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ABSTRACT

Type 2 diabetes mellitus (T2DM) is increasingly recognized not only as a metabolic disorder but also as a significant
risk factor for neurodegeneration and cognitive decline. Chronic hyperglycemia, insulin resistance, and systemic
inflammation—hallmarks of T2DM-—have been implicated in the pathogenesis of brain aging, mild cognitive
impairment (MCI), and various forms of dementia, including Alzheimer’s disease. This review provides a
comprehensive synthesis of current evidence linking diabetes to neurodegeneration, elucidating the
pathophysiological pathways through which hyperglycemia and impaired insulin signaling adversely affect brain
structure and function. Mechanisms explored include oxidative stress, advanced glycation end-products (AGEs),
mitochondrial dysfunction, blood-brain barrier disruption, and neuroinflammation. Emerging neuroimaging
findings, biomarkers, and preclinical models are discussed to illustrate structural and functional brain alterations in
diabetic populations. Moreover, the role of central insulin resistance, hippocampal atrophy, and impaired
neurogenesis are emphasized as key contributors to diabetes-related cognitive impairment. Finally, the review
examines therapeutic strategies, including glycemic control, anti-inflammatory agents, and neuroprotective
interventions, aiming to mitigate neurodegenerative outcomes in diabetic patients. Understanding the intersection
of metabolic and cognitive dysfunction holds promise for early detection, prevention, and integrative management
of diabetes-induced brain aging.
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INTRODUCTION

Diabetes mellitus, particularly type 2 diabetes mellitus (T2DM), is a chronic metabolic condition with increasing
global prevalence [17. It is currently estimated that over 500 million adults are living with diabetes, and this number
is projected to rise significantly in the coming decades [27]. Traditionally viewed as a disease primarily affecting
blood sugar control, diabetes has now been shown to have extensive systemic implications. Among these, the impact
of diabetes on the central nervous system (CNS) has gained substantial interest. Accumulating evidence suggests
that T2DM not only increases the risk of macrovascular and microvascular complications but also plays a significant
role in accelerating neurodegeneration and cognitive decline [37. The association between diabetes and cognitive
dysfunction is supported by both epidemiological data and mechanistic studies. Patients with T2DM have a higher
risk of developing mild cognitive impairment (MCI), Alzheimer’s disease (AD), and other forms of dementia [47].
The mechanisms underlying this association are multifactorial and include chronic hyperglycemia, insulin resistance,
oxidative stress, inflammation, and vascular injury [57]. Importantly, these pathophysiological processes contribute
to brain structural changes, including hippocampal atrophy and cortical thinning, which are hallmarks of cognitive
aging and dementia [67. This review aims to provide a detailed analysis of how diabetes leads to neurodegeneration,
with particular attention to the molecular and cellular mechanisms involved. The discussion will also explore how
neuroimaging and biomarker studies have enhanced our understanding of diabetes-related brain changes. Finally,
we will consider current and emerging therapeutic strategies aimed at preventing or mitigating neurodegenerative
changes in individuals with diabetes.
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Pathophysiology of Hyperglycemia-Induced Neurodegeneration
Chronic hyperglycemia, the defining feature of diabetes, initiates a cascade of detrimental effects on neuronal
integrity and function [77]. The persistent elevation of blood glucose levels results in the excessive production of
reactive oxygen species (ROS), which causes oxidative stress [87]. Neurons are particularly susceptible to oxidative
damage due to their high metabolic activity and limited antioxidant capacity [97. ROS interfere with mitochondrial
function, disrupt ATP production, and damage critical cellular components including proteins, lipids, and nucleic
acids [107. In addition to oxidative stress, hyperglycemia promotes the non-enzymatic glycation of proteins and
lipids, leading to the formation of advanced glycation end-products (AGEs) [117]. AGEs accumulate in the brain and
bind to their specific receptors (RAGE), triggering intracellular signaling pathways that promote inflammation and
cell death [127. The AGE-RAGE interaction also exacerbates oxidative stress, forming a vicious cycle that further
injures neurons and glial cells [137].
Hyperglycemia also affects the structure and function of the blood-brain barrier (BBB). Under normal physiological
conditions, the BBB serves as a selective barrier that protects the brain from circulating toxins and pathogens [14-].
In diabetes, hyperglycemia-induced endothelial dysfunction leads to increased BBB permeability. This allows the
entry of inflammatory mediators, immune cells, and potentially harmful substances into the brain parenchyma,
thereby amplifying neuroinflammation [157. Another key consequence of chronic hyperglycemia is impaired insulin
signaling in the brain [167. Insulin has several roles in the CNS, including regulation of synaptic plasticity,
neurotransmitter release, and neuronal survival [177]. Disruption of insulin signaling due to sustained
hyperglycemia leads to synaptic deficits, reduced neurogenesis, and increased neuronal apoptosis [187. This
impairment is particularly evident in the hippocampus, a brain region essential for learning and memory.

