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Abstract. Metabolic syndrome (MetS) is associated with
increased risk of Alzheimer's disease (AD), however, the
majority of previous studies regard MetS as an isolated risk
factor and focus on single pathways, lacking systematic
understanding of combined effects among multiple metabolic
components. The present review systematically summarizes
the multifaceted mechanisms by which MetS promotes AD
pathology, including insulin resistance and cerebral energy
dysregulation, oxidative stress and mitochondrial dysfunction,
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neuroinflammation and glial cell activation, vascular dysfunc-
tion and dysregulation of the renin-angiotensin system, as
well as the central convergent signaling pathway involving
glycogen synthase kinase-3f3. The present review further
highlights emerging regulatory mechanisms involving the
gut-brain axis, epigenetic reprogramming, sex differences
and hormonal effects and senescent microenvironment. By
emphasizing the peripheral-central crosstalk and interactive
amplification of MetS components, the present review aimed
to position AD as a central manifestation of systemic metabolic
disorders in the brain and propose a multi-domain precision
strategy integrating lifestyle intervention, metabolic drug
repurposing, gut microbiota regulation, anti-aging therapy
and biomarker-guided subtype classification for intervention
against MetS-associated AD.
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1. Introduction

Metabolic syndrome (MetS) and Alzheimer's disease (AD),
major global public health challenges, are widely acknowl-
edged by the academic community to have a complex,
bidirectional promoting association (1,2). MetS comprises a
cluster of interconnected risk factors associated with cardio-
vascular disease and diabetes, including abnormal glucose
metabolism, elevated blood pressure and triglycerides, reduced
high-density lipoprotein cholesterol and obesity (particularly
central obesity) (3). Its pathogenesis may involve defects in
adipocyte differentiation and increased visceral fat, triggering
reactive oxygen species (ROS) production via nicotinamide
adenine dinucleotide phosphate oxidase activation, leading to
oxidative stress. This decreases levels of anti-inflammatory
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adiponectin, and increases the release of tumor necrosis factor
(TNF)-a, IL-6, plasminogen activator inhibitor-1 and oxidized
low-density lipoprotein (ox-LDL), culminating in inflamma-
tion and thrombosis (4). AD is a neurodegenerative disorder
characterized by progressive memory loss and dementia,
with pathological hallmarks including amyloid Af deposi-
tion, neurofibrillary tangles (NFTs), neuronal loss, synaptic
dysfunction and brain atrophy; AD is influenced by various
factors such as genetics, aging, hypertension and diabetes (5,6).

MetS and its components are risk factors for the devel-
opment of AD. A prospective cohort study showed that
individuals with MetS have a 25% higher risk of dementia,
with the risk increasing alongside the number of MetS compo-
nents (7). Other research has linked MetS and its components
with an increased risk of young-onset dementia (8). In addi-
tion, a predominantly USA-based cohort of patients with
subclinical MetS showed a higher probability of developing
neurocognitive decline, AD and associated dementias, with
an even higher risk when cerebral small-vessel disease was
present (9). How MetS influences AD requires further inves-
tigation. Current research is often limited to single pathways
or late-stage interventions, failing to elucidate the cascade
from systemic metabolic disturbances to brain injury and
lacking an integrated preventive and therapeutic perspective
encompassing risk prediction, early intervention and precision
treatment.

To overcome the aforementioned limitations, the present
review aimed to outline the pathophysiological mechanisms of
MetS-driven AD and propose precise strategies ranging from
basic lifestyle interventions to metabolic drugs that improve
AD pathology, including targeted therapies to provide new
insights for breaking the cycle between MetS and AD and
achieving early prevention and treatment of AD.

2. Core mechanisms linking MetS with AD

Insulin resistance (IR) and brain energy metabolism disorder.
Insulin is a key hormone regulating glucose, lipid and protein
metabolism, modulating blood glucose by promoting glucose
uptake, enhancing glycogen and lipid synthesis and inhibiting
hepatic gluconeogenesis and lipolysis (10). When insulin
sensitivity or signal responsiveness declines, IR develops (11).
IR is classified into primary and secondary types based on its
pathogenesis: Primary insulin resistance results from genetic
defect with compensatory hyperinsulinemia and cannot be
fully reversed by weight loss. Secondary IR is caused by
acquired factors such as obesity (particularly visceral obesity),
adipose tissue hypoplasia or dysfunction, excessive secretion
of glucagon, hyperglycemia and certain medications, with
obesity being the most common cause (12). Adipose tissue
dysfunction (excessive lipolysis, inflammation, hypoxia and
macrophage infiltration) serves a key role in the onset and
progression of obesity-associated IR (13), which is a crucial
pathological basis for the impact of MetS on the central
nervous system.

