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ABSTRACT: Diabetes, inflammation, and neurodegeneration, particularly Alzheimer’s disease (AD), are deeply
interconnected (brain diabetes). Type 2 diabetes mellitus (T2DM) acts as a significant risk factor for neurodegenerative
diseases like Alzheimer’s (AD) and Parkinson’s (PD) by inducing chronic inflammation, oxidative stress, and metabolic
dysfunction. Hyperglycemia drives neuroinflammation and damages the blood-brain barrier (BBB), exacerbating
cognitive decline and neuronal loss. Chronic inflammation acts as a central bridge, linking high blood sugar, insulin
resistance, and metabolic dysfunction in the brain to the buildup of amyloid plaques, tau tangles, and neuronal
damage due to shared insulin signaling issues in the brain. Diabetes accelerate AD risk through inflammation-driven
mitochondrial damage and impaired insulin pathways, which hinder amyloid clearance and disrupt normal brain
function. Insulin resistance and impaired glucose metabolism accelerate brain aging and neurodegeneration. This
narrative review aims to summarize the underlying molecular and cellular mechanisms in the pathophysiology
of hyperglycemia-associated neurodegeneration with a focus on Alzheimer’s disease as a manifestation of type 3
diabetes mellitus (type 2 diabetes in the brain).
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1 Introduction

Type 2 diabetes mellitus (T2DM) is increasingly recognized as a multisystem disorder in which
chronic hyperglycemia, insulin resistance, and nutrient overload drive cellular stress extending beyond
dysregulated glucose homeostasis [1]. During early disease stages, pancreatic (3-cells partially compensate
for insulin resistance through increased insulin secretion. However, chronic hyperglycemia, endoplasmic
reticulum (ER) stress, and inflammatory signaling ultimately impair (3-cell function and promote progressive
insulin insufficiency [2]. Obesity is a major upstream contributor to T2DM pathogenesis, with excess
adiposity promoting systemic insulin resistance through altered lipid accumulation and eventual {3-cell
dysfunction [3-5]. The strong biochemical and pathophysiological overlap between obesity and T2DM has
led to the term “diabesity”, emphasizing their causal link [6]. Diabesity combines “diabetes” and “obesity”,
highlighting that increased fat, specifically visceral fat, drives insulin resistance, which in turn causes the
pancreas to work harder and produce less effective insulin. Diabesity exponentially increases the risk of
severe metabolic diseases, including cardiovascular disease, hypertension, fatty liver disease (MAFLD), and
chronic renal failure. In obesity, adipose tissue expansion is accompanied by inflammatory remodeling
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characterized by adipocyte hypertrophy, macrophage recruitment, and adipokine imbalance, which together
reinforce systemic insulin resistance [5]. Hypertrophic adipocytes and infiltrating immune cells promote a
shift toward pro-inflammatory M1-polarized macrophages and increased secretion of cytokines such as
interleukin (IL)-6, tumor necrosis factor (TNF)-«, and IL-1f3, establishing a chronic low-grade inflammatory
state that directly impairs insulin signaling in metabolic tissues [3,5,7].

Beyond classic microvascular and neuropathic complications, diabetes also confers a substantially
increased risk for central nervous system (CNS) injury and neurodegeneration [8]. Diabetes increases the
risk for neurodegenerative diseases like Alzheimer’s disease (AD) and Parkinson’s disease (PD), primarily
through mechanisms like insulin resistance, hyperglycemia, and inflammation, which can cause brain
damage and cognitive decline [9]. These metabolic issues can lead to impaired insulin signaling in the brain,
damage to blood vessels, and neuropathological changes [10,11]. However, diabetes may have a different
effect on other conditions, such as amyotrophic lateral sclerosis (ALS), where it might offer a protective
effect [12-14]. Diabetes is associated with metabolic disturbances, including insulin resistance, hyperglycemia,
and dysregulation of carbohydrate, protein, and lipid metabolism. These metabolic disturbances converge
on the nervous system through several interconnected mechanisms contributing to neuropathy. Impaired
insulin signaling disrupts neuronal mitochondrial function and synaptic plasticity; excess reactive oxygen
species (ROS) and lipid intermediates damage mitochondrial DNA, Ca?* handling, and energy production; and
chronic inflammation and advanced glycation end-products-receptor for advanced glycation end-products
(AGE-RAGE) signaling degrade vascular integrity, producing endothelial dysfunction and blood-brain barrier
breakdown. These changes increase CNS exposure to cytokines and toxic metabolites while simultaneously
impairing the clearance of misfolded proteins such as amyloid beta (Af3), tau, and «-synuclein. Together,
these pathways create a biochemical environment that links diabetes to neuroinflammation, white-matter
injury, and the protein-aggregation processes underlying AD, PD, and related neurodegenerative disorders,
including Huntington’s and ALS [12,13,15]. This narrative review focuses on the pathophysiology of T2DM,
molecular and cellular interactions with AD, potential therapeutic targets, and future directions.

2 3-Cell Dysfunction and Insulin Resistance

Pancreatic 3-cells play a central role in maintaining glucose homeostasis by regulating insulin secretion
in response to cues triggered by metabolic demand. In early T2DM, (3-cell dysfunction is recognized as a
key pathogenic event; although insulin resistance is a hallmark of the disease, hyperglycemia is ultimately
precipitated by a dysfunctional response to elevated glucose in 3-cells, leading to failure to sustain adequate
insulin secretion [16,17]. 3-cells initially compensate for hyperglycemia by secreting more insulin and
undergoing hyperplasia. As (3-cell dysfunction progresses and insulin secretion becomes insufficient to
meet metabolic demand, fasting and postprandial hyperglycemia emerge and intensify, which further
aggravates systemic insulin resistance in classical glucose-recipient tissues (muscle, liver, adipose) [16].
Chronic exposure to hyperglycemia and hyperlipidemia leads to glucolipotoxicity, which induces oxidative
and endoplasmic reticulum (ER) stress, reduces insulin synthesis and secretion, and promotes {3-cell
apoptosis [16,17] (Fig. 1). Although these mechanisms have been well supported by experimental models,
the extent to which glucolipotoxicity causes [3-cell failure in vivo in humans remains less clearly understood.

The major driver of (3-cell dysfunction is chronic hyperglycemia. Prolonged exposure to supraphysiologic
glucose levels is cytotoxic and overwhelms ER protein-folding capacity, triggering the unfolded protein
response (UPR). As ER stress persists, the UPR becomes maladaptive, contributing to 3-cell dysfunction and
death [2,16,17]. In mouse pancreatic (3-cells, acutely elevated glucose exposure elicits a mild, adaptive UPR
via inositol-requiring enzyme 1o (IRE1cx) that supports glucose-stimulated insulin biosynthesis, whereas loss
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of IRE1c blunts glucose-stimulated insulin production [18]. However, in INS-1 832/13 rat (3-cell cultures,
sustained elevated glucose induces ER stress, reduces insulin mRNA and proinsulin synthesis, and impairs
insulin secretion, through glucotoxic-mediated ER stress, driving (3-cell dysfunction [16,17,19].

) . Obesity and T2DM Obesity
Persistent hyperglycemia

ryperlipidemia ! Lé_FFA Adipocyte hypertrophy

Glucolipotoxicity T Intrapancreatic fat deposition ~ Adipocyte hyperplasia

Ly 1 ER stress, T ROS production, T M1 macrophage recruitment
Oxidative stress

Oxidative stress TIL-1B, IL-6, TNF-a secretion
Unf0|dedE§r§:re?rsl,sresponse Mitochondrial dysfunction T Leptin | Adiponectin
Altered autophagy
Inflammation NF-kB, JNK activation

B-cell apoptosis
L Insulin synthesis
{4 Insulin secretion

Inflammatory state
B-cell dysfunction

Impaired insulin signaling Impaired insulin signaling

(liver, muscle adipose, brain)
Insulin resistance «—— Altered IRS1/2-PI3K-Akt-mTOR signaling
Figure 1: Cellular and molecular mechanisms of (3-cell dysfunction and insulin resistance. T2DM, type 2 diabetes
mellitus; LC-FFA, long chain free fatty acid; ER, endoplasmic reticulum; ROS, reactive oxygen species; IL, interleukin;
TNF, tumor necrosis factor; NF-kB, nuclear factor kappa beta; JNK, c-Jun N-terminal kinase; IRS1/2, insulin receptor
substrate 1 and 2; PI3K, phosphoinositide 3-Kinase; mTOR, mammalian receptor for rapamycin. 1 indicates an increase
and | indicates a decrease. Created in BioRender. Rai, V. (2025); https://BioRender.com/mzm27zz.

