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Abstract. Cognitive impairment encompasses a spectrum of
neurological deficits affecting memory, attention, executive
function and other higher-order cognitive processes. Increasing
attention has been paid to modifiable lifestyle factors that influ-
ence its onset and progression. Among these, chronic high-fat
diet (HFD) consumption has emerged as a significant and
potentially reversible risk factor for cognitive decline. Both
epidemiological and experimental studies have consistently
linked HFD-particularly diets rich in saturated fatty acids-to
impairments in memory, attention and executive functions.
Mechanistically, HFD induces neuroinflammation, oxidative
stress, insulin resistance and gut microbiota dysbiosis, which
collectively disrupt synaptic plasticity and neuronal survival.
Individual susceptibility factors such as age, sex and the
presence of the apolipoprotein E &4 allele may further exac-
erbate these pathological effects. This review also highlights
promising intervention strategies, including adherence to
Mediterranean or Dietary Approaches to Stop Hypertension
dietary patterns, regular physical exercise, pharmacological
approaches and gut microbiota modulation. A comprehensive
understanding of these multifactorial pathways is essential for
developing targeted preventive and therapeutic interventions
to mitigate HFD-associated neurodegeneration.
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1. Introduction

Cognitive impairment encompasses a continuum of condi-
tions characterized by deficits in memory, attention, executive
function, language and visuospatial abilities, ranging from
mild cognitive impairment (MCI) to more severe forms such
as dementia, including Alzheimer's disease (AD), vascular
dementia and other neurodegenerative disorders (1). These
cognitive deficits significantly compromise individual
autonomy, reduce quality of life and impose growing burdens
on caregivers and healthcare systems (2). As the global popu-
lation ages, the prevalence of cognitive disorders is projected
to rise dramatically, amplifying their public health and socio-
economic impact. Despite advances in pharmacological and
behavioral interventions, current treatment options remain
limited in efficacy, particularly for dementia, underscoring
the urgent need to identify modifiable risk factors and
implement preventive strategies at earlier stages of disease
progression.

One such modifiable factor that has gained increasing
attention is diet-particularly the role of high-fat diets (HFDs)
in the development and progression of cognitive dysfunction.
An HFD is typically defined as one in which total energy
intake from fats exceeds 35-40%, with a disproportionate
enrichment in saturated fatty acids (SFAs) and trans fats, often
coupled with insufficient intake of carbohydrates, essential
amino acids, dietary fiber and micronutrients (3). Over the
past several decades, the global spread of Western dietary
patterns-marked by increased consumption of processed
foods, sugary beverages and high-fat fast food-has contributed
to the widespread adoption of HFDs across both developed
and developing nations (4). As a result, the incidence of
metabolic disorders linked to high-fat consumption, such as
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obesity, type 2 diabetes, dyslipidemia and non-alcoholic fatty
liver disease, has escalated to epidemic proportions (5-7).

Emerging research suggests that chronic exposure to
HFDs may not only impair systemic metabolic homeostasis
but also exert deleterious effects on brain health (3,8,9).
Epidemiological studies have demonstrated that individuals
with high dietary fat intake, particularly SFAs, have a signifi-
cantly increased risk of developing MCI and dementia (10,11).
For instance, longitudinal cohort studies have revealed that
older adults adhering to diets rich in saturated fats experience
accelerated cognitive decline and exhibit higher incidences
of AD compared to those following diets high in polyunsatu-
rated or monounsaturated fats (12). Conversely, adherence to
dietary patterns rich in unsaturated fatty acids-such as the
Mediterranean or Dietary Approaches to Stop Hypertension
(DASH) diets-has been associated with reduced cognitive
decline and improved neurological outcomes, supporting the
notion that the type and quality of dietary fat play a critical
role in modulating cognitive health (13,14).

HFD-induced cognitive impairment is driven by a multi-
factorial network of neuropathological processes, including
neuroinflammation, oxidative stress, mitochondrial dysfunc-
tion, insulin resistance and gut microbiota dysbiosis (15). These
mechanisms collectively disrupt synaptic plasticity, impair
neurogenesis and compromise neuronal survival, particularly
in hippocampal regions critical for learning and memory.
Individual susceptibility-such as advanced age, female sex and
genetic predispositions like the apolipoprotein E 4 (APOE-e4)
allele-can amplify these deleterious effects.

Given the rising global prevalence of both HFD
consumption and dementia-related disorders, elucidating
the mechanistic links between diet and neurodegeneration
has become a pressing public health priority. Importantly,
the modifiable nature of diet offers a compelling avenue for
early intervention. Emerging strategies-including adher-
ence to Mediterranean or DASH dietary patterns, regular
physical exercise, insulin-sensitizing or anti-inflammatory
pharmacotherapy, and microbiota-targeted interventions such
as probiotics-show promise in mitigating HFD-associated
cognitive decline. A more comprehensive understanding
of how dietary fats interact with neuroimmune, metabolic
and microbial pathways may pave the way for personalized,
mechanism-based prevention and treatment strategies aimed
at preserving cognitive function across the lifespan.

2. Association between HFD and cognitive function

Epidemiological and experimental evidence of cognitive
impairment induced by HFDs. A substantial body of epide-
miological research has identified a significant association
between chronic HFD consumption and increased risk of
cognitive decline, MCI and dementia (Table I) (8,16-21).
Prospective cohort studies in diverse populations have consis-
tently shown that long-term adherence to HFD-particularly
those rich in SFAs-is linked to poorer cognitive outcomes and
a higher incidence of AD (10,11). For instance, a longitudinal
study involving ~6,000 older adults reported that individuals
in the highest quartile of SFA intake experienced markedly
faster cognitive decline and a >2-fold increased risk of devel-
oping AD compared to those in the lowest quartile (22,23).

