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ABSTRACT

This review explores the complex relationship between neuroinflammation
and cognitive decline in individuals with Type 2 Diabetes (T2D). There is
increasing awareness that cognitive impairment, which can range from mild
difficulties to severe dementiq, is a significant complication associated with
T2D. Extensive research indicates that chronic neuroinflammation plays a
critical role in this context, linking metabolic dysfunction with
neurodegenerative changes in the brain. The discussion begins with the
effects of chronic hyperglycemia, insulin resistance, and metabolic
disruptions that contribute to systemic inflammation. This inflammation can
be intense enough to breach the blood-brain barrier (BBB), leading to
neuroinflammation. The activation of essential immune cells in the brain,
such as microglia and astrocytes, is accompanied by a rise in pro-
inflammatory cytokines like IL-18, IL-6, and TNF-a. These inflammatory
agents disrupt synaptic function, inhibit neurogenesis, and promote
neuronal death, particularly in areas critical for memory and executive
functions, such as the hippocampus and prefrontal cortex. As the
investigation unfolds, valuable insights are drawn from both preclinical and
clinical studies. Animal research highlights the adverse effects of metabolic
stress and inflammation on neuronal health, while clinical data correlate
elevated inflammatory markers with reduced cognitive performance
among individuals with T2D. Neuroimaging studies further support these
findings by visually demonstrating microglial activation in regions essential
for cognitive function.
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1. Introduction

In the realm of health, type 2 diabetes (T2D) has
emerged as a significant challenge, not only affecting
blood sugar levels ' but also leading to cognitive decline
2, This connection poses serious difficulties for those with
the condition, profoundly impacting their mental health
and daily living. Increasingly emerging evidence supports
the fact that T2D is not only a metabolic but also a
systemic disease with severe neurological consequences
resulting in high likelihood of cognitive impairment.
Research indicates 3that individuals with T2D are at a
heightened risk of developing cognitive issues 4, ranging
from mild cognitive impairment, to more form such as
vascular dementia, and Alzheimer's disease3. The
cognitive domain ¢ most affected include memory,
(particularly episodic memory), executive functions,
attention, and processing speed, demonstrating the
disease's profound impact on mental health.

T2D-related cognitive deterioration is basically a
multifactorial  pathogenic issue characterized by
complicated relationships among metabolic disturbances,
vascular damage, and neurodegenerative complication
7, and among these, chronic neuroinflammation has been
identified as a critical and central contributing factor 8.
Chronic inflammation?., particularly driven from activated
microglial cells and astrocyte in the brain'9, creates a
harmful cycle that deteriorates cognitive abilities!’.
Understanding the relationship between T2D-induced
neuroinflammation'2  and cognitive health is critical’3.
When microglia become activated, they transition from
their homeostatic surveillance role to a pro-inflammatory
state, releasing a cascade of detrimental mediators,
including pro-inflammatory cytokines like IL-1B, IL-6, and
TNF-a, along with reactive oxygen species (ROS) 4. This
ongoing inflammatory state leads to synaptic dysfunction,
impaired neurogenesis, and ultimately, the loss of
neurons, culminating in a decline in cognitive function!.
The purpose of this review is to summarize the existing
knowledge regarding T2D-induced neuroinflammation
and its presence in cognitive health and, additionally,
examine the underlying mechanism of this issue and its
possible therapeutic targets.

2. Neuroinflammation and Type 2 Diabetes
Neuroinflammation serves as a vital response when the
brain's immune system activates in reaction to various
challenges, such as injuries, infections, or systemic
illnesses’é. This intricate process prominently involves two
types of cells; microglia and astrocytes. In individuals with
T2D, neuroinflammation is a key factor that can
contribute to cognitive decline, underscoring the
importance of addressing this issue. Chronic metabolic
conditions associated with T2D, including elevated blood
sugar levels and reduced insulin sensitivity, create an
inflammatory environment that influences not only
peripheral tissues but also significantly affects the central
nervous system (CNS). This systemic inflammation may
grow severe to violate the integrity of the blood-brain
barrier (BBB) permitting the passage of inflammatory
messengers and toxic substances into the central nervous
system (brain parenchyma) and trigger and maintain
neuroinflammation. To better understand this, it is crucial
to examine the role of hyperglycemia, where sustained

high glucose levels lead to the formation of advanced
glycation end products (AGEs) 7. These compounds
accumulate within the brain and interact with receptors on
microglia and astrocytes'8, initiating inflammatory
signaling pathways such as the activation of NF-kB, which
increases the production of pro-inflammatory cytokines
and chemokines'?. Addressing this inflammation is
essential to protect neurons from potential damage.
Insulin resistance, a hallmark of T2D, also plays a
significant role in brain health20, Insulin is essential for
maintaining neuron health, synaptic flexibility, and
cognitive function. By improving insulin sensitivity, we can
potentially enhance neuronal protection and reduce
inflammation. Furthermore, the presence of free fatty
acids (FFAs) 21 in the bloodstream can cross the blood-
brain barrier, signaling the necessity for targeted
interventions to modulate these levels and lessen their
pro-inflammatory effects22. Oxidative stress represents
another significant avenue that warrants attention23,

