged 65-78 years (102), and broader evidence has linked
exercise to improved inflammatory regulation in aging and
neurodegeneration (103,104). In APP/PS1 mice, exercise
also reduces the amyloid-related burden (105). Systematic
evidence across adult populations further demonstrates that
moderate-intensity aerobic exercise, moderate resistance
exercise, and combined aerobic and resistance training may
downregulate key molecules related to the NLRP3 inflamma-
some, lower the levels of IL-1f and caspase-1, and decrease
the expression levels of ASC and NLRP3 genes (106). The
underlying mechanisms may be associated with the upregula-
tion of autophagy-related proteins, including Beclinl, LC3 and
autophagy related 12, promotion of MQC and enhancement of
autophagic flux (102,104,105). However, high-intensity aerobic
exercise may exert the opposite effect (106). This is important
because inflammatory responsiveness changes with age (107),
meaning that the biological effect of exercise depends on
whether the training dose promotes adaptive inflammatory
regulation or, conversely, excessive inflammatory stress.

The same line of reasoning also helps explain why
toll-like receptor 4 (TLR4) and microglia remain central to
exercise-related neuroprotection. NLRP3 inflammasome
activation follows the classic two-signal model. In the priming
stage, pathogen-associated molecular patterns bind to TLR4,
the toll/IL-1 receptor/resistance protein domain of which
transduces signals through MyD88, activating TNF receptor
associated factor 6 and initiating the NF-«kB signaling pathway.
This process induces the expression of NLRP3 and precur-
sors of pro-inflammatory cytokines, including IL-1p and
IL-18 (108), placing the cell in a primed inflammatory state. In
this context, TLR4 exhibits a dual role. Acute low-dose TLR4
ligands can activate microglia, enhancing their phagocytic
capacity for AP and reduce AP plaque burden in AD mice.
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Conversely, sustained high-dose TLR4 activation can lead to
excessive microglial activation, resulting in the massive release
of pro-inflammatory cytokines and ROS, which suppresses
AP phagocytosis (109-112). Chronic physical exercise can
effectively reduce TLR4 levels in the brains of APP mice and
modulate TLR4 activity to reduce neuroinflammation and
mitigate AD-related pathology (62).

Microglial accumulation around A plaques reflects an
active response to amyloid deposition (111,113). These cells
can assist in clearing A} aggregates via phagocytosis (114), but
they can also release neurotoxic proteases and inflammatory
factors that promote AP accumulation (113,115). Against this
background, the significance of exercise lies not in indiscrimi-
nate suppression of inflammation, but in shifting microglial
responses toward a state that supports A clearance while
limiting excessive cytokine and ROS release. In AD animal
models, treadmill exercise can reduce neuroinflammation
and glial activation, and is associated with microglial modi-
fication, whereas voluntary wheel running alters the immune
profile, is associated with cognitive improvement and reduces
amyloid burden (86,116,117). Duration also appears to matter,
as experimental evidence has indicated duration-dependent
neuroinflammatory responses, and meta-analyses in AD have
suggested that the overall benefit of exercise interventions is
heterogeneous rather than uniform (118-120). Taken together,
these findings suggest that the anti-inflammatory effect of
exercise is best understood as a regulatory process that helps
restore the balance among immune surveillance, protein
clearance and tissue protection.

Exercise and synaptic plasticity. Compared with extensive
neuronal loss, which represents a relatively late pathological
outcome, synaptic injury provides a more direct and earlier
functional basis for cognitive impairment in AD (121). Soluble
AP oligomers impair synaptic plasticity and memory-related
behavior in experimental models, and Ap-induced synaptic
and memory deficits do not appear to depend entirely on tau
as an obligatory mediator (122,123). As pathology progresses,
fibrillar amyloid deposition can also induce local synaptic
abnormalities and neuritic branch breakage (124). Therefore,
the transition from abnormal protein aggregation to circuit
dysfunction begins at the synapse level, the most vulnerable
structural and functional unit (122-124). Structural altera-
tions, such as changes in dendritic complexity, have already
been observed in triple-transgenic AD (3xTg-AD) mice (125),
indicating that synaptic instability develops in parallel with
broader remodeling of the neuronal architecture. Long-term
treadmill exercise preserves spatial working memory and
ameliorates Af-induced memory impairment (58,126), and
these effects are associated with enhanced structural synaptic
plasticity and BDNF-related signaling (127,128). These exer-
cise-related cognitive and synaptic effects may be linked to
AMPK, PGC-1a, fibronectin type III domain containing 5 and
BDNF-related pathways, as well as reductions in hippocampal
BACE and APP expression (129,130). Reviews have further
indicated that regular physical exercise can attenuate patholog-
ical and functional deterioration in AD- and dementia-related
contexts, although the magnitude and nature of the response
vary with training protocol, disease model and neuroimmuno-
endocrine context, including sex-related differences (131-133).
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In 3xTg-AD mice, synaptic ultrastructural abnormalities
in the hippocampus and prefrontal cortex include shortened
synaptic active zones, widened synaptic clefts, reduced
curvature and thinned postsynaptic density, all of which are
ameliorated by treadmill exercise (128). At the molecular level,
exercise-related rescue of plasticity is better understood as the
coordinated restoration of presynaptic and postsynaptic orga-
nization rather than as a change in any single marker (134-136).
This interpretation is consistent with evidence showing that
exercise-based paradigms, either alone or combined with
additional stimulation strategies, can support adult neuro-
genesis and circuit remodeling in AD- or aging-related
conditions (137,138). In addition, findings indicating that exer-
cise reverses behavioral and electrophysiological impairments
caused by reduced adult neurogenesis, while also acting more
generally as an epigenetic modulator of brain plasticity and
cognition, point in the same direction (139,140).

Dendrites and dendritic spines form immediate structural
substrates of excitatory synaptic transmission. Under physi-
ological conditions, spine morphology, stability and turnover
remain highly dynamic, and this dynamic range is itself a
prerequisite for learning-related plasticity (141). AD-related
pathology progressively erodes this flexibility. In 3xTg-AD
mice, changes in dendritic complexity are accompanied by
impaired structural synaptic plasticity across the hippocampus
and prefrontal cortex (128). Treadmill exercise can prevent or
reverse the overall loss of dendritic spines and preserve the
distribution of functionally distinct spine populations, thereby
maintaining connectivity at the microscopic level (128). This
effect is mechanistically important because aerobic exercise
can regulate the Rho/cofilin pathway to reverse synaptic loss,
indicating that exercise does not merely preserve existing
synapses, but also restores the cytoskeletal conditions required
for synaptic remodeling (142). This exercise-related protection
of structural plasticity is not limited to synapses and dendritic
spines, but also extends to white matter integrity, because myelin
and oligodendrocyte function provide structural support for
efficient axonal signal propagation. In 3xTg-AD mice, abnormal
myelination and disturbed oligodendrocyte differentiation
weaken the structural support required for efficient axonal
signal propagation, thereby compromising network func-
tion (143). Long-term treadmill exercise intervention attenuates
these abnormalities, promotes oligodendrocyte maturation,
increases myelin density and restores myelin-related homeo-
stasis, indicating that exercise protects plasticity not only at
the synaptic interface but also along the axonal pathway that
sustains circuit-level communication (143).