In the central nervous system, insulin and insulin-like
growth factor (IGF)-1/2 signaling are key for brain energy
metabolism, synaptic plasticity and cognitive function (14).
Expression of insulin, IGF-1/2 and their receptors is notably
reduced in the brain tissue of patients with AD, particularly

in the hippocampus and hypothalamus (15). Disrupted
insulin signaling promotes the activation of the AP precursor
protein/AP pathway, increasing A} production. Excess insulin
competitively inhibits insulin-degrading enzyme, impairing
AP clearance and accelerating amyloid plaque formation (16).
In the absence of overt peripheral metabolic abnormality, local
brain IR can directly impair synaptic transmission and nural
plasticity by decreasing the expression and phosphorylation
levels of glutamate receptor subunits (17). Furthermore, IR
induced by a high-fat diet (HFD) leads to abnormal palmi-
toylation of the a-amino-3-hydroxy-5-methyl-4-isoxazolep
ropionic acid receptor subunit Glutamate receptor subunit
GluAl via activation of the forkhead box O3a signaling axis,
hindering its membrane surface transport, thereby inhibiting
long-term potentiation and impairing learning and memory
function (18) (Fig. 1).

Oxidative stress and mitochondrial dysfunction. Previous
studies have confirmed that oxidative stress precedes Af} depo-
sition and NFT formation (19) and impaired energy metabolism
occurs before cognitive deficit in early AD (20), suggesting
that oxidative stress and mitochondrial dysfunction may be
early drivers of the AD pathological cascade. Mitochondrial
dysfunction leads to an imbalance in the electron transport
chain and ROS production (21). MetS contributes to decreased
mitochondrial respiratory chain activity and membrane
potential and excessive ROS production through multiple
pathways, including impaired glucose use, inhibited insulin
signaling, disordered fatty acid metabolism, a positive feed-
back loop between inflammation and ROS and compromised
mitophagy (22,23). ROS and mitochondrial damage reinforce
each other, leading to an energy crisis, accelerated AP and
T pathology, activation of neuroinflammation and ultimately
contributing to AD development.

ROS promotes oxidative modification of the amyloid
precursor protein (APP) protein. Mitochondrial energy
deficit upregulates the (-secretase activity of (-site APP
cleaving enzyme 1 (BACEl) activity, making oxidized APP
protein more susceptible to cleavage by (3-secretase, leading
to increased AP production (24). ROS inhibits serine/threo-
nine-protein phosphatase 2A and activates glycogen synthase
kinase-3 (GSK-3f3), promoting t hyperphosphorylation and
NFT formation (25). Mitochondria are trafficked to synaptic
compartments within neurons to sustain neuronal growth
and development. Mitochondrial damage leads to neuronal
energy crisis, subsequently decreasing synaptic plasticity (26).
This effect on synaptic memory is associated with interactive
regulation involving the cAMP response element-binding
protein/regulator of calcineurin 1 pathway (27,28). Damaged
mitochondria release mitochondrial DNA and ROS as
damage-associated molecular patterns, thus activating the
NLR family pyrin domain-containing 3 inflammasome,
and producing IL-1p and TNF-a, which exacerbate Af and
T pathology (29,30). These interconnected steps form a cycle
from MetS to oxidative stress and mitochondrial dysfunction,
leading to AP/t pathology, neuronal death, cognitive decline
and ultimately manifesting as AD.

Silent information regulator 2-like protein 3 (SIRT3) is
a NAD*-dependent deacetylase primarily localized in mito-
chondria that serves important roles in cellular metabolism,
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Insulin resistance leads to a decrease
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Figure 1. Association between insulin resistance and AD. Insulin resistance drives AD progression through four major pathways. Insulin resistance impairs
insulin receptor signaling, which alters amyloid precursor protein processing and increases the production of A peptides, facilitating amyloid plaque forma-
tion. Insulin resistance decreases the activity of insulin-degrading enzyme, a cytosolic and endosomal metalloprotease responsible for Af3 degradation, thereby
decreasing A clearance. Insulin resistance disrupts glutamate homeostasis at synapses, triggering excitotoxicity and neuronal damage. Insulin resistance
promotes abnormal palmitoylation of the GLUAI subunit of AMPA receptors via FOXO3a, which impairs AMPA receptor function and leads to deficit in
long-term memory. AD, Alzheimer's disease; AP, amyloid B; GluA1, glutamate receptor subunit Al; AMPA, a-amino-3-hydroxy-5-methyl-4-isoxazolepropi

onic acid receptor; BACEL, [-site amyloid precursor protein cleaving enzyme 1.

energy homeostasis, oxidative stress, autophagy and cell
survival (31). As the most abundant mitochondrial deacetylase
expressed in the nervous system, SIRT3 regulates electron
transport chain activity, stabilizes mitochondrial membrane
potential and enhances antioxidant capacity (32). In MetS
models, blood glucose, fatty acids and inflammatory signals
inhibit SIRT3 expression or activity, leading to mitochondrial
protein hyperacetylation, increased ROS and accelerated mito-
chondrial metabolic dysregulation (33,34), rendering neurons
more vulnerable to AP and t pathology, and accelerating AD
progression.

Neuroinflammation and glial cell activation. MetS is not
a static condition but a dynamic state of bodily disturbance
accompanied by inflammation. This inflammation disrupts
peripheral and central immune homeostasis, particularly
microglial function, and converts metabolic crisis into
pathological catastrophe in the brain, driving the onset and
progression of AD (35).

