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Patients with type 2 diabetes mellitus (T2DM) face a significantly elevated risk of
developing cognitive impairment (Cl), which has been recognized as an
independent risk factor for dementia. Current glucose-lowering medications
are limited by poor central nervous system penetration, delayed intervention,
and single-target approaches, highlighting an urgent need for safe and
effective complementary strategies. Exercise therapy, leveraging its advantage
in  “metabolic-neural bidirectional regulation,” demonstrates considerable
potential in ameliorating T2DM-related CI. This article systematically reviews
basic and clinical research from the past decade, revealing that: @ Aerobic
exercise, Tai Chi, and dual-task training can all significantly improve global
cognitive scores (MoCA, MMSE), with effect sizes increasing over longer
intervention periods; @ Tai Chi yields the most comprehensive benefits in
memory, executive function, and balance—fall prevention, with an adherence
rate as high as 79.6%; ® Exercise exerts its effects through multi-target
mechanisms, including upregulation of BDNF/IGF-1, suppression of IL-6/TNF-
a, restoration of blood-brain barrier integrity, remodeling of the gut
microbiota—butyrate—brain axis, and enhancement of mitophagy. Future
research should focus on large-sample, multi-center, long-term follow-up
studies to establish personalized exercise prescriptions based on genetic—
metabolic—microbiota profiles. Integrating digital health technologies will
enable remote monitoring and precise implementation, thereby providing an
evidence-based foundation for constructing an integrated “metabolic—
cognitive” prevention and treatment model.

KEYWORDS
cognitive impairment, diabetes, exercise, therapy, type 2

1 Introduction

T2DM is a chronic metabolic disorder characterized by insulin resistance and
progressive  f-cell dysfunction, accompanied by persistent hyperglycemia,
dyslipidemia, and multi-organ damage (1). As one of the most critical global public
health challenges, the prevalence of T2DM has exhibited an explosive increase over
the past four decades. According to the International Diabetes Federation (IDF)
2023 report, approximately 537 million adults worldwide are living with diabetes,
more than 90% of whom have T2DM. Without effective interventions, the total
number of patients is projected to exceed 783 million by 2045, with the disease
burden increasing most rapidly in low- and middle-income countries (136, 137).
The pathological essence of T2DM is a systemic collapse of metabolic homeostasis.
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Driven by the interplay of genetic susceptibility and
environmental factors (e.g., obesity, sedentary behavior, high-
calorie diet), insulin signal transduction is impaired in skeletal
muscle, liver, and adipose tissue, leading to reduced glucose
uptake and increased hepatic  glucose production.

Concurrently, the compensatory insulin secretion by
pancreatic f-cells progressively fails, ultimately resulting in
both fasting and postprandial hyperglycemia. This process
intertwines with mechanisms such as chronic low-grade
inflammation, mitochondrial dysfunction, and gut microbiota
dysbiosis, forming a complex “metabolism-inflammation
vicious cycle” (2, 3). Beyond the well-established
microvascular (retinopathy, nephropathy, neuropathy) and
macrovascular (myocardial infarction, stroke) complications,
T2DM is also closely linked to cognitive impairment and has
emerged as a significant driver of central nervous system
degeneration (4, 5). Robust epidemiological evidence confirms
T2DM as an independent risk factor for cognitive decline and
dementia: compared to non-diabetic individuals, patients with
T2DM exhibit a 60%-90% increased risk of Alzheimer’s
Disease (AD) and a 2.5-fold higher incidence of vascular
dementia. This association remains significant even after
adjustment for cardiovascular confounders, suggesting a direct
pathophysiological link between hyperglycemia and neuronal
injury (6, 7).

The mechanisms underlying T2DM-induced cognitive
impairment involve multidimensional interactions. At the
metabolic level, chronic hyperglycemia promotes the
accumulation of advanced glycation end products (AGEs),
triggering neuronal oxidative stress and mitochondrial
dysfunction (8). Concurrently, cerebral insulin resistance
impairs synaptic plasticity by suppressing the IRS-1/PI3K-Akt
signaling pathway and reduces insulin-degrading enzyme
(IDE) activity, thereby exacerbating p-amyloid (Ap)
deposition (9). In parallel, impairment of the neurovascular
unit contributes to the pathology: microvascular endothelial
dysfunction disrupts blood-brain barrier integrity, leading to
neuroinflammation and white matter hyperintensity (WMH)
Furthermore, reduced cerebral

lesions. perfusion in

hippocampal-prefrontal networks specifically compromises
episodic memory and executive function (10). Moreover,
T2DM is associated with overlapping neurodegenerative
pathologies. The frequent
hyperphosphorylated tau and Af pathology in the brains of
T2DM highly with
Alzheimer’s disease neuropathology—has led to the proposal
of “Type 3 Diabetes” (11). Clinical studies indicate that the

earliest manifestations of cognitive impairment in T2DM

Co-occurrence of

patients—a  profile overlapping

patients are reduced information processing speed and
executive dysfunction, which can be detected up to a decade
before a formal dementia diagnosis (12). Glycemic variability
and severe hypoglycemic episodes accelerate cognitive
decline, while current glucose-lowering therapies remain
suboptimal for mneuroprotection. Although contemporary
anti-diabetic agents (e.g., SGLT2 inhibitors, GLP-1 receptor
agonists) demonstrate considerable efficacy in controlling
metabolic parameters, their protective effects on cognitive
function are constrained by three major limitations: limited

central penetration, with over 90% of glucose-lowering drugs
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inadequately crossing the blood-brain barrier to target
cerebral insulin signaling pathways; delayed intervention, as
pharmacological treatment is often initiated during late-stage
window  for

neurodegeneration, critical

pathological

missing  the
reversal; and  insufficient = multi-target
engagement, since single-mechanism glycemic strategies fail
to concurrently address core drivers of cognitive impairment
such as neuroinflammation and mitochondrial dysfunction
(13, 14). Consequently, there is a pressing need to explore
safer and more effective therapeutic approaches.

In this context, exercise therapy, leveraging its unique
capacity for metabolic-neural bidirectional regulation,
emerges as a strategic option to overcome the limitations of
current treatments. Basic research confirms that regular
physical activity activates the skeletal muscle-brain axis,
inducing a surge in circulating neurotrophic factors (e.g.,
BDNF, IGF-1), enhancing cerebral glucose uptake efficiency,
and suppressing Af deposition (15, 16). More innovatively,
exercise-induced cerebrovascular remodeling can repair the
blood-brain barrier damaged by hyperglycemia, while its
autonomic nervous system regulatory effects significantly
reduce glycemic variability—an independent risk factor for
cognition often overlooked by current guidelines. This
review aims to systematically elucidate the multidimensional
protective mechanisms of exercise therapy in T2DM-related
cognitive impairment, establish key components of precision
exercise prescriptions based on evidence-based medicine,
synergistic potential with

and pharmacological

and prospectively explore its
digital health technologies
interventions. The ultimate goal is to provide a theoretical
foundation and practical framework for constructing a novel
integrated “metabolic-cognitive” prevention and

treatment model.

2 Pathogenesis of T2DM

2.1 Insulin resistance

Insulin resistance, defined as diminished insulin sensitivity
in target tissues such as the liver, skeletal muscle, and adipose
tissue, represents the initiating event and central mechanism
in the pathogenesis of T2DM. During the early stages of
T2DM,
utilization in peripheral tissues, triggering compensatory
p-cells  to
compensatory mechanism fails,

insulin resistance impairs glucose uptake and

hyperinsulinemia from pancreatic maintain
normoglycemia. As this
blood glucose levels progressively rise, ultimately leading to
the development of overt diabetes (17). Insulin resistance in
skeletal muscle represents the earliest pathophysiological
alteration in T2DM, accounting for approximately 70%-80%
of whole-body glucose disposal. A reduction in insulin-
by skeletal

diminished postprandial glucose utilization and contributes

stimulated glucose uptake muscle leads to

to elevated blood glucose levels. This process is closely
with lipid
mitochondrial dysfunction, and activation of inflammatory

associated intracellular accumulation,

signaling pathways within skeletal muscle (18). Hepatic
insulin resistance is characterized by impaired suppression of
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hepatic glucose output by insulin, leading to increased hepatic
glucose production during fasting and consequent elevated
fasting blood glucose. Studies demonstrate that as hepatic
insulin resistance worsens, both fasting plasma glucose and
30-minute postprandial glucose levels rise significantly in
diabetic patients. Adipose tissue insulin resistance primarily
manifests as a reduced ability of insulin to suppress lipolysis,
resulting in elevated release of free fatty acids (FFA). The
subsequent influx of FFA into non-adipose tissues (e.g., liver
and skeletal muscle) further exacerbates systemic insulin
resistance, thereby establishing a vicious cycle (19). Impaired
insulin signaling constitutes the core molecular basis of
insulin resistance. Upon binding to its cell surface receptor,
activates  receptor autophosphorylation, which
subsequently phosphorylates insulin receptor substrates (IRS)

insulin

and transduces metabolic effects primarily through the PI3K-
Akt pathway. Under insulin-resistant conditions, however,
serine/threonine phosphorylation of IRS proteins replaces
normal tyrosine phosphorylation, thereby disrupting insulin
signal transduction (20). Numerous molecules participate in
this process, including inflammatory factors (e.g., TNF-a, IL-
6), adipocytokines (e.g., adiponectin, leptin
resistance), and intracellular stress signals (e.g., JNK, IKKf).

decreased

Recent investigations have highlighted the critical roles of

oxidative stress and mitochondrial dysfunction in the
development of insulin resistance. Under diabetic conditions,
excessive production of reactive oxygen (ROS)
stress, which inflammatory

pathways and impairs insulin signaling (21). Interestingly,

species
induces oxidative activates
while mild and transient ROS elevation may trigger adaptive
antioxidant defenses through “mitohormesis,” chronic and
excessive ROS generation exacerbates insulin resistance.

adipose
inflammation are pivotal factors influencing diabetes. Adipose
tissue serves not only as an energy storage organ but also as a
significant endocrine organ (22). In obesity-related T2DM, visceral

Furthermore, tissue dysfunction and associated

fat accumulation leads to adipocyte hypertrophy and hypoxia,
initiating cell death, immune cell infiltration, and chronic low-
grade inflammation. Macrophages within adipose tissue polarize
pro-inflammatory M1  phenotype, secreting
inflammatory cytokines such as TNF-o and IL-6, which disrupt

towards the

insulin signaling. Notably, interleukin-7 (IL-7) produced by
visceral fat is essential for maintaining regulatory T cells (Treg),
which themselves help prevent adipose tissue inflammation and
thereby suppress the pathogenesis of T2DM (23, 24). In
experimental models, interleukin-7 receptor deficiency resulted in a
50% reduction of Treg cells in visceral fat, accompanied by the
development of hyperglycemia and insulin resistance (25). This
finding reveals a novel interaction mechanism between immune
cells and adipose tissue in the pathogenesis of T2DM, offering
potential targets for immunotherapeutic interventions.

2.2 Islet p-cell dysfunction

Defective islet f-cell function is a prerequisite for the
development of T2DM. Even in the presence of significant
insulin resistance, blood glucose levels can be maintained within
the normal range as long as f-cells compensate by increasing
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insulin secretion; diabetes becomes clinically manifest only when
p-cell compensatory mechanisms fail (26). f-Cell dysfunction in
T2DM progresses through distinct stages: compensation —
decompensation — exhaustion. During the compensatory stage,
p-cells adapt to resistance through hyperplasia,
hypertrophy, The
decompensation stage is characterized by f-cell dedifferentiation,
delayed insulin secretory peaks, and aberrant pulse amplitude.

insulin

and enhanced insulin  secretion.

In the exhaustion stage, f-cell apoptosis and an irreversible
reduction in f-cell mass occur. Studies have demonstrated that
as f-cell function declines, significant elevations in fasting blood
glucose and postprandial glucose levels at all time points are
observed in patients (27). Unlike insulin resistance, which
primarily affects fasting and early postprandial glucose, f-cell
dysfunction  impairs glycemic control  throughout all
postprandial phases, indicating their distinct contributions to
dysglycemia in T2DM.

Glucolipotoxicity is a key mechanism driving f-cell failure.
Chronic hyperglycemia promotes f-cell apoptosis via oxidative
stress, endoplasmic reticulum stress, and inflammatory
responses. Lipotoxicity, resulting from excessive free fatty acids,
impairs f-cell function through pathways such as ceramide
synthesis and mitochondrial dysfunction. Islet amyloid
deposition represents a characteristic pathological feature of
T2DM, wherein the abnormal aggregation of islet amyloid
polypeptide (IAPP) into fibrils exerts direct cytotoxic effects on

S-cells (28).

2.3 Disorders of liver and glucose
metabolism

The liver plays a pivotal role in maintaining glucose
homeostasis. During the pathogenesis of T2DM, hepatic
insulin resistance and increased hepatic glucose output are the
Under
physiological conditions, insulin suppresses glycogenolysis and

primary contributors to fasting hyperglycemia.
gluconeogenesis; however, this suppressive effect is markedly
with T2DM. Hepatic

resistance leads to the persistent activation of the FoxOl

attenuated in individuals insulin
transcription factor, which upregulates the expression of key
gluconeogenic enzymes such as glucose-6-phosphatase and
(29).  Additionally,

synthesis capacity further

phosphoenolpyruvate  carboxykinase

glycogen
compromises the liver’s ability to dispose of glucose.

diminished hepatic

Hepatic insulin resistance is closely associated with hepatic
steatosis, as seen in non-alcoholic fatty liver disease (NAFLD)
(30, 31). The deposition of lipids within hepatocytes generates
lipotoxic species, including diacylglycerols and ceramides, which
activate protein kinase Ce (PKCe) and thereby disrupt insulin
signaling. Recent studies utilizing liver-specific insulin receptor
knockout (LIRKO) mice, which exhibit severe hepatic insulin
resistance and glucose intolerance, have provided direct evidence
for the autonomous role of hepatic defects in the pathogenesis
of T2DM (32).

Patients with T2DM frequently present with dyslipidemia,
characterized by increased very-low-density lipoprotein
(VLDL) secretion, hypertriglyceridemia, and low high-density
lipoprotein cholesterol (33). These alterations are directly

frontiersin.org


https://doi.org/10.3389/fspor.2026.1742195

Xiang et al.

linked to hepatic insulin resistance and further exacerbate
systemic metabolic dysregulation. The liver acts not only as a
target organ for insulin action but also as a central hub for
systemic metabolic regulation, communicating with peripheral
tissues through the secretion of hepatokines (e.g., FGF21) and
metabolites (34, 35).