This compromising of 3-cell structure and function drives the transition from compensated insulin
resistance to overt T2DM. This positions 3-cell failure as a primary determinant of systemic metabolic
dysregulation [2,16]. In parallel, adipose tissue expansion in obesity and T2DM promotes macrophage
recruitment, shifting towards a chronic, low-grade inflammatory state. In mouse models of diet-induced
and genetic obesity, and in adipose biopsies from obese humans, enlarged fat depots show marked
accumulation of adipose tissue macrophages that are a major source of TNF-x and other cytokines,
and these inflammatory mediators contribute to insulin resistance in classical insulin target tissues [20].
Impaired insulin signaling through the insulin receptor substrate (IRS)1/2 phosphoinositide 3-kinase
(PI3K)-protein kinase B (Akt)-mammalian target of rapamycin (mTOR) pathway (Fig. 1) in the brain alters
neuronal metabolism and synaptic function, linking peripheral metabolic disease to central nervous system
dysfunction. Consistent with this, male Wistar rats rendered insulin resistant by 12 weeks of high-fat
diet feeding show impaired neuronal insulin receptor function, evidenced by attenuated insulin-induced
long-term depression in hippocampal CA1 and reduced insulin-stimulated Akt (Ser473) phosphorylation,
together with brain mitochondrial swelling, membrane depolarization, and increased ROS production [21].
Meanwhile, reduced peripheral insulin availability and chronic insulin resistance limit insulin signaling
within the brain, where insulin normally supports neuronal glucose uptake, energy metabolism, and
synaptic plasticity. This supports how brain insulin resistance contributes to cognitive vulnerability and
Alzheimer’s disease-like neurodegeneration [16,17,22].

Elevated long-chain free fatty acids (LC-FFA) are widely accepted contributors of 3-cell dysfunction
in genetically susceptible individuals with T2DM and obesity. In vivo human studies tend to show that
increased plasma FFA and increased intrapancreatic fat are associated with impaired insulin secretion and
[3-cell dysfunction [23] (Fig. 1). However, findings are heterogeneous and influenced by FFA profile, sex,
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and ethnicity. In human islets, acute LC-FFA exposure can transiently augment glucose-stimulated insulin
secretion, whereas chronic exposure impairs insulin release and promotes apoptosis, accompanied by ER
stress, mitochondrial and oxidative stress, altered autophagy, inflammatory signaling, and transcriptional
changes that weaken [3-cell identity (Fig. 1). In a study using a human (3-cell line (1.1B4) and isolated
human islets, palmitate induced oxidative/ER stress and pro-apoptotic signaling, whereas oleate increased
neutral lipid storage and insulin secretion and partially mitigated palmitate’s stress effects, supporting a
buffering role for lipid sequestration/desaturation pathways [24]. Lipid droplet formation and stearoyl-CoA
desaturase activity appear to buffer saturated LC-FFA and may confer partial protection relative to rodent
[3-cells. However, prolonged LC-FFA exposure remains harmful in vitro, and the extent to which {3-cell
lipotoxicity occurs in vivo in humans is still not fully defined [23].

3 Diabetes, Obesity, and Inflammation

As adipose depots expand in obesity and diabetes through adipogenesis and adipocyte growth, adipose
tissue undergoes coordinated immune remodeling. In the lean state, resident immune cells maintain a
type 2 environment with M2-polarized macrophages that secrete IL-10 and support insulin sensitivity. With
obesity, this balance shifts such that the total number of macrophages increases, largely due to recruitment of
proinflammatory M1-polarized macrophages, and the M1:M2 ratio rises. This macrophage accumulation is
a hallmark of obesity-associated adipose tissue inflammation and reflects activation of an innate immune
program that becomes chronically engaged during adipose expansion, demonstrated by increased adipose
tissue macrophages in diet-induced and genetically obese mice and in adipose biopsies from obese humans [20].
The resulting proinflammatory environment establishes tonic, low-grade inflammation that closely tracks
with the severity of insulin resistance and other metabolic complications of obesity [25] (Fig. 2). While this
provides a plausible causal route from obesity to systemic insulin resistance via sustained cytokine signaling,
longitudinal human evidence demonstrating that adipose-driven inflammation drives brain insulin signaling
malfunction is still needed to establish a stronger case for causation [25].

In obesity, adipocytes and adipose tissue macrophages release proinflammatory cytokines such as
TNF-«, IL-6, and IL-1(3 that act locally on adipose tissue, liver, and muscle to activate inflammatory signaling.
These cytokines stimulate stress-responsive serine kinases, including c-Jun N-terminal kinases (JNK) and
inhibitor of kB kinase {3 (IKKf) in insulin target cells, which in turn activate transcription factors activator
protein (AP)-1 and nuclear factor kappa beta (NF-«B), upregulating additional inflammatory genes [26]. Mice
with conditional deletion of IKKf3 in myeloid cells showed that myeloid IKK{ loss preserved global insulin
sensitivity in an obese state [27]. These same kinases phosphorylate insulin receptor substrate (IRS) proteins,
insulin receptors, and other insulin signaling molecules on serine residues, and these phosphorylation
events interfere with normal insulin signaling, producing a state of cellular insulin resistance [26] (Fig. 2).
This supports a causal role for myeloid IKK{3/NF-kB signalling in driving systemic insulin resistance in
obesity, but longitudinal human data are needed to show that this inflammatory pathway precedes and
impairs brain insulin signaling [26].

The adipokine profile in obesity shifts toward a proinflammatory, insulin-resistant state. Circulating
adiponectin, an adipocyte-derived hormone with potent anti-inflammatory and insulin-sensitizing actions,
is reduced in obese humans and rodents. Inflammatory signals such as TNF-«, IL-6, ROS, and hypoxia
suppress its expression. In adiponectin/ACRP30-knockout mice, the loss of adiponectin was shown to
produce severe high-fat, high-sucrose diet-induced insulin resistance with decreased muscle IRS-1/PI3K
activity and increased plasma and adipose TNF-«, while adenoviral adiponectin expression reversed these
abnormalities [28]. Adiponectin normally activates AMP-activated protein kinase (AMPK) via AdipoR1/2
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to enhance fatty acid oxidation and glucose uptake in muscle and to inhibit hepatic gluconeogenesis
(Fig. 2). Loss of adiponectin promotes diet-induced inflammation and insulin resistance. In contrast, leptin
levels are elevated in obesity, and leptin acts as a proinflammatory cytokine-like hormone that activates
monocytes and macrophages to produce TNF-c, IL-6, and IL-12 and skews T cells toward a Th1 phenotype.
Chronic hyperleptinemia and reduced adiponectin together favor persistent inflammation and ultimately
impaired insulin sensitivity [28] (Fig. 2). This establishes a causal relationship between adiponectin loss and
insulin resistance with increased inflammatory tone, but without models showing that restored adiponectin
signaling prevents these defects, this only shows indirect linkage to neurodegeneration [28].
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Figure 2: Molecular mechanisms of obesity-associated neurodegeneration. Obesity contributes to adipocyte
hyperplasia and hypertrophy, leading to an increased M1:M2 ratio. This contributes to increased pro-inflammatory
cytokines, fatty acid oxidation, and beta cell dysfunction, finally leading to insulin resistance and neurodegeneration.
T-increase and |-decrease. Created in BioRender. Rai, V. (2026) https://BioRender.com/791k9hk.

Signaling Pathways

Signaling pathways link obesity, inflammation, and diabetes through a cascade of events that disrupt
normal cellular function. As described in Section 3, obesity establishes a chronic low-grade inflammatory
state characterized by activation of NF-«B and JNK signaling, which directly impairs insulin signaling and
promotes insulin resistance, a key feature of T2DM (Figs. 1 and 2). Other pathways involved include Wnt,
toll-like receptor (TLR), mitogen-activated protein kinase (MAPK), and extracellular signal-regulated kinase
(ERK), which are activated by metabolic stresses and inflammatory signals [29,30] (Fig. 3).
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Figure 3: Signaling pathways involved in hyperglycemia-associated neurodegeneration. Wnt, MAPK, and TLR
activation leads to activation of cytoplasmic kinases and secretion of pro-inflammatory cytokines, contributing to
metabolic dysfunction, impaired insulin sensitivity, and insulin resistance. This results in decreased brain glucose,
cellular and oxidative stress, and inflammation in the brain tissue, contributing to neurodegeneration. T-increase and
J-decrease. Created in BioRender. Rai, V. (2026) https://BioRender.com/00jvxx5.