Similar trends of accelerated cognitive deterioration have
been observed in other population-based studies, further
supporting the link between high SFA intake and impaired
cognitive outcomes (8,24). Complementary findings from
animal studies further substantiate this association: Rodents
exposed to chronic SFA-enriched diets exhibit impairments in
spatial learning and memory, along with pathological features
characteristic of AD, such as enhanced B-amyloid deposition
and tau hyperphosphorylation (25). Early manifestations
of cognitive impairment in HFD models include disrupted
circadian rhythms and diminished semantic fluency, with
clinical symptoms predominantly affecting memory, executive
function, learning ability and other early cognitive domains
associated with neurodegeneration. Experimental evidence
indicates that HFD impairs spatial memory, as reflected by
increased escape latency in the Morris water maze, indicative
of hippocampal dysfunction (26). In humans, elevated serum
free fatty acids (FFAs) are associated with impaired delayed
recall, particularly in individuals with reduced hippocampal
volume (27,28). High intake of SFAs has been consistently
linked to memory decline in older adults. A longitudinal
study involving >2,500 elderly participants found that those
with the highest SFA intake had more than double the risk of
developing AD compared to those with the lowest intake (24).
A meta-analysis of four independent cohorts revealed that
individuals in the highest SFA quartile had a 39% higher risk
of AD and a 105% higher risk of all-cause dementia compared
to the lowest quartile (29). Dose-response analysis indicated
that each additional 4 grams per day of SFA intake were
associated with a 15% increased risk of AD. Furthermore,
excessive SFA intake has been linked to accelerated episodic
and prospective memory loss, particularly in older women,
who exhibited a 40% slower recall rate and prolonged task
completion times in neuropsychological assessments such as
the Trail Making Test (30).

Beyond memory, executive dysfunction is another hallmark
of HFD-induced impairment. Clinically, this manifests as
reduced cognitive flexibility and impaired decision-making,
while in rodent models, this has been demonstrated by
increased error rates in reversal learning tasks, attributed to
disrupted synaptic plasticity in the prefrontal cortex (PFC).
Impulse control deficits are also evident, as shown by decreased
inhibition performance in Go/No-Go tasks, potentially linked
to downregulation of striatal dopamine D2 receptors (31).

Learning processes are likewise compromised: Mice on an
HFD exhibit reduced exploration of novel objects, suggesting
deficits in novelty recognition, and extinction of conditioned
fear memory is delayed, likely due to amygdala-PFC circuit
disruptions that contribute to anxiety-related cognitive rigidity.
These impairments are associated with altered expression
of synaptic proteins such as synaptophysin and postsynaptic
density protein 95 (PSD-95), as well as reduced levels of
bone-derived neurotrophic factor (BDNF), all of which are
critical for synaptic plasticity (32). Chronic HFD has been
shown to downregulate these proteins in the hippocampus
and cortex, impairing neuronal communication and long-term
potentiation (LTP) (33).

Taken together, current epidemiological and experimental
evidence suggest that long-term HFD, particularly SFA-rich
diets, exert a detrimental effect on multiple cognitive
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Table I. Effects of HFD on cognitive function: Evidence from animal and human studies.
Subjects Study design Diet used Main findings (Refs.)
6-month-old male 1,2 and 4-month randomized = HFD: 60 kcal% fat; | Object place recognition; (16)
C57BL/6 mice controlled feeding (HFD vs. normal diet: 1 Tau hyperphosphorylation,
(aged model) normal diet) 10 kcal% fat microglial activation, IL-6 in
hippocampus
Transgenic AD mice 30-week HFD feeding HFD: 23.5% fat; 1 Depression-like behavior; an
(tauopathy model) starting at 2 months of age Control diet: | cognition; 1 Tau pathology
4.8% fat and metabolic disorders
Juvenile/adolescent Various durations (short to High-fat/high-sugar | Spatial and relational memory; (18)
rodents (mice and rats)  long term) HFD feeding diets (varied fat altered neurotransmission;
content) | neurogenesis; 1 hippocampal
inflammation
Control and triple Long-term HFD vs. normal HFD vs. normal diet | Cognition; 1 brain insulin (19)
transgenic Alzheimer's  diet, with chronic intranasal (exact fat % not resistance; | brain mass and
(3xTg-AD:; triple- insulin intervention specified) dentate gyrus size; intranasal
transgenic) mice insulin improved outcomes
Humans (review of Review of acute and chronic High-energy diets 1 Memory impairment before (20)
multiple studies) and exposure studies high in fat and/or weight gain; 1 inflammation;
rodents sugar (varied fat | BDNF; potential benefits from
types) omega-3 and curcumin
supplementation
Healthy male adults Randomized crossover High-fat (75% of 1 Plasma free fatty acids; 2D

(22+1 years) (n=16)

design; 5 days of high-fat,
low-carbohydrate diet vs.
standard diet, 2-week

calories), low-
carbohydrate diet
for 5 days

| cardiac PCr/ATP; | attention,
speed and mood

washout; cardiac and
cognitive assessments

HFD, high-fat diet; BDNF, bone-derived neurotrophic factor; ATP, adenosine triphosphate; PCr, phosphocreatine.

domains, including memory, executive function and learning.
However, it is important to acknowledge the inherent limita-
tions of observational studies, including potential residual
confounding and lack of causal inference. Therefore, further
well-designed randomized controlled trials (RCTs) are neces-
sary to validate these associations and inform evidence-based
dietary guidelines for cognitive health promotion.

Modifiers of HFD-induced cognitive impairment. The adverse
cognitive effects of HFDs do not occur in isolation but are
significantly modulated by individual-level factors such as age,
sex, and genetic predisposition.