Obesity, the primary pathological phenotype of MetS, repre-
sents a chronic stress state in adipose tissue (36,37). Adipocyte
hypertrophy or local hypoxia induces macrophage infiltra-
tion, prompting the coordinated release of pro-inflammatory

adipokines and forming a local ‘inflammatory storm’ (38).
Damaged adipose tissue secretes TNF-a and IL-6, inducing
persistent low-grade chronic inflammation (39,40). Monocytes
are recruited to adipose tissue and polarize into pro-inflam-
matory M1-type macrophages, releasing IL-1f, IL-18 and
ROS, thus continuously amplifying inflammatory signals (41).
Metabolic abnormality and inflammatory responses exhibit
a positive feedback association: Inflammatory factors such
as TNF-a interfere with insulin receptor substrate tyrosine
phosphorylation, inhibiting insulin signal transduction and
exacerbating IR (42,43). Hyperglycemia and free fatty acids
activate classical inflammatory pathways such as NF-xB (44),
forming a vicious cycle where metabolic abnormalities induce
inflammation, and inflammation exacerbates metabolic
disorder.

Against a backdrop of sustained systemic inflammation,
peripheral inflammatory signals affect the central nervous
system through multiple routes. Inflammatory factors can
directly enter the brain when the blood-brain barrier (BBB) is
compromised. With an intact BBB, peripheral inflammation
activates brain endothelial cells, ‘transducing’ the inflammatory
signal to the central nervous system (45,46). Microglia chroni-
cally exposed to inflammatory stimuli become hyperactivated,
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polarizing into a neurotoxic disease-associated phenotype (47).
In AD, hyperactivated microglia exhibit three aspects of
dysfunction: i) Impaired phagocytic clearance, which decreases
AP clearance efficiency; ii) sustained release of ROS and
pro-inflammatory factors damaging neurons and synapses; and
iii) aberrantly enhanced synaptic pruning, which non-selectively
engulfs functional synapses (48,49). Microglia can transform
into an anti-inflammatory phenotype under specific microenvi-
ronments; therefore, regulating microglial phenotypic balance,
rather than simply inhibiting their activation, is a potential
therapeutic strategy for MetS-associated AD (50).
Inflammatory factors released by microglia (such as
IL-1p and TNF-q) activate astrocytes, shifting them from a
supportive phenotype to a pro-inflammatory state, impairing
metabolic and nutritional support for neurons and secreting
inflammatory mediators (51). Activated astrocytes typi-
cally form a ‘glial barrier’ around AP plaques, potentially
hindering pathological protein clearance and enhancing
plaque neurotoxicity. Sustained inflammatory signaling acti-
vates inflammasomes through dysregulated autophagy and
mitochondrial dysfunction, driving neurodegeneration (52).

Renin-angiotensin (Ang) system (RAS) dysfunction and
vascular disturbance. Systemic metabolic disturbance and
chronic inflammation associated with MetS persistently
activate RAS, disrupting cerebrovascular homeostasis and
promoting neurodegeneration. RAS comprises renin, Ang,
Ang-converting enzyme (ACE) and Ang II (53), functionally
divided into the classical axis [ACE-Ang II-Ang II type 1
receptor (AT,R)],mediating vasoconstriction,inflammation and
oxidative stress, and the protective axis [ACE2-Ang-(1-7)-Mas],
promoting vasodilation and anti-inflammation. These two
axes maintain dynamic balance under physiological condi-
tions, however, in the context of MetS, visceral fat expresses
and releases nearly all RAS components via autocrine and
paracrine mechanisms (54,55). Adipocyte hypertrophy and
hypoxia in obesity enhance the production of renin, ACE and
Ang II (56). Simultaneously, high levels of free fatty acids
and ox-LDL induce the overexpression of ATIR and increase
Ang II generation by activating the chymase pathway in
peripheral blood mononuclear cells, amplifying classical RAS
axis activity in endothelial cells and macrophages (57,58).
Persistent overactivation of RAS is associated with
cognitive decline (59). In brain tissue of patients with AD,
the expression of ACE, Ang II and ATIR is enhanced, and
elevated cerebrospinal fluid ACE levels are associated with the
degree of A deposition (60). Mechanistically, Ang IT upregu-
lates BACE] (61) and y-secretase activity (62), thus promoting
AP generation, and promotes abnormal t phosphorylation
via GSK-3f activation (63). At the vascular level, sustained
vasoconstriction and decreased nitric oxide bioavailability
mediated by Ang II cause chronic cerebral hypoperfusion,
impair lymphatic system function and compromise Af clear-
ance (64). Additionally, Ang II-induced oxidative stress and
inflammation disrupt tight junctions in cerebrovascular endo-
thelial cells (65), leading to structural and functional damage
to the BBB, facilitating the entry of peripheral inflammatory
factors and neurotoxic substances into the brain parenchyma,
hindering AP efflux to the periphery and further exacerbating
neuroinflammation and plaque deposition (66). As excessive

RAS activation contributes to cognitive decline, RAS inhibi-
tion may improve cognitive function in selected populations.
For instance, brain-penetrating ACE inhibitors can slow AD
progression (67), and RAS modulation delays the conversion
frommildcognitiveimpairment (MCI)to AD (68).Nevertheless,
these beneficial effects are strongly modulated by host factors
such as genetic background. Cognitive protection conferred
by ACE inhibitors is only observed in individuals without
the APOE ¢4 allele (ApoE4) (68). Notably, MetS-associated
RAS imbalance does not act on the vascular system in isola-
tion, but mutually amplifies the chronic inflammatory state,
activates glial cells and induces brain IR, thus promoting AD
development along the ‘metabolic-vascular-immune axis’ (69).
Therefore, RAS should be considered as a key pathological
node in AD rather than a single therapeutic target (Fig. 2).