Central Insulin Resistance and Brain Aging

Central insulin resistance, a condition in which brain cells exhibit diminished responsiveness to insulin, is
increasingly recognized as a pivotal factor in diabetes-related neurodegeneration [197. Unlike peripheral insulin
resistance that affects glucose uptake in muscles and adipose tissue, central insulin resistance impacts neuronal
energy metabolism and synaptic function. Insulin is essential for promoting neuronal glucose uptake, facilitating
synaptic plasticity, and regulating key neurotransmitters such as acetylcholine and glutamate [207. In the diabetic
brain, insulin signaling is impaired due to receptor downregulation, post-receptor signaling defects, or increased
insulin-degrading enzyme activity [217]. This results in energy deficits, as glucose utilization becomes inefficient.
Neurons deprived of energy cannot maintain normal electrical and biochemical activity, leading to dysfunction and
eventual death. The hippocampus, which contains a high density of insulin receptors, is particularly vulnerable to
insulin resistance, explaining the early memory deficits observed in diabetic patients [227]. Neuroimaging studies
support these findings. Patients with T2DM exhibit significant structural brain changes, including reduced
hippocampal volume, cortical thinning, and ventricular enlargement [237. Functional MRI studies show altered
connectivity in neural circuits responsible for memory and executive function. Positron emission tomography (PET)
studies also reveal reduced glucose metabolism in the brains of insulin-resistant individuals, a feature that overlaps
with patterns seen in Alzheimer’'s disease [247]. The mechanisms linking central insulin resistance to
neurodegeneration also involve disruptions in the insulin-like growth factor-1 (IGF-1) signaling pathway [257].
IGF-1 supports neurodevelopment, synaptic repair, and neuroprotection. Impairments in this pathway reduce
neurogenesis and increase vulnerability to neurotoxins [267]. Additionally, insulin resistance is associated with
increased amyloid precursor protein processing and tau phosphorylation, both of which are pathological hallmarks
of Alzheimer’s disease [27].

Neuroinflammation and Oxidative Stress

Neuroinflammation and oxidative stress are two interrelated mechanisms that play central roles in the
neurodegenerative consequences of diabetes. Inflammatory responses in the brain are primarily mediated by
microglia, the resident immune cells of the CNS [287]. In response to hyperglycemia and metabolic stress, microglia
become activated and shift to a pro-inflammatory phenotype [297. This activation results in the production of
cytokines such as IL-1B, TNF-a, and IL-6, which contribute to neuronal injury and synaptic dysfunction.
Simultaneously, oxidative stress induced by hyperglycemia enhances microglial activation and perpetuates
inflammatory signaling [807]. The imbalance between ROS production and antioxidant defense mechanisms leads
to cellular damage in neurons and glial cells [817. This includes lipid peroxidation, protein oxidation, and DNA
fragmentation, all of which impair cellular function and viability.

Moreover, astrocytes—another major glial cell type—undergo reactive changes in response to oxidative and
inflammatory stress [327]. Reactive astrocytes contribute to the formation of glial scars, disrupt neurotransmitter
homeostasis, and further impair neuronal communication [337]. These changes affect not only individual neurons
but also the integrity of entire neural networks. Chronic neuroinflammation and oxidative stress also contribute to
the breakdown of the BBB [347]. As endothelial cells are damaged, the BBB becomes more permeable, allowing
further infiltration of peripheral immune cells and pro-inflammatory mediators [857]. This breach in the CNS's
protective barrier compounds the inflammatory milieu and accelerates neurodegeneration.