Age is a well-established modifier of HFD-induced
cognitive outcomes. Numerous studies have shown that older
individuals are more susceptible to the detrimental neuro-
logical effects of chronic HFD exposure compared to younger
populations. Aging is associated with increased vulnerability
to HFD-induced neuroinflammation, oxidative stress and
insulin resistance-key mechanisms contributing to acceler-
ated cognitive decline and heightened dementia risk (34,35).
Animal studies corroborate these findings, demonstrating that
aged rodents exhibit more severe cognitive impairments and
neuropathological changes in response to prolonged HFD

intake than younger counterparts (36-38). Epidemiological
data in humans further support these age-related interactions,
indicating more pronounced cognitive deficits among older
adults consuming an SFA-rich diet (8,39).

Sex differences also influence HFD-related cognitive
vulnerability. Both clinical and preclinical evidence suggests
that females may be more sensitive to cognitive impairments
associated with high dietary fat intake. Population-based
studies report stronger associations between HFD and cogni-
tive decline in women than in men (40). Similarly, animal
models show enhanced diet-induced insulin resistance,
neuroinflammation and hippocampal dysfunction in female
subjects, potentially due to hormonal fluctuations and the loss
of estrogen-mediated neuroprotection with ageing (26,41,42).

Genetic predisposition further modulates the impact of
HFD on cognitive function. The APOE-g4 allele-an estab-
lished genetic risk factor for AD-has been shown to amplify
the neurocognitive consequences of chronic HFD exposure.
Carriers of the APOE-¢4 allele demonstrate faster cognitive
decline and greater vulnerability to HFD-related neurodegen-
eration than non-carriers (43,44). Additionally, polymorphisms
in genes involved in inflammatory and metabolic pathways
may exacerbate HFD-induced disruptions in lipid metabolism,
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neuroimmune responses and cerebral insulin signaling,
thereby potentiating cognitive dysfunction (45,46).

In summary, the cognitive impact of HFDs is strongly
modulated by host-specific factors such as age, sex and genetic
background. These interactions underscore the multifaceted
nature of HFD-induced cognitive impairment. A comprehen-
sive understanding of how HFD synergizes with individual
risk factors is essential for developing effective strategies to
mitigate cognitive decline.

3. Potential mechanisms

HFDs, particularly those rich in SFAs, have consistently
been associated with adverse cognitive outcomes. Evidence
from both preclinical models and clinical studies indicates
that excessive SFA intake induces a cascade of deleterious
pathophysiological processes, including microglia-mediated
neuroinflammation, increased oxidative stress, impaired
insulin signaling, gut microbiota dysbiosis and disruption of
the blood-brain barrier (BBB) integrity. These interrelated
mechanisms converge to impair neuronal function and accel-
erate cognitive decline (47-50).

Neuroinflammation. Neuroinflammation is recognized as
a central mechanism through which HFDs contribute to
cognitive impairment. Chronic HFD consumption activates
microglia-the principal immune effector cells in the central
nervous system (CNS)-prompting a shift from a homeostatic
surveillance state toward a pro-inflammatory M1 pheno-
type (46,51). Under physiological conditions, microglia play
key roles in maintaining synaptic plasticity, clearing cellular
debris, and supporting adult neurogenesis. However, diets
rich in SFAs-such as palmitic acid, lauric acid and stearic
acid-trigger aberrant microglial activation. SFAs bind to
Toll-like receptor 4 (TLR4) on microglial surfaces, activating
MyD88-dependent signaling pathways and serving as potent
inducers of nuclear factor kB and c-Jun N-terminal kinase
signaling cascades. These pathways, together with endoplasmic
reticulum stress responses, initiate and amplify pro-inflamma-
tory signaling (52). Consequently, activated microglia release
large quantities of inflammatory cytokines (TNF-a, IL-1§,
IL-6, C-C motif chemokine ligand 2) and reactive oxygen
species (ROS), leading to synaptic loss, neuronal injury, and
impaired hippocampal function (53,54). Furthermore, SFAs
may act synergistically with advanced glycation end products
derived from processed lipids to exacerbate neuroinflam-
mation. These cytokines amplify local neuroinflammatory
cascades and directly disrupt neuronal integrity by impairing
synaptic transmission, reducing synaptic plasticity, and
promoting neuronal apoptosis.

Notably, HFD-induced neuroinflammation can occur
within days of dietary exposure, preceding systemic metabolic
disturbances. This inflammatory response often begins in the
mediobasal hypothalamus (MBH)-a region highly sensitive to
circulating lipid signals due to its specialized median eminence
BBB and tanycyte-mediated transport. HFDs also promote the
recruitment of bone marrow-derived myeloid cells to the MBH
and hippocampus, where they differentiate into microglia-like
pro-inflammatory cells, reinforcing the inflammatory milieu
and enhancing M1 polarization (55). Importantly, this

neuroinflammatory response occurs independently of body
weight gain, suggesting a direct impact of dietary fat on
central immune activation. Prolonged HFD exposure further
propagates glial activation to other brain regions, including
the hippocampus and prefrontal cortex, contributing to spatial
memory deficits and depression-like behaviors (16).

Prolonged HFD exposure further propagates glial acti-
vation to other brain regions, including the hippocampus
and prefrontal cortex, contributing to spatial memory
deficits and depression-like behaviors (56-58). For instance,
Sobesky et al (59) demonstrated that mice maintained
on an HFD exhibited marked microglial activation in the
hippocampus, elevated IL-1p3 expression and significant
spatial memory deficits in the Morris water maze. Similarly,
Spencer et al (60) reported that prolonged consumption of
SFAs in rodents increased microglial activation and TNF-a
expression, resulting in decreased synaptic density and
impaired hippocampal-dependent learning tasks. Notably,
pharmacological inhibition of microglial activation attenuated
these cognitive impairments, highlighting a causal role for
neuroinflammation (16,51,61).