Electrophysiological findings further strengthen this
interpretation. In APP/PSI mice, treadmill exercise facilitates
synaptic plasticity through the regulation of hippocampal a-am
ino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor
activity (144). These findings show that exercise acts across
multiple linked levels of synaptic organization, including
ultrastructure, synaptic proteins, dendritic remodeling, myelin
integrity, adult neurogenesis and receptor-dependent elec-
trophysiological transmission. Exercise should therefore be
viewed not as a nonspecific behavioral intervention, but as a
biologically grounded strategy that acts across multiple levels
of synaptic organization to preserve and restore the structural
and functional basis of plasticity in AD.
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Exercise in the context of genotype-specific vulner-
ability and epigenetic regulation. The beneficial effects
of exercise on mitochondrial homeostasis, redox balance,
neuroinflammation and synaptic plasticity do not operate inde-
pendently of genotype. Their magnitude and durability may
be shaped by individual genetic vulnerabilities and epigenetic
states (139,145-147). Current evidence suggests that AD-related
mitochondrial, redox, inflammatory and synaptic pathways are
conditioned by apolipoprotein E (APOE)-dependent vulner-
ability and by epigenetic programs that determine whether
metabolic and inflammatory stress is converted into persistent
pathology (148-152). Accordingly, APOE genotype-specific
regulation lies further upstream than the aforementioned
mechanisms. APOE4 does not merely quantitatively increase
risk, but also redirects the cellular trajectory of AD toward
stronger pro-inflammatory microglial activation, and weaker
synaptic and myelination-related programs, whereas APOE2
is associated with a comparatively protective profile (148,149).
APOE genotype-specific methylation patterns linked to AD
pathology and estrogen response further indicate that genetic
susceptibility is embedded within a pre-existing regulatory
background before downstream defects in MQC, oxidative
amplification, persistent inflammation and synaptic decline
become self-reinforcing (149). Within this framework, exer-
cise is unlikely to eliminate APOE4-associated molecular
abnormalities, such as pro-inflammatory microglial activation
and weakened synaptic and myelination-related programs,
but may attenuate the vascular, metabolic, amyloid-related
or cognitive manifestations of these abnormalities. Available
studies have demonstrated that higher midlife physical activity
weakened the association between APOE4-related amyloid
retention and AD-like cerebral hypometabolism (153),
whereas aerobic training preferentially improved hippocampal
blood flow in hypertensive APOE4 carriers (154). In addition,
a post hoc analysis in mild AD suggested that APOE4 carriers
may derive greater preservation of cognition and physical
performance from exercise intervention (153-155). However, a
recent systematic review has indicated that genotype-stratified
exercise evidence remains limited and inconsistent (145).
A cautious conclusion is therefore that exercise may pref-
erentially influence modifiable vascular, metabolic and
functional features associated with APOE states, whereas
convincing evidence that it directly reverses APOE4-driven
molecular pathology is still lacking (145,153-155). The afore-
mentioned exercise-related mechanisms are summarized in
Figs. 1 and 2, and the key exercise-induced protective mecha-
nisms relevant to AD are summarized in Table SI (34,35,57-
59,61,62,86,87,102,105,116,117,127,142-144).

3. Role of fluoxetine in AD

Depression is closely related to AD, not only as an important
risk factor (156), but also through a bidirectional association
and causal relationship between the two (157-160). An autopsy
study has shown that patients with AD and a lifetime history
of major depression had nearly twice the amount of Ap depo-
sition and neurofibrillary tangles in the hippocampal region
compared with patients with AD without depression (161).
There are a number of shared pathways between the two,
including neurotransmitter dysregulation, neuroinflammation,

abnormalities in the HPA axis and deficits in neuroplasti-
city (162,163). Fluoxetine, an SSRI antidepressant, is classically
understood to increase synaptic 5-HT levels by inhibiting
serotonin reuptake (23) and has exhibited potential benefits
in AD models (21,164-166). Fluoxetine can enhance the levels
of monoamines, including 5-HT, dopamine (DA) and norepi-
nephrine (NE), in the brains of animals, promote neurogenesis
and, by reducing oxidative stress and neuroinflammation,
improve depressive behaviors as well as learning, memory
and cognitive function in AD rats (167,168). Furthermore,
fluoxetine effectively reduces AP deposition and tau protein
abnormalities in the brain (21,167,168).

Enhancement of mitochondrial function. Fluoxetine has been
found to potentially improve mitochondrial function by regu-
lating MQC and mitochondria-associated cell death pathways
in various models (169,170). In terms of MQC, fluoxetine can
promote mitophagy and enhance the colocalization of autopha-
gosomes and mitochondria, while simultaneously inducing the
translocation of Parkin from the cytoplasm to the mitochon-
dria (169). Mitochondria-localized Parkin further facilitates
the degradation of the mitochondrial outer membrane protein
translocase of outer mitochondrial membrane 20, promoting
the recognition and selective clearance of damaged mitochon-
dria, and reducing the accumulation of mitochondria-derived
ROS. In addition to enhancing mitophagy, fluoxetine can
inhibit mTOR signaling by promoting the translocation of
p53 from the cytoplasm to the nucleus and upregulating the
expression of key autophagy molecules, including autophagy
related 7 and Beclin-1, thereby enhancing the overall autophagy
process (169). When a p53 inhibitor is applied or the p53 gene
is knocked out, the aforementioned pro-autophagic effects are
completely reversed, indicating that this process is dependent
on p53 signaling (169). Both in vivo and in vitro evidence
also indicates that fluoxetine can increase the LC3-1I/LC3-1
ratio, promote autophagosome formation and facilitate
autophagosome-lysosome fusion, accompanied by reduced
p62 accumulation, suggesting that autophagic flux is improved
and that chronic mild stress or corticosterone-induced
autophagy blockade can be relieved by fluoxetine. In terms of
mitochondria-related damage pathways, in 3xTg-AD primary
neurons, fluoxetine reduces the number of TUNEL-positive
cells and improves mitochondrial intrinsic apoptosis-related
readouts, including increasing the Bcl-2/Bax and Bcl-xL/Bax
ratios and decreasing cleaved caspase-3 levels, suggesting
that while it enhances MQC, it can also suppress mitochon-
drial pathway-mediated apoptotic cascades (170). Overall,
these effects help alleviate neuronal damage and provide a
mechanistic basis for the improvement of mitochondrial func-
tion (169,170).