The activated inflammatory pathways interfere with the insulin signaling pathway, a process crucial
for glucose, lipid, and energy homeostasis, contributing to insulin resistance and the development of
T2DM [31-33]. The MAPK family integrates metabolic and inflammatory signals to regulate glucose
metabolism and immune activation. Dysregulation of the Wnt pathway is linked to obesity-induced
inflammation and diabetes [29]. Inflammatory cytokines induce suppressors of cytokine signaling (SOCS)
proteins, which can negatively regulate insulin signaling [30] (Fig. 3).

Stress-activated MAPKs, particularly p38, amplify cytokine production in response to metabolic
stress, sustaining chronic inflammation in insulin-sensitive tissues such as skeletal muscle and endothelium.
MAPKSs are activated by various stressors in diabetes (high glucose, lipids, oxidative stress, and inflammatory
signals), mediating cellular responses that often become pathological, contributing to metabolic syndrome.
Activated MAPKSs, particularly p38, interfere with insulin signaling by phosphorylating key components (like
IRS proteins) on serine/threonine residues, disrupting normal glucose uptake and utilization, contributing
to insulin resistance (Fig. 3). Hyperactivation of MAPK pathways contributes to oxidative stress and
apoptosis in pancreatic 3-cells (impairing insulin production) and endothelial cells (leading to vascular
complications) [34,35].

Alzheimer’s disease and T2DM are closely linked, sharing common pathways involving impaired
brain insulin signaling (PI3K-AKT), chronic inflammation, glucose/lipid metabolism dysfunction, and
mitochondrial issues, leading to amyloid-beta buildup, tau hyperphosphorylation, and neurodegeneration.
Deficient PI3K-AKT signaling links to tau hyperphosphorylation and increased activity of tau-kinase
GSK-3f3. Chronic inflammation (via inflammatory cytokines) contributes to synapse loss and memory


https://BioRender.com/oojvxx5

Biocell. 2026;50(8):6 7

impairment [14,36,37]. Peripheral insulin resistance from T2DM triggers brain inflammation and impairs
neuronal insulin signaling, increasing AD risk and severity. AD involves reduced glucose metabolism
(hypometabolism), potentially linked to down-regulated glucose transporters (GLUTs) in T2DM-related
insulin resistance. Insulin resistance can increase amyloid-beta (Af3) production/aggregation and tau
hyperphosphorylation, partly by affecting enzymes like insulin-degrading enzyme (IDE) and altering the
balance of normal protein modification (O-GlcNAcylation) [14,36,37].

4 Neuroinflammation

Diabetes is increasingly recognized as a chronic low-grade inflammatory state in which adipose tissue
functions as a dysregulated inflammatory organ [38]. Adipocytes and infiltrating immune cells release
cytokines and adipokines, including TNF-, IL-6, C-reactive protein (CRP), monocyte chemoattractant
protein (MCP)-1, leptin, and resistin, that support systemic inflammation [39]. Hyperglycemia-induced
oxidative stress contributes to blood-brain barrier (BBB) dysfunction and increased permeability, enabling
peripheral inflammatory signals to enter the CNS. These cytokines and metabolic stressors reach the
brain and promote a primed state of microglial activation along with reactive astrocyte dysregulation,
leading to activation of the NLR family pyrin domain containing 3 (NLRP3) inflammasome and release of
pro-inflammatory cytokines such as IL-1f3 and IL-18 [40]. In parallel, advanced glycation end-product (AGE)
formation and binding to RAGE on endothelial and neural cells amplify NF-kB signaling, oxidative stress,
and downstream pathogenic processes [41] (Fig. 4). Together, these mechanisms directly link diabetes to
CNS immune activation through the NLRP3 inflammasome, which activates caspase-1 and subsequently
the proinflammatory cytokines IL-1f3, IL-18, and neuronal damage [42]. This resulting neuroinflammation
is associated with an increased risk of neurodegenerative diseases such as AD [43] (Fig. 4).

Microglial cells and astrocytes are the central nervous system’s primary innate immune responders,
and BBB breakdown in diabetes (section on BBB) exposes them to chronic peripheral inflammatory signals
that drive their activation and dysregulation [44]. Microglia are the predominant-NLRP3-expressing cells in
the CNS and act as a key intermediary in diabetes-induced neuroinflammation [42]. Activation of the NLRP3
inflammasome follows a two-signal model. First, a priming signal—typically mediated by pattern-recognition
receptors responding to microbial ligands or inflammatory cytokines, which activates NF-kB, leading to
upregulation of NLRP3 and the pro-forms of IL-1f3 and IL-18 [40]. These priming pathways are markedly
elevated in the diabetic microenvironment, where systemic inflammation persistently “licenses” NLRP3 in
CNS immune cells [45] (Fig. 4). A second activation signal is then triggered by danger-associated stimuli
such as K* efflux, extracellular ATP, lysosomal destabilization, mitochondrial dysfunction, calcium flux, or
cytosolic RNA sensors [46]. With both signals in place, NLRP3 undergoes conformational activation and
assembles with apoptosis-associated speck-like protein containing a caspase recruitment domain to recruit
pro-caspase-1, which subsequently processes pro-IL-13 and pro-IL-18 into their mature, secreted forms [47]
(Fig. 4). These activation pathways map closely onto the metabolic and oxidative stresses characteristic
of diabetes.

The AGE-RAGE axis is a peripherally mediated inflammatory pathological process that is upregulated
in diabetes. AGEs are formed when proteins, lipids, or nucleic acids become non-enzymatically glycated in
the setting of hyperglycemia. RAGE is a receptor on many cells, namely endothelial cells and neurons, that,
when bound, triggers a chronic inflammatory signaling cascade. Hyperglycemia is the primary factor in
which AGEs are upregulated. Although beginning in the peripheral system, the AGE-RAGE axis extends to
the blood-brain barrier and remodels the extracellular matrix, ultimately causing neuroinflammation [41].
AGEs binding to RAGE triggers downstream activation of the central mediator NF-kB, which is a central
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mediator that expresses multiple inflammatory factors through a complex system of cross-talk, including
MAPKs, JNK, ERK1/2, and the canonical IKK complex that collectively promote phosphorylation and nuclear
translocation of the NF-kB RelA/p50 heterodimer. Once activated, NF-kB orchestrates a broad inflammatory
program by inducing transcription of cytokines (IL-1f3, IL-6, TNF-«x), chemokines, adhesion molecules,
and components required for NLRP3 inflammasome priming [48,49]. Beyond generic NF-KB signaling,
AGE-RAGE signaling proceeds with a distinct RelA phosphorylation and acylation pattern that selectively
drives expression of collagen I, priming innate immune cells more aggressively than generic inflammation

stimuli [50]. Furthermore, the binding of AGEs to RAGE also generates ROS, further generating downstream
inflammation (Fig. 4).
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Figure 4: Molecular and cellular mechanisms of neuroinflammation and neurodegeneration. Chronic inflammation,
oxidative stress, impaired blood-brain barrier, immune cell recruitment, impaired insulin sensitivity, insulin resistance,
and mitochondrial and endothelial dysfunction play a critical role in neuroinflammation and neurodegenerative
diseases, including Alzheimer’s disease. T-increase. Created in BioRender. Rai, V. (2026) https://BioRender.com/zbdafjg.

Furthermore, the binding of AGEs to RAGE also generates ROS, further generating downstream
inflammation. It does so in a two-step process by first stimulating the NADPH oxidase complex (NOX2),
driving a surge in cytosolic superoxide, which amplifies NF-kB signaling and transcription of NLRP3 and
pro-IL-13 B [51]. In parallel, RAGE signaling disrupts electron transport, leading to excess mitochondrial ROS
(mtROS). mtROS is a potent stimulator for NLRP3. mtROS also facilitates mitochondrial DNA release into the
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cytosol, which further accelerates inflammasome assembly [52]. Together, the priming through NOX2 and
activation through mtROS make the AGE-RAGE axis a driver for NLRP3 inflammasome signaling in diabetes.

5 Mitochondrial Dysfunction
5.1 Mitochondrial Damage

Nutrient excess and elevated circulating lipids initiate a cascade of metabolic stress in insulin-sensitive
tissues, including the generation of ROS, which damage mitochondrial DNA and electron-transport
chain enzymes, shifting mitochondria from ATP producers to pro-oxidant organelles. This process
begins with nutrient overload and excess lipid intermediates that generate diacylglycerol (DAG), ROS,
ceramide accumulation, and ER stress [28]. Experimental studies in cultured adipocytes and rodent models
demonstrate that inflammatory and lipid-induced signaling interfere with insulin-induced phosphorylation
of insulin receptor substrate 1 (IRS-1), which is critical in the insulin signaling cascade [28] (Fig. 4). As IRS-1
signaling is progressively impaired, hepatic, adipose, and skeletal muscle cells become increasingly insulin
resistant. Sustained metabolic stress initially drives compensatory {3-cell hyperactivity, which predisposes
[3-cells to oxidative injury and apoptotic loss over time, resulting in chronically elevated blood glucose and
reinforcing the metabolic dysfunction [53].