Mitochondrial dysfunction and oxidative stress. Mitochondrial
dysfunction is a pivotal mechanism by which HFD consump-
tion contributes to cognitive impairment, often accompanied
by energy dysregulation and enhanced oxidative stress (Fig. 1).
HFD induces a disruption of mitochondrial dynamics, favoring
pathological fragmentation. Fatty acids enter cells via fatty acid
transport proteins and are directed toward either mitochondrial
[-oxidation (for 2-18 carbon chains) or peroxisomal metabolism
(for =26 carbon chains via ATP binding cassette transporters).
In mitochondria, fatty acid oxidation is carnitine-dependent
and contributes to ATP production. However, chronic expo-
sure to high levels of saturated SFAs impairs mitochondrial
dynamics. Specifically, SFA-rich diets markedly upregulate
dynamin-related protein 1 (Drpl), particularly its phosphoryla-
tion at Ser616, promoting Drpl translocation from the cytosol
to the outer mitochondrial membrane, where it oligomerizes
to drive mitochondrial fission. Concurrently, the expression
of fusion-related proteins-including mitofusins 1/2 and optic
atrophy 1-is significantly reduced, impairing mitochondrial
fusion capacity. This imbalance leads to mitochondrial
network fragmentation, structural disruption and functional
decline. Notably, such metabolic impairment extends beyond
the central nervous system. Bone marrow-derived monocytes
exposed to an HFD exhibit similar mitochondrial fragmen-
tation, lactate accumulation and bioenergetic inefficiency,
suggesting a systemic mitochondrial reprogramming that
may amplify the neuroenergetic imbalance through periph-
eral-to-central metabolic cross-talk (62,63).

Furthermore, excessive SFAs stimulate mitochondrial fatty
acid B-oxidation, enhancing electron flux through complexes I
and IIT of the electron transport chain. Additionally, peroxi-
somal B-oxidation does not generate ATP directly. Instead, it
transfers electrons directly to molecular oxygen. This process
increases electron leakage, leading to overproduction of ROS,
including superoxide anion (O,’), hydrogen peroxide (H,0,)
and hydroxyl radical ((OH) (9,64-67). These ROS species
damage mitochondrial DNA, respiratory enzymes and phos-
pholipid membranes, further exacerbating mitochondrial
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Figure 1. Mechanism of mitochondrial dysfunction induced by HFD. HFD increases circulating FFAs, which are taken up via FATPs and directed to mitochon-
drial and peroxisomal -oxidation. Insulin resistance promotes excessive FFA influx, overwhelming mitochondrial capacity. Impaired mitochondrial dynamics
({Opal, |[Mfnl1/2, 1Drpl) and respiratory chain dysfunction lead to reduced ATP production and elevated ROS levels. These alterations contribute to cellular
energy failure and oxidative stress, exacerbating cognitive decline. ABC, ATP binding cassette; HFD, high-fat diet; FATPs, fatty acid transport proteins; FFAs,
free fatty acids; ROS, reactive oxygen species; ATP, adenosine triphosphate; OPA1, optic atrophy protein 1; Mfn1/2, mitofusin 1/2; Drpl, dynamin-related
protein 1; Cyt ¢, cytochrome c; PA, phosphatidic acid; GPR, G protein-coupled receptor; Gaq, guanine nucleotide-binding protein a q subunit.

dysfunction (68-70). Excess ROS accumulation causes oxida-
tive damage via lipid peroxidation, protein oxidation and
DNA fragmentation. Lipid peroxidation products, such as
malondialdehyde (MDA) and 4-hydroxynonenal (4-HNE),
are particularly toxic to neurons. Elevated levels of MDA and
4-HNE have been detected in the hippocampus and cortex
of HFD-fed animals and are closely associated with impair-
ments in spatial memory, working memory and executive
function (71,72). For instance, Liu et al (73) demonstrated that
long-term HFD exposure in mice led to significantly increased
hippocampal MDA levels, reduced antioxidant enzyme
activities [e.g., superoxide dismutase (SOD) and glutathione
peroxidase], and worsened spatial learning in the Morris
water maze.

Insulin resistance.Insulin signaling is essential for maintaining
neuronal glucose metabolism, mitochondrial bioenergetics,
synaptic plasticity and neuronal survival-all of which are
fundamental to cognitive function. In the CNS, insulin binds to
its receptor, triggering the phosphorylation of insulin receptor
substrates (IRS), which in turn activates the phosphoinositide
3-kinase (PI3K)/protein kinase B (Akt) pathway (45,74,75).
This cascade not only promotes neuronal glucose uptake via
glucose transporters (GLUT), i.e., GLUT3 and GLUT4, and

supports mitochondrial function, but also plays key roles in
neurogenesis, synaptic remodeling and cell viability.

HFD exposure impairs both peripheral and central
insulin signaling, contributing to systemic insulin resistance.
Peripherally, an HFD may diminish insulin's anti-lipolytic func-
tion, resulting in excessive FFA release from adipose tissue. These
circulating FFAs accumulate in metabolic organs-including
liver, skeletal muscle, brain and astrocytes-overloading oxida-
tive pathways and increasing mitochondrial and peroxisomal
B-oxidation (Fig. 1). Notably, palmitic acid (a major SFA in
HFDs) reduces GLUT1 expression at the BBB, thereby limiting
glucose delivery to the brain, diminished glucose uptake and
compromised neuronal energy homeostasis (76-78).