Anti-inflammatory and antioxidant effects. Neuroinflam-
matory responses are common pathological and physiological
features shared by depression and AD, and the chronic inflam-
matory changes associated with depression can further promote
AD progression (171). Fluoxetine has demonstrated clear
neuroprotective potential in chronically stressed animals, with
its core mechanisms centered on inhibiting neuroinflammation,
alleviating oxidative stress and regulating apoptosis-related
pathways (172). Fluoxetine exerts anti-inflammatory effects
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AD-related mitochondrial abnormalities
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Figure 1. Exercise-related pathways involved in MQC and bioenergetic homeostasis in AD. This schematic summarizes major mitochondrial abnormalities
associated with AD, including alterations in mitochondrial structure, biogenesis, dynamics, energy metabolism, intracellular transport and interaction, and
MQC/ALP-related processes. The transport- and interaction-related abnormalities include mPTP opening and dysregulated Ca?* transfer at the ER-mitochondria
interface. The figure also illustrates key exercise-related pathways that may counteract these abnormalities, including regulation of GLUT1/3-dependent
energy supply, Rab GTPase-related mitochondrial transport, stabilization of ER-mitochondria Ca®* handling, ALP activation, TFEB activity, PINK1/Parkin
signaling and mitophagic flux, TFEB-related lysosomal regulation, fusion/fission balance, and activation of AMPK and the PGC-1o-NRFs-TFAM pathway
in mitochondrial biogenesis. These pathways are linked to improved mitochondrial distribution and ultrastructure, restoration of energy metabolism, reduced
ROS-related injury, restoration of mitochondrial dynamics, enhanced MQC, and increased mitochondrial renewal. Upward and downward arrows indicate
upregulation/enhancement and downregulation/reduction, respectively. AD, Alzheimer's disease; ALP, autophagy-lysosome pathway; AMPK, adenosine
monophosphate-activated protein kinase; Ca**, calcium ion; COX, cytochrome € oxidase; Drpl, dynamin-related protein 1; ER, endoplasmic reticulum; Fisl,
mitochondrial fission 1 protein; GLUT, glucose transporter; Mfn1/2, mitofusin 1/2; mPTP, mitochondrial permeability transition pore; MQC, mitochondrial
quality control; mtDNA, mitochondrial DNA; NRF, nuclear respiratory factor; Opal, optic atrophy 1; OXPHOS, oxidative phosphorylation; PDH, pyruvate
dehydrogenase; PGC-1a, peroxisome proliferator-activated receptor y coactivator la; PINK1, PTEN-induced kinase 1; Rab, Ras-related protein in brain; ROS,

reactive oxygen species; TFAM, mitochondrial transcription factor A; TFEB, transcription factor EB.

through multiple pathways. In microglia, fluoxetine inhibits
TLR4/MyD88/NF-kB signaling, reduces lipopolysaccharide
(LPS)-induced expression of pro-inflammatory cytokines,
including IL-1f, IL-6 and TNF-a, and decreases nitric oxide
production, thereby limiting amplification of inflamma-
tory cascades (173-179). Furthermore, fluoxetine can inhibit
NF-«kB nuclear translocation and downregulate TLR4/NLRP3
inflammasome signaling, thereby reducing the expression
of pro-inflammatory mediators (167). In a sleep-deprivation
model, fluoxetine could suppress p-AKT/p-STAT3-related
signaling, reduce NLRP3 inflammasome activation and
pro-IL-1B/pro-IL-18 production, interfere with NLRP3

inflammasome assembly, and decrease p-ERK and p-GSK3f
levels, thereby reducing caspase-1-dependent maturation
and release of IL-1p and IL-18, and potentially limiting
GSDMD cleavage and pyroptosis-related inflammatory cell
death (180,181). Because activated caspase-1 can also cleave
gasdermin D (GSDMD) to generate the N-terminal GSDMD
fragment and initiate pyroptosis, this pathway links NLRP3
inflammasome activation to cytokine maturation, inflamma-
tory cell death and neuroinflammatory amplification (181).
Related animal experiments have also demonstrated that, when
DA and 5-HT were simultaneously depleted in the hippo-
campus of C57BL/6N mice, inducing microglial reactivity
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Figure 2. Intensity-dependent exercise effects on oxidative stress, neuroinflammation, myelination and synaptic plasticity in AD. Low-to-moderate exercise
promotes adaptive ROS signaling, and enhances antioxidant defense, MQC and autophagy, thereby reducing oxidative stress and neuroinflammation. By
contrast, chronic high-intensity exercise may induce ROS overload, leading to macromolecular damage, mitochondrial dysfunction and neuroinflammation
associated with NLRP3 inflammasome activation. Appropriate exercise ultimately supports synaptic remodeling, myelin/axonal support and excitatory
transmission, contributing to the preservation of circuit plasticity in AD. Upward and downward arrows indicate enhancement and reduction, respectively. AD,
Alzheimer's disease; AMPAR, a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor; GSH, glutathione; GSSG, glutathione disulfide; MBP, myelin
basic protein; MQC, mitochondrial quality control; NLRP3, NOD-like receptor family pyrin domain containing 3; PSD-95, postsynaptic density protein 95;

ROS, reactive oxygen species; SIRT3, sirtuin 3; SYP, synaptophysin.

characterized by NLRP3 inflammasome activation and IL-1p
release, fluoxetine could completely prevent the elevation of
NLRP3 and IL-1f levels in the mouse hippocampus (182,183).
In addition, fluoxetine can regulate astrocytes to exert antioxi-
dant and anti-apoptotic effects. In non-transgenic AD models,
fluoxetine not only reduces the expression of pro-oxidative
enzymes, including inducible nitric oxide synthase and
NADPH oxidase 2, induced by pro-oxidative agents, but also
alleviates oxidative stress damage by activating the nuclear
factor erythroid 2-related factor 2 (Nrf2)/heme oxygenase 1
(HO-1) endogenous antioxidant pathway (167,175), thereby
reducing neuronal apoptosis. Together, these antioxidant and
anti-inflammatory effects may contribute to neuroprotection
by reducing inflammatory amplification and oxidative injury
while supporting endogenous antioxidant responses.

Enhancement of synaptic plasticity. Chronic fluoxetine treat-
ment effectively enhances synaptic plasticity in brain regions
such as the hippocampus and cortex. Fluoxetine can increase
the dendritic density in the cornu ammonis area (CA)1/2 and
CA3 regions of the hippocampus (184,185), and enhance
GSK3p phosphorylation (186). In APP/PS1 mice, fluoxetine
has also been reported to improve impaired hippocampal
neurogenesis and memory by enhancing integrin-linked kinase
(ILK)-AKT-GSK3p pathway activity (187). At the same
time, caspase-3-dependent cleavage of AKT modulates tau
phosphorylation via GSK3p kinase in transgenic AD mouse

models (188), reducing AD-related damage at the pathological
level. In addition, in 3xTg-AD mice and their primary neurons,
fluoxetine increases protein phosphatase 2A (PP2A) activity
and activates the Wnt/B-catenin signaling pathway. Activation
of the PP2A-Wnt/p-catenin axis shifts APP processing from the
amyloidogenic to the non-amyloidogenic pathway, as evidenced
by decreased BACEI and PSl1 levels, and increased a disintegrin
and metalloproteinase domain-containing protein 10, soluble
APPa (sAPPa) and C-terminal fragment 83 levels, thereby
lowering AP levels. At the same time, fluoxetine upregulates
the levels of synapse-related proteins, such as postsynaptic
density protein 95 (PSD-95) and synaptophysin, as well as
BDNEF levels, indicating that fluoxetine treatment may restore
the levels of molecular markers associated with synaptic struc-
ture and function, while reducing AP burden (170). Insufficient
BDNF release is a key pathophysiological link between
depression and AD. When functional single nucleotide poly-
morphisms, such as Val66Met, are present, BDNF signaling
is severely impaired, promoting abnormal A accumulation
and synaptic dysfunction, which eventually leads to cognitive
decline (189,190). Fluoxetine can increase hippocampal BDNF
levels and activate the cAMP response element-binding protein
(CREB)/phosphorylated-CREB/BDNF signaling pathway,
thereby supporting synaptic protein expression, synaptic plas-
ticity and cognitive function in 3xTg-AD mice (191). In addition,
BDNF/tropomyosin receptor kinase B (TrkB) signaling may
contribute to fluoxetine-related neuroplasticity (192). In
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3xTg-AD mice, fluoxetine-mediated increases in dendritic
complexity are accompanied by increased expression of
synaptic proteins, including glutamate ionotropic receptor
NMDA type subunit 2A, glutamate ionotropic receptor
NMDA type subunit 2B, glutamate ionotropic receptor AMPA
type subunit 1, glutamate ionotropic receptor AMPA type
subunit 2, postsynaptic density protein 93, PSD-95, synapsin I
and synaptotagmin. These changes are also accompanied by
enhanced long-term potentiation, suggesting an improvement
in AD-related synaptic dysfunction (21,191). Several animal
studies have demonstrated that low-dose fluoxetine could stabi-
lize 5-HT, receptor-mediated mossy fiber synaptic modulation,
whereas high doses could enhance 5-HT and D1 dopaminergic
regulation (193-196). Chronic fluoxetine treatment can also
induce dematuration of granule cells, restoring their synaptic
characteristics to a youthful state, and this effect persists even
after drug withdrawal (194,196,197). However, these plasticity
changes have not been consistently induced at clinically
equivalent doses; therefore, whether the plasticity effects of
fluoxetine are related to excessive dosing still requires further
investigation (196).