This sustained metabolic stress is associated with oxidative stress, mitochondrial dysfunction, and
cellular injury that characterize diabetes pathology across multiple tissues [54]. The presence of ROS
disrupts oxidative phosphorylation pathways and ATP synthesis by uncoupling proton gradients and
overloading oxidative phosphorylation complex enzymes. Reduction in ATP further impairs glucose uptake
and fatty acid metabolism, allowing intermediate lipid byproducts to freely circulate and disrupt insulin
signaling cascades [55]. In the nervous system, this mechanism is particularly critical: mitochondrial
dysfunction and ROS act as upstream key drivers of synaptic failure, neuronal loss, and protein aggregation
in neurodegenerative diseases [56].

5.2 Impaired Energy Production

Coactivator proteins are closely linked to mitochondrial function and efficiency, such as peroxisome
proliferator-activated receptor gamma coactivator 1-alpha (PGC-1«). PGC-1x plays a critical role in
directing mitochondrial function and efficiency [57]. In peripheral tissues such as skeletal muscle, adipose
tissue, and cardiomyocytes, metabolic signaling pathways, including PI3K/Akt-linked growth-factor
signaling, promote PGC-1«x activation. This increase in PGC-1«x assists in mitochondrial biosynthesis and
efficiency by providing transcription signals for replication machinery, OXPHOS complexes, and genes for
fatty acid oxidation. All of which may assist in maintaining efficient energy use [58]. In the brain, PGC-1
plays a similar role in mitochondrial efficiency. Impaired signaling pathways for PCG-1« in the brain and
in peripheral tissues (Fig. 4) may contribute to further neurodegeneration in diabetic patients [58].

Mitochondria and ER are tightly associated at mitochondria-associated membranes (MAMs), where
controlled transfer of Ca?* takes place via IP3R-VDAC-grp75 complex. In healthy cells, the ER releases
Ca?* based on the energy demand of the mitochondria via calcium-sensitive dehydrogenases (Fig. 4).
This coordinated mechanism is essential for maintaining adequate ATP production [59]. In diabetes, this
shuttling system is disrupted by oxidative stress and lipid-induced organelle dysfunction, particularly at
the IP3R-VDAC complex, causing an inability to control Ca?* influx into the mitochondria. This impaired
Ca?* handling leads to increased cytosolic Ca®* levels, which accumulate and induce the opening of the
mitochondrial permeability transition pore (PTP). Constitutive opening of PTP leads to mitochondrial
swelling, loss of membrane potential, and initiation of apoptosis, a catastrophic cascade that is amplified
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under diabetic conditions of oxidative stress. In neurons, this degenerative process is particularly harmful,
accelerating neurodegenerative conditions like Alzheimer’s, Parkinson’s, and dementia [60].

6 Vascular Damage

T2DM exerts widespread injury on the cerebral vasculature, extending beyond its typical metabolic
effects. Chronic hyperglycemia and insulin resistance promote systemic endothelial dysfunction, arterial
stiffening, and a pro-inflammatory, pro-thrombotic environment. In the brain, these disturbances manifest
as microvascular remodeling and BBB disruption, with impaired vasoreactivity and cerebral autoregulation
that ultimately led to cerebral small vessel disease and hypoperfusion. Together, these vascular alterations
interact with neurodegenerative processes to accelerate cognitive decline and increase the risk of vascular
cognitive impairment and dementia in individuals with diabetes [61].

6.1 Endothelial Dysfunction

In healthy tissue, insulin activates the insulin-PI3K-eNOS signaling pathway, increasing nitric oxide
(NO), which promotes vasodilation. Insulin resistance leads to selective impairment of this PI3K pathway
while MAP-kinase pathways and endothelin-1 (ET-1) production remain active, shifting signaling towards
ET-1-mediated vasoconstriction. This shift was seen in isolated porcine coronary arteries and small
resistance arteries from obese, insulin-resistant humans when PI3K was under inhibition, but was prevented
by ET-1 receptor blocking [62]. This is exacerbated by chronic hyperglycemia, which also decreases NO
through oxidative stress. This leads to uncoupling of eNOS and rapid scavenging of NO by reactive oxygen
species. Furthermore, in patients with diabetes and in streptozotocin-diabetic rats, an elevated ADMA and a
reduced L-arginine/ADMA ratio were observed, which is associated with impaired endothelium-dependent
vasodilation [63]. Elevated levels of eNOS inhibitors such as asymmetric dimethylarginine (ADMA),
inflammatory mediators, and angiotensin II further inhibit NO synthesis. All of the defects in tandem
severely limit NO activity and favor a vasoconstrictive, pro-inflammatory endothelial state [64]. Both human
and vascular studies support mechanisms suggesting that insulin-signaling defects and eNOS uncoupling
play a partly causal role in endothelial dysfunction, but more studies evaluating this mechanism in cerebral
vasculature specifically would connect eNOS uncoupling in T2DM more strongly with cerebral injury [64].

Another consequence of unbalanced MAP-kinase activity is increased expression of adhesion
molecules ICAM-1 (Intercellular Adhesion Molecule-1) and VCAM-1 (Vascular Cell Adhesion Molecule-1))
and chemokines that promote leukocyte adhesion and vascular inflammation as seen in human brain
microvascular endothelial cells when exposed to high glucose and advanced glycation end products
(AGE-RAGE) [65]. Inflammatory cytokines (IL-13, IL-6, TNF-«) and AGE-RAGE signaling damage the
blood-brain barrier, causing a reduction in tight-junction integrity. This allows albumin and inflammatory
mediators to more easily cross into the brain parenchyma [66]. The use of human brain cells in these models
strongly supports how unbalanced MAP-kinase activity creates a pro-inflammatory vascular environment.
However, in vivo data linking this pathway to long-term cognitive decline would connect this mechanism
to neurodegeneration [66].

6.2 Advanced Glycation End-Products

In chronic hyperglycemia, an increased amount of vascular proteins undergo nonenzymatic glycation,
which forms AGEs. These AGEs accumulate in the extracellular matrix, forming intra- and intermolecular
cross-links on elastin and collagen, especially in basement membranes and connective tissue. This stiffens
vessel walls and hinders normal proteolytic turnover. This is manifested by diminished arterial and
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myocardial compliance, which is linked to diastolic dysfunction and systolic hypertension [67]. AGE-RAGE
binding promotes oxidative stress and inflammation through activation of cytoplasmic kinases, activating
transcription factors NF-kB, signal transducer and activator of transcription 3 (STAT3), hypoxia inducible
factor (HIF)-1a, and activator protein (AP)-1. This increases production of ROS, which ultimately
overwhelms endogenous antioxidant mechanisms, creating sustained oxidative stress. This was seen
in cultured bovine brain microvascular endothelial cells, where exposure to glyceraldehyde-derived AGEs
increased intracellular ROS more than in bovine aortic endothelial cells, while the free radical scavenger
edaravone attenuated both ROS generation and tissue factor induction [68]. The activation of NF-kB
upregulates inflammatory cytokines (IL-1f3, IL-6, TNF-x) and adhesions and matrix molecules (VCAM-1,
ICAM-1, plasminogen activator inhibitor (PAI)-1, MCP-1, matrix metalloproteinase (MMP)-2), promoting
leukocyte recruitment, extracellular matrix (ECM) remodeling, and vascular calcification in diabetes-prone
vessels [69]. Because most mechanistic data on AGE-RAGE signaling and oxidative stress come from vascular
and in vitro brain endothelial models rather than longitudinal human brain studies, AGE-driven vascular
injury is best interpreted as a biologically plausible, partly causal contributor to vascular dysfunction in
T2DM, while its downstream impact on cognitive decline and neurodegeneration remains indirect and only
partially defined [69].