In the CNS, insulin resistance particularly affects
the hippocampus and prefrontal cortex-regions crucial
for memory encoding and executive function (36,45,79).
Dysfunctional insulin signaling reduces Akt activation and
downregulates BDNF, contributing to synaptic degeneration,
reduced dendritic spine density and impaired LTP, which
are key substrates of cognitive performance (80,81). For
instance, Arnold et al (48) reported that HFD-fed mice
showed reduced insulin receptor activity, lower Akt phos-
phorylation and impaired hippocampal synaptic plasticity,
as well as spatial learning and memory deficits. Similarly,
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Figure 2. Gut-brain axis disruption in HFD-induced cognitive impairment. HFD induces gut microbiota dysbiosis, characterized by an increased
Firmicutes-to-Bacteroidetes ratio and elevated levels of Gram-negative Proteobacteria. This leads to elevated LPS and reduced SCFAs, such as propionate and
butyrate. These changes compromise intestinal barrier integrity, allowing microbial products to enter circulation and activate neuroinflammatory pathways
via the vagus nerve or systemic cytokines. Consequent microglial activation, elevated IL-1f, IL-6 and TNF-a, and reduced tight junction proteins (ZO-1,
occludin), contribute to blood-brain barrier disruption and cognitive decline. HFD, high-fat diet; LPS, lipopolysaccharides; SCFAs, short-chain fatty acids;

IL, interleukin; TNF, tumor necrosis factor; ZO-1, zonula occludens-1.

Kothari et al (36) demonstrated that chronic HFD expo-
sure suppressed BDNF expression and reduced dendritic
complexity in the hippocampus, correlating with cognitive
decline. Furthermore, HFD-induced insulin resistance may
promote AD-like neuropathology via multiple mechanisms.
It activates downstream kinases such as glycogen synthase
kinase-3f, inducing pathological tau hyperphosphorylation
at Ser396/404 and facilitating neurofibrillary tangle forma-
tion. It also suppresses insulin-degrading enzyme, reducing
AP clearance and accelerating amyloid plaque accumulation.
Additionally, impaired insulin signaling inhibits the prolif-
eration and differentiation of neural progenitor cells, thereby
limiting adult hippocampal neurogenesis and reducing cogni-
tive flexibility and plasticity (82).

Gut microbiota dysbiosis. The gut microbiota-comprising
trillions of bacteria, archaea, viruses and fungi-plays a pivotal
role in regulating host metabolism, immune responses and
CNS function via the gut-brain axis (83-85) (Fig. 2). Human
studies have shown that individuals consuming Western-style
high-fat diets HFDs exhibit distinct gut microbial profiles
associated with impaired memory and executive func-
tion (86). These profiles are typically characterized by a
reduction in beneficial genera such as Bifidobacterium and

Lactobacillus, and an overrepresentation of pro-inflammatory
taxa including members of the Firmicutes, Proteobacteria and
Desulfobacterota phyla (87-90).

Animal models have validated these associations:
Fecal microbiota transplantation from HFD-fed mice into
germ-free recipients reproduces spatial learning deficits and
neuroinflammation (91). By contrast, microbiota-targeted
interventions-including probiotics (Bifidobacterium,
Lactobacillus), prebiotics (e.g., inulin, fructooligosaccharides)
and polyphenol-rich diets-have demonstrated the ability to
restore gut microbial homeostasis, enhance short-chain fatty
acid (SCFA) production, suppress systemic inflammation and
improve cognitive outcomes in HFD-fed animal (92.,93).

HFD-induced dysbiosis alters gut-brain axis communica-
tion through multiple pathways, including neural (e.g., vagus
nerve), humoral, and immune mechanisms (94). One of the
most significant consequences is the dysregulation of micro-
bial metabolite production. HFD significantly reduces SCFAs
such as acetate, propionate, and butyrate-metabolites essential
for maintaining gut barrier integrity, regulating immune
responses, and exerting anti-inflammatory and neuroprotec-
tive functions. Concurrently, HFD increases the production
of harmful metabolites such as lipopolysaccharide (LPS),
trimethylamine-N-oxide and secondary bile acids (86,95,96).
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Depletion of SCFAs impairs the expression of antimicrobial
peptides, particularly regenerating islet-derived protein 37,
further weakening the gut epithelial barrier and increasing
intestinal permeability. This allows microbial products like
LPS to enter systemic circulation, where they activate TLR4
and trigger inflammatory cascades that elevate circulating
pro-inflammatory cytokines such as TNF-a, IL-1f and
IL-6 (97,98). These cytokines subsequently exacerbate BBB
permeability, promote microglial activation and initiate CNS
neuroinflammation (99).

Other potential mechanisms. In addition to inflammation,
oxidative stress, insulin resistance, and gut dysbiosis, HFD
consumption contributes to cognitive deterioration through
several additional mechanisms, including BBB disruption,
epigenetic modifications, and neurotransmitter imbalance.

One critical pathway involves the breakdown of BBB
integrity. Chronic HFD exposure significantly increases
BBB permeability, as evidenced by enhanced Evans blue
dye extravasation and increased infiltration of peripheral
immune cells into the brain parenchyma-findings closely
correlated with impaired spatial memory performance (100).
This compromised barrier allows peripheral inflammatory
mediators, ROS and LPS to enter the CNS, thereby promoting
microglial activation, neuroinflammation and cerebral AP
deposition. Studies have shown that saturated fat-enriched
diets exacerbate BBB disruption and facilitate plasma-derived
AP accumulation in the brain, aggravating AD-like neuro-
pathology (101). Additionally, oxidized cholesterol produced
during high-temperature cooking, along with excess SFAs,
directly damages cerebrovascular endothelial cells, reduces
cerebral perfusion and promotes the development of white
matter hyperintensities-radiological markers strongly linked
to executive dysfunction and cognitive decline (102).