The significance of fluoxetine in AD research lies more in
its repositioning based on comorbid pathways rather than in its
role as a traditional AD-specific therapeutic agent (21). Existing
evidence suggests that fluoxetine can reduce the pathological
burden on neurons at multiple levels (21,167,170,175,191). On
the one hand, fluoxetine promotes mitochondrial autophagy
and autophagic flux and inhibits mitochondrial-related
apoptotic cascades, thereby alleviating energy and redox
imbalances (169,170). On the other hand, fluoxetine suppresses
TLR4/MyD88/NF-kB and NLRP3 inflammasome-related
signals while activating endogenous antioxidant defenses,
such as Nrf2/HO-1 (167,173-180). As a result, fluoxetine
exerts inhibitory and buffering effects within the amplifying
feedback loop that couples inflammation and oxidative
stress (167,175,180). Additionally, fluoxetine-mediated regula-
tion of plasticity-related pathways, such as the CREB/BDNF,
ILK-AKT-GSK3p and PP2A-Wnt/f3-catenin pathways, provides
a mechanistic explanation for the restoration of synaptic func-
tion and the shift in tau/APP processing (170,187,191,196).

However, the aforementioned evidence is mainly derived
from animal and cellular models, and often depends on rela-
tively long treatment durations or specific dose windows (21).
The effects of fluoxetine on plasticity also exhibit dose
sensitivity and directional differences (196), suggesting
that its neuroprotective effects cannot be extrapolated to
clinically equivalent doses or heterogeneous human popula-
tions (21,198). Therefore, although current evidence does not
establish fluoxetine as a direct disease-modifying treatment
for AD (21,198), in cases of AD combined with depression,
anxiety or sleep disorders (159,199), fluoxetine may indirectly
support cognitive and functional outcomes by improving
the monoaminergic imbalance and inflammation/stress axis
dysregulation (159,165,196). Nevertheless, evidence supporting
fluoxetine as a direct disease-modifying intervention against
core AD pathology remains insufficient. Future studies should
establish testable clinical translational pathways under clari-
fied staging and comorbidity stratification, focusing on dosage,
treatment course, timing of intervention and key biomarker
identification. The mechanisms through which fluoxetine
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may modulate AD-related processes are summarized in
Figs. 3 and 4. Preclinical evidence on fluoxetine in AD models
is summarized in Table I (167,170,175,184,187,191).

4. Synergistic mechanisms of exercise and fluoxetine in AD

Although both exercise and fluoxetine have been demonstrated
to have beneficial effects on AD, the mechanisms and efficacy
of their combined use require further investigation. Exercise
and fluoxetine share a number of common targets in their
mechanisms of action in AD treatment. Researchers have
constructed cross-regional brain gene expression profiles for
AD based on 22 large-scale AD gene expression datasets to
explore the therapeutic effects of exercise and fluoxetine. The
results showed that exercise ranked third among the predicted
therapeutic candidates and was predicted to reverse the expres-
sion patterns of hundreds of AD-dysregulated genes across
functional categories, including cytoskeleton-related and
vascular development-related genes. In the uniform manifold
approximation and projection analysis, exercise also showed
the best match with AD profiles. Fluoxetine ranked fourth,
and its composite dataset ranked 12th in male AD profiles
and 11th female AD profiles. The fluoxetine composite dataset
was predicted to reverse AD-related expression changes in
249 dysregulated genes, including genes involved in nervous
system development. In addition, expression changes in
44 overlapping AD-dysregulated genes, including BDNF, were
predicted to be reversed by both exercise and fluoxetine. The
combination of exercise and fluoxetine was predicted to reverse
AD-related expression changes in 549 genes (200), suggesting
the complementary potential of fluoxetine combined with
exercise in AD treatment. However, preclinical and related
evidence suggests that the effects of combining exercise and
fluoxetine are not necessarily additive or superior (201,202).
One hypothesis is that fluoxetine may not reproduce the
broader neurogenic and adaptive effects induced by exer-
cise, and that its pharmacological actions may interfere with
exercise-induced adaptive signaling under certain dose, timing
or intensity conditions (201,202). Therefore, in-depth research
on their shared targets may reveal the molecular mechanisms
by which their combined use improves AD, offering novel
strategies for the prevention and treatment of neurodegenera-
tive disorders.

Combined intervention with exercise and fluoxetine may
have complementary potential in AD, but this potential should
be interpreted as a hypothesis grounded in convergent mecha-
nisms rather than as established evidence of robust synergy.
Transcriptomic evidence suggests that exercise and fluoxetine
can reverse partially overlapping AD-related gene-expression
changes (200). This finding is important not because it proves
therapeutic synergy, but because it suggests that exercise and
fluoxetine may act on partially shared but non-identical regula-
tory networks. Mechanistically, the potential complementarity
between exercise and fluoxetine may arise from their actions
on several interacting pathological nodes in AD, including
MQC, redox homeostasis, neuroinflammation and synaptic
plasticity (200,203,204). Exercise can improve mitochondrial
maintenance in AD models by promoting PTEN-induced
kinase 1/Parkin-mediated mitophagy, SIRT1-FOXO1/3
signaling and lysosomal clearance (59,61). Fluoxetine may
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Figure 3. Fluoxetine-associated modulation of the microglial NLRP3 inflammasome axis and neuroinflammation in Alzheimer's disease. This schematic
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support related mitochondrial quality-control processes by
promoting autophagic flux, Parkin translocation and damaged
mitochondria clearance in stress-related models (169).
Therefore, exercise and fluoxetine may converge on mitochon-
drial maintenance, although direct evidence of synergistic
mitochondrial restoration in AD remains limited. In terms
of oxidative stress and neuroinflammation, exercise enhances
mitochondrial antioxidant defenses and reduces ROS-related
injury in APP/PSI mice (205), whereas fluoxetine reduces
Ap-related oxidative damage, inhibits pro-oxidant enzyme
expression and activates Nrf2/HO-1 signaling in AD-related
models (167,175). Exercise also attenuates AD-related
neuroinflammation and modulates microglial or gut-brain
inflammatory signaling (206,207), whereas fluoxetine
inhibits TLR4/NLRP3-related inflammatory signaling, and
enhances microglial phagocytosis and autophagy (167,179).
Therefore, exercise and fluoxetine may weaken the positive
feedback loop between oxidative stress and inflammation, but
evidence that combined treatment produces stable additive

or synergistic anti-inflammatory effects in AD is still insuf-
ficient. Regarding synaptic plasticity, exercise and fluoxetine
have each been linked to improved synaptic remodeling and
plasticity-related signaling in AD models (21,208). The value
of considering exercise and fluoxetine together may therefore
lie not in assuming simple additivity, but in determining
whether exercise-induced adaptive remodeling can be aligned
with fluoxetine-mediated neurochemical regulation within an
appropriate biological window. The potential complementarity
between exercise and fluoxetine may also involve 5-HT, HPA
axis and BDNF-related signaling, but combined effects in AD
should still be interpreted cautiously (18,200,209).