2.4 Immune and inflammatory mechanisms

While T2DM has not been traditionally viewed as an immune-
mediated disorder, recent research has progressively uncovered a
pivotal role for the immune system in its pathogenesis. Chronic
low-grade inflammation serves as a critical link connecting
obesity, insulin resistance, and T2DM. Both innate and adaptive
immune responses are implicated in the development of
T2DM.In adipose tissue, macrophage infiltration and phenotype
switching (from anti-inflammatory M2 to pro-inflammatory
MI1) represent a hallmark feature of obesity-associated insulin
resistance (36, 37). M1 macrophages secrete pro-inflammatory
cytokines such as TNF-a and IL-6, which activate kinases
including JNK and IKKp, leading to serine phosphorylation of
IRS proteins and subsequent impairment of normal insulin
signaling. T lymphocytes also contribute to the regulation of
adipose tissue inflammation. An imbalance in the ratio of
CD4 + helper T cells (Thl, Th2) and CD8+ cytotoxic T cells
promotes a pro-inflammatory microenvironment (38). Notably,
regulatory T cells (Tregs) play a crucial role in maintaining
immune homeostasis within adipose tissue. Research has
revealed that interleukin-7 (IL-7) produced by visceral adipose
stromal cells supports Treg survival, thereby mitigating the
development of T2DM. Experiments demonstrated that a single
administration of interleukin-7 to mice induced a sustained
suppression of hyperglycemia, offering a novel perspective for
immune-based interventions (39, 40).

Inflammatory cytokines induce insulin resistance through the
activation of multiple signaling pathways. The nuclear factor
kappa B (NF-xB) pathway serves as a central hub in this
process; upon activation by factors such as TNF-a and IL-6, it
further The
N-terminal activated under

amplifies the inflammatory c-Jun
(JNK) pathway,

conditions, promotes IRS-1 serine phosphorylation, thereby

response.
kinase stress

disrupting  insulin  signaling (41, 42).  Furthermore,
inflammasomes—particularly the NLRP3 inflammasome—play a
Activated by

metabolic danger signals (e.g., saturated fatty acids, cholesterol

significant role in metabolic inflammation.
crystals), the NLRP3 inflammasome processes and releases IL-1f
and IL-18, which directly impair f-cell function and insulin
sensitivity (43).
Immune-modulatory  therapies targeting inflammatory
pathways have emerged as a promising direction for T2DM
treatment. IL-1P antagonists (e.g., anakinra) have demonstrated
modest glucose-lowering efficacy and f-cell protective effects in
clinical trials (44, 45). In addition, research on interleukin-7 has
further advanced the concept of “immunotherapy,” showing
potential for developing novel, low-burden therapeutic strategies
for patients with T2DM (46). However, the long-term safety of
immune interventions, optimal patient selection, and precise

dosing strategies require further extensive investigation.
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2.5 Genetic and epigenetic regulation

T2DM exhibits strong genetic susceptibility, with an estimated
heritability ranging from 30% to 70%. Significant progress has
been made in understanding the genetic architecture of T2DM
in recent years, largely driven by genome-wide association
studies (GWAS) and advanced sequencing technologies (2). To
date, more than 400 genetic loci associated with T2DM risk
have been identified, most of which are implicated in pathways
governing pancreatic islet development, insulin secretion, and
insulin action.The rs1801282 (Prol2Ala) polymorphism in the
PPARy gene adipocyte
modulating systemic insulin sensitivity (47). In the KCNJI11

influences differentiation, thereby
gene, which encodes the Kir6.2 subunit of the ATP-sensitive
potassium channel, the E23 K polymorphism (rs5219) affects -
cell depolarization capacity and insulin secretion, while also
being associated with the response to sulfonylurea drugs (48).
The vast majority of identified T2DM-associated genetic variants
reside in non-coding regions of the genome, where they are
postulated to exert their effects by regulating gene expression.
While individual variants typically confer only modest effects,
their cumulative impact significantly shapes an individual’s
overall disease susceptibility.

Epigenetic mechanisms—including DNA methylation, histone
modifications, and non-coding RNAs—play a pivotal role in gene-
environment interactions, helping to explain how environmental
factors program metabolic phenotypes. In patients with T2DM,
altered DNA methylation patterns have been identified in
several key metabolic genes, such as PPARGCIA (a regulator of
mitochondrial biogenesis), INS (insulin), and GLUT4 (glucose
transporter) (49, 50). Histone modifications also contribute to
the phenomenon of metabolic memory, whereby prior periods
of hyperglycemia exert long-lasting detrimental effects even after
glycemic normalization.Furthermore, non-coding RNAs (e.g.,
miRNAs, IncRNAs) function as crucial regulators of gene
expression in insulin signaling and f-cell function. For instance,
miR-375 is a key modulator of pancreatic islet development and
function (51), while circulating miRNAs show promise as
potential biomarkers for T2DM.Beyond these mechanisms,
genetic variation influences interindividual differences in
responses to glucose-lowering medications. Pharmacogenomics
aims to optimize treatment strategies based on genetic profiles.
For example, genetic variants in OCT1 (SLC22A1) and MATEl
(SLC47A1) alter the pharmacokinetics of metformin, leading to
variations in its plasma concentration. Carriers of the K allele of
KCNIJ11 rs5219 exhibit a more pronounced reduction in HbAlc
following sulfonylurea therapy (e.g., gliclazide), while the PPARy
Prol2Ala polymorphism is associated with an enhanced
response to thiazolidinediones (e.g., pioglitazone). Collectively,
these findings lay the groundwork for precision medicine

in T2DM.

2.6 Intestinal Flora and metabolism

The human gut hosts trillions of microorganisms that establish
a symbiotic relationship with the host and collectively regulate
with T2DM
characterized by

metabolic homeostasis. Patients exhibit gut

microbiota dysbiosis, which is reduced
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microbial diversity, altered proportions of specific bacterial taxa,
and functional disturbances.

The gut microbiota in T2DM exhibits a marked reduction in
butyrate-producing (e.g.
Faecalibacterium prausnitzii) and an expansion of opportunistic

bacteria Roseburia and
pathogens (e.g., Bacteroides coprocola and Escherichia coli) (52).
This dysbiosis contributes to T2DM pathogenesis through
several mechanisms: impaired production of short-chain fatty
acids (SCFAs) like butyrate and propionate, which possess anti-
inflammatory, insulinotropic, and barrier-protective properties;
endotoxemia due to translocated lipopolysaccharide (LPS) from
Gram-negative bacteria, promoting systemic inflammation and
insulin resistance; and altered bile acid metabolism affecting
FXR and TGR5 signaling, thereby disrupting glucose
homeostasis and energy expenditure. Through the gut-brain
axis, microbial metabolites such as SCFAs stimulate intestinal
endocrine cells to release peptides including PYY and GLP-1,
which signal via the vagus nerve to the central nervous system
and regulate feeding behavior (30, 31, 53). This pathway is
impaired in T2DM, leading to disrupted energy balance.Diet
rapidly shapes gut microbiota composition and function.
A single meal can acutely alter the plasma proteome: ketogenic
diets upregulate proteins linked to inflammation, platelet
activation, and oxidative stress; high-fat/high-calorie diets elevate
adhesion/lipid metabolism proteins and reduce endothelial
repair factors; whereas low-fat/low-calorie diets show anti-
inflammatory and protective features (54). These insights
support precision nutrition as a modulate
microbiota-host crosstalk.

strategy to

2.7 Emerging mechanisms and future
directions

2.7.1 Oxidative stress and mitochondrial
dysfunction

Oxidative stress and chronic low-grade inflammation are
recognized as key drivers of diabetic complications (55). In
T2DM, excessive production of reactive oxygen species (ROS)
leads to oxidative damage; however, the recently proposed
concept of “mitohormesis” has refined the traditional oxidative
stress theory—suggesting that mild, transient increases in ROS
can  trigger adaptive antioxidant defenses, enhance
mitochondrial function, and suppress chronic inflammation.
This phenomenon has been demonstrated in studies on caloric
restriction, exercise, and ketone bodies, underscoring the
importance of maintaining a “hormetic window” rather than
indiscriminately supplementing antioxidants.

Studies indicate that SGLT2 inhibitor therapy significantly
reduces proteinuria and inflammatory markers in patients with
diabetic kidney disease, while paradoxically increasing urinary
levels of the

deoxyguanosine and the biological antioxidant potential (BAP),

oxidative  stress marker 8-hydroxy-2’-
suggesting that its protective effects may involve the induction
of an adaptive ROS response (56, 57). Similarly, GLP-1 receptor
agonists also modulate oxidative stress markers, implying that
multiple metabolic therapies may share common hormetic

pathways.
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2.7.2 Communication of stress signals between
organs

Emerging evidence indicates that stressed adipocytes can
transmit mild ROS signals via extracellular vesicles, thereby
mediating interorgan mitohormesis. This finding expands our
understanding of T2DM as a multiorgan disease and reveals a
novel mechanism of interorgan communication (58, 59). Organs
such as the liver, adipose tissue, muscle, and gut communicate
through the secretion of specific hormones and factors—
including hepatokines, myokines, and adipokines—forming an
intricate regulatory network. Dysregulation of this interorgan
of T2DM and its

crosstalk underlies the pathogenesis

complications.

2.7.3 Multi-target synergistic intervention strategy

T2DM suggests that multi-target synergistic interventions

represent a promising therapeutic strategy. For example,
simultaneously targeting the insulin signaling pathway and the
IL-1f may

resistance and f-cell function. Artificial intelligence-assisted

inflammatory cytokine improve both insulin
target screening is expected to accelerate the establishment of
precision therapy systems for diabetes (60). Furthermore,
stress  biomarkers—such as

integrating oxidative urinary

8-hydroxy-2’-deoxyguanosine, reactive oxygen species
metabolites, and biological antioxidant potential (BAP)—into
clinical monitoring, combined with pharmacological and lifestyle
interventions, may facilitate the development of precision

metabolic medicine for multi-organ protection in T2DM (61).

3 Pathogenesis of T2DM complicated
with cognitive dysfunction

A significant proportion of individuals with diabetes
ultimately succumb to various complications, among which
cognitive dysfunction has garnered increasing attention. The
pathogenesis of T2DM-associated cognitive impairment is
multifactorial, involving an intricate network of interconnected
pathological processes including metabolic disturbances,
cerebrovascular impairment, neuroinflammation, and autophagic

dysregulation (62) (Figure 1).

3.1 Brain insulin resistance and signaling
pathway disorders

The brain, as an insulin-sensitive organ, exhibits disrupted
insulin signaling that plays a critical role in T2DM-associated
cognitive decline (TDACD). Central insulin resistance promotes
hyperphosphorylation of tau protein, leading to neurofibrillary
tangle formation, while competitively inhibiting insulin-
degrading enzyme (IDE), thereby reducing p-amyloid (Ap)
clearance and facilitating A deposition (63). The MAPK and
PI3-K/Akt

mediated neuroprotection, become dysfunctional in T2DM,

signaling pathways, key mediators of insulin-

exacerbating neuronal injury (64).

frontiersin.org


https://doi.org/10.3389/fspor.2026.1742195

Xiang et al. 10.3389/fspor.2026.1742195
' A %\
&
Activation of microglia °°oA,InsuIin resistance
' /’ =
Abnormal liver
glucose metabolism Autophagy
* Mitochondrial dysfunction | Disorder of intestinal flora
FIGURE 1

The pathogenesis of T2DM

Recent neuroimaging studies have identified distinct cerebral
glucose metabolic phenotypes in T2DM patients. Using [18 F]
FDG-PET, researchers have characterized nine brain regions
with consistent metabolic alterations and defined two cerebral
metabolic phenotypes: bU[ +] (predominantly hypermetabolic)
and bU[-] (predominantly hypometabolic) (65). The bU[-]
phenotype, characterized by reduced glucose uptake in the right
superior temporal gyrus, is associated with more severe systemic
insulin resistance (HOMA-IR 6.58 vs. 4.03) and elevated levels
of the neuroinflammation marker SFRP-1, demonstrating a
significant correlation with cognitive impairment risk (66).

3.2 Oxidative stress and mitochondrial
dysfunction

Oxidative stress serves as a critical link between T2DM and
Under diabetic
overproduction of reactive oxygen species (ROS) shifts the redox

cognitive  dysfunction. conditions, systemic
balance toward oxidation, ultimately leading to neuronal damage
(67). The p66Shc signaling pathway, a key regulator of oxidative
stress, plays a pivotal role in TDACD (68). Studies demonstrate
that diabetic p66Shc—/— exhibit

oxidative stress, reduced microglial activation, and significantly

mice attenuated cerebral
improved cognitive performance, with this protective effect being
at least partially independent of Af pathology (69). Mitochondria,
functioning as cellular powerhouses and primary ROS sources,
rely on a tightly controlled quality control system to maintain
neuronal homeostasis. Dysregulation of selective autophagy,

particularly mitophagy, results in the accumulation of damaged
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mitochondria, disrupted energy metabolism, and subsequent
synaptic dysfunction and neuronal death in T2DM (70).

3.3 Neuroinflammation and microglial cell
activation

As Chronic low-grade neuroinflammation represents a core
pathological feature of TDACD. Under diabetic conditions,
microglia—the resident immune cells of the brain—become
aberrantly activated and release pro-inflammatory cytokines such as
IL-6 and TNF-q, thereby impairing neuronal function and synaptic
plasticity (71). Recent research has demonstrated that shanzhiside
methyl ester, an active compound derived from Gardenia
jasminoides, alleviates neuroinflammation and modulates glycolytic
processes by suppressing the HSP9OAA1/HIF1A/STAT1 signaling
axis, leading to improved cognitive function in diabetic mice (72).
Neuroinflammation is also closely associated with blood-brain
barrier (BBB) disruption. Chronic hyperglycemia and elevated
inflammatory cytokines in T2DM compromise BBB integrity and
increase vascular permeability, facilitating the entry of neurotoxic
brain and further
exacerbating neuroinflammation and neuronal injury (73, 74).

substances from the circulation into the

3.4 Selective autophagy and imbalance of
protein homeostasis

Emerging evidence highlights the critical role of selective
autophagy in maintaining neuronal homeostasis, with its
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dysfunction being closely implicated in TDACD. Distinct from
non-selective autophagy, selective autophagy enables precise
degradation of specific organelles or protein aggregates,
including mitochondria (mitophagy), endoplasmic reticulum
(ER-phagy), and lipid droplets (lipophagy) (75).

Under T2DM conditions, impaired autophagic flux leads to
aberrant protein aggregation and organelle dysfunction. For
instance, reduced clearance of damaged mitochondria elevates
ROS production; insufficient ER-phagy results in sustained
activation of the unfolded protein response; while disrupted
lipophagy contributes to cerebral lipid accumulation. The
dysregulation of these selective autophagy subtypes collectively
underpins the pathology of TDACD and offers novel potential

therapeutic targets (76, 77).

3.5 Cerebrovascular diseases and lymphatic
system dysfunction

Microvascular complications induced by T2DM directly
impair cerebral blood supply and metabolic waste clearance.
Characteristic ~ pathological ~changes, including basement
membrane thickening and pericyte loss, compromise cerebral
blood flow regulation and concurrently disrupt glymphatic
system function (78). The glymphatic system—a brain-specific
waste clearance pathway—relies on the polarized expression of
aquaporin-4 (AQP4) water channels in perivascular astrocytic
endfeet. In diabetes, mislocalization of AQP4 proteins leads to
markedly reduced clearance efficiency, which has been shown to
decline by as much as threefold in diabetic rat models (79, 80).
This “dual drainage crisis,” combining microangiopathy and
glymphatic dysfunction, is recognized as a key mechanism
underlying the accumulation of toxic proteins such as Af and
tau in the brains of T2DM patients, directly contributing to

cognitive deficits including spatial memory impairment.