Epigenetic dysregulation is another significant contributor.
Chronic HFD intake has been shown to reduce histone acety-
lation and increase DNA methylation at the promoter region
of BDNF, leading to reduced BDNF expression. This down-
regulation impairs synaptic plasticity and neurogenesis-both
essential for learning and memory (103). HFD also disrupts
the expression of core circadian clock genes such as Bmall
and Clock, causing neuronal metabolic desynchronization
and cognitive dysfunction. These epigenetic changes further
perpetuate neuroinflammation and oxidative stress, creating
a maladaptive neurochemical environment that exacerbates
cognitive decline (104).

HFD also induces widespread alterations in neurotrans-
mitter homeostasis. Animal studies have reported elevated
dopamine release alongside disruptions in multiple
neurotransmitter systems, including glutamate, acetylcholine,
v-aminobutyric acid, serotonin and dopamine. Impaired gluta-
mate reuptake results in extracellular glutamate accumulation,
contributing to excitotoxicity, neuronal injury and impaired
synaptic plasticity (105). Cholinergic dysfunction, character-
ized by reduced synthesis and release of acetylcholine, impairs
attention and learning capabilities (106). Furthermore, an
HFD decreases the expression of neurotensin, a neuropeptide
involved in dopaminergic reward regulation, further disrupting
reward pathways and contributing to compulsive overeating,
metabolic dysregulation and cognitive deficits.
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4. Intervention strategies

Given the multifactorial mechanisms underlying HFD-induced
cognitive impairment, a variety of intervention strategies have
been explored to improve cognitive function by targeting
different pathological pathways (Table IT) (22,88,93,107-120).

Dietary interventions. Dietary modification is among the
most accessible and effective strategies for mitigating cogni-
tive impairment associated with chronic HFD exposure.
Nutritional patterns emphasizing balanced macronutrient
intake-such as the Mediterranean diet and DASH diet-have
been consistently linked to reduced risks of cognitive decline
and dementia (121).

The Mediterranean diet is characterized by high consump-
tion of fruits, vegetables, whole grains, legumes, fish, nuts and
olive oil, with moderate intake of dairy products and red wine.
Epidemiological and interventional studies have demonstrated
significant cognitive benefits associated with this dietary
pattern (122). For instance, the large-scale PREDIMED RCT
reported that older adults adhering to a Mediterranean diet
supplemented with either extra-virgin olive oil or mixed nuts
exhibited substantial improvements in memory and execu-
tive function compared to those following a low-fat control
diet (123). Similarly, the DASH diet-emphasizing fruits,
vegetables, lean protein sources such as skinless poultry,
fish and legumes, and low-fat dairy products while limiting
saturated fat intake-has been shown to benefit cognitive
function (108,124,125). Older adults adhering to the DASH
diet demonstrate superior performance on executive function
and memory tasks relative to control groups (108).

These neuroprotective effects are largely attributed to
high intake of polyunsaturated fatty acids (PUFAs), particu-
larly eicosapentaenoic acid (EPA) and docosahexaenoic acid
(DHA), which enhance neuronal membrane fluidity, reduce
neuroinflammation, promote neurogenesis and support
synaptic plasticity (109,126-128). Observational studies have
consistently linked greater omega-3 PUFA consumption,
particularly from fatty fish and nuts, with improved cognitive
outcomes and a reduced risk of dementia. These findings are
corroborated by clinical trials demonstrating that omega-3
supplementation improves memory and executive perfor-
mance in older adults (129-131). Likewise, monounsaturated
fatty acids, such as oleic acid-abundant in olive oil-have shown
cognitive benefits by reducing oxidative stress, improving
brain insulin sensitivity and enhancing cerebrovascular
function (123).

Meal timing also plays a pivotal role in metabolic regu-
lation and cognitive health. Time-restricted eating, which
confines caloric intake to defined daily windows, has been
shown to restore circadian rhythmicity by normalizing clock
gene expression [e.g., brain and muscle ARNT-like 1 (Bmall)]
and reducing hippocampal oxidative stress in HFD-fed
models (132,133). Additionally, dietary supplementation with
antioxidants-including vitamins E and C, and polyphenols,
such as resveratrol, quercetin and curcumin-has demon-
strated efficacy in attenuating oxidative stress, preserving
mitochondrial function and improving cognitive outcomes.
Resveratrol, in particular, enhances mitochondrial biogenesis,
lowers oxidative burden and maintains synaptic integrity in
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HFD-exposed rodents, ultimately improving learning and
memory performance (134). Similarly, curcumin has been
shown to reduce lipid peroxidation, normalize antioxidant
enzyme activity and mitigate memory deficits in diet-induced
obesity models (135).

Importantly, dietary interventions achieve greater efficacy
when combined with structured physical exercise. Evidence
from both preclinical and clinical studies suggests that syner-
gistic effects arise from this integration: While diet optimizes
nutrient intake, reduces oxidative stress and restores metabolic
balance, exercise further enhances neurotrophic support,
insulin sensitivity and cerebral blood flow (136,137). For
instance, overweight individuals adhering to Mediterranean
or DASH dietary patterns alongside regular aerobic training
exhibited more pronounced improvements in executive
function and memory performance compared to those
receiving either intervention alone (138).

Exercise interventions. Regular physical exercise represents
a potent intervention to counteract cognitive decline associ-
ated with chronic HFD exposure, particularly in the context of
HFD-induced insulin resistance (139,140).