When stressed or dying cells release harmful molecules,
such as HMGB1, they can activate microglia, leading to
a cascade of inflammatory signals24. Fostering cellular
health and minimizing the production of reactive oxygen
species (ROS) could counteract these damaging
processes?s, It is also essential to consider the implications
of dyslipidemia, where elevated FFAs and triglycerides
might provoke inflammation in the CNS2é. Strategies to
manage lipid profiles effectively can contribute to
reducing neuroinflammation and its associated cognitive
impacts. A healthy blood-brain barrier is vital for
maintaining CNS integrity, so addressing its compromise;
often seen in T2D is crucial. Ensuring this barrier remains
intact can prevent harmful substances from entering the
brain and triggering inflammatory  responses?’.
Additionally, the NLRP3 inflammasome is another
important player in the inflammatory response2s.
Reducing the accumulation of factors such as AGEs and
ROS could potentially prevent the activation of this
inflammasome and the release of detrimental interleukins
like IL-1B and IL-1829. The cognitive effects of
neuroinflammation are well recognized39, with studies
indicating that T2D patients may experience a shift in
microglial behavior 11.31-33 from a protective to a more
harmful pro-inflammatory state34. By promoting anti-
inflammatory responses, we can support synaptic
plasticity and neurogenesis, thereby enhancing cognitive
function. Astrocyte activity must also be considered3s.
While reactive astrocytes can exacerbate neuronal
damage 3%and contribute to glial scars, promoting their
proper functioning can aid recovery processes such as
axon regrowth and contribute to neuronal health?”.
Chronic inflammation is closely linked to cognitive
decline3¢, similar to mechanisms observed in Alzheimer’s
disease38. Therefore, addressing neuroinflammation can
potentially mitigate these negative cognitive outcomes3?®
and enhance neurogenesis??, particularly in  the
hippocampus4!, crucial for memory. Central to neuronal
health are neurotrophic factors like brain-derived
neurotrophic factor (BDNF), which play an essential role
in neuronal development and resilience42. By fostering an
environment conducive to BDNF expression43, we can
enhance neuronal health and combat cognitive decline
associated with T2D. Cognitive impairment poses a
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significant challenge for individuals with Type 2 Diabetes
Mellitus (T2DM) 44, By understanding and addressing the
interplay of neuroinflammatory responses within the
CNS45, we can initiate positive changes that support
cognitive health.

3. Cognitive Decline and Type 2 Diabetes

In exploring the intricate relationship between T2D and
cognitive decline, we gain valuable insights into how this
condition affects brain health. Understanding the diverse
cognitive challenges faced by individuals with T2D can
pave the way for more effective interventions and
support. Research has shown that people with diabetes
experience cognitive decline more rapidly than those
without the condition, highlighting the need for targeted
strategies to address these issues. Cognitive impairments
in T2D can manifest in several areas, beginning with
episodic memory4%, where individuals may struggle to
recall specific experiences and events. This form of
memory relies heavily on the hippocampus4’, a brain
structure sensitive to metabolic disturbances, including
high blood sugar levels and inflammation 48, The
activated inflammatory processes induced by T2D may
result in the maintenance of hippocampal function, which
decreases as a result of low synaptic plasticity and
damages neurons, which contributes to poor episodic
memory. Recognizing these symptoms early can guide
proactive measures to support memory function. Working
memory4?, which involves temporarily holding and
manipulating information, is another critical area
affected by T2D>, Insulin resistance and elevated blood
sugar may impact the prefrontal cortex, an essential
region for cognitive processes. Neuroinflammation of
prefrontal cortex is capable of interfering with neural
circuits that support working memory, which influences the
efficacy of information processing. By focusing on
improving insulin sensitivity and glycemic control, we can
potentially enhance working memory and overall
cognitive performance in T2D patients. Executive
functions, critical for planning, problem-solving, and
decision-making, often present additional challengess'.