4 Treatment strategies for T2DM
complicated with cognitive
dysfunction

4.1 Cognitive protective effects of new
hypoglycemic drugs

In recent years, the potential cognitive benefits of novel
glucose-lowering agents have attracted considerable attention.
Beyond effective glycemic control, medications including
glucagon-like peptide-1 receptor agonists (GLP-1RAs), sodium-
glucose cotransporter-2 inhibitors (SGLT-2i), and dipeptidyl
peptidase-4 inhibitors (DPP4-i) may delay cognitive decline by
modulating multiple pathophysiological processes—such as
inhibiting inflammation and oxidative stress, reducing apoptosis,
decreasing Af deposition, and attenuating tau protein
phosphorylation.

GLP-1 receptor agonists, which mimic endogenous glucagon-
like peptide-1, exert multifaceted neuroprotective effects. Studies
indicate that GLP-1RAs enhance mitochondrial function and
cellular energy metabolism, thereby lowering reactive oxygen

species and alleviating oxidative damage in neurons (81).
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Furthermore, by activating the PI3 K/Akt/mTOR/GCLc/redox
signaling pathway, these agents reduce the expression of
apoptosis-related proteins induced by oxidative stress and
promote neuronal survival (82). In vitro studies also reveal that
GLP-1RAs act synergistically with DYRK1A inhibitors to reduce
tau hyperphosphorylation via the PI3 K/Akt/GSK3f pathway,
potentially delaying the onset of Alzheimer’s disease (64,
83).Clinical evidence further supports the cognitive benefits of
GLP-1RAs. In a comparative study between liraglutide and
insulin glargine, liraglutide-treated patients showed significantly
higher Montreal Cognitive Assessment (MoCA) scores after one
year, along with a lower incidence of hypoglycemia (84). These
findings suggest that GLP-1RAs may offer superior advantages
over conventional glucose-lowering drugs in preserving
cognitive function.

SGLT-2 inhibitors, which lower blood glucose by inhibiting
renal tubular glucose reabsorption, have recently been associated
with positive effects on cognitive function (85). A prospective
study revealed that T2DM patients receiving SGLT-2i in
addition to metformin exhibited better performance in cognitive
assessments compared to those on metformin alone. Another
cognitive evaluation in elderly diabetic patients demonstrated
that SGLT-2i significantly improved cognitive impairment, with
notably higher Montreal Cognitive Assessment (MoCA) scores
in the treatment group than in the control group (86).Preclinical
studies have elucidated neuroprotective mechanisms of SGLT-2i,
antioxidant, and

encompassing anti-inflammatory,

mitochondrial  function-enhancing effects. For instance,
canagliflozin has demonstrated significant antioxidant and anti-
inflammatory properties under hyperglycemic conditions (87). It
markedly reduced reactive oxygen species and nitric oxide levels
in BV-2 microglial cells, while suppressing key inflammatory
signaling pathways such as NF-xB, JNK, and p38 MAPK (88).
DPP-4 inhibitors, which exert glucose-lowering effects by
preventing the degradation of endogenous GLP-1, have also
demonstrated potential benefits in preserving cognitive function
(89). In a comparative study between alogliptin and repaglinide,
patients treated with alogliptin exhibited significantly higher
MoCA scores after 24 weeks, accompanied by a markedly lower
incidence of hypoglycemia (90). These findings suggest that
DPP-4 inhibitors may offer superior cognitive benefits compared
to traditional insulin secretagogues in T2DM patients with mild

cognitive impairment.

4.2 Application of traditional medicines and
Chinese herbal compound prescriptions

In addition to novel glucose-lowering agents, conventional
antidiabetic drugs and traditional Chinese medicine (TCM)
compounds also hold therapeutic value for T2DM patients with
T2DM
medication, has been associated with an 8%-10% reduction in

cognitive impairment. Metformin, as a first-line
dementia incidence in some studies; however, other evidence
effects

particularly among elderly patients (91).

suggests its cognitive protective may be limited,

TCM formulations have also demonstrated unique benefits in
treating T2DM with mild cognitive impairment (MCI). In

substantial animal studies, numerous traditional Chinese
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medicine compounds and their constituents have demonstrated
promising efficacy against T2DM complicated with cognitive
dysfunction (92, 93). Clinical trials have further indicated the
therapeutic potential of traditional Chinese medicine in human
subjects, though such studies remain limited (94). A clinical
study investigating Danxin Jiangtang Tongmai Capsule
combined with metformin showed that the combination therapy
group achieved significantly higher MoCA and MMSE scores
than the metformin-only control group. Additionally, patients in
the combination group exhibited greater improvements in
glycemic and lipid profiles, as well as in cognition-related
biomarkers such as brain-derived
neurotrophic factor (95, 96). These findings indicate that
integrated traditional Chinese and Western medicine may

T2DM

homocysteine  and

represent a promising therapeutic direction for

complicated by cognitive dysfunction.

5 The role of exercise therapy in T2DM
complicated with cognitive
dysfunction

5.1 Aerobic exercise

Although pharmacological interventions play a significant role
in managing T2DM complicated with cognitive dysfunction, the
associated side effects often pose substantial challenges for
patients. In recent years, numerous clinical trials and meta-
analyses have demonstrated the advantages of exercise therapy
in ameliorating cognitive impairment in T2DM. As the most
extensively studied form of physical activity, aerobic exercise has
shown definitive therapeutic effects on T2DM-related cognitive
dysfunction. Clinical studies indicate that regular aerobic
training significantly improves overall cognitive function in
T2DM patients, particularly in the domains of memory,
processing speed, and executive function. A randomized
controlled trial involving T2DM patients revealed that aerobic
exercise intervention led to notable enhancements in Montreal
Cognitive Assessment (MoCA) scores and hippocampal volume.
These structural improvements were positively correlated with
cognitive functional gains, suggesting that aerobic exercise not
only ameliorates clinical behavioral performance but may also
delay the process of cerebral atrophy (97).

The molecular mechanisms through which aerobic exercise
in T2DM

pathways. Studies have demonstrated that aerobic exercise

improves cognitive function involve multiple

significantly upregulates the of brain-derived
(BDNF),
mechanism for its neuroprotective effects. A study involving
elderly T2DM patients found that after 24 weeks of aerobic
exercise intervention, patients exhibited a marked increase in

expression

neurotrophic factor which constitutes a central

serum BDNF levels alongside a reduction in methylglyoxal
(MG) levels. These changes were significantly correlated with
improvements in both immediate and delayed memory (98). In
animal studies, T2DM model rats subjected to 8 weeks of
aerobic treadmill training showed significantly elevated protein
expression of BDNF, nuclear factor erythroid 2-related factor 2
(Nrf2), and heme oxygenase-1 (HO-1) in the hippocampal
region. This was accompanied by a decrease in the oxidative
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stress marker malondialdehyde (MDA) and enhanced activity of
superoxide dismutase (SOD) (99). These findings indicate that
aerobic exercise likely protects hippocampal neurons by
mitigating oxidative stress and enhancing neurotrophic support.

From a metabolic perspective, the improvement in glucose
metabolism induced by aerobic exercise in T2DM patients also
indirectly supports cognitive health. Research has shown that six
months of aerobic exercise significantly reduces fasting blood
(HbAlc), and the

resistance index in T2DM patients (100). Enhanced insulin

glucose, glycated hemoglobin insulin
sensitivity may alleviate cerebral insulin resistance, a key
pathological mechanism underlying T2DM-associated cognitive
impairment. Furthermore, aerobic exercise reduces visceral fat
accumulation and decreases the release of pro-inflammatory
factors derived from adipose tissue, thereby attenuating systemic
on blood-brain

low-grade inflammation and its

barrier permeability.

impact

5.2 Resistance movement

As an important form of physical exercise, resistance training

demonstrates unique advantages in ameliorating cognitive
dysfunction associated with T2DM. Compared to aerobic
exercise, resistance exercise exerts its cognitive protective effects
through distinct neurobiological mechanisms. A randomized
controlled trial involving older adults at risk for T2DM showed
that resistance training led to significant improvements in
participants’ executive function, working memory, and overall
cognitive performance, with these improvements correlating
with the preservation of hippocampal volume (101). Particularly
noteworthy is the pronounced effect of resistance exercise on
episodic memory, potentially stemming from its structural
impact on the limbic system, especially the hippocampus.

The neuroprotective mechanisms of resistance exercise
primarily involve the modulation of neurotrophic factor
systems. Studies indicate that resistance exercise significantly
increases insulin-like growth factor-1 (IGF-1) levels in T2DM
patients. This growth factor not only regulates glucose
metabolism but also crosses the blood-brain barrier to
promote neurogenesis and synaptogenesis. In T2DM rat
models, ladder climbing training (a form of resistance exercise)
significantly increased the protein expression of BDNF, HSP70
(102), Nrf2, and HO-1 in the hippocampal region, while
reducing oxidative stress levels, demonstrating efficacy
comparable to aerobic exercise (103-105). This indicates that
resistance exercise similarly possesses potent antioxidant and
neurotrophic effects, contributing to the mitigation of T2DM-
related hippocampal damage.

Furthermore, resistance exercise provides specific protection
for white matter integrity in the brain. Diffusion tensor imaging
studies reveal that T2DM patients often exhibit impaired white
matter microstructural integrity, which is closely associated with
cognitive decline. Resistance exercise can significantly improve
white matter integrity in T2DM patients, particularly in the
corpus callosum and prefrontal-limbic circuits. These structural
improvements are significantly correlated with enhanced
executive function and memory (106). This protective effect may

originate from the positive influence of resistance exercise on
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vascular function and cerebral hemodynamics, thereby increasing
perfusion and nutrient supply to white matter regions.

5.3 Tai Chi

Tai Chi, a
demonstrates unique value in improving cognitive function in

traditional Chinese mind-body exercise,
patients with T2DM. Unlike physical training, Tai Chi integrates
breath
regulation, and cognitive engagement, potentially addressing
T2DM-related

mechanisms. A study investigating the impact of telemedicine-

multiple elements including physical movement,

cognitive impairment through multifaceted
based Tai Chi combined with wearable device monitoring on
cognitive function in elderly T2DM patients revealed significant
findings. Through a three-arm randomized controlled trial,
participants were divided into usual care, fitness walking, and
Tai Chi groups for a 12-week intervention. The results showed
that the Tai Chi group demonstrated significantly greater
improvement in the Montreal Cognitive Assessment (MoCA)
compared to both the fitness walking and usual care groups.
Additionally, the Tai Chi group exhibited superior performance
in secondary cognitive indicators including Memory Quotient
(MQ) and Trail Making Test Part B (TMT-B). The study
indicates that web-based Tai Chi intervention can effectively
elderly T2DM patients,
outperforming traditional fitness walking and highlighting the

enhance cognitive function in
potential of remote exercise therapy in cognitive enhancement
(107). Sun et al. conducted the first comprehensive evaluation of
Tai Chi’s effects on metabolic and inflammatory profiles in
T2DM patients. The results demonstrated that, compared to
usual care or blank control, Tai Chi significantly reduced fasting
blood glucose (SMD -0.57), HbAlc (MD -0.73%), triglycerides
(SMD -0.50), LDL-C (SMD -0.70), and inflammatory markers
including hs-CRP, IL-6, and TNF-a; however, no significant
improvements were observed in blood pressure or HDL-C.
Subgroup analysis further indicated that the 24-form routine,
practiced >5 times per week, >60 min per session, for >12
weeks, yielded optimal glycemic control. The authors propose
that Tai Chi exerts its glucose-lowering and anti-inflammatory
effects through three complementary pathways: enhanced insulin
sensitivity, preserved f-cell function, and improved vascular
endothelial
community-based adjunct exercise therapy for T2DM. The study
provides high-quality evidence (rated “high” for HbAlc and
“moderate” for other indicators), though limitations include

function, positioning it as a safe, low-cost

significant heterogeneity in intervention protocols and scarcity
of original studies on inflammatory markers. Future research
should expand sample sizes, standardize protocols, and extend
follow-up periods to validate long-term benefits (108).

From a metabolic perspective, Tai Chi also significantly
improves glycolipid metabolism in T2DM patients, which may
indirectly support cognitive function. Research has found that
24 weeks of Tai Chi training significantly reduced fasting blood
glucose (FBG), low-density lipoprotein (LDL), and glycated
hemoglobin (HbAlc) levels in T2DM patients, with superior
effects on LDL and FBG compared to the walking group. These
metabolic improvements may mitigate the toxic effects of
hyperglycemia and dyslipidemia on cerebrovascular function
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and neurons, thereby slowing cognitive decline (109).
Furthermore, Tai Chi can improve insulin sensitivity, potentially
helping to alleviate cerebral insulin resistance—a key mechanism
in T2DM-related cognitive impairment.

Notably, Tai Chi also significantly ameliorates depressive
symptoms in T2DM patients. Studies have shown that after 24
weeks of Tai Chi intervention, patients’ Hamilton Depression
Scale (HAMD) scores decreased significantly compared to the
control group (110). This finding is particularly important as
depression is not only common in T2DM patients but can also
exacerbate cognitive impairment. By integrating mind-body
regulation, Tai Chi may simultaneously address metabolic
abnormalities, cognitive decline, and psychological distress in
T2DM, achieving multiple benefits. Compared with other forms
of exercise, Tai Chi offers unique and comprehensive benefits
for patients with T2DM, as it combines low-intensity physical
activity with mind-body elements such as breath regulation,
balance training, and stress relief. These multidimensional
features may simultaneously improve glycemic control, enhance
lower limb muscle strength, reduce the risk of falls, and alleviate
diabetes-related distress.

5.4 Other mind-body medicine traditions

Although Tai Chi is a well-studied example, other forms of
mind-body medicine also demonstrate beneficial effects for
T2DM complicated with cognitive dysfunction. Ruesi Dadton
(RD), also known as Thai Yoga, is a traditional Thai mind-body
exercise derived from yoga. It integrates slow movements, deep
breathing, self-massage, stretching, and multi-posture balance
training, making it well-suited for the physiological
characteristics of middle-aged and elderly populations. While no
high-quality RCTs have directly investigated its effects in
populations with concurrent T2DM and cognitive impairment,
three existing RCTs have explored its impact on cognitive
function and related biomarkers in patients with MCI and on
with
prediabetes. These studies cover core pathological targets of

glycemic and inflammatory markers in individuals

T2DM with cognitive dysfunction—hyperglycemia, chronic
inflammation, impaired neuroplasticity, and amyloid deposition
—thus providing crucial trans-dimensional evidence for exercise
The
summarized below in four aspects to meet the inclusion criteria

intervention in this condition. core findings are

for a review on exercise interventions for T2DM with cognitive

dysfunction: (1) cognitive function and neuroprotective
biomarkers, (2) regulation of core diabetic pathological
indicators, (3) potential mechanisms of action, and (4)
commonalities and limitations of the studies (111-113).