7 Impaired Insulin Signaling in the Brain

Neuronal insulin receptors are widely expressed in the cortex and hippocampus, where insulin binding
activates IRS1/2-PI3K-Akt-mTOR signaling. This pathway regulates synaptic plasticity, neuronal survival,
neurotransmitter trafficking, and mitochondrial metabolism rather than bulk glucose uptake [70]. Although
most brain glucose entry is mediated by insulin-independent transporters (GLUT1/3), insulin can still
modulate glucose handling by promoting GLUTS3 translocation in neurons and enhancing GLUT1-dependent
glucose uptake in astrocytes. Elevating insulin signaling using a constitutively active human insulin
receptor (3 subunit (IR3) in mixed primary rat hippocampal cultures increased neuronal uptake of *H-glucose
and selectively upregulated membrane GLUT3 [70]. In obesity, T2D, and Alzheimer’s disease, brain
insulin resistance is characterized by reduced IR/IGF1R signaling, impaired PI3K-Akt-mTOR activation,
mitochondrial dysfunction, lower oxidative phosphorylation and ATP production, and increased ROS,
changes that correlate with defective hippocampal long-term potentiation (LTP) and spatial memory [70].
Complementary work in high-fat diet mice shows that hippocampal insulin resistance impairs LTP and
spatial memory via FoxO3a-dependent upregulation and autopalmitoylation of the palmitoyltransferase
zDHHC3, which increases GluA1 palmitoylation, reduces synaptic AMPA receptor surface expression, and
weakens glutamatergic transmission [71]. Thus, reduced neuronal insulin receptor and PI3K-Akt-mTOR
signaling is shown to indirectly limit glucose utilization and compromise synaptic plasticity, contributing
to cognitive decline in rat and mouse models, but reproducing these studies in human models may serve to
strengthen the applicability of these findings [70].

Brain insulin resistance has been linked to age-related declines in memory and executive function and
to Alzheimer’s disease-like pathology [72]. In high-fat diet mice, brain insulin resistance in hippocampus
and cortex tissue reduces mitochondrial respiratory capacity and ATP production, but improves with
aerobic exercise [73]. Brain insulin signaling supports healthy cognition partially through its effects on
mitochondrial function and brain energy metabolism. When insulin signaling is impaired, mitochondria
generate less ATP, and neural energy production is compromised, which can weaken synaptic function
and cognitive performance. Regular exercise is highlighted as a strategy that can improve brain insulin
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sensitivity and thereby help preserve mitochondrial function and cognition in the setting of obesity-related
metabolic disease [72].

7.1 Blood-Brain Barrier (BBB) Breakdown

In particular, the BBB is impaired due to these inflammatory changes, which cause weakened tight
junctions and injured pericytes. Chronic hyperglycemia and its associated oxidative stress, inflammation,
and hypertension downregulate tight junction proteins, including occludin, claudin-5, and zonula
occludens-1, in brain microvessels, which is shown to increase paracellular leakage [74]. Furthermore,
hyperglycemia and AGEs, in tandem with VEGEF, increase matrix metalloproteinases, which further damage
tight junctions and basement membranes, ultimately increasing brain-blood barrier permeability [74].
Cerebrovascular pericytes, damaged by oxidative stress and AGE exposure, also contribute to loss of BBB
stability. Diabetes also directly injures cerebrovascular pericytes, which undermines BBB stability. Old
T2DM rats demonstrated reduced pericyte and claudin-5/occludin coverage of cortical capillaries with
thickened basement membranes, greater BBB leakage, and impaired cerebral blood-flow autoregulation,
changes linked to elevated mitochondrial ROS and reduced ATP in pericytes; high-glucose-treated human
brain pericytes similarly showed increased ROS and AGEs, induction of TGF-[31, vascular endothelial
growth factor (VEGF), and fibronectin, and reduced mitochondrial respiration and integrin (31 expression,
consistent with weakened pericyte endothelial adhesion and basement-membrane hypertrophy [75]. This
data indicates that hyperglycemia-induced pericyte dysfunction is mechanistically plausible as a driver of
BBB dysfunction, but is limited to rodent and in vitro cell models [74].

This disruption in BBB function allows for the leakage of circulating inflammatory and neurotoxic
signals to enter the brain. Systemic and CNS inflammation activate NF-kB, JAK-STAT, and MAPK signaling
in cerebrovascular cells, amplifying production of cytokines such as TNF-c, IL-1f3, IL-6, and TGF-{3.
NF-kB signaling increases endothelial VCAM-1 and ICAM-1 expression and pro-coagulant/vasoactive
factors, which promote leukocyte adhesion, transmigration, and microvascular dysfunction. At the BBB,
these cascades downregulate tight-junction proteins (claudin-5, occludin, ZO-1, caveolin-1) and alter
transcytosis and transporter profiles, including upregulation of influx transporters for TNF-o and lysosomal
enzymes [76]. This was similarly seen in short-term high-fat diet mice who showed increased hippocampal
BBB permeability to sodium fluorescein within 1-2 days of TNF-« and IL-6 induction [77]. As barrier
integrity falls, peripheral cytokines, immune cells, and fibrin cross into the CNS, where they disrupt glial
and neuronal homeostasis and contribute to cognitive decline in metabolic syndrome, including obesity
and T2DM [76]. The data support that inflammatory BBB disruption is contributory to cognitive decline,
but the timing and reversibility of BBB changes relative to neurodegeneration remain uncertain.

In the case of circulating amyloid-f3 (A{3), the BBB provides a receptor-mediated route of entry via the
RAGE expressed on endothelial cells. In Alzheimer-model mice infused with pathophysiologically relevant
concentrations of radiolabeled A[3(1-40), substantial RAGE-dependent uptake in brain microvessels and
transport across the BBB into brain parenchyma was observed [78]. RAGE-specific antibodies or soluble
RAGE almost completely blocked this influx, and RAGE-null mice exhibited undetectable BBB transport of
AfB. RAGE-mediated A3 entry was accompanied by increased expression of pro-inflammatory cytokines
and endothelin-1 in the brain, causing vasoconstriction and reduced cerebral blood flow. These experiments
identify vascular RAGE as a key mechanism by which plasma A3 accumulates in brain parenchyma, driving
neuroinflammation and neurovascular dysfunction [78].
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7.2 Cerebral Hypoperfusion and Vascular Dementia

T2DM produces cerebral hypoperfusion through both microvascular and large-artery mechanisms.
Chronically elevated glucose and blood pressure remodel brain capillaries, causing basement-membrane
thickening, aberrant angiogenesis, and ultimately microvascular rarefaction (reduction in density) [79].
In hyperglycemic mouse models with and without insulin resistance, these changes are reflected by
basement-membrane thickening, loss of pericyte coverage, decreased numbers of perfused vessels, abnormal
non-functional angiogenesis, and increased albumin leakage together with perivascular collagen and
elastin remodeling, consistent with structurally mediated reductions in microvascular perfusion [80].
These structural changes, along with endothelial dysfunction, decrease vasodilatory capacity and impair
neurovascular coupling and autoregulation, such that cerebral arterioles cannot appropriately dilate to
meet metabolic demand or buffer systemic pressure changes. Furthermore, diabetes, insulin resistance,
and hypertension accelerate atherosclerosis and stiffening of central arteries, which increases pressure and
flow pulsatility transmitted into the low-resistance cerebral circulation. Clinical data from patients with
type 2 diabetes demonstrate that greater aortic stiffness, quantified by carotid-femoral pulse wave velocity,
is associated with a higher burden and progression of cerebral white-matter lesions, and systematic review and
meta-analysis link arterial stiffness more broadly to cerebral small vessel disease and cognitive impairment [81].
This shows that increased pulsatile load further damages small vessels and is closely associated with cerebral
small vessel disease, white-matter lesions, and cerebral hypoperfusion. These experimental and clinical data
support diabetic microvascular remodeling and large-artery stiffening as important contributors to chronic
cerebral hypoperfusion and small vessel disease, although in humans, they likely act alongside other vascular
and neurodegenerative processes, and their exact timing remains uncertain [79].

Chronic cerebral hypoperfusion (CCH) produces the white matter injury that characterizes vascular
cognitive impairment, including vascular dementia. White matter lesions are a major pathological hallmark
of vascular cognitive impairment (VCI). White matter tracts normally maintain neural circuit signaling, so
their disruption is closely linked to cognitive dysfunction. In both CCH models and VCI patients, these
lesions demonstrate demyelination, astrogliosis, axonal loss, and venular damage due to oxidative stress,
inflammation, and blood-brain barrier breakdown. Excitotoxicity and pro-inflammatory cytokines damage
oligodendrocytes via loss of cellular function, mitochondrial dysfunction, and pro-apoptotic signaling.
This leads to primary or secondary myelin destruction in white matter regions [82]. Remyelination is
limited as a result of the chronic hypoxic, pro-oxidative environment of CCH, which blocks differentiation
of oligodendrocyte progenitor cells. This is further hindered by endothelial damage and astrogliotic
scarring [82]. This was consistent with a mouse model of subcortical ischemic vascular dementia induced
by right unilateral common carotid artery inclusion, which showed that early IL-13 (pro-inflammatory
cytokine) upregulation in the corpus callosum impairs oligodendrocyte precursor cell recruitment and
remyelination, which led to a deficit in object recognition and spatial memory [83]. Together, these
mechanisms create persistent white matter lesions that correlate with cognitive decline in VCIL. Overall,
these findings support a mechanism of chronic hypoperfusion-induced inflammation as a contributory
factor to persistent white matter lesions and cognitive impairment, but the application of these results
towards human VCI and its timing still requires longitudinal human data [82].