Collaborative modulation of 5-HT pathways in the intervention
of AD progression. As a neurotransmitter widely distributed
in both the central and peripheral nervous systems, 5-HT can
influence the progression of AD by regulating A deposition,
tau hyperphosphorylation, neuroinflammation, and interactions
with cholinergic and BDNF systems (210). The 5-HT pathway



oy SPANDIDOS INTERNATIONAL JOURNAL OF MOLECULAR MEDICINE 58: 237, 2026 11

= Parkin translocation T

* TOMM20 degradation T
p53 == mtROS accumulation 1 |_|

— Atg7 and beclin-1

—p  LC3-I/LC3 ratio 1 —)  Autophagic flux
—p p62 }
Cleaved caspase-3 {
4 Bcl-2/Bax 1

~——> Bcl-xL/Bax 1
—~~— " L

TUNEL-positive cells

B
Nrf2 = HO-1 signaling T
of v
iNOs T —p Oxidative stress 4
Nox2 1
Ls> Ros ¢ N v

NLRP3¢

) MQC T

C o
CREB/p-CREB/BDNF signalin -
— p gnaling 1t = kg T

£ ° k = ~ T- - . 1

™ Tay phosphorylation },

HEH— -‘&\ —> PP2A 1 andWntp-catenin 1
Dendritic spines T y +
“.Synaptophysin T _ _
GluA1/2 1 APP processing shift
PSD-95 1 &~
Amyloidogenic pathway 4 Non-amyloidogenic pathway T
e Pst ¢ \ M e ADAM10 1%
—>  Activation e BACE1 { . e SAPPu 1
—1 Inhibition/blockade o C83 1

Figure 4. Molecular mechanisms of fluoxetine related to MQC, oxidative stress and synaptic plasticity in AD. (A) Schematic diagram showing fluoxetine-
associated regulation of mtROS control, Parkin translocation, TOMM20-related mitochondrial protein turnover, and autophagy/mitophagy-related markers,
including Atg7/Beclin-1,the LC3-II/LC3-Iratio and p62. This panel also shows changes in overall autophagic flux and mitochondrial apoptosis-related markers,
including cleaved caspase-3, Bcl-2/Bax, Bel-xL/Bax and TUNEL-positive cells. (B) Schematic diagram summarizing fluoxetine-related modulation of oxida-
tive stress-associated enzymes and antioxidant signaling pathways, including Nrf2/HO-1-related signaling, together with links to inflammasome-associated
activity. (C) Schematic diagram summarizing fluoxetine-associated pathways related to synaptic plasticity and AD pathology, including CREB/BDNF-related
signaling, ILK-AKT-GSK3p signaling, PP2A and Wnt/f3-catenin signaling. In the APP processing branch, fluoxetine-associated PP2A-Wnt/B-catenin acti-
vation is linked to an APP processing shift. This shift is shown by decreased amyloidogenic pathway activity, with reduced BACE1 and PSI levels, and
increased non-amyloidogenic pathway activity, with increased ADAM10, sAPPa and C83 levels. These changes are associated with reduced Af levels. Green
arrows indicate promotion or enhancement. Red blunt-ended lines indicate inhibition or suppression. Black horizontal arrows indicate downstream signaling
relationships or pathway progression. Black upward arrows indicate increased expression, activity or levels. Black downward arrows indicate decreased
expression, activity or levels. AB, amyloid-f; AD, Alzheimer's disease; ADAMI0, a disintegrin and metalloproteinase domain-containing protein 10; APP,
amyloid precursor protein; Atg7, autophagy related 7; BACEI, -site APP-cleaving enzyme 1; BDNF, brain-derived neurotrophic factor; C83, C-terminal
fragment 83; CREB, cAMP response element-binding protein; GluA1/2, glutamate ionotropic receptor AMPA type subunit 1/2; HO-1, heme oxygenase 1;
ILK, integrin-linked kinase; iNOS, inducible nitric oxide synthase; MQC, mitochondrial quality control; mtROS, mitochondrial ROS; NLRP3, NOD-like
receptor family pyrin domain containing 3; Nox2, NADPH oxidase 2; Nrf2, nuclear factor erythroid 2-related factor 2; p-, phosphorylated; PP2A, protein
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outer mitochondrial membrane 20; TrkB, tropomyosin receptor kinase B.

can be activated by exercise or fluoxetine, making it an impor-  elevates 5-HT levels and receptor expression in multiple brain
tant target for the regulation of AD by both interventions, as  regions by promoting the proliferation of serotonergic neurons
well as a main mechanism underlying their synergistic effects.  in the raphe nuclei (213) and increasing the influx of free
Both exercise and fluoxetine can effectively enhance the func-  tryptophan into the brain (210,214,215), thus laying a common
tional activity of 5-HT in the central and peripheral nervous  neurochemical foundation for subsequent multipathway inter-
systems (210). Fluoxetine mainly increases the synaptic 5-HT  ventions in AD. On this basis, exercise and fluoxetine can jointly
concentration by inhibiting the 5-HT transporter (210) and  activate the PI3K/AKT pathway, allowing downstream AKT
modulates receptors such as 5-HT), receptor (211) and 5-HT, to phosphorylate and inhibit GSK3f activity (186,210), while
receptor (212) to enhance downstream signaling, while exercise ~ simultaneously activating the MEK/ERK pathway to increase


https://www.spandidos-publications.com/10.3892/ijmm.2026.5908

12

WU and LI: EXERCISE AND FLUOXETINE IN ALZHEIMER'S DISEASE

Table I. Preclinical evidence on the effects of fluoxetine in AD models.

A, Effects on mitochondria

Authors, year Model Fluoxetine treatment Key mechanisms (Refs.)

Huang er al,2018  3xTg-AD mice 10 mg/kg/day, i.g., CTFs |, BACE1 |,PS1 |,sAPPf |, (170)
4 months C99 |, TUNEL* |

B, Effects on ROS

Authors, year Model Fluoxetine treatment Key mechanisms (Refs.)