Furthermore, the beneficial effects of yoga intervention on
cognitive function in patients with T2DM and its underlying
neurobiological mechanisms are supported by a series of studies.
A review by Bali et al. (114) provided a public health
perspective, outlining the potential and an application
framework for yoga as a comprehensive intervention for
(114).

Subsequent randomized controlled trials have furnished specific

managing diabetes and its associated dementia

neurobiological evidence. Specifically, Kaligal et al. (115) found
that a 12-week integrated yoga program significantly enhanced
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prefrontal cortical oxygenation and improved working memory
performance in individuals with T2DM (115). The most recent
study by Kanthi et al. (116) further corroborated these findings
from a neuroelectrophysiological standpoint, demonstrating that
yoga practice optimizes event-related potentials in T2DM
patients (116). Collectively, this body of literature suggests that
regular mind-body exercise, such as yoga, may serve as an
effective non-pharmacological intervention for alleviating
cognitive dysfunction in T2DM, potentially by improving
hemodynamic and neuroelectrophysiological activity in the
prefrontal brain regions.

6 The mechanism by which exercise
therapy improves cognitive
dysfunction associated with T2DM

6.1 Neurotrophic factors and synaptic
plasticity

One of the principal mechanisms by which exercise therapy
improves cognitive impairment in T2DM is through the
modulation of neurotrophic factor expression and the
potentiation of synaptic plasticity. Brain-derived neurotrophic
factor (BDNF), the most prevalent neurotrophic factor in the
brain, serves a pivotal function in synaptic plasticity regulation,
neuronal survival, and differentiation. T2DM patients frequently
display reduced BDNF expression in the hippocampus, which is
strongly linked to cognitive deterioration.Research indicates that
aerobic exercise markedly upregulates hippocampal BDNF levels
in T2DM mice, achieving increases of up to two-fold. This
elevation in BDNF is strongly associated with heightened
expression of the synaptic proteins PSD-95 and SYN, both
critical for synaptic integrity and function (117). Behaviorally,
of BDNF with
performance in contextual fear memory tests, demonstrating
that

meaningful

the upregulation correlates enhanced

exercise-induced neurotrophic changes translate to
cognitive benefits.Beyond BDNEF,

modulates other neurotrophic and growth factors. Studies reveal

exercise also

that physical activity upregulates insulin-like growth factor-1
(IGE-1)
remodeling (118). Structurally analogous to insulin, IGF-1 not

in diabetic rats, fostering hippocampal synaptic
only modulates glucose metabolism but also crosses the blood-

brain barrier, where it promotes neurogenesis and
synaptogenesis, suggesting a particularly significant role in
ameliorating T2DM-related cognitive deficits. Furthermore,
studies indicate that aerobic exercise not only improves
metabolic parameters but also provides comprehensive clinical
benefits for T2DM patients with comorbid mental health issues
through  multiple = mechanisms, such as modulating
neuroinflammation, enhancing neuroplasticity, and regulating
the expression of neurotrophic factors (e.g., BDNF) (119).
Notably, beyond conventional aerobic exercise, other forms of
physical activity—particularly mind-body integrated practices—
can also effectively elevate levels of neurotrophic factors. For
instance, a randomized controlled trial involving patients with
MCI demonstrated that a 12-week program of Ruesi Dadton, a
traditional Thai mind-body exercise, significantly increased

serum levels of BDNF and SIRT1 (111).
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6.2 Inflammation

Gut microbiota dysbiosis is a significant contributor to
in patients with T2DM. Studies have
demonstrated that aerobic exercise can markedly reshape the gut

neuroinflammation

microbial structure in T2DM mice, specifically by increasing the
abundance of butyrate-producing bacteria (such as Bacteroidales
and Ruminococcaceae), reducing the Firmicutes/Bacteroidetes
ratio, and decreasing pro-inflammatory associated bacteria (such
as Erysipelotrichaceae and Faecalibaculum). This microbial
remodeling enhances intestinal barrier function, restoring the
expression of tight junction proteins ZO1 and Occludin from
50% in the diabetic group to 80% of normal levels, thereby
effectively reducing endotoxin translocation into  the
bloodstream and subsequently suppressing neuroinflammation
in the hippocampal region. Notably, through fecal microbiota
transplantation experiments, researchers transferred the gut
microbiota from exercised mice to non-exercised diabetic mice
and observed comparable cognitive improvements, directly
demonstrating the pivotal mediating role of gut microbiota in
exercise intervention (120). Exercise can directly modulate the
expression of inflammation-related molecules in the brain.
Studies on high-intensity interval training (HIIT) have shown
that HIIT intervention significantly upregulates the expression of
miR-146a in the hippocampal

demonstrating an approximately 42% increase compared to the

region of diabetic rats,
diabetic group. As a crucial anti-inflammatory microRNA, miR-
146a inhibits the release of downstream pro-inflammatory
cytokines TNF-a and IL-6 by targeting key adapters IRAK1 and
TRAF6 in the TLR4/NF-«B pathway (121).
exercise can modulate the activation state of microglia, reducing

Furthermore,

their polarization toward a pro-inflammatory phenotype, thereby
further ameliorating the inflammatory microenvironment in the
hippocampal region. These changes are closely associated with
improvements in cognitive behavior, such as enhanced
performance in contextual fear memory tests.

The anti-inflammatory mechanisms of exercise also involve its
regulatory effects on adipose tissue. Eight weeks of high-intensity
interval training (HIIT) increased leptin levels in the serum and
hippocampus of T2DM rats, while reducing hippocampal levels
of BACE1, amyloid-f, and hyperphosphorylated tau. Leptin not
only attenuates amyloid protein production but also exerts anti-
inflammatory effects by modulating the JAK/STAT signaling
pathway. Additionally, exercise reduces visceral fat accumulation
and decreases the release of pro-inflammatory factors (such as
TNEF-o0 and IL-6) derived from adipose tissue, thereby mitigating
systemic low-grade inflammation and its impact on blood-brain

barrier permeability (122).

6.3 Oxidative stress

Oxidative another mechanism

underlying cognitive dysfunction in T2DM, where chronic

stress  represents core
hyperglycemia leads to excessive production of reactive oxygen
species (ROS), overwhelming endogenous antioxidant defense
capacity and resulting in neuronal damage. Exercise therapy
addresses this challenge through the activation of multiple

antioxidant pathways: Research indicates that exercise effectively
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activates the Nrf2-superoxide dismutase 2 (SOD2) antioxidant
pathway. Nrf2, a key regulator of cellular oxidative stress
the
increased expression of downstream antioxidant enzymes such
as SOD2, heme oxygenase-1 (HO-1), and glutathione peroxidase

response, upon exercise-induced activation, promotes

(123). These enzymes collectively constitute a robust antioxidant
defense system that neutralizes excess ROS and mitigates
oxidative damage in hippocampal neurons. In a mouse model of
diabetes with concomitant circadian rhythm disruption, exercise
intervention not only enhanced antioxidant enzyme activity but
also reduced hippocampal lipid peroxidation levels. The
optimization of mitochondrial function by exercise also serves as
a critical component in counteracting oxidative stress (124).
Under T2DM conditions, mitochondrial dysfunction
hippocampal neurons leads to reduced ATP generation and
increased ROS  production. Regular improves
mitochondrial biogenesis and quality control, enhances the

in
exercise

efficiency of the electron transport chain, and reduces ROS
generation resulting from electron leakage. Exercise can also
upregulate the expression of uncoupling proteins (UCPs),
thereby alleviating the oxidative stress burden. These adaptive
changes collectively protect neurons from oxidative damage and
help maintain synaptic plasticity. Studies have found that
exercise downregulates mitochondrial ROS production in the
hippocampus of diabetic mice while concurrently improving the
proteins PSD95 and SYN. The
modulation of oxidative stress-related signaling pathways by

expression of synaptic
exercise involves several key molecules (125). Exercise regulates
the SIRT1-GSK3p signaling axis; Sirtuin 1 (SIRT1), an NAD
+-dependent  deacetylase,
intervention (117). Activated SIRT1 further suppresses the
activity of glycogen synthase kinase-3p (GSK3p), a key mediator
that promotes both oxidative stress and neuroinflammation.

is activated following exercise

This regulatory mechanism not only alleviates oxidative damage
but also indirectly influences tau protein phosphorylation and
insulin

signaling pathways, forming a synergistic defense

network against oxidative stress.

6.4 Autophagy regulation

The PI3 K/Akt/mTOR signaling pathway represents one of the
core pathways regulating autophagy. Under T2DM conditions, the
PI3 K/Akt/mTOR pathway in the hippocampal
frequently hyperactivated, thereby suppressing the autophagic

region is
process. Studies have demonstrated that both high-intensity
interval training (HIIT) and moderate-intensity continuous
training (MICT) effectively inhibit the excessive activation of the
PI3 K/Akt/mTOR pathway in the hippocampus of T2DM mice,
manifested as reduced mTOR phosphorylation levels, which
subsequently relieves the inhibition of autophagy and promotes
autophagic flux. This regulatory effect induces favorable changes
in autophagy markers, including increased Beclinl expression,
elevated LC3-II/LC3-1 ratio, and reduced p62 levels. It is
particularly noteworthy that the inhibitory effects on mTOR
activity vary with exercise intensity. Research indicates that HIIT
induces a more pronounced reduction in mTOR activity
compared to MICT, potentially attributable to the more
substantial metabolic stress elicited by HIIT. From a functional
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perspective, these changes are significantly correlated with
improved spatial learning and memory performance in the
Morris water maze test, indicating that exercise-mediated
regulation of autophagy via the PI3 K/Akt/mTOR pathway
directly contributes to the amelioration of cognitive function in
T2DM (126).

In addition to the PI3 K/Akt/mTOR pathway, AMP-activated
protein kinase (AMPK), which functions as a cellular energy
sensor, also serves as a key molecule mediating exercise-induced
regulation of autophagy. Exercise depletes cellular energy
reserves, leading to an increased AMP/ATP ratio and
subsequent activation of AMPK. The activated AMPK directly
phosphorylates the forkhead box O transcription factor FoxO3a,
promoting its nuclear translocation and thereby regulating the
expression of downstream autophagy-related genes such as
Bnip3 and Spk2. Bnip3, a critical regulator of mitophagy,
enhances LC3 expression and upregulates autophagic activity.
Concurrently, the AMPK-FoxO3a axis indirectly promotes
autophagy by suppressing mTORCI activity. This pathway plays
a significant role in exercise-induced amelioration of cognitive
dysfunction in T2DM, with FoxO3a being recognized as a
potential therapeutic target. Studies indicate that exercise-
induced AMPK activation not only directly promotes autophagy
but also improves mitochondrial function and reduces oxidative
stress, thereby protecting hippocampal from
hyperglycemia-induced damage (123, 127).

neurons

Aerobic exercise, one of the most extensively studied forms of
physical activity, has been well-documented for its role in
modulating autophagy. It has been demonstrated to significantly
improve cognitive function in diabetic rats, as evidenced by
shortened escape latency and increased platform crossings in the
Morris water maze test. At the molecular level, aerobic exercise
upregulates the expression of brain-derived neurotrophic factor
(BDNF) and cAMP response element-binding protein (CREB)
in the hippocampal region, while modulating cell cycle and
apoptosis-related proteins (e.g., reducing CDK5, cyclin D1, and
Caspase-3), thereby improving the neuronal microenvironment.
The regulation of autophagy by aerobic exercise is characterized
by an overall enhancement of autophagic flux, encompassing the
entire process from autophagy initiation and autophagosome
formation to substrate degradation. Studies have shown that
aerobic exercise significantly increases the LC3-II/LC3-I ratio
and reduces p62 protein levels in the hippocampus of diabetic
indicating  enhanced autophagic (128).
alleviate inflammatory

mice, activity

Furthermore, aerobic exercise can
responses and apoptosis in hippocampal tissue by modulating
miR-126 expression, indirectly influencing the autophagic process.

In contrast to aerobic exercise, the effects of resistance exercise
(e.g., ladder climbing training) on autophagy regulation have been
less extensively investigated. However, existing evidence suggests
that it is similarly effective in ameliorating cognitive dysfunction
in T2DM (129, 130). Research has found that resistance exercise
significantly reduces microglial activation (indicated by decreased
Iba-1-positive cells) and NLRP3 inflammasome activity in the
hippocampus of diabetic mice, while increasing the expression of
Arg-1, a marker of M2-type microglia. These changes are closely
associated with autophagy activation. Notably, combined exercise
(integrating aerobic and resistance training) may yield more

pronounced effects in regulating autophagy and improving
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cognitive function. A comparative study of treadmill exercise
(aerobic), ladder climbing (resistance), and their combination
(combined) revealed that combined exercise produced the most
significant modulation of autophagy-related indicators (e.g.,
reduced Bax and p62 protein expression, increased Bcl-2 and LC3
protein expression) (99, 131). From a functional perspective, the
combined exercise group exhibited the best performance in the
Morris water maze test, suggesting that different exercise
modalities may synergistically and more effectively activate
autophagy, thereby improving cognitive function.

6.5 Gut-brain axis regulation

Cognitive dysfunction associated with T2DM has been
confirmed to be closely related to functional disruption of the
gut-brain axis. The gut-brain axis represents a complex
bidirectional communication network between the gut and the
brain, involving multiple pathways such as neural signal
transmission, immune-inflammatory regulation, and metabolic
exchange. Under T2DM conditions, chronic hyperglycemia and
insulin resistance can trigger gut microbiota dysbiosis,
compromise intestinal barrier integrity, and facilitate the entry of
bacterial toxins and inflammatory factors into the systemic
circulation. This subsequently disrupts the blood-brain barrier,
inducing neuroinflammation and neuronal damage. Studies have
shown that both T2DM patients and animal models exhibit
significant  alterations in gut microbiota composition,
characterized by an increased Firmicutes/Bacteroidetes ratio,
reduced abundance of butyrate-producing bacteria, and an
increase in conditional pathogens. This microbial imbalance
impacts cognitive function through multiple mechanisms: on one
hand, decreased levels of short-chain fatty acids (SCFAs),
particularly butyrate, impair their anti-inflammatory and histone
deacetylase inhibitory functions; on the other hand, increased
pathogen-associated molecular patterns can activate systemic and
central immune responses, leading to impaired synaptic plasticity
and reduced neuronal survival in the hippocampal region.
Furthermore, alterations in gut microbiota also affect the function
of the microbiota-metabolite-brain axis, further exacerbating
cognitive impairment (120). Research in mouse models of
diabetic cognitive dysfunction has revealed significantly reduced
levels of several beneficial microbial metabolites, such as
3-indolepropionic acid, 5-hydroxytryptamine, and SCFAs, which
are crucial for maintaining mitochondrial  function,
neurotransmitter balance, and energy metabolism. Consequently,
interventions targeting the gut-brain axis, particularly exercise
therapy, have emerged as novel strategies for preventing and
treating T2DM-related cognitive decline (119, 132).