GSK-3B: A key hub molecule. GSK-3 is a multifunctional
serine/threonine kinase, which was initially named for its
role in glycogen metabolism (70). GSK-3 has two primary
isozymes, with GSK-3p associated with body metabolism
and brain development (71). GSK-3f is primarily involved in
the Wingless (Wnt)/p-catenin, NF-xB and phosphoinositide
3-kinase/protein kinase B pathways (72,73) and acts as a
downstream effector of the insulin signaling Akt pathway.
IR inactivates Akt, leading to GSK-3f3 hyperactivation (74).
The Wnt/B-catenin pathway is a key regulatory network for
maintaining the function of neurons, oligodendrocytes and
microglia (75). Under inflammatory conditions, hyperac-
tivated GSK-3p promotes microglial polarization towards
a pro-inflammatory phenotype, releasing inflammatory
factors (76) and induces vascular inflammation, disrupts
the BBB and AP clearance and promotes mitochondrial
dysfunction triggering neuronal apoptosis (77-79).

GSK-3p is a key enzyme mediating AD pathology (80).
As one of the most important T protein kinases in the body,
activated GSK-3p can directly phosphorylate t protein at
multiple sites (81), causing t to detach from microtubules
and aggregate into NFTs. Furthermore, GSK-33 modulates
y-secretase activity, promoting the production of the more
aggregation-prone AP42 (82). Notably, AP oligomers activate
GSK-3p (83), creating a cycle. ApoE4 exacerbates AD-like
pathology in mice with type 2 diabetes mellitus (T2DM) by
upregulating GSK-3f activity (84). Lithium can inhibit GSK-3f3
activity, and lithium treatment prevents pathological changes
and memory loss in AD and aging wild-type mice (85).
Furthermore, traditional Chinese medicine formulas, such as
Danggui Shaoyao San, serve as GSK-3f inhibitors, partici-
pating in reducing AD risk both in vitro and in vivo (86,87). In
summary, GSK-3f is one of the most direct molecular bridges
connecting peripheral metabolic disturbance and central
nervous system pathology (Fig. 3).

3. Emerging mechanisms

Gut microbiota (GM)-brain axis. The gut-brain axis refers
to the bidirectional signaling pathway between the gastroin-
testinal tract and the central nervous system. Bidirectional
signals exist between the gut and the brain, interacting
through neural, hormonal and immune regulation. Within
this axis, the brain regulates intestinal motility and secretory
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and its metabolites (short-chain fatty acids) (90). Therefore, the
GM is associated with maintaining normal energy metabolism
in the brain, and GM dysregulation may increase the risk of
neurodegenerative disease. HFD induces GM imbalance in
mice and exacerbates cognitive dysfunction in AD mouse
models (91). Chen et al (92), by studying germ-free 3xTg mice,
found that GM imbalance exacerbates AD pathology, poten-
tially through induced chronic inflammatory mechanisms.
GM imbalance, by enriching pro-inflammatory bacteria such
as Bacteroidetes, activates the CCAAT/enhancer-binding
protein [/asparagine endopeptidase pathway and polyunsatu-
rated fatty acid-associated neuroinflammation, thus promoting
AP deposition, T phosphorylation and microglial activation,
worsening AD pathology. Furthermore, GM dysregulation
may promote AD development by altering intestinal func-
tion, microbial metabolite synthesis and secretion, as well as
compromising the integrity of BBB (90).

Epigenetic regulation. Epigenetics refers to reversible modifi-
cations that regulate gene expression without altering the DNA
sequence; epigenetic modification is a key factor in AD patho-
genesis, involving dysregulations in histone modifications,
DNA methylation and non-coding RNAs (93). Maternal HFD
can confer susceptibility to MetS across generations via epigen-
etic mechanisms, affecting offspring neurodevelopment (94).
Fusco et al (95) reported maternal metabolic abnormality
decreases offspring histone H3K9ac and H3K4me3 modi-
fications through gametic mechanisms, thereby inhibiting
hippocampal brain-derived neurotrophic factor expression,
leading to impaired synaptic plasticity and memory in the
offspring. Furthermore, previous studies (96-98) have found
altered methylation levels of multiple genes in the AD brain,
particularly genes associated with A metabolism and t phos-
phorylation such as APP, BACEI1 and microtubule-associated
protein T (MAPT). The APP gene promoter region is demeth-
ylated under AD pathology, leading to APP upregulation and
increased AP deposition (96). Simultaneously, BACEI, the
key enzyme cleaving APP to produce A, is upregulated by
modifications such as hypomethylation, further accelerating
AP deposition (97). MAPT gene is also induced, leading to
additional t protein phosphorylation (98). The aforementioned
studies indicate that epigenetics directly regulate AD-related
gene expression and impair synaptic function, thus triggering
neurodegenerative lesions.