Abu-Elfotuh et al,  AlCl;-induced AD rats 10 mg/kg/day, p.o., SOD 1, TAC 1, Nrf2/HO-1 1, MDA | (167)

2022 4 weeks

Caruso et al,2021  Non-Tg mice withi.c.v. ABO 10 mg/kg/day, i.p., ROS |,iNOS |, Nox2 mRNA |, (175)

injection 3 weeks TGF-p1 1

C, Effects on inflammation

Authors, year Model Fluoxetine treatment Key mechanisms (Refs.)

Huang ef al,2018  3xTg-AD mice 10 mg/kg/day, i.g., p-GSK3p (Tyr216)/GSK3p |, Wnt/ (170)
4 months [-catenin 1, p-PP2A (Tyr307)/ PP2Ac |

Abu-Elfotuh et al,  AlCl; (70 mg/kg/day; i.p.)- 10 mg/kg/day, p.o., IL-1p |,IL-6 |, TNF-a |, NF-xB |, (167)

2022 induced AD rats 4 weeks TLR4 |,NLRP3 |, caspase-1 |

D, Effects on synaptic plasticity

Authors, year Model Fluoxetine treatment Key mechanisms (Refs.)

Huang et al,2018  3xTg-AD mice 10 mg/kg/day, i.g., PSD-93 1,PSD-95 1, PP2A-Wnt/ (170)
4 months [-catenin activity 1

Zhou et al, 2019 APP/PS1 mice 10 mg/kg/day, i.p., Dendritic spines in Hpc CA1/2 and (184)
10 weeks CA3 1,DG PSD-95 1,SYP 1

Xuetal,2018 APP/PS1 mice 10 mg/kg/day, i.p., ILK/p-ILK 1, p-AKT 1, p-GSK3p (187)
4 weeks (Ser9) 1

Huang ef al,2018  3xTg-AD mice 10 mg/kg/day, i.g., Bcl-2/Bax 1, Bel-xL/Bax 1, cleaved (170)
4 months caspase-3 |

Abu-Elfotuh et al,  AlCl;-induced AD rats 10 mg/kg/day, p.o., BDNF 1,5-HT 1,DA1,NE 1 (167)

2022 4 weeks

Sun et al, 2017 3xTg-AD mice 10 mg/kg/day, i.p., CA1 neurons T, DG neurons 1, dendritic ~ (191)

15 days

spines T, CREB/p- CREB/BDNF 1

1, increased/upregulated; |, decreased/downregulated; 3xTg-AD, triple-transgenic AD; 5-HT, serotonin; ABO, amyloid-f oligomers; AD,
Alzheimer's disease; APP/PS1, amyloid precursor protein/presenilin 1; BACEI, (3-site amyloid precursor protein-cleaving enzyme 1; BDNF,
brain-derived neurotrophic factor; CA1/2/3, cornu ammonis area 1/2/3; AlICl;, aluminum chloride; CREB, cAMP response element-binding
protein; CTF, C-terminal fragment; DA, dopamine; DG, dentate gyrus; HO-1, heme oxygenase 1; Hpc, hippocampus; i.c.v., intracerebroven-
tricular; i.g., intragastric; ILK, integrin-linked kinase; iNOS, inducible nitric oxide synthase; i.p., intraperitoneal; MDA, malondialdehyde;
NE, norepinephrine; NLRP3, NOD-like receptor family pyrin domain containing 3; non-Tg, non-transgenic; Nox2, NADPH oxidase 2; Nrf2,
nuclear factor erythroid 2-related factor 2; p-, phosphorylated; p.o., per os; PP2A, protein phosphatase 2A; PP2Ac, protein phosphatase 2A
catalytic subunit; PSD-93, postsynaptic density protein 93; PSD-95, postsynaptic density protein 95; PS1, presenilin 1; ROS, reactive oxygen
species; SAPPf, soluble amyloid precursor protein §; SOD, superoxide dismutase; SYP, synaptophysin; TAC, total antioxidant capacity; TLR4,
toll-like receptor 4.

a-secretase activity, and inhibit BACE1 and y-secretase func-
tions (170), thereby promoting non-amyloidogenic cleavage of

APP and enhancing the production of neuroprotective sAPPa,
while reducing the production and deposition of AP (216,217).
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Exercise can also directly act on A protofibrils via 5-HT,
disrupting their 3-sheet and salt bridge stability and further
impeding A deposition (218). Exercise and fluoxetine can
jointly regulate PP2A and the Wnt/B-catenin pathway (170),
synergistically inhibiting the abnormal phosphorylation of
tau protein through multiple mechanisms. At the neuroim-
mune level, exercise and fluoxetine may converge on the
inhibition of NF-kB-related inflammatory signaling and
pro-inflammatory factor release (219,220), thereby contributing
to a central-peripheral synergistic anti-inflammatory network.
Exercise and fluoxetine can both activate the CREB/BDNF
axis, with the 5-HT system as a key mediator (221), enhancing
BDNF expression through multiple pathways, such as the
PI3K/AKT and calcium/calmodulin-dependent protein kinase
IV/IMAPK pathways (222,223), thereby improving synaptic
plasticity and neurogenesis (191,224,225). Fluoxetine can
enhance central cholinergic function by increasing 5-HT
levels, thereby promoting the interaction between 5-HT and o-1
receptors in the brain (226) to facilitate acetylcholine release.
Exercise has similar effects (214,227,228), and together both
interventions can alleviate cholinergic system dysfunction
associated with AD. These mechanisms suggest that although
exercise and fluoxetine act through different means, they share
multiple molecular pathways centered on the 5-HT system,
exerting additive or complementary effects on key processes
such as AP metabolism, tau pathology, neuroinflammation,
neurotrophic support and cholinergic function, thus providing
a systematic theoretical foundation for combined interventions
in AD.

Synergistic interactions within the BDNF signaling pathway.
BDNF is a protein encoded by multiple BDNF transcripts
that requires binding to specific receptors on the surface of
neurons to exert its effects. AP interferes with the binding of
BDNF to TrkB, thereby inhibiting neuroprotective signaling
pathways, such as the Raf-MAPK/ERK and PI3K/AKT path-
ways (229), which diminishes the role of BDNF in neuronal
survival, functional maintenance and brain plasticity. Both
exercise and fluoxetine can directly reduce A deposition, and
each independently increases BDNF levels in different brain
regions (230), suggesting that their combined use is more
effective than either alone (231). One study examined volun-
tary exercise and fluoxetine treatment separately and reported
that each intervention increased BDNF mRNA and protein
levels in the hippocampal neuronal somata and enhanced
BDNF localization in the CA3 dendritic regions, particularly
the stratum lucidum and radiatum. This increase was mainly
associated with the BDNF exon 6-containing transcript
variant (232). As aforementioned, exercise and fluoxetine are
both related to activation of the central 5-HT pathway. In vitro
experiments have demonstrated that 10-50-xM 5-HT induced
dendritic targeting of BDNF mRNA in cultured hippocampal
neurons, and that this dendritic targeting was largely depen-
dent on the BDNF exon 6-containing transcript variant,
further suggesting that exercise and fluoxetine may regulate
the dendritic BDNF mRNA localization through 5-HT-related
downstream pathways (232).