Microvascular damage 52 and neuroinflammation that
affect the frontal lobes can hinder these skills33. The
executive control related to the neuronal structures of the
frontal lobes are susceptible to structural and functional
changes due to the persistence of the chronic
inflammatory state in T2D. Interventions aimed at
improving vascular health and reducing inflammation
could help individuals navigate daily tasks and enhance
their decision-making abilities’4. Moreover, cognitive
flexibility; the capacity to adapt to new information and
switch between tasks; can be improved through exercises
that promote mental agility35. By addressing
inflammation and neural pathway health, we can
empower individuals to think more effectively3¢. Attention
and processing speed are also vital for daily functioning.
Neuroinflammation may impair the speed of neural
processing and attentional capacity due to the influence
on the integrity of white matter and neurotransmitter
systems. Enhancing these cognitive functions through
cognitive training and lifestyle modifications may
alleviate some of the challenges T2D patients face,
enabling them to multitask more efficiently and make
quicker decisions,  ultimately improving their

independence and quality of life. Visuospatial abilities,
which involve understanding spatial relationships and
recognizing obijects, can also benefit from targeted
therapies. Engaging in activities that stimulate these skills
may help T2D patients better navigate their environments
and improve their familiarity with surroundings and faces.
Recognizing the underlying mechanisms of cognitive
decline in T2D, such as chronic hyperglycemia%?, glycemic
variability?, and neural dysfunction38, allows healthcare
providers to develop tailored interventions. By managing
blood sugar levels effectively’® and addressing
inflammation in the brain®, we can potentially mitigate
cognitive deterioration5”. The connection between T2D
and cerebrovascular health®! is also crucial; improving
microvascular function®2, and reducing
neuroinflammatory  processes  3°%an  significantly
contribute to cognitive preservationé3. Understanding the
role of neuroinflammation®4, and how it triggers
microglial activity and the release of inflammatory
molecules, provides a foundation for developing
innovative therapies aimed at supporting cognitive
healthés.

4. Pathophysiology

The complex relationship between Type 2 Diabetes
(T2D), neuroinflammation, and cognitive decline is
significant and influenced by metabolic dysregulation,
systemic inflammation, and neurodegenerative
processes®6-¢8, Table 1 outlines how hyperglycemia,
insulin resistance, oxidative stress, and blood-brain
barrier (BBB) disruption are key mechanisms contributing
to neuroinflammation and subsequent  cognitive
impairment. Chronic hyperglycemia and insulin resistance
lead to the excessive production of reactive oxygen
species (ROS) and advanced glycation end products
(AGEs). These substances activate intracellular pathways
like NF-kB, which increase the release of pro-
inflammatory cytokines such as IL-18, IL-6, and TNF-a¢9.70.
These inflammatory mediators can compromise the
integrity of the blood-brain barrier, allowing harmful
substances to enter the central nervous system, which
activates microglia and astrocytes”’!. When these glial
cells are activated, they perpetuate neuroinflammation,
resulting in synaptic dysfunction, hindered neurogenesis,
and neuronal loss; especially in the hippocampus and
prefrontal cortex, areas critical for memory and
executive functions”’2, Figures 1 and 2 illustrate the
systemic and cellular pathways through which T2D
contributes to cognitive decline.

Figure 3 provides a comprehensive overview that
integrates these pathways. This figure visually
summarizes how metabolic dysfunction in T2D initiates
systemic inflammation, leading to blood-brain barrier
disruption and subsequent neuroinflammation. It further
elaborates on the activation of glial cells, including
microglia and astrocytes, and the subsequent release of
pro-inflammatory cytokines, culminating in synaptic
damage, neuronal loss, and ultimately, cognitive
impairment.

Impaired insulin signaling in the brain decreases essential
synaptic proteins and neurotrophic factors, such as brain-
derived neurotrophic factor (BDNF), worsening deficits in
learning and memory73. The neuroinflammatory
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environment negatively impacts cognitive function and
may also interact with the pathology of Alzheimer’s
disease (AD), including the accumulation of amyloid-B
and tau hyperphosphorylation, which increase the risk of
dementia3!74. Comprehensive preclinical and clinical
investigations support this connection. Animal models, such
as the DB /db mouse and Zucker Diabetic Fatty (ZDF) rat,
75 show that hy perglycemic and insulin-resistant conditions
drive microglia toward a pro-inflammatory M1
phenotype’¢, adversely affecting hippocampal plasticity
and neurogenesis’”’. Human studies indicate that patients

Type 2 Diabetes

Systemic Inflammation

Blood-Brain Barrier Dysfunction

Neuroinflammation

Synaptic Dysfunction

Neuronal Loss and Brain
Atrophy

Cognitive Decline

Figure 1: Development of Type 2 Diabetes to Cognitive
Decline.