Epigenetic modifications require metabolic substrates.
Metabolic disturbance directly alters the pool sizes of key
metabolites in cells, thereby affecting epigenetic modification
levels (99). In summary, MetS serves as a potent epigenetic
reprogrammer, actively and persistently altering gene expres-
sion programs in the brain, thus driving AD pathology. This
provides a strong explanation for why midlife MetS has
long-term effects on AD risk in old age (100). Epigenetic
changes are typically dynamic and reversible, and are present
in body fluids such as blood. Therefore, DNA methylation
patterns in blood hold promise as biomarkers for early AD
diagnosis and prognosis. Notably, recent research has found
epigenome erosion and loss of cell identity in late-stage
AD (101), offering insight for AD treatment. This suggests
the possibility of restoring chromatin state stability using
epigenetic modulators such as histone deacetylase inhibitors

or methyltransferase regulators, and adopting stage-specific
therapeutic interventions, although epigenetic intervention is
in the preclinical stage (102).

Sex differences and hormonal effects. Epidemiological
evidence indicates that female patients have a higher risk of
developing AD than male patients, with this disparity becoming
more pronounced following menopause (103,104). This may
be related to differences in estrogen levels. Hypometabolism
during the perimenopausal period leads to greater fluctuations
in estrogen levels (105). Estrogen activates estrogen receptor 3
to regulate inflammasomes and neuronal mitochondrial func-
tion (106). Low estrogen levels silence receptor-mediated
innate immunity, triggering systemic and central inflam-
mation, while inducing neuronal energy crisis, collectively
increasing AD pathological burden (106). Additionally,
estrogen-activated receptor modulation of cascade signaling
pathways involves amyloid clearance (107,108), T phosphoryla-
tion and autophagic clearance. t burden in postmenopausal
patients is significantly higher than in age-matched male
patients, whereas this difference is not apparent in premeno-
pausal patients (109). This phenomenon of t vulnerability
during the ‘menopause window’ may be associated with
declining estrogen levels (110,111). Furthermore, previous
studies have demonstrated associations between testosterone
deficiency and cognitive decline and metabolic abnormality in
male patients, with testosterone supplementation decreasing t
pathological burden (112,113).

In summary, sex hormones indirectly regulate metabolism
and brain health. The specific mechanisms may involve receptor
activation affecting the hypothalamic-pituitary-adrenal
axis (114) and inflammatory response, however, more substan-
tial causal evidence and mechanistic integration are needed
to strengthen this association. Hormone therapy can decrease
AD risk (115,116), while other research proposes a therapeutic
window, suggesting estrogen supplementation initiated years
after menopause onset may be ineffective or harmful (117),
and is closely related to age, timing of administration and
formulation type (118).

Senescent microenvironment and disordered cell communica-
tion. The aging microenvironment is a detrimental tissue state
dominated by senescent cells and their secretions. Excess fatty
acids not only damage glial cells and neurons but also induce
brain cell senescence (119). In a study by Hou et al (120), HFD
mice showed elevated levels of the senescence marker pl6
protein in the cortex and hippocampus, telomere shortening
and impaired autophagy, leading to aging brain characteristics.
Brain cell senescence promotes t pathology, neuroinflamma-
tion and neurodegenerative disease progression (121). Senescent
endothelial cells disrupt the BBB, mediating central inflam-
mation and leading to neuronal loss (122); senescent glial cells
secrete senescence-associated secretory phenotype (SASP)
factors, transmitting inflammatory signals and disrupting
neuron-glia communication, thus exacerbating neurode-
generative processes (123). Microglia can be activated via
specific signaling pathways and crosstalk with astrocytes in
a Wnt-dependent manner, a cell communication mechanism
regulating synaptic remodeling (124). Senescent or dysfunc-
tional microglia disrupt this Wnt-dependent intercellular
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Figure 4. Factors regulating the association between MetS and AD. Dysbiosis, senescent microenvironment, epigenetic regulation and sex and hormonal
influences regulate the progression of AD. Gut microbiota imbalance may induce neuroinflammation via the gut-brain axis; the aging microenvironment
may interfere with neuronal communication via the SASP. Epigenetic regulation may participate in AD pathology by affecting the upregulation of APP,
BACE1 and MAPT proteins. Sex and hormones regulate AD-associated processes via the hypothalamic-pituitary-adrenal axis. SASP, senescence-associated
secretory phenotype; MetS, metabolic syndrome; AD, Alzheimer's disease; APP, amyloid precursor protein; BACEI, (3-site amyloid precursor protein cleaving
enzyme 1; MAPT, microtubule-associated protein tau; BBB, blood-brain barrier.

crosstalk, releasing excessive pro-inflammatory mediators
and glutamate, directly impairing neurons and damaging
synapses (125); SASP-associated factors from senescent
astrocytes may drive microglia towards a pro-inflammatory,
harmful activation state, impairing AP clearance ability (126).
Additionally, factors such as IL-6 (a SASP component) may be
involved in t phosphorylation (127). Overall, an aging brain
microenvironment may accelerate the onset of neurodegen-
erative disease. This suggests that researching drugs targeting
senescence could represent a novel therapeutic direction.