7.3 Protein Misfolding and Aggregation

In a healthy individual, glycogen synthase kinase-3 (GSK-3f3) and cyclin-dependent kinase 5 (CDK5)
have essential and closely regulated roles in neurons, functioning to support cell structure, signaling,
and survival. GSK-33 is a ubiquitous serine/threonine kinase. In addition to glycogen synthase, it has
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many substrates that are involved in metabolism, gene transcription, neurogenesis [84], and neuronal
plasticity through phosphorylation of the protein tau, which binds microtubules [85]. The main pathological
hallmarks of AD include extracellular neuritic plaques (NPs) composed of toxic aggregates of 3-Amyloid
(AB) peptide, and intracellular neurofibrillary tangles (NFTs) composed of misfolded tau proteins [86].
GSK-3f3 is regulated by insulin via the AKT pathway [87]. Thus, insulin resistance leads to an increase
in GSK-3f3 activity as well as a decrease in tau phosphatases, both leading to hyperphosphorylation of
tau [88]. Insulin resistance also leads to hyperactivation of CDK5 through p25 overexpression, leading
to increased phosphorylation of tau proteins like Tau217, which impairs neuronal synaptic structure and
exacerbates cognitive impairment in AD [89]. The hyperphosphorylation and truncation of tau proteins lead
to the formation of paired helical filaments and straight filaments that subsequently form the pathological
aggregates that comprise NFTs [90].

A plaques in AD are surrounded by dendritic and axonal changes that include spine loss, axonal
swellings, and distorted neurite trajectories, and have been shown to activate GSK-3f3 [91]. Insulin resistance
increases neuroinflammation and production of reactive oxygen species, triggering A3 protein accumulation.
Insulin, along with Af3 protein, is metabolized by insulin-degrading enzyme (IDE), a metalloprotease [92].
Insulin resistance, causing both the lowering of expression of IDE as well as impaired enzymatic activity,
lays a basis for the accumulation of Af3 protein and its disruption of synaptic function, promotion of
oxidative stress, and mitochondrial dysfunction, which all contribute to neuronal damage [93]. Genetic
polymorphisms in the IDE gene that potentially cause reduced enzymatic activity have also been linked
with increased risk of T2DM and AD, although the mechanisms by which they reduce such activity are not
fully understood [94-96]. It is also worth noting that the efficacy of IDE clearance of A3 protein in vivo
remains debated [94].

There is growing evidence that suggests that T2DM and hyperglycemia are linked to Lewy-body pathology
through their effects on alpha-synuclein. Alpha-synuclein is a small, highly charged protein encoded by
the SNCA gene and is primarily expressed in CNS neurons [97]. Chronic high glucose has been shown to
promote alpha-synuclein accumulation and Ser129 phosphorylation in mouse models, accelerating nigrostriatal
neurodegeneration [98]. Metabolic stress induced by hyperglycemia can involve the production of reactive
aldehydes like methylglyoxal, which promotes glycation of alpha-synuclein, leading to misfolding and
aggregation [99]. Hyperglycemia and metabolic stress may also impair proteostatic functions like autophagy,
leading to the dysregulation of post-translational modifications, further destabilizing alpha-synuclein and
other amyloid proteins [100]. Cross-seeding, also known as heterologous seeding, occurs when oligomers
composed of one misfolded protein can promote the polymerization of another protein [101]. Misfolded
alpha-synuclein can cross-seed with proteins such as tau [102]. Recent studies suggest that «-synuclein
and tau directly interact through the microtubule-binding region of tau and the C-terminus of x-synuclein,
promoting aggregation [103]. Such cross-seeding induces proteostatic stress in neurons, providing a link
between metabolic disturbances in T2DM and pathologies of synuclein and tau proteins.

7.4 Preclinical Models Linking Diabetes and Neurodegeneration

Several preclinical studies strongly support a link between metabolic disturbances and the development
of neurodegenerative diseases like Alzheimer’s disease. In Drosophila melanogaster expressing human
amyloid-3 with the familial Arctic mutation, a high-sucrose diet increased A3 aggregation, caspase-3
activation, and endoplasmic reticulum stress, resulting in impaired locomotor performance and reduced
lifespan. These findings support the idea that Alzheimer’s disease can be viewed as a “type 3 diabetes”
condition, potentially mediated through the PERK-elF2c pathway [104]. In another study using a Drosophila
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tauopathy model, genetic induction of insulin resistance through loss of Chico (the fly ortholog of IRS) led to
increased tau hyperphosphorylation, worsened rough-eye phenotype, and decreased phototactic behavior.
In contrast, maintaining insulin signaling via Chico overexpression was neuroprotective, highlighting the
role of intact insulin pathways in preventing tau-mediated neurodegeneration [105].

Rodent models further provide a mechanistic basis. Male Wistar rats with streptozotocin (STZ)-induced
hyperglycemia showed elevated brain and serum Af3, increased total and phosphorylated tau, higher
neurofilament light levels, increased oxidative stress, and elevated acetylcholinesterase activity. Treatment
with antidiabetic agents such as metformin and donepezil decreased many of these neurodegeneration
markers, suggesting that metabolic interventions can protect the brain [106]. High-fat diet studies in
transgenic mice expressing human islet amyloid polypeptide (hIAPP) revealed that aggregated hIAPP
caused cytotoxic and pro-inflammatory effects on islet endothelial cells. Amyloid-laden islets demonstrated
decreased capillary density, increased capillary diameter, and increased pericyte number, linking type 2
diabetes—associated amyloid pathology directly to vascular damage and B-cell dysfunction [107].

Other rodent studies combining high-fat diets with low-dose STZ have shown similar cognitive
changes and molecular findings seen in diabetes-related neurodegeneration. In Sprague-Dawley rats,
this model caused impaired cognitive performance in the Morris water maze and increased hippocampal
and cortical Af3 levels, while enhancement of nitric oxide-mediated metabolic signaling via L-arginine
provided neuroprotection [108]. In Wistar rats, a similar protocol increased phosphorylated tau, elevated
dephosphorylated GSK-3f3, and reduced hippocampal insulin and adiponectin levels. High-intensity
interval training (HIIT) reversed these changes, demonstrating neuroprotective effects through metabolic
and adiponectin-dependent pathways [109]. Of note, intracerebroventricular STZ in Wistar rats impaired
cognitive function in both Morris water maze and passive avoidance tests without detectable change in
Af levels, and low-dose SGLT-2 inhibition did not rescue diabetes-related cognitive function or amyloid
pathology, indicating that not all metabolic interventions may equally influence neurodegeneration [110].

Overall, these studies (Table 1) demonstrate that hyperglycemia, insulin resistance, and diet-induced
metabolic stress are associated with increased tau and amyloid pathology, cognitive impairment, and
neuronal injury. These findings support the mechanisms described in Section 7.3 and highlight metabolic
pathways as potential targets for neuroprotection in diabetes-associated neurodegeneration.

Table 1: Evidence of diabetes-associated neurodegeneration from model organisms.

Animal Model Intervention Neurological Outcome Key Finding

. . A high sucrose diet progresses
Increased amyloid B aggregations K . . .
. . i alzheimers disease consistent with
Drosophila melanogaster Increased caspase 3 in Drosophila . .
. K . s Alzheimer’s disease, as a T3 diabetes
expressing human . . expressing Alzheimer’s disease . . .
8 - . High sucrose diet (HSR) ] (type 2 diabetes in the brain).

amyloid-B (familial Arctic Impaired locomotor effects and
) . PERK-elFa pathway may be a
mutation) [104] reduced lifespan, Elevated . . . .
pathological mechanism activated in

endoplasmic reticulum stress K
T3 diabetes.

Aggregated hIAPP displayed

totoxi d -infl. t
cytotoxic a0¢ pro-inammatoty T2DM-induced amyloid-associated

Transgenic mice expressing effects on islet endothelial cells. ] .
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. X . vasculature, contributing to B-cell
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Animal Model

Intervention

Neurological Outcome

Key Finding

Drosophila melanogaster

Genetic induction of insulin
resistance via loss of

Increased tau hyperphosphorylation,
worsened rough-eye phenotype, and

Insulin resistance exacerbates
tau-mediated neurodegeneration,
while intact insulin signalling

tauopathy model [105] function of Chico (IRS decreased phototactic behavioral . .
(overexpression of Chico) is
ortholog) performance. .
neuroprotective.
Increased brain and serum
Streptozotocin amyloid-B, increased total tau and Treatment with anti-diabetic agents

Male Wistar rats [106]

(STZ)-induced
hyperglycemic rate model
of insulin-deficient diabetes

phosphorylated tau, increased
neurofilament light, increased
oxidative stress, and increased
acetylcholinesterase activity.

metformin and donepezil decreased
multiple neurodegeneration
biomarkers.