45


https://www.inosr.net/inosr-applied-sciences/

https://www.inosr.net/inosr-applied-sciences/ Mpora
Collectively, the interplay between oxidative stress and neuroinflammation forms a self-amplifying loop that
underlies much of the cognitive dysfunction observed in diabetes. Targeting these pathways with anti-inflammatory
and antioxidant therapies offers a promising approach for neuroprotection in diabetic individuals.

Role of Advanced Glycation End-products (AGEs)
AGEs are formed through non-enzymatic glycation of proteins and lipids in hyperglycemic conditions [367. These
products accumulate in various tissues, including the brain, and interact with RAGE to trigger inflammatory and
apoptotic pathways. In the CNS, AGEs impair synaptic function, reduce neuronal viability, and contribute to
amyloid-beta aggregation—a hallmark of Alzheimer’s pathology [877. In diabetic patients, elevated serum and
cerebrospinal fluid (CSF) levels of AGEs correlate with poorer cognitive performance and structural brain changes
[387. AGEs also enhance tau phosphorylation, further linking diabetes to Alzheimer's disease pathogenesis [397.
Thus, targeting AGE-RAGE interactions may provide a therapeutic avenue for mitigating diabetes-related
neurodegeneration.

Structural and Functional Brain Changes in Diabetes
Neuroimaging studies using MRI and PET have revealed significant structural and functional brain alterations in
individuals with T2DM. Common findings include: Hippocampal atrophy, Reduced total brain volume, White
matter hyperintensities, Ventricular enlargement, Decreased cerebral glucose metabolism [407. These changes are
associated with deficits in memory, executive function, processing speed, and attention. Functional connectivity
studies have also shown disrupted neural network activity, particularly in the default mode network (DMN) and
frontoparietal networks, which are critical for cognitive integration and task execution [417].
Cognitive Impairment and Clinical Manifestations
Cognitive decline in diabetes ranges from mild cognitive impairment (MCI) to dementia [427. MCI in diabetic
patients often presents with executive dysfunction, memory disturbances, and impaired attention [437. Longitudinal
studies indicate that individuals with diabetes and MCI have a higher rate of progression to dementia [44]. Diabetes
is also associated with an increased risk of vascular dementia due to its impact on cerebrovascular health [457].
Microangiopathy, endothelial dysfunction, and cerebral small vessel disease are common in diabetic populations,
further compounding the risk of cognitive impairment [46].
Therapeutic Strategies
Given the multifactorial nature of diabetes-induced neurodegeneration, therapeutic interventions must be multi-
pronged. Glycemic control remains a cornerstone of management. Studies have shown that intensive glucose control
reduces the risk of cognitive decline, although the benefits must be weighed against the risk of hypoglycemia, which
itself’ can impair cognition [47]. Anti-inflammatory and antioxidant therapies, including polyphenols (e.g.,
resveratrol, curcumin), omega-3 fatty acids, and certain antidiabetic agents (e.g., metformin, GLP-1 receptor
agonists), have shown neuroprotective effects in preclinical and early clinical studies [487. Intranasal insulin
delivery is being explored as a novel approach to restore central insulin signaling without peripheral side effects.
Neurotrophic agents, cognitive training, physical exercise, and dietary interventions are additional strategies under
investigation.
CONCLUSION
T2DM significantly contributes to neurodegeneration and cognitive decline through mechanisms involving
hyperglycemia, insulin resistance, oxidative stress, and neuroinflammation. The brain is a metabolically sensitive
organ, and disruptions in glucose homeostasis and insulin signaling have profound implications for cognitive
function and brain aging. Recognizing the neurocognitive consequences of diabetes is essential for early diagnosis,
preventive care, and the development of targeted therapies. An integrative, multidisciplinary approach combining
metabolic control, lifestyle modification, and neuroprotective strategies holds promise for reducing the burden of
diabetes-induced neurodegeneration.
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