4. Metabolic mechanism-based intervention strategies

Although no curative treatment for AD is available, insights
derived from the aforementioned multi-level crosstalk network
linking MetS with AD (Fig. 4) suggest that future preven-
tive and therapeutic strategies may shift from conventional
symptomatic approaches toward a novel paradigm of precision
prevention and treatment. This paradigm is characterized
by metabolic regulation-based intervention combined with
multi-target combinatorial strategies (Fig. 5).

Lifestyle intervention. The pathogenesis of AD is partially
associated with metabolic dysregulation, which is associated
with daily lifestyle patterns. Accumulating epidemiological

evidence has identified unhealthy lifestyle factors, including
tobacco smoking, alcohol consumption (128), sedentary
behavior (129) and sleep disturbances (130), as risk factors
for AD. Furthermore, prolonged exposure to high-stress envi-
ronments or negative emotional states impairs memory and
cognitive function (131). These two categories of risk factors
have strong evidence, as indicated by meta-analysis (132).
Therefore, cessation of unhealthy habits, engagement in
regular physical activity and maintenance of adequate sleep
duration are key preventive measures for individuals at high
risk of AD. In addition, promoting active social participation
and routine health examinations may delay the pathological
progression of AD (133).

In addition to lifestyle modification, nutritional improve-
ment is a critical component in the prevention and management
of AD. The pathogenesis of AD is associated with chronic
metabolic disease such as hypertension, DM and obesity,
as well as unhealthy dietary behavior. A previous study
demonstrated that modification of risk factors and lifestyle
may prevent or delay 40% of AD and associated dementia
cases (134). The World Health Organization recommends that
daily fat intake should not exceed 30% of total energy intake
in patients with AD, with saturated fatty acids accounting for
<10% of total energy supply, while high intake of high-carbo-
hydrate foods is discouraged (135). A previous study (136)
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Emerging/Precision adjuvant therapies: gut
microbiota regulation, targeted aging, epigenetic
regulation.
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Figure 5. Hierarchical roadmap for precise prevention and treatment of AD based on multiple mechanisms. The model illustrates prevention and stratified
intervention strategies for AD from the preclinical stage, MCI, to diagnosed AD. The foundation is based on lifestyle and nutritional regulation, followed by
metabolic remodeling and vascular protection, neuropathology-guided anti-inflammatory treatment and emerging precision adjunctive therapy (gut microbiota
regulation, targeted anti-aging, epigenetic regulation). The decision tree on the right provides personalized intervention plans based on biomarker assessment,
targeting IR- and vascular-dominant and high-inflammation phenotypes. AD, Alzheimer's disease; MCI, mild cognitive impairment; IR, insulin resistance;

GLP, glucagon-like peptide; RAS, renin-angiotensin system.

proposed the Mediterranean-Dietary Approaches to Stop
Hypertension (DASH) Intervention for Neurodegenerative
Delay diet, a dietary pattern specifically designed for AD
that combines features of the Mediterranean and DASH diets.
This encourages consumption of green leafy vegetables and
limits red meat, contributing to improved cognitive func-
tion. Furthermore, patients with advanced AD often develop
malnutrition due to behavioral and psychological symptoms,
including cognitive impairment and sensory dysfunction.
In such cases, appropriate supplementation of brain-healthy
nutrients, such as vitamins E and B12 and flavonoids, is
recommended (137,138).

Drug repurposing targeting core pathways. The repurposing
of existing metabolic drugs for the prevention and treatment
of AD is an emerging research direction (139). The pharma-
cological strategies for managing MetS-associated AD have
shifted from conventional symptom management toward a
‘metabolic-neuroprotective’ intervention based on shared
pathological mechanisms (Table I) (135-172).

Drugs that target IR, which is the core of metabolic disorder,
show potential for AD intervention. A large body of long-term
epidemiological evidence (140-142) indicates that patients
with T2DM treated with metformin exhibit a decreased risk
of AD. Metformin not only improves peripheral glucose
metabolism but also alleviates cerebral IR by activating the
AMP/activated protein kinase pathway, thereby conferring
neuroprotection (143). Furthermore, metformin serves as an
activator of chaperone-mediated autophagy (CMA), promoting
APP degradation, decreasing AP generation and reversing

both molecular and behavioral AD phenotypes (144). These
findings provide a perspective for metformin in AD treatment,
repurposing CMA regulation and providing experimental
evidence for clinical practice.