A randomized controlled trial involving postmenopausal
women with T2DM demonstrated that 12 weeks of home-based
the

abundance of Akkermansia muciniphila and Faecalibacterium in

multi-task  exercise training significantly increased
the gut, while reducing Lactobacillus levels. Notably, the
increased abundance of Akkermansia muciniphila was positively
correlated with improved high-density lipoprotein levels and
enhanced cognitive function, suggesting that this bacterium may
play a pivotal role in exercise-induced neuroprotection (133).

The regulation of gut microbiota by exercise exhibits a clear
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dose-response relationship, with moderate exercise providing
optimal benefits. One study revealed that moderate exercise
promotes cognitive function and hippocampal neurogenesis
through gut microbiota modulation, whereas high-intensity or
prolonged exercise can reverse these benefits. This biphasic
effect exemplifies exercise-induced hormesis, a phenomenon
where low doses are beneficial, but high doses are detrimental
(134). The regulatory effects of exercise on gut microbiota also
vary with exercise modality. High-intensity interval training has
been confirmed to significantly microbiota
in T2DM patients, the
abundance of Bacteroidetes, Actinobacteria, Proteobacteria, and
Fusobacteria, reducing the of

Firmicutes—particularly diminishing Ruminococcus torques and

improve gut

composition increasing relative

while relative abundance
Ruminococcus gnavus, which are positively associated with
glucose (135). These

changes occurred concurrently with improvements in glucose

metabolism abnormalities microbial
metabolism indicators, suggesting that high-intensity interval
training may exert multiple benefits through the microbiota-

metabolism axis.

7 Challenges and future directions

Although exercise therapy shows considerable promise in the
management of T2DM with cognitive impairment, several
challenges and unresolved issues remain. First, current evidence
is limited by inadequate sample representativeness, lack of
intervention standardization, and insufficient long-term follow-
up. For example, most studies have been conducted in specific
regional populations, which may limit generalizability, and
variability in exercise protocols—such as 30-minute Tai Chi vs.
60-minute  walking—complicates  cross-study  comparisons.
Second, the influence of individual differences on intervention
outcomes warrants further investigation. Future studies should
aim to identify reliable biomarkers capable of predicting exercise
responsiveness, enabling the design of tailored and optimized
the

synergistic potential and optimal combination of different

exercise regimens for individual patients. Moreover,
exercise modalities remain to be clarified. Furthermore, in
writing the present review, only reliable data sources such as
Scopus, Web of Science, PubMed, and ScienceDirect were
selected, while relevant studies indexed in other databases were
not adequately retrieved. For the retrieved literature, we merely
classified them based on their content (aerobic exercise,
resistance exercise, Tai Chi), without systematically reviewing
the

temporal perspective.

development of various exercise therapies from a

Future research should prioritize the following areas: (1)
conducting large-scale, long-term follow-up studies to evaluate
the effect of exercise interventions on dementia conversion; (2)
elucidating  underlying  mechanisms  using  multimodal
neuroimaging and molecular biology techniques; (3) developing
personalized exercise prescriptions based on genetic profiles,
clinical phenotypes, and lifestyle factors; (4) exploring optimal
integration of exercise with other interventions, such as
pharmacotherapy and cognitive training; and (5) incorporating
smart health technologies to establish remote monitoring and

guidance systems, thereby improving feasibility and adherence.
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From a translational perspective, future efforts should address
how to effectively incorporate evidence-based exercise
interventions into routine clinical and community healthcare
systems. As a low-cost, readily scalable non-pharmacological
intervention, Tai Chi could be integrated into clinical guidelines
for diabetes and MCI management, particularly in resource-
limited primary care settings. Combined with tele-rehabilitation
technologies, it holds potential for expanding population
coverage and facilitating the individualized promotion of

“exercise prescriptions.”

8 Conclusion

Exercise therapy represents a non-pharmacological intervention
for T2DM-associated cognitive dysfunction, offering unique
advantages including multifaceted benefits, low cost, and a high
safety profile. Current evidence indicates that various exercise
modalities—such as aerobic exercise, Tai Chi, and dual-task
training—can improve cognitive function in T2DM patients to
varying degrees. Among these, Tai Chi, characterized by its
integrated mind-body practice, demonstrates comprehensive
advantages enhancing balance, and sleep

quality.These exercise regimens exert their effects through multi-

in cognition,
level, multi-system mechanisms. These include molecular-level
upregulation of BDNF and reduction of inflammatory factors,
cellular-level enhancement of synaptic plasticity, system-level
improvements in gut-brain axis regulation and insulin sensitivity,
and brain network-level optimization of functional connectivity.
These mechanisms collectively form the scientific foundation for
the beneficial role of exercise in mitigating cognitive decline in
T2DM.Future research should focus on developing personalized
exercise prescriptions, optimizing the combination of different
exercise modalities, and exploring synergistic effects with other
interventions. By integrating modern technologies such as mobile
health and remote monitoring, it will be possible to advance the
precision and accessibility of exercise interventions, thereby
maximizing the delay of cognitive decline and improving the
quality of life for individuals with T2DM.

Author contributions

YX: Conceptualization, Writing — review & editing, Writing -
original draft. YZ: Writing - review & editing, Supervision. LH:

References

1. Javeed N, Matveyenko AV. Circadian etiology of type 2 diabetes Mellitus.
Physiology (Bethesda). (2018) 33(2):138-50. doi: 10.1152/physiol.00003.2018

2. Kautzky-Willer A, Harreiter J, Pacini G. Sex and gender differences in risk,

pathophysiology and complications of type 2 diabetes Mellitus. Endocr Rev. (2016)
37(3):278-316. doi: 10.1210/er.2015-1137

3. Singh A, Shadangi S, Gupta PK, Rana S. Type 2 diabetes Mellitus: a comprehensive
review of pathophysiology, comorbidities, and emerging therapies. Compr Physiol.
(2025) 15(1):€70003. doi: 10.1002/cph4.70003

4. Luo A, Xie Z, Wang Y, Wang X, Li S, Yan J, et al. Type 2 diabetes mellitus-
associated cognitive dysfunction: advances in potential mechanisms and therapies.
Neurosci Biobehav Rev. (2022) 137:104642. doi: 10.1016/j.neubiorev.2022.104642

Frontiers in Sports and Active Living

13

10.3389/fspor.2026.1742195

Software, Writing — review & editing. JZ: Writing - review &
editing, Supervision.

Funding

The author(s) declared that financial support was not received
for this work and/or its publication.

Acknowledgments

Figure have been created with Adobe Illustrator

Conflict of interest

The author(s) declared that this work was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Generative Al statement

The author(s) declared that generative Al was not used in the
creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this
article has been generated by Frontiers with the support of
artificial intelligence and reasonable efforts have been made to
ensure accuracy, including review by the authors wherever
possible. If you identify any issues, please contact us.

Publisher’'s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

5. Srikanth V, Sinclair AJ, Hill-Briggs F, Moran C, Biessels GJ. Type 2 diabetes and
cognitive dysfunction-towards effective management of both comorbidities. Lancet
Diabetes Endocrinol. (2020) 8(6):535-45. doi: 10.1016/s2213-8587(20)30118-2

6. Jiang W, Kalsbeek M]J, Correa-da-Silva F, Jiao H, Kalsbeek A, Swaab DF, et al.
Neuropathological changes in the nucleus basalis of meynert in people with type 1
or type 2 diabetes mellitus. Acta Neuropathol. (2025) 150(1):35. doi: 10.1007/
500401-025-02942-y

7. Zeng J, Hu K, Wang Z, Huang YC, Zhang Y, Peng H, et al. Cognitive dysfunction
and dementia in type 2 diabetes Mellitus: insights into mechanisms, models, and
therapeutics. ACS Pharmacol Transl Sci. (2025) 8(8):2337-52. doi: 10.1021/acsptsci.
5c00086

frontiersin.org


https://doi.org/10.1152/physiol.00003.2018
https://doi.org/10.1210/er.2015-1137
https://doi.org/10.1002/cph4.70003
https://doi.org/10.1016/j.neubiorev.2022.104642
https://doi.org/10.1016/s2213-8587(20)30118-2
https://doi.org/10.1007/s00401-025-02942-y
https://doi.org/10.1007/s00401-025-02942-y
https://doi.org/10.1021/acsptsci.5c00086
https://doi.org/10.1021/acsptsci.5c00086
https://doi.org/10.3389/fspor.2026.1742195

Xiang et al.

8. Tu W, Xu F, Li ], Tian X, Cao L, Wang L, et al. Studying targeted oxidation in
diabetic cognitive dysfunction based on scientometrics analysis: research progress
of natural product approaches. Front Endocrinol (Lausanne). (2024) 15:1445750.
doi: 10.3389/fend0.2024.1445750

9. Zheng M, Wang P. Role of insulin receptor substance-1 modulating PI3 K/akt
insulin signaling pathway in Alzheimer’s disease. 3 Biotech. (2021) 11(4):179.
doi: 10.1007/s13205-021-02738-3

10. Tiehuis AM, Vincken KL, van den Berg E, Hendrikse J, Manschot SM, Mali WP,
et al. Cerebral perfusion in relation to cognitive function and type 2 diabetes.
Diabetologia. (2008) 51(7):1321-6. doi: 10.1007/s00125-008-1041-9

11. de la Monte SM, Wands JR. Alzheimer’s disease is type 3 diabetes-evidence reviewed.
] Diabetes Sci Technol. (2008) 2(6):1101-13. doi: 10.1177/193229680800200619

12. Exalto LG, Biessels GJ, Karter AJ, Huang ES, Quesenberry CP Jr, Whitmer RA.
Severe diabetic retinal disease and dementia risk in type 2 diabetes. J Alzheimers
Dis. (2014) 42 Suppl 3(0 3):S109-117. doi: 10.3233/jad-132570

13. Apostolopoulou M, Lambadiari V, Roden M, Dimitriadis GD. Insulin resistance
in type 1 diabetes: pathophysiological, clinical, and therapeutic relevance. Endocr Rev.
(2025) 46(3):317-48. doi: 10.1210/endrev/bnae032

14. Xu L, Li Y, Dai Y, Peng J. Natural products for the treatment of type 2 diabetes
mellitus: pharmacology and mechanisms. Pharmacol Res. (2018) 130:451-65. doi: 10.
1016/j.phrs.2018.01.015

15. Burtscher J, Millet GP, Place N, Kayser B, Zanou N. The muscle-brain axis and
neurodegenerative diseases: the key role of mitochondria in exercise-induced
neuroprotection. Int ] Mol Sci. (2021) 22(12):6479. doi: 10.3390/ijms22126479

16. Morella I, Negro M, Dossena M, Brambilla R, D’Antona G. Gut-muscle-brain
axis: molecular mechanisms in neurodegenerative disorders and potential
therapeutic efficacy of probiotic supplementation coupled with exercise.
Neuropharmacology. (2023) 240:109718. doi: 10.1016/j.neuropharm.2023.109718

17. Taylor R. Type 2 diabetes: etiology and reversibility. Diabetes Care. (2013)
36(4):1047-55. doi: 10.2337/dc12-1805

18. Petersen KF, Shulman GI. Pathogenesis of skeletal muscle insulin resistance in
type 2 diabetes mellitus. Am J Cardiol. (2002) 90(5a):11g-8g. doi: 10.1016/s0002-
9149(02)02554-7

19. Czech MP. Insulin action and resistance in obesity and type 2 diabetes. Nat Med.
(2017) 23(7):804-14. doi: 10.1038/nm.4350

20. Huang X, Liu G, Guo J, Su Z. The PI3 K/AKT pathway in obesity and type 2
diabetes. Int J Biol Sci. (2018) 14(11):1483-96. doi: 10.7150/ijbs.27173

21. Mlynarska E, Czarnik W, Dzieza N, Jedraszak W, Majchrowicz G, Prusinowski F, et al.
Type 2 diabetes Mellitus: new pathogenetic mechanisms, treatment and the most
important complications. Int ] Mol Sci. (2025) 26(3):1094. doi: 10.3390/ijms26031094

22. Ruze R, Liu T, Zou X, Song J, Chen Y, Xu R, et al. Obesity and type 2 diabetes
mellitus: connections in epidemiology, pathogenesis, and treatments. Front
Endocrinol (Lausanne). (2023) 14:1161521. doi: 10.3389/fend0.2023.1161521

23. Pirola L, Ferraz JC. Role of pro- and anti-inflammatory phenomena in the
physiopathology of type 2 diabetes and obesity. World ] Biol Chem. (2017)
8(2):120-8. doi: 10.4331/wjbc.v8.i2.120

24. Schmidleithner L, Thabet Y, Schonfeld E, Kohne M, Sommer D, Abdullah Z, et al.
Enzymatic activity of HPGD in treg cells suppresses tconv cells to maintain adipose
tissue homeostasis and prevent metabolic dysfunction. Immunity. (2019)
50(5):1232-48.e1214. doi: 10.1016/j.immuni.2019.03.014

25. Harnaha ], Machen J, Wright M, Lakomy R, Styche A, Trucco M, et al.
Interleukin-7 is a survival factor for CD4+ CD25+ T-cells and is expressed by
diabetes-suppressive dendritic cells. Diabetes. (2006) 55(1):158-70. doi: 10.2337/
diabetes.55.01.06.db05-0340

26. DeFronzo RA, Ferrannini E, Groop L, Henry RR, Herman WH, Holst JJ, et al. Type
2 diabetes mellitus. Nat Rev Dis Primers. (2015) 1:15019. doi: 10.1038/nrdp.2015.19

27. Christensen AA, Gannon M. The Beta cell in type 2 diabetes. Curr Diab Rep.
(2019) 19(9):81. doi: 10.1007/s11892-019-1196-4

28. Costes S, Huang CJ, Gurlo T, Daval M, Matveyenko AV, Rizza RA, et al. f-cell
dysfunctional ERAD/ubiquitin/proteasome system in type 2 diabetes mediated by
islet amyloid polypeptide-induced UCH-L1 deficiency. Diabetes. (2011)
60(1):227-38. doi: 10.2337/db10-0522

29. Yang Y, Song L, Yu L, Zhang J, Zhang B. H4kl2 lactylation potentiates
mitochondrial oxidative stress via the Foxol pathway in diabetes-induced cognitive
impairment. ] Adv Res. (2025) 78. doi: 10.1016/j.jare.2025.02.020

30. Tanase DM, Gosav EM, Costea CF, Ciocoiu M, Lacatusu CM, Maranduca MA,
et al. The intricate relationship between type 2 diabetes Mellitus (T2DM), insulin
resistance (IR), and nonalcoholic fatty liver disease (NAFLD). J Diabetes Res.
(2020) 2020:3920196. doi: 10.1155/2020/3920196