Synergistic enhancement of HPA axis regulation. HPA axis
dysfunction serves an important role in depression and has a
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marked impact on the early stages of AD (233). Patients with
depression or AD may exhibit HPA axis-related abnormali-
ties, including elevated cortisol levels, hippocampal atrophy
and glucocorticoid receptor signaling imbalance, although the
temporal pattern of HPA axis changes may differ across disease
stages and study populations (159). Animal experiments have
demonstrated that chronic stress and increased circulating
cortisol levels could directly promote the accumulation of A
and tau, induce maladaptive immune responses, accelerate
brain atrophy and synaptic dysfunction, and thereby accelerate
the progression of AD (233). To the best of our knowledge, no
studies have directly shown the effects of combining exercise
with fluoxetine on the HPA axis and corticosterone levels in
patients with AD; however, Mahdirejei et al (18) found that
under conditions of HPA axis dysfunction in LPS-induced
depressive mice, fluoxetine improved HPA axis dysfunction
and reduced corticosterone levels. In the same study, swim-
ming exercise improved HPA axis function and reduced
corticosterone levels more effectively than fluoxetine alone,
whereas the combined fluoxetine and swimming exercise inter-
vention produced greater normalization of HPA axis function
and corticosterone levels than either intervention alone (18).
In a rat model of post-traumatic stress disorder, compared
with untreated single prolonged stress (SPS) model rats,
fluoxetine and the combination of moderate treadmill exercise
and fluoxetine improved SPS-induced HPA axis inhibition,
and this effect was accompanied by restoration of hippo-
campal BDNF levels and normalization of apoptosis-related
markers, including Bax, caspase-3, Bcl-2 and the Bax/Bcl-2
ratio (234). This provides a reference for the joint modulation
of AD-related pathology by the two interventions.

5. Mechanisms of antagonistic interactions between
exercise and fluoxetine in the context of AD

There are differences in how various forms and intensities of
exercise affect different diseases. For example, a single session
of high-intensity exercise can produce excessive ROS, increase
oxidative stress and elevate the levels of inflammatory factors
in the body (235). Prolonged high-intensity exercise can disrupt
the oxidative system balance in the body, thereby accelerating
disease progression (91). The dosage and biological effects of
fluoxetine are closely related to factors such as species, strain,
age and sex (236-238). Therefore, although the combination
of exercise and fluoxetine has certain therapeutic potential, if
key variables, including exercise intensity and type, fluoxetine
dosage, and timing of use, are not properly coordinated, the
efficacy might be diminished and disease progression could
theoretically even be accelerated under conditions of excessive
exercise-related stress (91,235-238).

The risk of antagonistic interactions between fluoxetine and
exercise may stem from fundamental differences in the way
they regulate intracellular signaling. Exercise relies mainly
on moderate physiological stress to trigger adaptive responses
in the body, whereas fluoxetine has been reported to inhibit
certain ROS- and inflammation-related pathways that overlap
with exercise-induced adaptive signaling (173,239-242). For
example, in the regulation of ROS signaling, the low levels
of ROS produced by moderate-intensity exercise are an
important signal for activating adaptive responses, such as
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the body's antioxidant defenses and mitochondrial biogen-
esis (32,239,240). This is one of the core mechanisms underlying
the neuroprotective effects of exercise. However, fluoxetine
has been reported to exert antioxidant effects and reduce
ROS production in some experimental settings (173,241). If
the drug intervenes too early or too strongly after exercise, it
may theoretically blunt ROS-dependent signaling, thus weak-
ening the long-term benefits of exercise, such as enhanced
mitochondrial function (85,239,240). Regarding inflammatory
pathways, the anti-inflammatory benefits of exercise are the
result of long-term adaptation, a process partly related to early
cytokine- and redox-sensitive signaling events triggered by
acute bouts of exercise as an initiating signal, such as transient
activation of the NF-«B pathway (240,243). However, fluox-
etine has been reported to inhibit inflammatory pathways,
including the NF-kB and NLRP3 pathways, in experimental
models of microglial or macrophage activation (173,242). This
inhibition, if excessive or poorly timed, may interfere with
the beneficial preparatory inflammatory signals generated at
the onset of exercise, thereby potentially interfering with the
body's long-term establishment of its own anti-inflammatory
and immune regulation capacity (85,173,240,242,243).

This potential antagonism at the level of signal regulation
introduces uncertainty regarding the effects of combina-
tion therapy with fluoxetine and exercise. The side effects
potentially induced by fluoxetine, such as fatigue/asthenia,
somnolence, dizziness or weakness, may further intensify this
antagonistic risk by compromising exercise tolerance or exer-
cise performance (25,244). Research has shown that exercise
could effectively improve physical abilities in the elderly (245),
while fluoxetine-related adverse effects may interfere with
exercise capacity (25,244). In a study involving 11 months
of long-term intervention in 3xTg-AD mouse models, both
the exercise group and the combined exercise plus fluoxetine
group showed increases in the survival of newly generated cells
labeled with 5-bromo-2'-deoxyuridine; however, the increase
in the combined group was less pronounced than that in the
exercise-only group, with the positive effects of exercise being
diminished by fluoxetine. Furthermore, mice in the combined
group fell more times in the rotarod test, with fluoxetine
causing obvious motor coordination disorders in 20-month-old
mice, a problem not observed in the exercise-only group (201).
These findings suggest that the side effects of this combination
therapy may partly offset its potential benefits.

As a common biomarker for depression and AD (159,
189,246), BDNF has been examined in early intervention
studies of adolescent depression (247,248) and pre-pubertal
depression-related models (202,249). Schoeman et al (202)
found that, in preadolescent stress-sensitive rats, interventions
required strict matching of medication dosage and exercise
intensity; combining the two blindly not only failed to produce
long-term synergistic effects but could even result in antago-
nism. In terms of immediate effects, both low-dose fluoxetine
and low-intensity exercise alone had potential antidepressant
benefits, and their combination showed a synergistic effect.
However, moderate-intensity exercise (due to stress overload)
and high-dose fluoxetine (due to the inhibition of motor func-
tion) did not yield effective antidepressant effects. Regarding
long-term effects, low-dose fluoxetine and low-intensity
exercise, when used individually, could continue to improve

depressive behavior in adulthood. However, combined inter-
ventions before adolescence offered no long-term benefits and
may even be antagonistic. On the one hand, during combined
treatment, noradrenergic activation signals from exercise
and serotonergic modulation from fluoxetine simultaneously
acted on the immature brain, causing disordered synaptic
selection and reducing the number of functional synapses in
the noradrenergic system, thereby eliminating the antidepres-
sant effect. On the other hand, during combined treatment
with exercise and fluoxetine, exercise itself may mildly
increase 5-HT levels, and together with the SSRI effect of
fluoxetine, may lead to an excessive 5-HT concentration
in the synaptic cleft. Sustained high 5-HT levels strongly
activated a2 heteroreceptors, which strongly inhibited NE
release, ultimately disabling activation of the noradrenergic
system and negating the antidepressant effect (202). Finally,
Schoeman et al (202) pointed out that fluoxetine may suppress
the CREB pathway, inhibiting exercise-induced BDNF
synthesis, resulting in insufficient BDNF levels to maintain
antidepressant effects, and thus, counteracting the synergistic
benefit of the two interventions. This contradicts the afore-
mentioned synergistic effect in AD treatment, suggesting
that the combined effects of exercise and fluoxetine on the
BDNF pathway, as well as their biological mechanisms for
improving neurodegeneration, require further investigation.
However, exercise intensity, fluoxetine dosage, timing of
interventions and targeting of different age groups all have
impacts on therapeutic outcomes (202,247,248).