Antidiabetic drugs, namely glucagon-like peptide-1
(GLP-1) receptor agonists, has demonstrated more direct
neuroprotective potential (146-155). Unlike metformin,
which improves peripheral metabolism, these drugs acti-
vate GLP-1 receptors in the hypothalamus, exerting potent
anti-inflammatory and weight-decreasing effects (145,146),
while also inhibiting apoptosis and decreasing Af and
a-synuclein aggregation in AD models (147,148). Liraglutide
is a disease-modifying drug under development for AD, and
has demonstrated improvement in cognitive function and brain
atrophy in phase II clinical trial (149). Semaglutide, a drug in
the same class, has been shown in preclinical study to decrease
AP plaques and NFTs in the brains of AD model mice, and
to regulate glucose transporter type 4 to improve glucose
metabolism (150). However, semaglutide yielded negative
results in the phase III EVOKE/EVOKE+ clinical trial (151).
The reasons for this failure require further research. Currently,
however, the limited penetration of these fatty acid-modified
GLP-1 receptor agonists across the BBB results in insufficient
metabolic regulation (152-154). Du er al (155) developed
a new GLP-1 receptor agonist called Oral Hypoglycemic
Peptide 2, which can cross the BBB via the brain endothelial
cell transport channels and evade the lysosomes responsible
for degrading exogenous substances, thereby achieving accu-
mulation in the hippocampus of AD model mice. This
supplements the preclinical evidence (156,157) supporting
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Table I. Potential intervention strategies and mechanisms of metabolic syndrome-driven AD.
Intervention strategy Category Direct target/mechanism Effects on AD (Refs.)
Lifestyle modification Basic Metabolic regulation, Prevention/delay of cognitive (134-138)
intervention anti-inflammation decline
Metformin Antidiabetic Activates AMPK, Promotes APP degradation (143,144)
drug induces CMA and decreases AP in preclinical
models limited human cognitive
evidence
GLP-1 agonists Antidiabetic Partially crosses BBB, Attenuates A/t pathology and (145-155)
drug anti-inflammatory, anti- improves cerebral metabolism
apoptotic
Losartan Antihypertensive  Inhibits Ang II-AT|R Decreases AP burden and (158)
drug axis preserves BBB integrity
preclinically; scarce human
cognitive data
GV-971 Gut-brain axis Remodels gut Alleviates neuroinflammation (160-162)
regulator microbiota, inhibits preclinically and clinically
peripheral immune
infiltration
Pro-/prebiotics Gut-brain axis Modulates microbial May improve cognition; (163)
regulator metabolism inconsistent human results
Rapamycin Aging regulator Decreases SASP, Improves brain aging microen- (168)
attenuates inflammation vironment and indirectly
modulates AD pathogenesis
preclinically
Senolytics Senolytic agent Eliminates senescent Improves cognition in animals (170)
glial cells
Stem cells/exosomes Regenerative Delivers neurotrophic Remodels brain microenvironment  (173,174)
medicine factors, modulates
immunity, promotes
angiogenesis
Resveratrol + curcumin ~ Combined Interferes with Ap Overcomes poor monotherapy (175,176)

natural small
molecules

production, regulates
inflammatory signaling

efficacy

AP, amyloid-f; AD, Alzheimer's disease; AMPK, AMP-activated protein kinase; Ang II, angiotensin II; AT,R, Ang II type 1 receptor; APP,
amyloid precursor protein; BBB, blood-brain barrier; CMA, chaperone-mediated autophagy; GLP-1, glucagon-like peptide-1; SASP, senes-

cence-associated secretory phenotype.

the use of GLP-1 receptor agonists for the prevention of AD.
Similarly, functional food-derived compounds such as ginsen-
osides (119) protect the brain from damage induced by HFD
by inhibiting oxidative stress, cell senescence and inflamma-
tory responses, improving autophagic function and regulating
lipid metabolism, while decreasing t phosphorylation and
glial activation.

The progression of AD is typically accompanied by
vascular dysfunction; therefore, drugs targeting the RAS
should not be overlooked. Losartan, while controlling vascular
risk, has been shown to independently decrease cerebral AP
burden, achieving dual cardiovascular and neurological
benefits (158). Other examples include telmisartan and azil-
sartan (159). However, studies (157,158) in this area are limited
and are mostly conducted in animal models or are at early

clinical stages, thus necessitating further research for devel-
opment of potential therapeutic target for the prevention and
treatment of AD.

Emerging intervention directions. Targeting the gut-brain axis
has emerged as a novel strategy. Sodium oligomannate has
been approved in China for the treatment of mild-to-moderate
AD (160). It reshapes the GM, decreases the production of
pro-inflammatory metabolites, thereby inhibiting the infiltra-
tion of peripheral immune cells into the brain, and alleviates
neuroinflammation (161,162), which clinically validates the
feasibility of treating AD through gut-based interventions.
Prebiotics (such as inulin) serve as ‘nourishment’ for benefi-
cial bacteria, promoting the production of short-chain fatty
acids with systemic anti-inflammatory effects (163). Direct
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Table II. Multidimensional biomarker subtyping system for metabolic syndrome-associated Alzheimer's disease.