31. Tanase DM, Gosav EM, Neculae E, Costea CF, Ciocoiu M, Hurjui LL, et al. Role
of gut Microbiota on onset and progression of microvascular complications of type 2
diabetes (T2DM). Nutrients. (2020) 12(12):3719. doi: 10.3390/nul2123719

32. Willard FS, Douros JD, Gabe MB, Showalter AD, Wainscott DB, Suter TM, et al.
Tirzepatide is an imbalanced and biased dual GIP and GLP-1 receptor agonist. JCI
Insight. (2020) 5(17):140532. doi: 10.1172/jci.insight.140532

Frontiers in Sports and Active Living

10.3389/fspor.2026.1742195

33. Wessel H, Saeed A, Heegsma J, Connelly MA, Faber KN, Dullaart RPF. Plasma
levels of retinol binding protein 4 relate to large VLDL and small LDL particles in
subjects with and without type 2 diabetes. J Clin Med. (2019) 8(11):1792. doi: 10.
3390/jcm8111792

34. Chen Z, Yang L, Liu Y, Huang P, Song H, Zheng P. The potential function and
clinical application of FGF21 in metabolic diseases. Front Pharmacol. (2022)
13:1089214. doi: 10.3389/fphar.2022.1089214

35. Xiang L, Wang G, Zhuang Y, Luo L, Yan J, Zhang H, et al. Safety and efficacy of
GLP-1/FGF21 dual agonist HEC88473 in MASLD and T2DM: a randomized, double-
blind, placebo-controlled study. J Hepatol. (2025) 82(6):967-78. doi: 10.1016/j.jhep.
2024.12.006

36. Guo W, Song Y, Sun Y, Du H, Cai Y, You Q, et al. Systemic immune-
inflammation index is associated with diabetic kidney disease in type 2 diabetes
mellitus patients: evidence from NHANES 2011-2018. Front Endocrinol
(Lausanne). (2022) 13:1071465. doi: 10.3389/fendo.2022.1071465

37.Ying W, Fu W, Lee YS, Olefsky JM. The role of macrophages in obesity-associated
islet inflammation and S-cell abnormalities. Nat Rev Endocrinol. (2020) 16(2):81-90.
doi: 10.1038/s41574-019-0286-3

38. Shaw SK, Sengupta S, Jha R, Pattanaik C, Behera H, Barik PK, et al. Meta-
inflammation in type 2 diabetes mellitus: unveiling the role of aberrant CD4(+)
T cells and pro-inflammatory cytokine networks. Front Immunol. (2025)
16:1603484. doi: 10.3389/fimmu.2025.1603484

39. Jiménez-Lépez R, Martin-Chaves L, Gutiérrez-Garcia A,M, Carmona-Segovia
ADM, Mora-Ordonez B, Sanchez-Garcia AM, et al. Distinct cytokine profiles in
plasma and tears highlight ophthalmologic inflammation in type 2 diabetes
without retinopathy. Front Med (Lausanne). (2025) 12:1631334. doi: 10.3389/fmed.
2025.1631334

40. Shirakawa K, Endo J, Katsumata Y, Yamamoto T, Kataoka M, Isobe S, et al.
Negative legacy of obesity. PLoS One. (2017) 12(10):¢0186303. doi: 10.1371/journal.
pone.0186303

41. Ahmed B, Sultana R, Greene MW. Adipose tissue and insulin resistance in obese.
Biomed Pharmacother. (2021) 137:111315. doi: 10.1016/j.biopha.2021.111315

42. Matulewicz N, Karczewska-Kupczewska M. Insulin resistance and chronic
inflammation. Postepy Hig Med Dosw (Online). (2016) 70(0):1245-58.

43. Silveira Rossi JL, Barbalho SM, Reverete de Araujo R, Bechara MD, Sloan KP, Sloan
LA. Metabolic syndrome and cardiovascular diseases: going beyond traditional risk
factors. Diabetes Metab Res Rev. (2022) 38(3):e3502. doi: 10.1002/dmrr.3502

44. Ebrahimi F, Urwyler SA, Betz MJ, Christ ER, Schuetz P, Mueller B, et al. Effects of
interleukin-1 antagonism and corticosteroids on fibroblast growth factor-21 in
patients with metabolic syndrome. Sci Rep. (2021) 11(1):7911. doi: 10.1038/s41598-
021-87207-w

45. Gao D, Madi M, Ding C, Fok M, Steele T, Ford C, et al. Interleukin-1p mediates
macrophage-induced impairment of insulin signaling in human primary adipocytes.
Am ] Physiol Endocrinol Metab. (2014) 307(3):E289-304. doi: 10.1152/ajpendo.00430.
2013

46. Sung M, Kim DH, Sun EG, Hwang JE, Cho SH, Chung IJ, et al. LGALS3BP
Induces insulin resistance via TLR2-IKKa/f pathway-mediated IRS1 serine
phosphorylation. Endocrinol Metab (Seoul). (2025) 41. doi: 10.3803/EnM.2025.2448

47. Grbi¢ E, Peterlin A, Kunej T, Petrovi¢ D. PPAR. Balkan ] Med Genet. (2018)
21(1):39-46. doi: 10.2478/bjmg-2018-0011

48. Schreiber V, Mercier R, Jiménez S, Ye T, Garcia-Sanchez E, Klein A, et al. Extensive
NEUROGS3 occupancy in the human pancreatic endocrine gene regulatory network.
Mol Metab. (2021) 53:101313. doi: 10.1016/j.molmet.2021.101313

49. Matboli M, Kamel MM, Essawy N, Bekhit MM, Abdulrahman B, Mohamed GF,
et al. Identification of novel insulin resistance related ceRNA network in T2DM and
its potential editing by CRISPR/Cas9. Int ] Mol Sci. (2021) 22(15):8129. doi: 10.3390/
ijms22158129

50. Nadiger N, Veed JK, Chinya Nataraj P, Mukhopadhyay A. DNA Methylation and
type 2 diabetes: a systematic review. Clin Epigenetics. (2024) 16(1):67. doi: 10.1186/
513148-024-01670-6

51. Miao X, Davoudi M, Alitotonchi Z, Ahmadi ES, Amraee F, Alemi A, et al.
Managing cardiovascular events, hyperglycemia, and obesity in type 2 diabetes
through microRNA regulation linked to glucagon-like peptide-1 receptor agonists.
Diabetol Metab Syndr. (2025) 17(1):13. doi: 10.1186/5s13098-025-01581-3

52. Liu L, Zhang ], Cheng Y, Zhu M, Xiao Z, Ruan G, et al. Gut microbiota: a new
target for T2DM prevention and treatment. Front Endocrinol (Lausanne). (2022)
13:958218. doi: 10.3389/fend0.2022.958218

53. Wu J, Yang K, Fan H, Wei M, Xiong Q. Targeting the gut microbiota and its
metabolites for type 2 diabetes mellitus. Front Endocrinol (Lausanne). (2023)
14:1114424. doi: 10.3389/fend0.2023.1114424

54. Defeudis G, Rossini M, Khazrai YM, Pipicelli AMV, Brucoli G, Veneziano M,
et al. The gut microbiome as possible mediator of the beneficial effects of very low
calorie ketogenic diet on type 2 diabetes and obesity: a narrative review. Eat
Weight Disord. (2022) 27(7):2339-46. doi: 10.1007/540519-022-01434-2

55. Li Q, Zhao Y, Guo H, Li Q, Yan C, Li Y, et al. Impaired lipophagy induced-
microglial lipid droplets accumulation contributes to the buildup of TREMI in

frontiersin.org


https://doi.org/10.3389/fendo.2024.1445750
https://doi.org/10.1007/s13205-021-02738-3
https://doi.org/10.1007/s00125-008-1041-9
https://doi.org/10.1177/193229680800200619
https://doi.org/10.3233/jad-132570
https://doi.org/10.1210/endrev/bnae032
https://doi.org/10.1016/j.phrs.2018.01.015
https://doi.org/10.1016/j.phrs.2018.01.015
https://doi.org/10.3390/ijms22126479
https://doi.org/10.1016/j.neuropharm.2023.109718
https://doi.org/10.2337/dc12-1805
https://doi.org/10.1016/s0002-9149(02)02554-7
https://doi.org/10.1016/s0002-9149(02)02554-7
https://doi.org/10.1038/nm.4350
https://doi.org/10.7150/ijbs.27173
https://doi.org/10.3390/ijms26031094
https://doi.org/10.3389/fendo.2023.1161521
https://doi.org/10.4331/wjbc.v8.i2.120
https://doi.org/10.1016/j.immuni.2019.03.014
https://doi.org/10.2337/diabetes.55.01.06.db05-0340
https://doi.org/10.2337/diabetes.55.01.06.db05-0340
https://doi.org/10.1038/nrdp.2015.19
https://doi.org/10.1007/s11892-019-1196-4
https://doi.org/10.2337/db10-0522
https://doi.org/10.1016/j.jare.2025.02.020
https://doi.org/10.1155/2020/3920196
https://doi.org/10.3390/nu12123719
https://doi.org/10.1172/jci.insight.140532
https://doi.org/10.3390/jcm8111792
https://doi.org/10.3390/jcm8111792
https://doi.org/10.3389/fphar.2022.1089214
https://doi.org/10.1016/j.jhep.2024.12.006
https://doi.org/10.1016/j.jhep.2024.12.006
https://doi.org/10.3389/fendo.2022.1071465
https://doi.org/10.1038/s41574-019-0286-3
https://doi.org/10.3389/fimmu.2025.1603484
https://doi.org/10.3389/fmed.2025.1631334
https://doi.org/10.3389/fmed.2025.1631334
https://doi.org/10.1371/journal.pone.0186303
https://doi.org/10.1371/journal.pone.0186303
https://doi.org/10.1016/j.biopha.2021.111315
https://doi.org/10.1002/dmrr.3502
https://doi.org/10.1038/s41598-021-87207-w
https://doi.org/10.1038/s41598-021-87207-w
https://doi.org/10.1152/ajpendo.00430.2013
https://doi.org/10.1152/ajpendo.00430.2013
https://doi.org/10.3803/EnM.2025.2448
https://doi.org/10.2478/bjmg-2018-0011
https://doi.org/10.1016/j.molmet.2021.101313
https://doi.org/10.3390/ijms22158129
https://doi.org/10.3390/ijms22158129
https://doi.org/10.1186/s13148-024-01670-6
https://doi.org/10.1186/s13148-024-01670-6
https://doi.org/10.1186/s13098-025-01581-3
https://doi.org/10.3389/fendo.2022.958218
https://doi.org/10.3389/fendo.2023.1114424
https://doi.org/10.1007/s40519-022-01434-2
https://doi.org/10.3389/fspor.2026.1742195

Xiang et al.

diabetes-associated cognitive impairment. Autophagy. (2023) 19(10):2639-56. doi: 10.
1080/15548627.2023.2213984

56. Semo D, Obergassel J, Dorenkamp M, Hemling P, Strutz J, Hiden U, et al. The
sodium-glucose co-transporter 2 (SGLT2) inhibitor empagliflozin reverses
hyperglycemia-induced monocyte and endothelial dysfunction primarily through
glucose transport-independent but redox-dependent mechanisms. J Clin Med.
(2023) 12(4):1356. doi: 10.3390/jcm12041356

57. Yang L, Liu D, Yan H, Chen K. Dapagliflozin attenuates cholesterol overloading-
induced injury in mice hepatocytes with type 2 diabetes mellitus (T2DM) via
eliminating oxidative damages. Cell Cycle. (2022) 21(6):641-54. doi: 10.1080/
15384101.2022.2031429

58. Guo T, Pan Y, Yang L, Chen G, Deng ], Zhu L. Flavonoid compound from
Agrimonia pilosa ledeb improves adipose insulin resistance by alleviating oxidative
stress and inflammation. BMC Complement Med Ther. (2023) 23(1):322. doi: 10.
1186/512906-023-04114-5

59. Padmaja Divya S, Pratheeshkumar P, Son YO, Vinod Roy R, Andrew Hitron J,
Kim D, et al. Arsenic induces insulin resistance in mouse adipocytes and myotubes
via oxidative stress-regulated mitochondrial Sirt3-FOXO3a signaling pathway.
Toxicol Sci. (2015) 146(2):290-300. doi: 10.1093/toxsci/kfv089

60. Xie X, Wang W, Wang H, Zhang Z, Yuan X, Shi Y, et al. Artificial intelligence-
assisted perfusion density as biomarker for screening diabetic nephropathy. Transl
Vis Sci Technol. (2024) 13(10):19. doi: 10.1167/tvst.13.10.19

61. Kant M, Akis M, Calan M, Arkan T, Bayraktar F, Dizdaroglu M, et al. Elevated
urinary levels of 8-oxo-2’-deoxyguanosine, (5R)- and (5°S)-8,5-cyclo-2-
deoxyadenosines, and 8-iso-prostaglandin F(2a) as potential biomarkers of
oxidative stress in patients with prediabetes. DNA Repair (Amst). (2016) 48:1-7.
doi: 10.1016/j.dnarep.2016.09.004

62. Rizzo MR, Di Meo I, Polito R, Auriemma MC, Gambardella A, di Mauro G, et al.
Cognitive impairment and type 2 diabetes mellitus: focus of SGLT2 inhibitors
treatment. Pharmacol Res. (2022) 176:106062. doi: 10.1016/j.phrs.2022.106062

63. Michailidis M, Moraitou D, Tata DA, Kalinderi K, Papamitsou T, Papaliagkas V.
Alzheimer’s disease as type 3 diabetes: common pathophysiological mechanisms
between Alzheimer’s disease and type 2 diabetes. Int J Mol Sci. (2022) 23(5):2687.
doi: 10.3390/ijms23052687

64. Wang Y, Hu H, Liu X, Guo X. Hypoglycemic medicines in the treatment of
Alzheimer’s disease: pathophysiological links between AD and glucose metabolism.
Front Pharmacol. (2023) 14:1138499. doi: 10.3389/fphar.2023.1138499

65. Waqas K, van Haard PMM, Postema JWA, Schweitzer DH. Diabetes Mellitus-
related fractional glucose uptake in men and women imaged with (18)F-FDG PET-
CT. ] Endocr Soc. (2019) 3(4):773-83. doi: 10.1210/j5.2019-00001

66. Jayaraj RL, Azimullah S, Beiram R. Diabetes as a risk factor for Alzheimer’s
disease in the Middle East and its shared pathological mediators. Saudi J Biol Sci.
(2020) 27(2):736-50. doi: 10.1016/j.5jbs.2019.12.028

67. Jiao XH, Wan J, Wu WF, Ma LH, Chen C, Dong W, et al. GLT-1 downregulation
in hippocampal astrocytes induced by type 2 diabetes contributes to postoperative
cognitive dysfunction in adult mice. CNS Neurosci Ther. (2024) 30(9):¢70024.
doi: 10.1111/cns.70024

68. Dakroub A, Dbouk A, Asfour A, Nasser SA, El-Yazbi AF, Sahebkar A, et al. C-
peptide in diabetes: a player in a dual hormone disorder? J Cell Physiol. (2024)
239(5):€31212. doi: 10.1002/jcp.31212