Exercise and fluoxetine intersect at several key points in
AD-related networks. Both can influence MQC and autophagic
flux (169,250), inhibit inflammasomes and NF-kB-mediated
amplification loops (173,242,251,252), and regulate synaptic
plasticity and stress load via the CREB/BDNF and HPA
axis (189,253-256). In terms of pathway coverage, the
combined interventions are theoretically complementary,
possibly even reducing pathology across multiple pathways
simultaneously at certain stages (169,173,189,242,250-256).
However, the current findings are inconsistent, suggesting that
synergy is not guaranteed (201,202). The core conflict lies in
the different ways in which the two interventions regulate
signaling. The long-term benefits of exercise partly depend
on short-term increases in ROS levels and mild inflammation
as adaptive remodeling signals (85,239,240,243), whereas
fluoxetine may suppress these stress- or inflammation-related
adaptive signals and reduce the oxidative load (173,241,242).
When the medication dosage is high, the intervention is intro-
duced too early or the exercise intensity is already near the
threshold, signaling may be excessively suppressed, thereby
weakening the training-induced windows for mitochondrial
biogenesis, autophagic adaptation and neurogenesis, or even
compounding issues with motor coordination and toler-
ance (85,169,201,202,239-241,243,250,257). Therefore, future
research should conduct stratified validation using unified
outcome measures, focusing on disease staging, depression
comorbidity and physical/cognitive risk (such as fall risk) as
core stratification variables (189,201,202,253). This approach
should systematically compare different exercise prescriptions
in combination with fluoxetine dosage, duration and timing to
define the boundaries between synergistic and antagonistic
effects (85,201,202,239-241,243,257).
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6.Boundaries of current evidence and challenges in clinical
translation

The aforementioned pathway-level interpretations involve
mitochondrial homeostasis, oxidative stress, neuroinflamma-
tion, autophagic flux and CREB/BDNF- and HPA axis-related
signaling. Because the core evidence for these mechanistic
interpretations is still predominantly derived from cell systems
and animal models of AD (258,259), these findings should not
be taken as evidence that the same pathway-level effects can
be fully reproduced in clinical patients with AD. Although
these models can reproduce AP deposition and selected
inflammatory phenotypes with considerable fidelity, they do
not adequately capture the slow neuronal attrition, cerebro-
vascular injury, metabolic comorbidity and neuropsychiatric
burden that characterize late-onset AD in humans (258-260).
Consequently, such models are well suited to determining
whether a given pathological pathway can be engaged by
exercise or pharmacological intervention but are less suited to
establishing whether modulation of that pathway is sufficient
to alter the course of disease in patients. The aforementioned
evidence on mitochondrial homeostasis, oxidative stress,
neuroinflammation and synaptic plasticity should therefore be
primarily considered as evidence of mechanistic tractability,
rather than as proof of disease modification already validated
at the clinical level (133,258-262).

The central difficulty in interpreting the exercise literature
is not the absence of positive findings, but the fact that exer-
cise should not be treated as a single uniform intervention.
Variations in intensity, duration and timing do not merely
influence the magnitude of the effect, they often alter the nature
of the biological response itself (263-265). Treadmill training,
voluntary wheel running, swimming and resistance exercise are
not interchangeable in terms of stress load, metabolic demand
or central adaptive signaling (263,264). Once translated into
clinical populations, these differences are further amplified by
heterogeneity in physical reserve, adherence, supervision and
comorbidities. Observational studies (266,267), randomized
trials (268-270) and systematic syntheses (271,272) collectively
suggest that exercise may benefit cognition and function in MCI
and AD; however, the effects are not uniformly robust, and
those that prove reproducible are often directional rather than
prescriptive. The importance of studies such as EXERT lies
precisely in returning the question to the clinical setting, namely,
in clarifying that whether exercise is beneficial depends not only
on mechanistic plausibility, but also on identifying the popu-
lations, disease stages and prescriptions for which preclinical
promise can be converted into durable benefit (133,270-272).

The translational constraints surrounding fluoxetine are
even more concentrated. Current support for its effects on
AD-related cognition and pathology remains overwhelm-
ingly preclinical, while clinical studies are few, generally
small and insufficiently consistent for systematic reviews to
yield clear conclusions (21). The problem is not simply one of
cross-species dose conversion, but of nonequivalent exposure
across species. Fluoxetine displays marked interindividual
pharmacokinetic variability, such that the same nominal dose
in humans may give rise to substantially different plasma
concentrations and metabolic profiles (273,274). In light of
this, the aforementioned pro-autophagic, anti-inflammatory
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and plasticity-related effects are best regarded as indications
of which pathways merit clinical interrogation, rather than as
evidence that a clinically actionable therapeutic window has
already been defined (273-275).

In the context of the present review, synergy and antago-
nism between exercise and fluoxetine should therefore be
treated as conditional propositions rather than fixed conclu-
sions. Shared pathways do not automatically translate into
clinical gain, and signals that point in opposite directions do
not necessarily imply true mechanistic incompatibility. Rather
than accumulating additional isolated positive findings, it is
important to construct stratified clinical studies in MCI and
early AD that explicitly account for depressive comorbidity,
standardize exercise prescriptions with respect to intensity,
duration and initiation stage, redefine fluoxetine dosing in
terms of clinically relevant exposure, and integrate mechanistic
biomarkers with cognitive and functional outcomes within the
same design. Only after these boundary conditions have been
defined can the mechanistic links discussed in the present
review, including mitochondrial regulation, neuroinflamma-
tion, autophagy, HPA axis regulation and synaptic plasticity,
be tested as clinically meaningful targets rather than only
as preclinical pathway-level observations (21,270,272,275).
Given that the interaction between exercise and fluoxetine
is likely to be conditional rather than fixed, the principal
biological and clinical factors that may favor synergy or
increase the likelihood of antagonism are summarized in
Table SII (7,8,13-18,21,23-25,32,85,89,119,120,158,245,258-
262,270-272).

7. Conclusion

The present review summarizes the molecular effects of
exercise and fluoxetine in AD, with a focus on mitochondrial
regulation, redox homeostasis, neuroinflammation, autophagy,
HPA axis function and synaptic plasticity. Current evidence
suggests that exercise can act on multiple AD-related pathways
through adaptive physiological remodeling (59,61,85,205-208),
whereas fluoxetine may influence overlapping targets through
serotonergic regulation, anti-inflammatory effects, antioxidant
responses and neuroplasticity-related signaling (167,169,170,
173-180,187,191,232-235). These shared mechanisms provide
a biological basis for potential complementarity between
the two interventions. Nevertheless, synergy should not be
assumed. The interaction between exercise and fluoxetine is
likely to depend on the disease stage, exercise prescription,
fluoxetine exposure, intervention timing, comorbidity profile
and physical reserve. Excessive exercise load, poorly tolerated
fluoxetine exposure or inappropriate timing may reduce the
expected benefit or increase the risk of non-additive effects.
Therefore, the combined use of exercise and fluoxetine should
be regarded as a conditional and testable strategy rather than
an established clinical rule. Future studies should use strati-
fied clinical designs to identify the AD subgroups, intervention
windows and biomarker profiles associated with safe and
beneficial combined exercise and fluoxetine treatment.
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