In preclinical studies, voluntary aerobic exercise markedly
increases BDNF expression and promotes hippocampal neuro-
genesis, thereby reversing HFD-induced deficits in memory
performance (141). Exercise also upregulates other neurotrophic
mediators, including nerve growth factor and insulin-like
growth factor-1, which collectively enhance neuronal survival,
dendritic branching and synaptogenesis (142). For instance,
rats undergoing aerobic training after chronic HFD exposure
exhibited increased expression of synaptic proteins, such as
synaptophysin and PSD-95, correlating with improved spatial
learning and memory performance (143).

These animal findings are mirrored in clinical studies.
In older adults, aerobic exercise has been shown to increase
hippocampal volume, elevate serum BDNF levels and enhance
spatial memory, supporting the translational relevance of
animal data (139). Furthermore, overweight or obese individ-
uals engaging in structured aerobic training-particularly when
combined with dietary modifications-exhibited significant
improvements in executive function, processing speed and
attentional control when compared to sedentary controls (144).

From a metabolic perspective, aerobic exercise improves
systemic and cerebral glucose homeostasis by upregulating
GLUTH4 expression in skeletal muscle and brain tissues (145).
In HFD-fed rodents, treadmill exercise restored hippocampal
insulin signaling pathways, including IRS-1 phosphoryla-
tion and PI3K/Akt activity, thereby reversing HFD-induced
cognitive decline (146). Exercise also exerts potent
anti-inflammatory effects in the CNS. It reduces the expres-
sion of pro-inflammatory cytokines such as IL-1f3 and TNF-a,
and attenuates microglial activation within the hippocampus
and cortex. For instance, in AD models, treadmill training
ameliorated memory deficits by downregulating IL-1f and
phosphodiesterase-5 expression and restoring phosphorylated
cAMP response element-binding protein signaling (140,147).
Similarly, voluntary wheel running reversed HFD-induced
microglial activation and rescued memory consolidation
processes (148). In addition, regular physical activity combats
oxidative stress by enhancing the activity of endogenous
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antioxidant enzymes-including SOD, catalase and glutathione
peroxidase-while preserving mitochondrial integrity and
reducing ROS accumulation in brain tissue (149).

Microbiota-targeted interventions. Microbiota-targeted
therapies-including probiotics, prebiotics and next-generation
bacterial strains-have emerged as promising strategies to
modulate the gut-brain axis and ameliorate cognitive impair-
ment associated with HFD exposure.

Probiotics, defined as live beneficial microorganisms
(e.g., Lactobacillus and Bifidobacterium species), and prebi-
otics, which are non-digestible fibers such as inulin and
fructooligosaccharides (FOS) that selectively promote the
growth of commensal microbes, have demonstrated consistent
neuroprotective effects in preclinical models. For example,
oral administration of Lactobacillus plantarum in HFD-fed
mice restored gut microbial diversity, reduced systemic and
hippocampal inflammation, upregulated synaptic proteins
such as synaptophysin and PSD-95, and reversed deficits in
learning and memory (117). Similarly, supplementation with
Bifidobacterium-containing probiotic formulations normal-
ized microbial composition, enhanced hippocampal BDNF
expression and alleviated HFD-induced spatial memory
deficits and anxiety-like behaviors (150).

Clinical trials further support the cognitive benefits of
microbiotamodulation.Inan RCT,elderly individuals with MCI
receiving a multispecies probiotic mixture (L. acidophilus,
L. casei, B. bifidum) exhibited significant improvements in
cognitive performance, reduced circulating proinflamma-
tory cytokines and enhanced antioxidant enzyme activity
compared to placebo (151). Similarly, prebiotic interventions
with inulin or FOS have been shown to increase the abundance
of SCFA-producing bacteria, strengthen intestinal barrier
integrity, suppress systemic inflammation and subsequently
improve cognitive outcomes in populations with metabolic
syndrome or cognitive decline.

Pharmacological interventions. Pharmacological interven-
tions targeting HFD-induced cognitive impairment primarily
aim to modulate neuroinflammation, oxidative stress, insulin
resistance, and disrupted neuroplasticity signaling. A range of
agents-including anti-inflammatory drugs, insulin sensitizers,
and neurotrophic modulators-have demonstrated cognitive
benefits in both preclinical and clinical studies.

Anti-inflammatory agents such as nonsteroidal anti-inflam-
matory drugs and selective cyclooxygenase-2 inhibitors
have shown promise in preclinical models. For instance,
celecoxib effectively attenuates microglial activation, reduces
pro-inflammatory cytokines including IL-1f3 and TNF-a,
and improves hippocampal-dependent memory performance
in HFD-fed rodents (102,152). Minocycline, a tetracycline
derivative with central anti-inflammatory and neuroprotec-
tive properties, similarly reduces hippocampal inflammation,
preserves synaptic architecture, and enhances spatial learning
and memory (153,154).

Insulin sensitizers, including metformin and thiazolidine-
diones (e.g., rosiglitazone, pioglitazone), exert neuroprotective
effects by restoring central insulin signaling, reducing neuro-
inflammation and mitigating oxidative stress (155). Metformin
improves hippocampal IRS phosphorylation and downstream
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PI3K/Akt signaling, enhancing synaptic plasticity and
memory function in metabolic dysfunction models (156,157).
Peroxisome proliferator-activated receptor y agonists further
promote adult neurogenesis and synaptic remodeling, contrib-
uting to cognitive improvements in HFD-fed animals (158). In
addition, glucagon-like peptide-1 receptor agonists (e.g., lira-
glutide, exenatide) represent a novel class of therapeutics with
dual metabolic and neuroprotective actions (159). These agents
enhance insulin signaling in the brain, reduce hippocampal
inflammation and oxidative stress, stimulate neurogenesis, and
improve learning and memory performance in HFD-exposed
rodents. Clinical trials in obese and diabetic patients have
also demonstrated cognitive benefits, suggesting translational
potential for diet-associated neurocognitive disorders (160,161).
Neuroplasticity-targeted therapies offer additional avenues.
Pharmacological agents that enhance BDNF signaling-such as
selective serotonin reuptake inhibitors (SSRIs), PDE inhibi-
tors and histone deacetylase inhibitors-have been shown to
restore synaptic plasticity and cognitive function. For instance,
fluoxetine, a commonly used SSRI, upregulates hippocampal
BDNF expression and reverses cognitive deficits in HFD-fed
rodents (162,163).