69. Mousavi S, Khazeei Tabari MA, Bagheri A, Samieefar N, Shaterian N, Kelishadi R.
The role of p66Shc in diabetes: a comprehensive review from bench to bedside.
] Diabetes Res. (2022) 2022:7703520. doi: 10.1155/2022/7703520

70. He F, Huang Y, Song Z, Zhou HJ, Zhang H, Perry RJ, et al. Mitophagy-mediated
adipose inflammation contributes to type 2 diabetes with hepatic insulin resistance.
J Exp Med. (2021) 218(3):20201416. doi: 10.1084/jem.20201416

71. Xie Z, Wang X, Luo X, Yan ], Zhang J, Sun R, et al. Activated AMPK mitigates
diabetes-related cognitive dysfunction by inhibiting hippocampal ferroptosis.
Biochem Pharmacol. (2023) 207:115374. doi: 10.1016/j.bcp.2022.115374

72. Chen T, Ai L, Shuang R, Diao J, Yuan X, Tao W, et al. Shanzhiside methyl ester
attenuated cognitive impairment in diabetic mice by inhibiting neuroinflammation
and glycolysis via HSP9OAA1/HIF1A/STATI1. Phytomedicine. (2025) 146:157103.
doi: 10.1016/j.phymed.2025.157103

73. Agrawal R, Reno CM, Sharma S, Christensen C, Huang Y, Fisher SJ. Insulin
action in the brain regulates both central and peripheral functions. Am ] Physiol
Endocrinol Metab. (2021) 321(1):E156-63. doi: 10.1152/ajpendo.00642.2020

74. Dong M, Wen S, Zhou L. The relationship between the blood-brain-barrier and
the central effects of glucagon-like peptide-1 receptor agonists and sodium-glucose
cotransporter-2 inhibitors. Diabetes Metab Syndr Obes. (2022) 15:2583-97. doi: 10.
2147/dms0.S375559

75. Luo L, Que M, Zeng L, Wang X, Sun T, Zhou Z, et al. Selective autophagy in type
2 diabetes-associated cognitive dysfunction: insightful mechanisms and therapies.
Pharmacol Res. (2025) 220:107947. doi: 10.1016/j.phrs.2025.107947

76. Konig A, Outeiro TF. Diabetes and Parkinson’s disease: understanding shared
molecular mechanisms. J Parkinsons Dis. (2024) 14(5):917-24. doi: 10.3233/jpd-
230104

Frontiers in Sports and Active Living

15

10.3389/fspor.2026.1742195

77. Tang WJ. Targeting insulin-degrading enzyme to treat type 2 diabetes Mellitus.
Trends Endocrinol Metab. (2016) 27(1):24-34. doi: 10.1016/j.tem.2015.11.003

78. Banerjee M, Pal R, Mukhopadhyay S, Nair K. GLP-1 Receptor agonists and risk of
adverse cerebrovascular outcomes in type 2 diabetes: a systematic review and meta-
analysis of randomized controlled trials. J Clin Endocrinol Metab. (2023)
108(7):1806-12. doi: 10.1210/clinem/dgad076

79. Cuijpers I, Simmonds SJ, van Bilsen M, Czarnowska E, Gonzélez Miqueo A,
Heymans S, et al. Microvascular and lymphatic dysfunction in HFpEF and its
associated comorbidities. Basic Res Cardiol. (2020) 115(4):39. doi: 10.1007/s00395-
020-0798-y

80. Tai GJ, Ma Y], Feng JL, Li JP, Qiu S, Yu QQ, et al. NLRP3 inflammasome-
mediated premature immunosenescence drives diabetic vascular aging dependent
on the induction of perivascular adipose tissue dysfunction. Cardiovasc Res. (2025)
121(1):77-96. doi: 10.1093/cvr/cvae079

81. Gourdy P, Darmon P, Dievart F, Halimi JM, Guerci B. Combining glucagon-like
peptide-1 receptor agonists (GLP-1RAs) and sodium-glucose cotransporter-2
inhibitors (SGLT2is) in patients with type 2 diabetes mellitus (T2DM). Cardiovasc
Diabetol. (2023) 22(1):79. doi: 10.1186/512933-023-01798-4

82. Zhao X, Wang M, Wen Z, Lu Z, Cui L, Fu C, et al. GLP-1 Receptor agonists:
beyond their pancreatic effects. Front Endocrinol (Lausanne). (2021) 12:721135.
doi: 10.3389/fendo0.2021.721135

83. Bai X, Zhou H, Luo D, Chen D, Fan J, Shao X, et al. A rational combination of
Cyclocarya paliurus triterpene acid Complex (TAC) and se-methylselenocysteine
(MSC) improves glucose and lipid metabolism via the PI3 K/akt/GSK3/ pathway.
Molecules. (2023) 28(14):5493. doi: 10.3390/molecules28145499

84. Deng M, Wen Y, Yan J, Fan Y, Wang Z, Zhang R, et al. Comparative effectiveness
of multiple different treatment regimens for nonalcoholic fatty liver disease with type
2 diabetes mellitus: a systematic review and Bayesian network meta-analysis of
randomised controlled trials. BMC Med. (2023) 21(1):447. doi: 10.1186/s12916-
023-03129-6

85. Pishdad R, Auwaerter PG, Kalyani RR. Diabetes, SGLT-2 inhibitors, and urinary
tract infection: a review. Curr Diab Rep. (2024) 24(5):108-17. doi: 10.1007/s11892-
024-01537-3

86. Kim HJ, Noh JH, Moon MK, Choi SH, Ko SH, Rhee EJ, et al. A multicenter,
randomized, open-label study to compare the effects of gemigliptin add-on or
escalation of metformin dose on glycemic control and safety in patients with
inadequately controlled type 2 diabetes Mellitus treated with metformin and
SGLT-2 inhibitors (SO GOOD study). J Diabetes Res. (2024) 2024:8915591. doi: 10.
1155/2024/8915591

87. Jakher H, Chang TI, Tan M, Mahaffey KW. Canagliflozin review—safety and
efficacy profile in patients with T2DM. Diabetes Metab Syndr Obes. (2019)
12:209-15. doi: 10.2147/dmso.S184437

88. Jasleen B, Vishal GK, Sameera M, Fahad M, Brendan O, Deion S, et al. Sodium-
Glucose cotransporter 2 (SGLT2) inhibitors: benefits versus risk. Cureus. (2023)
15(1):e33939. doi: 10.7759/cureus.33939

89. Inoue H, Tamaki Y, Kashihara Y, Muraki S, Kakara M, Hirota T, et al. Efficacy of
DPP-4 inhibitors, GLP-1 analogues, and SGLT2 inhibitors as add-ons to metformin
monotherapy in T2DM patients: a model-based meta-analysis. Br J Clin Pharmacol.
(2019) 85(2):393-402. doi: 10.1111/bcp.13807

90. Gupta P, Bala M, Gupta S, Dua A, Dabur R, Injeti E, et al. Efficacy and risk profile
of anti-diabetic therapies: conventional vs traditional drugs-A mechanistic revisit to
understand their mode of action. Pharmacol Res. (2016) 113(Pt A):636-74. doi: 10.
1016/j.phrs.2016.09.029

91. Kuan YC, Huang KW, Lin CL, Hu CJ, Kao CH. Effects of metformin exposure on
neurodegenerative diseases in elderly patients with type 2 diabetes mellitus. Prog
Neuropsychopharmacol Biol Psychiatry. (2017) 79(Pt B):77-83. doi: 10.1016/j.
pnpbp.2017.06.002

92. Bi T, Feng R, Ren W, Hang T, Zhao T, Zhan L. Zibu PiYin recipe regulates central
and peripheral aff metabolism and improves diabetes-associated cognitive decline in
ZDF rats. ] Ethnopharmacol. (2025) 337(Pt 1):118808. doi: 10.1016/j.jep.2024.118808

93. Li Z, Long C, Tao J, Peng X, Jiang YY, Yue R. Didang decoction improves gut
microbiota and cognitive function in TDACD rats: combined proteomics and 16S
rRNA sequencing. Phytomedicine. (2025) 142:156758. doi: 10.1016/j.phymed.2025.
156758

94. Meng J, Zhu Y, Ma H, Wang X, Zhao Q. The role of traditional Chinese medicine
in the treatment of cognitive dysfunction in type 2 diabetes. ] Ethnopharmacol. (2021)
280:114464. doi: 10.1016/j.jep.2021.114464

95. Wan H, Zhou P, Fu W, Wu X, Yu Z, Shao C, et al. Efficacy and safety of tongmai
jiangtang capsule in the treatment of type 2 diabetes mellitus complicated with
coronary heart disease with syndrome of damp—heat obstructing collaterals.
Phytomedicine. (2025) 147:157234. doi: 10.1016/j.phymed.2025.157234

96. Wang Y, Guo Y, Lei Y, Huang S, Dou L, Li C, et al. Design and methodology of a
multicenter randomized clinical trial to evaluate the efficacy of tongmai jiangtang
capsules in type 2 diabetic coronary heart disease patients. Front Pharmacol. (2021)
12:625785. doi: 10.3389/fphar.2021.625785

97. Wang Y, Wang L, Yan J, Yuan X, Lou QQ. Aerobic training increases
hippocampal volume and protects cognitive function for type 2 diabetes patients

frontiersin.org


https://doi.org/10.1080/15548627.2023.2213984
https://doi.org/10.1080/15548627.2023.2213984
https://doi.org/10.3390/jcm12041356
https://doi.org/10.1080/15384101.2022.2031429
https://doi.org/10.1080/15384101.2022.2031429
https://doi.org/10.1186/s12906-023-04114-5
https://doi.org/10.1186/s12906-023-04114-5
https://doi.org/10.1093/toxsci/kfv089
https://doi.org/10.1167/tvst.13.10.19
https://doi.org/10.1016/j.dnarep.2016.09.004
https://doi.org/10.1016/j.phrs.2022.106062
https://doi.org/10.3390/ijms23052687
https://doi.org/10.3389/fphar.2023.1138499
https://doi.org/10.1210/js.2019-00001
https://doi.org/10.1016/j.sjbs.2019.12.028
https://doi.org/10.1111/cns.70024
https://doi.org/10.1002/jcp.31212
https://doi.org/10.1155/2022/7703520
https://doi.org/10.1084/jem.20201416
https://doi.org/10.1016/j.bcp.2022.115374
https://doi.org/10.1016/j.phymed.2025.157103
https://doi.org/10.1152/ajpendo.00642.2020
https://doi.org/10.2147/dmso.S375559
https://doi.org/10.2147/dmso.S375559
https://doi.org/10.1016/j.phrs.2025.107947
https://doi.org/10.3233/jpd-230104
https://doi.org/10.3233/jpd-230104
https://doi.org/10.1016/j.tem.2015.11.003
https://doi.org/10.1210/clinem/dgad076
https://doi.org/10.1007/s00395-020-0798-y
https://doi.org/10.1007/s00395-020-0798-y
https://doi.org/10.1093/cvr/cvae079
https://doi.org/10.1186/s12933-023-01798-4
https://doi.org/10.3389/fendo.2021.721135
https://doi.org/10.3390/molecules28145499
https://doi.org/10.1186/s12916-023-03129-6
https://doi.org/10.1186/s12916-023-03129-6
https://doi.org/10.1007/s11892-024-01537-3
https://doi.org/10.1007/s11892-024-01537-3
https://doi.org/10.1155/2024/8915591
https://doi.org/10.1155/2024/8915591
https://doi.org/10.2147/dmso.S184437
https://doi.org/10.7759/cureus.33939
https://doi.org/10.1111/bcp.13807
https://doi.org/10.1016/j.phrs.2016.09.029
https://doi.org/10.1016/j.phrs.2016.09.029
https://doi.org/10.1016/j.pnpbp.2017.06.002
https://doi.org/10.1016/j.pnpbp.2017.06.002
https://doi.org/10.1016/j.jep.2024.118808
https://doi.org/10.1016/j.phymed.2025.156758
https://doi.org/10.1016/j.phymed.2025.156758
https://doi.org/10.1016/j.jep.2021.114464
https://doi.org/10.1016/j.phymed.2025.157234
https://doi.org/10.3389/fphar.2021.625785
https://doi.org/10.3389/fspor.2026.1742195

Xiang et al.

with normal cognition. Exp Clin Endocrinol Diabetes. (2023) 131(11):605-14. doi: 10.
1055/a-2105-0799

98. Baker LD, Frank LL, Foster-Schubert K, Green PS, Wilkinson CW, McTiernan A,
et al. Aerobic exercise improves cognition for older adults with glucose intolerance, a
risk factor for Alzheimer’s disease. J Alzheimers Dis. (2010) 22(2):569-79. doi: 10.
3233/jad-2010-100768

99. Zhang Y, Liu Y, Liu X, Yuan X, Xiang M, Liu J, et al. Exercise and metformin
intervention prevents lipotoxicity-induced hepatocyte apoptosis by alleviating
oxidative and ER stress and activating the AMPK/Nrf2/HO-1 signaling pathway in
db/db mice. Oxid Med Cell Longev. (2022) 2022:2297268. doi: 10.1155/2022/2297268

100. Chien YH, Tsai CJ, Wang DC, Chuang PH, Lin HT. Effects of 12-week
progressive sandbag exercise training on glycemic control and muscle strength in
patients with type 2 diabetes Mellitus combined with possible sarcopenia. Int
J Environ Res Public Health. (2022) 19(22):15009. doi: 10.3390/ijerph192215009

101. Chen SM, Shen FC, Chen JF, Chang WD, Chang NJ. Effects of resistance
exercise on glycated hemoglobin and functional performance in older patients with
comorbid diabetes Mellitus and knee osteoarthritis: a randomized trial. Int
J Environ Res Public Health. (2019) 17(1):224. doi: 10.3390/ijerph17010224

102. Mulyani WRW, Sanjiwani MID, Sandra, Prabawa IPY, Lestari AAW, Wihandani
DM, ...Manuaba I. Chaperone-Based therapeutic target innovation: heat shock
protein 70 (HSP70) for type 2 diabetes Mellitus. Diabetes Metab Syndr Obes.
(2020) 13:559-68. doi: 10.2147/dmso0.5232133

103. Gan L, Chen P, Zhang Z, He X, Wu X, Chen Z, et al. Static training improves
insulin resistance in skeletal muscle of type 2 diabetic mice via the IGF-2/IGF-1R
pathway. Sci Rep. (2025) 15(1):10662. doi: 10.1038/s41598-025-94360-z

104. Rasoulinejad SA, Akbari A, Nasiri K. Interaction of miR-146a-5p with oxidative
stress and inflammation in complications of type 2 diabetes mellitus in male rats:
anti-oxidant and anti-inflammatory protection strategies in type 2 diabetic
retinopathy. Iran J Basic Med Sci. (2021) 24(8):1078-86. doi: 10.22038/ijbms.2021.
56958.12706