Subtype Biomarkers Detection methods (Refs.)
Metabolic disorder HOMA-IR, fasting insulin, lipid profile, Blood test, anthropometry, (182,183)
ceramide, free fatty acids, BMI, waist abdominal ultrasound/CT
circumference, visceral fat area
Inflammatory/ hs-CRP, IL-6, TNF-a, sSTREM2, GFAP, Blood/CSF test, flow (184-187)
immunological monocyte subpopulation, NK cell activity cytometry
Vascular dysfunction VCAM-1, VEC, endothelial progenitor Blood test, multimodal (188,189)
cells; ASL-MRI perfusion; DCE-MRI, brain MRI
CSF/serum albumin ratio
Genetic/core pathology ApoE ¢4, TREM2 R47H, plasma/ Genetic testing, blood/ (190,191)

CSF AB42/40, p-t181, p-t217,
hippocampal volume

CSF biomarkers, brain MRI

AP, amyloid-f3; ApoE, apolipoprotein E; ASL, arterial spin labeling; BMI, body mass index; CSF, cerebrospinal fluid; CT, computer tomog-
raphy; DCE, dynamic contrast-enhanced; GFAP, glial fibrillary acidic protein; HOMA-IR, homeostatic model assessment for insulin resistance;
hs-CRP, high-sensitivity C-reactive protein; MRI, magnetic resonance imaging; NK, natural killer; p-, phosphorylated; TREM?2, triggering
receptor expressed on myeloid cells 2; TNF, tumor necrosis factor; VCAM-1, vascular cell adhesion molecule 1; VEC, vascular endothelial cell.

supplementation with probiotics (specific strain combinations)
has shown potential for cognitive improvement in small-scale
study (164).

During healthy aging, protective genes is upregulated as
an adaptive response; in Alzheimer's disease, this adaptive
mechanism becomes dysregulated (165). Ferulic acid heptyl
ester aims to restore this healthy aging mechanism and
reverse memory deficits in late-stage AD (166). Furthermore,
rapamycin, the most extensively studied agent in aging regula-
tion (167), decreases secretion of SASP-associated factors and
alleviates inflammation (168), potentially exerting indirect
effects on neurodegenerative disease, although it has limited
direct impact on the nervous system (169). Another class of
agents, senolytics, may delay, prevent or reverse the aging
process by eliminating senescent glial cells, thereby improving
cognitive function (170). Stem cell and exosome therapies
have attracted increasing attention (171,172). Mesenchymal
stem cells or their secreted exosomes reshape the damaged
brain microenvironment through multi-target mechanisms,
including delivering neurotrophic factors, modulating immune
responses and promoting angiogenesis (173,174).

Precision and combination therapy. Given the multi-mecha-
nistic nature of MetS in driving AD, single-target interventions
may not completely halt disease progression. Therefore,
in addition to lifestyle and pharmacological interventions,
multi-target combination therapy strategies (175,176), similar
to those used in cancer chemotherapy, have been applied
to the study of complex degenerative disease such as AD.
A preclinical study proposed a combined intervention using
resveratrol and curcumin; this combination interferes with Ap
aggregation and modulates inflammatory pathways, demon-
strating the potential for more sustained therapeutic effects in
experimental models (177).

In light of the poor clinical outcomes of anti-amyloid
monoclonal antibody monotherapy (178), integration of
natural small molecules with monoclonal antibody therapy

may provide a new research direction for the personalized,
precision targeted treatment of AD.

However, not all patients should receive the same
combination regimen. Clinically, the predominant metabolic
abnormality in patients with MetS vary (179-181): Certain
patients present with severe IR as the key feature, while
others exhibit vascular damage and cerebral hypoperfusion as
prominent manifestations and others show significant systemic
inflammation. Biomarker testing provides an objective basis
for identifying individual differences and guiding the selec-
tion of appropriate combination strategies (182-191) (Table II).
By incorporating a biomarker-based classification system to
match patients with interventions tailored to predominant
pathological characteristics, strategies for the treatment of AD
may emerge.

5. Discussion

MetS is a key driver of AD (4). It increases AD pathological
deposition and disrupts the coordination between brain cells
through multiple mechanisms such as IR, mitochondrial
damage, intestinal-brain axis disorder, induction of inflamma-
tion, aging, autophagy and epigenetic regulation (1,35), leading
to central nervous system degeneration. These mechanisms
affect each other and cross-act on AD through common
bidirectional pathways (100). The present review aimed to
examine the association between metabolism and AD, as well
as potential interventions for early-stage AD from a metabolic
perspective (132).

Although the ‘type 3 diabetes hypothesis, which proposes
that Alzheimer's disease represents a form of brain-specific IR
independent of peripheral diabetes, has been proposed for the
association between IR and AD, the causal details are unclear
and several limitations remain, including poor translatability of
animal models and inconsistent findings from human clinical
trials (192,193). In addition, although emerging mechanisms
such as the GM-brain axis have become research topics, the
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sample size and depth of human studies are limited, and some
associations are still speculative (194). Thus, it is necessary
to increase the sample size to study the specific mechanisms.
In addition to metabolism, it is not possible to exclude the
interference factors caused by age, genes and complications
induced by other disease (195-197).

AD is not only about plaque accumulation or neuronal
death, but also about the collapse of the entire brain ecosystem.
From peripheral metabolic disorder to central nervous system
lesions, the association between AD and MetS reflects the
concentrated manifestation of systemic metabolic disease in
the brain. The prevention and treatment of MetS-related AD
requires using multi-omics technology to identify high-risk
subtypes, and initiating multi-target, individualized joint
intervention in the reversible stage. This combines systemic
health management with the aging process of the brain.
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