5. Limitations and future perspectives

Limitations. Despite substantial evidence linking chronic HFD
intake to cognitive impairment, several limitations remain in
current research, which hinder the establishment of definitive
causal relationships (26,55).

A major limitation lies in the predominant reliance on
observational epidemiological studies and preclinical animal
models. While these approaches have elucidated critical
mechanistic insights, their applicability to human physiology
remains limited due to species-specific metabolic, neuroim-
mune and behavioral differences (164). Notably, numerous
rodent studies utilize acute or supra-physiological doses of
dietary fat, which fail to recapitulate the chronic, moderate
exposures and complex eating patterns typical of human
dietary habits-including meal timing, social eating behaviors
and food processing. Furthermore, substantial heterogeneity
across studies-including variations in dietary fat composi-
tion (e.g., saturated vs. unsaturated), intervention durations,
cognitive assessment tools and demographic characteristics
complicates cross-study comparisons and undermines the
generalizability of findings (165).

The bidirectional relationship between metabolic dysfunc-
tion and gut microbiota dysbiosis poses another unresolved
challenge. It remains elusive whether microbial alterations
serve as a causal antecedent or secondary consequence
of HFD-induced metabolic changes (16). Similarly, while
microglial activation is frequently implicated in cognitive
decline, conflicting data persist. For instance, inhibition of
microglial activation via Triggering Receptor Expressed on
Myeloid Cells 2 (TREM?2) deletion has been shown to mitigate
cognitive deficits in HFD-fed mice, suggesting a pathogenic
role (166). Conversely, other models of neuroinflammation do
not consistently produce cognitive impairments, indicating
that additional mechanisms-such as BBB disruption, mito-
chondrial dysfunction and oxidative stress-likely contribute to
cognitive decline in a context-dependent manner (167).

Genetic and epigenetic heterogeneity in human populations
adds further complexity. Polymorphisms in genes such as TLR4,
or variations in neuroimmune and metabolic regulatory pathways,
may modulate individual vulnerability to HFD-related cognitive
impairment and influence response to microbiota-targeted inter-
ventions (168). Furthermore, neuromodulatory strategies-such as
vagus nerve stimulation-while efficacious in preclinical settings,
have shown inconsistent cognitive benefits in human trials,
underscoring the challenges of translational fidelity (169).

Future perspectives. Given the multifaceted and intercon-
nected mechanisms by which chronic HFD contributes to
cognitive decline, future research must adopt a more integrative
and mechanistically grounded approach to uncover effective
preventive and therapeutic strategies. While preclinical studies
have yielded extensive insights, their translational relevance
remains limited (121,170,171). Robust clinical validation
through well-powered, longitudinal RCTs is urgently needed to
establish causal links between dietary fat subtypes and cogni-
tive outcomes, particularly across genetically and metabolically
diverse populations. Such trials should incorporate long-term
exposure assessments and harmonized cognitive endpoints to
improve comparability and external validity (172).

At the mechanistic level, the field is poised to benefit from
emerging tools such as single-cell multi-omics, spatial transcrip-
tomics and metabolic flux analysis. These approaches allow for
high-resolution dissection of how HFD alters brain homeostasis
at cellular and molecular levels-uncovering how neuronal, glial,
immune and vascular cell types interact in spatially distinct
and temporally dynamic ways (173). Integrating these datasets
may clarify unresolved questions, such as whether microbiota
dysbiosis precedes metabolic dysfunction or merely reflects it,
and how the gut-brain axis mediates diet-induced neuroinflam-
mation and synaptic degeneration.

Importantly, the pronounced heterogeneity in individual
responses to HFD highlights the necessity of personalized inter-
ventions. Moving beyond ‘one-size-fits-all’ recommendations,
future strategies should be tailored to individual characteristics
such as APOE genotype, insulin sensitivity, microbiome entero-
type and sex-specific vulnerabilities. Precision nutrition-guided
by validated biomarkers such as plasma ceramides or microbial
metabolites-holds particular promise for early risk stratification
and targeted intervention (174). Furthermore, there is growing
recognition that single-modality interventions are unlikely to
fully reverse or prevent HFD-induced cognitive dysfunction.
Future studies should prioritize multimodal strategies that
combine dietary modification, structured physical activity,
pharmacologic agents targeting neuroinflammation or insulin
resistance, microbiota-targeted therapies (e.g., Akkermansia
muciniphila supplementation) and neuromodulation techniques
(e.g., transcranial direct current stimulation). Such integrative
approaches are better positioned to tackle the complex neurobi-
ological cascades underlying metabolic-cognitive deterioration.

6. Conclusions

HFD consumption accelerates cognitive decline through
converging mechanisms such as neuroinflammation, oxida-
tive stress, insulin resistance, gut dysbiosis and synaptic
dysfunction. These effects are further modulated by genetic
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and demographic factors, including APOE genotype, age
and sex. Current evidence supports the efficacy of integra-
tive interventions-such as Mediterranean-style diets, physical
exercise, metabolic modulators and microbiota-targeted ther-
apies-in mitigating HFD-induced neurodegeneration. Future
research should focus on validating these strategies in diverse
populations via large-scale trials and leveraging multi-omics
technologies to guide precision prevention.
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