Male Wistar rats [109]

High-fat diet followed by
low-dose streptozotocin

Increased phosphorylated tau,
increased dephosphorylated GSK3B,
decreased hippocampal insulin and

adiponectin levels, reversed by

high-intensity interval training (HIIT)

HIIT exerts a neuroprotective effect
through metabolic and adiponectin
pathways

Sprague-Dawley rat
model [108]

High-fat diet followed by
low-dose streptozotocin

Impaired cognitive function (Morris
water maze), increased hippocampal
and cortical amyloid-B levels.

Enhancement of nitric oxide-mediated
metabolic signaling via L-arginine
exerts neuroprotective effects.

Male Wistar rats [111]

Intracerebroventricular

streptozotocin

Impaired cognitive function (Morris
water maze and passive avoidance
tests), no change in amyloid-B levels

A low-dose SGLT-2 inhibitor did not
rescue diabetes related cognitive
function or amyloid-B levels.

7.5 Oxidative Stress

ROS in diabetic patients contribute to inflammatory signaling, cellular injury, and cognitive impairment
(Fig. 4). As previously described, chronic hyperglycemia increases aerobic glycolytic flux, resulting in
excessive mitochondrial electron transport chain (ETC) activity and promoting subsequent superoxide
generation and mitochondrial dysfunction. However, hyperglycemia in diabetic patients also diverts glucose
into several collateral pathways of glucose metabolism, including the protein kinase C (PKC) and xanthine
oxidase (XO) pathways, which serve as direct, non-mitochondrial sources of ROS in diabetic patients [112].
Additionally, diabetes disrupts antioxidant defenses, which indirectly amplifies oxidative stress. Together,
these direct and indirect sources of ROS buildup work synergistically with mitochondrial oxidative stress
to amplify neuronal vulnerability and accelerate neurodegenerative processes [113].

Diabetic patients are directly exposed to ROS through the activation of the PKC pathway. During
this process, hyperglycemia triggers activation of phospholipase C or D, which increases diacylglycerol
(DAG) production. In cultured aortic endothelial cells and vascular smooth muscle cells, exposure to high
glucose elevated DAGs and activated PKC within 72 h, resulting in the phosphorylation of NADPH oxidase
(NOX) and subsequent generation of ROS [114]. NOX activity is markedly elevated in diabetic patients
and results in the production of superoxide and hydrogen peroxide, which play a role in diabetes-related
neurodegeneration [113,115]. Importantly, in cultured neurons, activation of NOX2 promotes inflammatory
neurodegeneration, establishing a direct pathophysiological link from peripheral hyperglycemia to central
neuronal damage [116].

Xanthine oxidase also contributes directly to the accumulation of ROS within diabetic patients. XO
catalyzes the two final steps of purine degradation, oxidizing hypoxanthine to xanthine and xanthine to uric
acid [110]. During these reactions, XO transfers electrons to molecular oxygen, producing superoxide and
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hydrogen peroxide [117]. This is important as XO activity is elevated in T2D patients [118]. In a prospective
human cohort study following 4412 diabetes-free adults over 4.7 years, elevated serum XO activity was
significantly associated with an increased risk of developing T2DM [119]. Moreover, in streptozotocin-induced
diabetic mice, XO inhibition with oxypurinol resulted in reduced markers of systemic and muscular oxidative
stress and prevented structural and functional mitochondrial alterations in skeletal muscle, confirming
the in vivo relevance of XO in ROS production [120]. Additionally, a 2025 meta-analysis conducted by
Alenezi et al. [121] found that preclinical studies within the past decade have consistently shown that XO
inhibitors, such as allopurinol, can reduce neuronal oxidative damage, dampen neuroinflammation, and
improve cognitive and pathological outcomes in Alzheimer’s disease models.

In addition to the direct generation of ROS through overactivity of the PKC and XO pathways, diabetic
patients also experience indirect accumulation of ROS through the disruption of redox homeostasis and
depletion of key antioxidant defenses. For example, hyperglycemia leads to the activation of the polyol
pathway, which can result in detrimental effects on cells and tissues as a result of redox imbalances [118].
The rate-limiting step of the polyol pathways is mediated by aldose reductase (AR), which converts glucose
into sorbitol [118]. This reaction depends on the donation of an electron from the cofactor NADPH,
which is oxidized to NADP [122]. In turn, overactivation of this pathway depletes NADPH stores and
disrupts glutathione reductases’ ability to alleviate oxidative stress produced from free radicals within
the human body [123]. This mechanism indirectly increases ROS levels by impairing their reduction to
non-toxic byproducts and weakening antioxidant defenses. This offers a potential mechanism for treating
and preventing NDD in diabetic patients, as preclinical in vivo rat studies have demonstrated that the AR
inhibitor, cemtirestat, is able to attenuate symptoms of peripheral neuropathy with high significance [124].
Additionally, many studies have found that T2D is associated with reduced concentrations and activities
of key antioxidant systems, including superoxide dismutase (SOD), catalase (CAT), and non-enzymatic
antioxidants such as vitamin A and E [125,126].

Under hyperglycemic conditions, excess glucose is also diverted into the hexosamine pathway. In this
pathway, fructose-6-phosphate derived from glycolysis is converted into glucosamine 6-phosphate and
ultimately into UDP-N-Acetylhexosamine (UDP-GLCNac). Elevated levels of UDP-GLCNac increase activity
of O-Glucosamine-N-Acetyltransferase (OGT), which modifies transcription factors and signaling proteins
through O-GlcNAcylation [127]. One of these transcription factors is Sp1, whose O-GlcNAc-dependent
activation upregulates various genes such as tissue-type plasminogen activator inhibitor-1 (PAI-1) and
transforming growth factor-31 (TGF-31) [128]. These signaling molecules promote pro-inflammatory
and pro-fibrotic pathways, which indirectly contribute to oxidative stress by activating downstream NOX
enzymes [127].

These pathways markedly increase concentrations of superoxide and hydrogen peroxide within diabetic
patients. As a result, the excess ROS overwhelms antioxidant defenses and drives oxidative stress, damaging
essential biomolecules such as DNA, proteins, and lipids, which ultimately results in cellular damage
and death [15]. The downstream consequences of this oxidative burden are strongly associated with
neurodegenerative diseases (NDDs) such as Parkinson’s disease, Alzheimer’s disease, Huntington’s disease,
amyotrophic lateral sclerosis, multiple sclerosis, and Friedreich’s ataxia [129,130].

Oxidative stress contributes to the formation of stress granules, which sequester essential proteins and
transcripts, disrupting neuronal function. Additionally, in NDDs, oxidative stress is linked with DNA damage,
protein misfolding, and aggregation, which further contribute to tissue damage and disease progression [131].
ROS are often involved in transcriptional dysregulations, such as in Alzheimer’s pathophysiology, where the
imbalance in oxygen species results in increased mitochondrial DNA mutations and heightened expression
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of the mitochondrial genes involved in metabolism [132]. ROS also play an important role in Tauopathies,
by inducing tau phosphorylation and leading to aggregations of insoluble neurofibrillary tangles, synaptic
dysfunction, and neuronal death [133,134]. Furthermore, localized inflammation, as a result of oxidative
stress, further exacerbates neuronal damage and contributes to disease progression in NDDs such as AD,
Parkinson’s disease (PD), Huntington’s disease (HD), and ALS [131].