105. Silveira-Rodrigues JG, Campos BT, de Lima AT, Ogando PHM, Gomes CB,
Gomes PF, et al. Acute bouts of aerobic and resistance exercise similarly alter
inhibitory control and response time while inversely modifying plasma BDNF
concentrations in middle-aged and older adults with type 2 diabetes. Exp Brain
Res. (2023) 241(4):1173-83. doi: 10.1007/s00221-023-06588-8

106. Wang H, Tang W, Zhao Y. Acute effects of different exercise forms on executive
function and the mechanism of cerebral hemodynamics in hospitalized T2DM
patients: a within-subject study. Front Public Health. (2023) 11:1165892. doi: 10.
3389/fpubh.2023.1165892

107. Chen XS, Liu HZ, Fang J, Wang SJ, Han YX, Meng J, et al. Effects of tai chi on
cognitive function in older adults with type 2 diabetes Mellitus: randomized
controlled trial using wearable devices in a Mobile health model. ] Med Internet
Res. (2025) 27:¢77014. doi: 10.2196/77014

108. Sun Y, Li Q, Xue W. The effect of tai chi on glycemic control in type 2 diabetes
mellitus: a meta-analysis of randomized controlled trials. Front Endocrinol
(Lausanne). (2025) 16:1605253. doi: 10.3389/fend0.2025.1605253

109. Xinzheng W, Fanyuan J, Xiaodong W. The effects of tai chi on glucose and lipid
metabolism in patients with diabetes mellitus: a meta-analysis. Complement Ther
Med. (2022) 71:102871. doi: 10.1016/j.ctim.2022.102871

110. Zhang J, Li Y, Liu X, Zhong D, Xue C, Fan J, et al. Characteristic changes of
prefrontal and motor areas in patients with type 2 diabetes and Major depressive
disorder during a motor task of tai chi chuan: a functional near-infrared
spectroscopy study. Brain Behav. (2024) 14(10):e70071. doi: 10.1002/brb3.70071

111. Khanthong P, Sriyakul K, Dechakhamphu A, Krajarng A, Kamalashiran C,
Jayathavaj V, et al. A randomized controlled trial on the effects of traditional Thai
mind-body exercise (ruesi dadton) on biomarkers in mild cognitive impairment.
Eur ] Phys Rehabil Med. (2024) 60(4):604-10. doi: 10.23736/s1973-9087.24.08015-8

112. Khanthong P, Sriyakul K, Dechakhamphu A, Krajarng A, Kamalashiran C,
Tungsukruthai P. Traditional Thai exercise (ruesi dadton) for improving motor
and cognitive functions in mild cognitive impairment: a randomized controlled
trial. J Exerc Rehabil. (2021) 17(5):331-8. doi: 10.12965/jer.2142542.271

113. Sawangwong P, Tungsukruthai S, Nootim P, Sriyakul K, Phetkate P, Pawa KK,
et al. The effects of 12-week traditional Thai exercise (ruesi dadton) on glycemic
control and inflammatory markers in prediabetes: a randomized controlled trial.
Life (Basel). (2023) 13(11):2166. doi: 10.3390/life13112166

114. Bali P, Kaur N, Tiwari A, Bammidi S, Podder V, Devi C, et al. Effectiveness of
yoga as the public health intervention module in the management of diabetes and
diabetes associated dementia in South East Asia. A Narrative Review.
Neuroepidemiology. (2020) 54(4):287-303. doi: 10.1159/000505816

115. Kaligal C, Kanthi A, Vidyashree M, Krishna D, Raghuram N, Hongasandra
Ramarao N, et al. Prefrontal oxygenation and working memory in patients with
type 2 diabetes mellitus following integrated yoga: a randomized controlled trial.
Acta Diabetol. (2023) 60(7):951-61. doi: 10.1007/500592-023-02085-0

116. Kanthi A, Deepeshwar S, Chidananda K, Vidyashree M, Krishna D. Event-
Related potential changes following 12-week yoga practice in T2DM patients: a
randomized controlled trial. Clin EEG Neurosci. (2025) 56(2):150-8. doi: 10.1177/
15500594241249511

Frontiers in Sports and Active Living

16

10.3389/fspor.2026.1742195

117. Lang X, Zhao N, He Q, Li X, Li X, Sun C, et al. Treadmill exercise mitigates
neuroinflammation and increases BDNF via activation of SIRT1 signaling in a
mouse model of T2DM. Brain Res Bull. (2020) 165:30-9. doi: 10.1016/j.
brainresbull.2020.09.015

118. Mazaheri F, Hoseini R, Gharzi A. Vitamin D and exercise improve VEGF-B
production and IGF-1 levels in diabetic rats: insights the role of miR-1
suppression. Sci Rep. (2025) 15(1):1328. doi: 10.1038/s41598-024-81230-3

119. He ], Liu F, Xu P, Xu T, Yu H, Wu B, et al. Aerobic exercise improves the overall
outcome of type 2 diabetes Mellitus among people with mental disorders. Depress
Anxiety. (2024) 2024:6651804. doi: 10.1155/da/6651804

120. Ruan S, Liu J, Yuan X, Ye X, Zhang Q. Aerobic exercise alleviates cognitive
impairment in T2DM mice through gut microbiota. Sci Rep. (2025) 15(1):23917.
doi: 10.1038/s41598-025-07220-1

121. Ichi MS, Shabkhiz F, Kordi M. Effects of high-intensity interval training (HIIT)
on miR-29¢ and miR-146a expression in the hippocampus of streptozotocin-induced
diabetic rats. Behav Brain Res. (2025) 489:115632. doi: 10.1016/j.bbr.2025.115632

122. Opazo-Diaz E, Montes-de-Oca-Garcia A, Galdn-Mercant A, Marin-Galindo A,
Corral-Pérez J, Ponce-Gonzilez JG. Characteristics of high-intensity interval training
influence anthropometrics, glycemic control, and cardiorespiratory fitness in type 2
diabetes Mellitus: a systematic review and meta-analysis of randomized controlled
trials. Sports Med. (2024) 54(12):3127-49. doi: 10.1007/s40279-024-02114-0

123. Carapeto P, Iwasaki K, Hela F, Kahng J, Alves-Wagner AB, Middelbeek RJW,
et al. Exercise activates AMPK in mouse and human pancreatic islets to decrease
senescence. Nat Metab. (2024) 6(10):1976-90. doi: 10.1038/s42255-024-01130-8

124. Tian J, Fan J, Zhang T. Mitochondria as a target for exercise-mitigated type 2
diabetes. ] Mol Histol. (2023) 54(6):543-57. doi: 10.1007/s10735-023-10158-1

125. Behmadi H, Samiei F, Noruzi M, Halvaei Khankahdani Z, Hassani S,
Mehdizadeh M, et al. The effect of physical exercise pretreatment on spatial
memory and learning and function of mitochondria in the brain in type 2 diabetic
rats. Iran ] Pharm Res. (2023) 22(1):e135315. doi: 10.5812/ijpr-135315

126. Li X, He Q, Zhao N, Chen X, Li T, Cheng B. High intensity interval training
ameliorates cognitive impairment in T2DM mice possibly by improving PI3 K/akt/
mTOR signaling-regulated autophagy in the hippocampus. Brain Res. (2021)
1773:147703. doi: 10.1016/j.brainres.2021.147703

127. Lin ], Zhang X, Sun Y, Xu H, Li N, Wang Y, et al. Exercise ameliorates muscular
excessive mitochondrial fission, insulin resistance and inflammation in diabetic rats
via irisin/AMPK activation. Sci Rep. (2024) 14(1):10658. doi: 10.1038/s41598-024-
61415-6

128. Zhang BW, Li Y, Kou X]J. Resistance exercise regulates hippocampal microglia
polarization through TREM2/NF-xB/STAT3 signal pathway to improve cognitive
dysfunction in T2DM mice. Sheng Li Xue Bao. (2024) 76(5):717-31.

129. Ma Y, Liu H, Wang Y, Xuan ], Gao X, Ding H, et al. Roles of physical exercise-
induced MiR-126 in cardiovascular health of type 2 diabetes. Diabetol Metab Syndr.
(2022) 14(1):169. doi: 10.1186/s13098-022-00942-6

130. Morais Junior GS, Souza VC, Machado-Silva W, Henriques AD, Melo Alves A,
Barbosa Morais D, et al. Acute strength training promotes responses in whole blood
circulating levels of miR-146a among older adults with type 2 diabetes mellitus. Clin
Interv Aging. (2017) 12:1443-50. doi: 10.2147/cia.S141716

131. Sun M, Zhao X, Li X, Wang C, Lin L, Wang K, et al. Aerobic exercise ameliorates
liver injury in db/db mice by attenuating oxidative stress, apoptosis and inflammation
through the Nrf2 and JAK2/STAT3 signalling pathways. J Inflamm Res. (2023)
16:4805-19. doi: 10.2147/jir.5426581

132. Subba R, Sandhir R, Singh SP, Mallick BN, Mondal AC. Pathophysiology linking
depression and type 2 diabetes: psychotherapy, physical exercise, and fecal
microbiome transplantation as damage control. Eur ] Neurosci. (2021)
53(8):2870-900. doi: 10.1111/ejn.15136

133. Vahed A, Molanouri Shamsi M, Siadat SD, Behmanesh M, Negaresh R, Agh-
Mohammadi S, et al. Effects of home-based exercise training on gut microbiota
and possible relations with cognitive function and metabolic health in
postmenopausal women with type 2 diabetes mellitus: a randomized control trial.
Diabetes Res Clin Pract. (2025) 229:112908. doi: 10.1016/j.diabres.2025.112908

134. Jesmin S, Shima T, Soya M, Takahashi K, Omura K, Ogura K, et al. Long-term
light and moderate exercise intervention similarly prevent both hippocampal and
glycemic dysfunction in presymptomatic type 2 diabetic rats. Am ] Physiol
Endocrinol Metab. (2022) 322(3):E219-30. doi: 10.1152/ajpendo.00326.2021

135. Han Y, Quan H, Ji W, Tian Q, Liu X, Liu W. Moderate-intensity continuous
training and high-intensity interval training alleviate glycolipid metabolism
through modulation of gut microbiota and their metabolite SCFAs in diabetic rats.
Biochem Biophys Res Commun. (2024) 735:150831. doi: 10.1016/j.bbrc.2024.150831

136. GBD 2021 Diabetes Collaborators. Global, regional, and national burden of
diabetes from 1990 to 2021, with projections of prevalence to 2050: a systematic
analysis for the global burden of disease study 2021. Lancet. (2023)
402(10397):203-34. doi: 10.1016/s0140-6736(23)01301-6

137. GBD 2021 Diabetes Collaborators. Global, regional, and national burden of
disorders affecting the nervous system, 1990-2021: a systematic analysis for the
global burden of disease study 2021. Lancet Neurol. (2024) 23(4):344-81. doi: 10.
1016/s1474-4422(24)00038-3

frontiersin.org


https://doi.org/10.1055/a-2105-0799
https://doi.org/10.1055/a-2105-0799
https://doi.org/10.3233/jad-2010-100768
https://doi.org/10.3233/jad-2010-100768
https://doi.org/10.1155/2022/2297268
https://doi.org/10.3390/ijerph192215009
https://doi.org/10.3390/ijerph17010224
https://doi.org/10.2147/dmso.S232133
https://doi.org/10.1038/s41598-025-94360-z
https://doi.org/10.22038/ijbms.2021.56958.12706
https://doi.org/10.22038/ijbms.2021.56958.12706
https://doi.org/10.1007/s00221-023-06588-8
https://doi.org/10.3389/fpubh.2023.1165892
https://doi.org/10.3389/fpubh.2023.1165892
https://doi.org/10.2196/77014
https://doi.org/10.3389/fendo.2025.1605253
https://doi.org/10.1016/j.ctim.2022.102871
https://doi.org/10.1002/brb3.70071
https://doi.org/10.23736/s1973-9087.24.08015-8
https://doi.org/10.12965/jer.2142542.271
https://doi.org/10.3390/life13112166
https://doi.org/10.1159/000505816
https://doi.org/10.1007/s00592-023-02085-0
https://doi.org/10.1177/15500594241249511
https://doi.org/10.1177/15500594241249511
https://doi.org/10.1016/j.brainresbull.2020.09.015
https://doi.org/10.1016/j.brainresbull.2020.09.015
https://doi.org/10.1038/s41598-024-81230-3
https://doi.org/10.1155/da/6651804
https://doi.org/10.1038/s41598-025-07220-1
https://doi.org/10.1016/j.bbr.2025.115632
https://doi.org/10.1007/s40279-024-02114-0
https://doi.org/10.1038/s42255-024-01130-8
https://doi.org/10.1007/s10735-023-10158-1
https://doi.org/10.5812/ijpr-135315
https://doi.org/10.1016/j.brainres.2021.147703
https://doi.org/10.1038/s41598-024-61415-6
https://doi.org/10.1038/s41598-024-61415-6
https://doi.org/10.1186/s13098-022-00942-6
https://doi.org/10.2147/cia.S141716
https://doi.org/10.2147/jir.S426581
https://doi.org/10.1111/ejn.15136
https://doi.org/10.1016/j.diabres.2025.112908
https://doi.org/10.1152/ajpendo.00326.2021
https://doi.org/10.1016/j.bbrc.2024.150831
https://doi.org/10.1016/s0140-6736(23)01301-6
https://doi.org/10.1016/s1474-4422(24)00038-3
https://doi.org/10.1016/s1474-4422(24)00038-3
https://doi.org/10.3389/fspor.2026.1742195

	Progress on exercise therapy in type 2 diabetes mellitus with cognitive impairment
	Introduction
	Pathogenesis of T2DM
	Insulin resistance
	Islet β-cell dysfunction
	Disorders of liver and glucose metabolism
	Immune and inflammatory mechanisms
	Genetic and epigenetic regulation
	Intestinal Flora and metabolism
	Emerging mechanisms and future directions
	Oxidative stress and mitochondrial dysfunction
	Communication of stress signals between organs
	Multi-target synergistic intervention strategy


	Pathogenesis of T2DM complicated with cognitive dysfunction
	Brain insulin resistance and signaling pathway disorders
	Oxidative stress and mitochondrial dysfunction
	Neuroinflammation and microglial cell activation
	Selective autophagy and imbalance of protein homeostasis
	Cerebrovascular diseases and lymphatic system dysfunction

	Treatment strategies for T2DM complicated with cognitive dysfunction
	Cognitive protective effects of new hypoglycemic drugs
	Application of traditional medicines and Chinese herbal compound prescriptions

	The role of exercise therapy in T2DM complicated with cognitive dysfunction
	Aerobic exercise
	Resistance movement
	Tai Chi
	Other mind-body medicine traditions

	The mechanism by which exercise therapy improves cognitive dysfunction associated with T2DM
	Neurotrophic factors and synaptic plasticity
	Inflammation
	Oxidative stress
	Autophagy regulation
	Gut-brain axis regulation

	Challenges and future directions
	Conclusion
	Author contributions
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher's note
	References