However, critical questions remain in understanding ROS contributions to diabetic neurodegeneration.
Whether non-mitochondrial ROS generation precedes or follows mitochondrial dysfunction in the diabetic
brain remains unresolved, highlighting the need for longitudinal studies. Congruently, the relative
contribution of different non-mitochondrial ROS sources, including NOX, XO, and polyol-mediated NADPH
depletion, to neurodegeneration in human diabetic patients is not well established. While NOX inhibition
shows promise in preclinical models, clinical translation remains uncertain due to the tissue-specific and
isoform-specific roles of NOX enzymes in metabolic homeostasis [135]. Notably, NOX4 is required for
adaptive responses that prevent insulin resistance, and mice with NOX4 deletions showed impaired glucose
tolerance and peripheral insulin resistance [136]. Furthermore, a 2025 study also demonstrated sex-specific
metabolic responses to NOX4 deficiency, in which male NOX4 knockout mice on a high-fat diet exhibited
improved glucose and insulin tolerance, whereas female NOX4 knockout mice developed increased adiposity
and impaired glucose tolerance [137]. Similarly, aldose reductase inhibitors targeting the polyol pathway
have shown inconsistent clinical translation. While a 3-year multicenter trial demonstrated that epalrestat
prevented deterioration of motor nerve conduction velocity and improved neuropathic symptoms in diabetic
patients with good glycemic control, a meta-analysis of 32 randomized controlled trials found no overall
significant difference between aldose reductase inhibitors and placebo [138,139]. XO inhibitors also present
translational complexities, as the role of uric acid is paradoxical. While XO-generated ROS promotes
oxidative damage, the pathway’s end-product, uric acid, acts as an antioxidant at physiological pH, further
complicating the translational relevance of this pathway and necessitating further research [140]. Despite
these uncertainties, the consistent association across multiple independent non-mitochondrial pathways
linking diabetic oxidative stress to AD hallmarks suggests these sources represent a contributory mechanism
that warrants therapeutic targeting distinct from mitochondrial-focused interventions.

8 Future Directions

Although substantial progress has been made in defining the epidemiologic and mechanistic links
between diabetes and cognitive decline, critical gaps remain in understanding how systemic metabolic
dysfunction is translated into progressive neurodegeneration. Future research should increasingly focus
on integrative mechanisms that bridge metabolism, vascular biology, immunity, mitochondrial function,
oxidative stress, and proteostasis to explain the high prevalence of vascular and mixed dementia phenotypes
observed in individuals with diabetes [141].

A central priority is refining our understanding of neurovascular unit dysfunction as a key
convergence point for diabetic pathology. Rather than treating blood—-brain barrier disruption and cerebral
hypoperfusion as uniform downstream consequences, future studies should resolve the cell-type-specific
and region-specific vulnerability of endothelial cells, pericytes, astrocytic endfeet, and neurons across disease
stages [142,143]. Identifying early, potentially reversible alterations in barrier integrity, neurovascular
coupling, and autoregulation may clarify when metabolic interventions could meaningfully alter trajectories
of cognitive decline, particularly in vascular cognitive impairment and mixed dementia.

In parallel, emerging evidence suggests that diabetes induces durable immunometabolic reprogramming
of CNS immune cells, especially microglia. Future work should determine whether chronic hyperglycemia
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and insulin resistance establish persistent inflammatory “memory” states that sustain neuroinflammation
even after glycemic control improves [144]. Resolving how metabolic substrates shape microglial
polarization, inflammasome responsiveness, and phagocytic capacity may explain the progressive nature of
diabetes-associated cognitive decline and identify strategies to interrupt neuroinflammation without global
Immune suppression.

Within this inflammatory framework, further emphasis should be placed on cell-specific regulation
of the AGE-RAGE-NLRP3 axis. While microglia are the dominant NLRP3-expressing cells in the
CNS, astrocytes and endothelial cells are also responsive to AGE-RAGE signaling and oxidative stress.
Future studies should determine how inflammasome signaling propagates across the neurovascular unit
and whether selective modulation of inflammasome activity in specific cell populations can attenuate
neurodegeneration while preserving essential innate immune functions [135,145]. At the subcellular level,
growing attention should be directed toward mitochondria-associated endoplasmic reticulum membranes
(MAMs) as a mechanistic nexus linking insulin resistance, lipid overload, calcium dysregulation, and
mitochondrial failure. Disruption of MAM integrity in diabetes may precipitate pathological calcium transfer,
mitochondrial permeability transition pore opening, and apoptotic signaling, particularly in energetically
vulnerable neurons [59]. Clarifying whether restoration of MAM structure can normalize bioenergetics
and limit neurodegeneration represents a promising and mechanistically precise therapeutic direction.

Importantly, future research must also move beyond viewing oxidative stress as a homogeneous
process. Diabetes generates reactive oxygen species from multiple compartmentalized sources, including
mitochondrial dysfunction, PKC-NADPH oxidase signaling, xanthine oxidase activity, and redox imbalance
arising from polyol and hexosamine pathway flux [128]. Distinguishing pathogenic from physiological
redox signaling and identifying which enzymatic sources initiate versus amplify neurodegenerative cascades
may explain why nonspecific antioxidant strategies have largely failed, while enzyme-targeted approaches
show greater promise [146]. Finally, diabetes should increasingly be conceptualized as a disorder of neuronal
proteostasis. Insulin resistance—driven dysregulation of kinases such as GSK-33 and CDK5, combined with
oxidative stress and impaired clearance mechanisms, creates a permissive environment for tau, amyloid-{3,
and a-synuclein misfolding and aggregation [85]. Future studies should prioritize how metabolic stress
destabilizes protein quality-control systems and promotes heterologous cross-seeding among misfolded
proteins, providing a mechanistic basis for the frequent coexistence of Alzheimer-type and synuclein-related
pathologies in diabetes-associated dementia [102]. Together, these directions emphasize the need for
integrative, multiscale approaches that connect systemic metabolism to cellular and molecular drivers
of neurodegeneration. Advancing such frameworks may shift therapeutic strategies away from isolated
targets and toward interventions that restore metabolic, vascular, immune, and proteostatic homeostasis in
the diabetic brain.

9 Conclusion

Diabetes-associated neurodegeneration of T3DM (brain diabetes) emerges from the convergence of
systemic metabolic dysfunction and neural vulnerability. Impaired insulin signaling in neurons disrupts
energy homeostasis, synaptic plasticity, and survival pathways, establishing an early foundation for
cognitive decline. Mitochondrial dysfunction, oxidative stress, neuroinflammation, diabetes-induced
endothelial dysfunction, advanced glycation end-product accumulation, and blood-brain barrier disruption
together result in hypoxia, white matter injury, and neurovascular uncoupling, closely mirroring the
pathological features of vascular cognitive impairment and dementia. The findings of this review underscore
the need for integrative, multiscale approaches that move beyond isolated molecular targets to address
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the interconnected metabolic, vascular, immune, mitochondrial, oxidative, and proteostatic drivers of
diabetes-associated neurodegeneration. Defining cell-type- and region-specific vulnerability within the
neurovascular unit, determining whether diabetes induces persistent immunometabolic “memory” in
microglia, and resolving how AGE-RAGE-NLRP3 signaling propagates across endothelial, glial, and
neuronal compartments should be the focus of research. At the subcellular level, elucidating the role of
mitochondria-associated endoplasmic reticulum membranes in coordinating insulin resistance, calcium
dysregulation, and mitochondrial failure may reveal mechanistically precise therapeutic targets. Equally
important is distinguishing pathogenic versus physiological sources of reactive oxygen species to enable
enzyme-targeted redox interventions, and clarifying how metabolic stress destabilizes neuronal proteostasis
to promote cross-seeding of amyloid-f3, tau, and x-synuclein aggregates. Advancing these directions may
enable a shift toward disease-modifying strategies that restore metabolic, vascular, immune, and proteostatic
homeostasis in the diabetic brain, rather than treating downstream neurodegenerative sequelae in isolation.
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AGEs Advanced glycation end products
ApB Amyloid beta

ALS Amyotrophic lateral sclerosis
ADs Alzheimer’s disease

AMPK AMP-activated protein kinase
BBB Blood-brain barrier

CNS Central nervous system

CRP C-reactive protein

DFUs Diabetic foot ulcers

ER Endoplasmic reticulum

ERK Extracellular signal-regulated kinase
HIF-1x Hypoxia inducible factor 1 alpha
IL Interleukin

IDE Insulin-degrading enzyme
ICAM-1 Intercellular adhesion molecule 1
IRS Insulin receptor substrate

JNK c-Jun N-terminal kinase

JAK Janus kinases

LC-FFA Long-chain free fatty acids
mTOR Mammalian target of rapamycin

MAPK Mitogen-activated protein kinase
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MCP-1 Monocyte chemoattractant protein 1

MMP2 Matrix metalloproteinase 2

NF-kB Nuclear factor kappa beta

NLRP3 NOD-, LRR- and pyrin domain-containing protein 3

PI3K Phosphoinositide 3-kinase

PKC Protein kinase C

RAGE Receptor for advanced glycation end products

ROS Reactive oxygen species

STAT3 Signal transducer and activator of transcription 3

T2DM Type 2 diabetes mellitus

TNF- Tumor necrosis factor alpha

UPR Unfolded protein response

VCAM-1 Vascular cell adhesion molecule-1

VEGF Vascular endothelial growth factor
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