The breakdown of the blood-brain barrier by systemic
inflammation caused by high blood sugar and insulin
resistance causes inflammation of the brain, disruption of
synaptic activity, loss of neurons, and brain atrophy in the
memory and executive functions region.

with  T2D exhibit increased levels of systemic
inflammatory markers, which are associated with poorer
cognitive  outcomes’8.  Neuroimaging 7879  and
cerebrospinal fluid analyses provide significant evidence
of heightened microglial activation and elevated pro-
inflammatory cytokines in regions essential for cognitive
function80, These findings emphasize neuroinflammation
as a critical pathological mechanism contributing to
cognitive decline in T2D 79 and highlight the urgency of
addressing this issue in order to protect cognitive health
in diabetic populations8!.

Hyperglycemia and Insulin
Resistance

l

Microglial Activation

l

Pro-inflammatory Cytokines -
IL-1beta, IL-6, TNF-alpha

l

Astrocyte Reactivity

4
Synaptic Dysfunction

L 4

Neuronal Apoptosis

L 4
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Executive Function

Figure 2: Neuroinflammation Cellular Mechanisms in
Type 2 Diabetes (T2D). High glucose and insulin
resistance stimulate microglia and astrocytes leading to
the elevation of pro-inflammatory cytokines. This chronic
inflammation interferes with the synaptic communication
and results in loss of neurons, which causes cognitive
impairments.
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Neuroinflammation and Cognitive health in Type 2 Diabetes

Figure 3: Comprehensive Overview: T2D to Cognitive Decline.
The systemic inflammation is induced by metabolic dysfunction in T2D, which impairs the blood-brain barrier. This results
in glial activation, release of cytokines, synaptic damage and loss of neurons which causes cognitive impairment.
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Table 1: Type 2 Diabetes Biological Mechanisms that Affect Cognitive Decline. This table describes systemic and
neuroinflammation, pro-inflammatory markers, brain regions involved and cognitive consequences. All mechanisms
demonstrate the way T2D metabolic dysfunction triggers inflammatory processes, disrupting the neural functioning and

structure.
Process Key Mediators Pathophysiological Impacted Areas Result on Cognitive References
role of the Brain Function
Elevated Blood | Induces systemic Glucose, insulin, and Comprehensive Reduced attention 82-85
Sugar Levels inflammation, advanced glycation cerebral and slower
and Diminished | oxidative stress, and end-products (AGEs) vasculature processing speed
Insulin endothelial
Response dysfunction
Systemic Facilitates impairment | C-reactive protein Cerebral Cognitive fatigue and | 318687
Inflammation of blood-brain (CRP), Interleukin-6 (IL- | vasculature diminished mental
barrier and allows 6), Tumor Necrosis flexibility
peripheral cytokines Factor-alpha (TNF-
to enter the central alpha)
nervous system
Disruption of Enables infiltration of | Matrix Hippocampus and | Heightened 71,88,89
the Blood-Brain | inflammatory metalloproteinase-9 cortex susceptibility to
Barrier mediators into the (MMP-9), Intercellular neurodegenerative
brain Adhesion Molecule-1 conditions
(ICAM-T1), Vascular Cell
Adhesion Molecule-1
(VCAM-1)
Activation of Triggers persistent Interleukin-1 beta, Hippocampus and | Compromised 90-92
Microglia and neuroinflammation Interleukin-6, Tumor prefrontal cortex | memory and
Astrocytes and causes synaptic Necrosis Factor-alpha executive functioning
impairment
Synaptic Inhibits plasticity and Glutamate, reactive Hippocampus and | Deficiencies in 93-95
Dysfunction neurotransmission, oxygen species, frontal cortex learning and
and facilitating neuronal cytokines inadequate working
Neurotoxicity apoptosis memory
Loss of Neurons | Results in alterations Brain-derived Hippocampus and | Prolonged 96,97
and Atrophy to brain structure and | neurotrophic factor, tau | prefrontal cortex | deterioration in
diminished protein cognitive function and
connectivity increased potential
for developing
dementia.

5. Conclusion

The connection between neuroinflammation and cognitive
decline in Type 2 Diabetes (T2D) is a crucial and
emerging area of research with significant clinical

implications. This review emphasizes how chronic
metabolic disturbances in T2D—specifically
hyperglycemia, insulin resistance, and systemic

inflammation—can infiltrate the central nervous system,
triggering prolonged neuroinflammatory responses.
These responses, driven by activated microglia,
astrocytes, and pro-inflammatory cytokines, disrupt
synaptic integrity, impair neurogenesis, and promote
neuronal loss, ultimately leading to progressive cognitive
decline. Evidence from both preclinical and clinical studies
supports the central role of neuroinflammation in
cognitive dysfunction related to T2D, particularly
affecting brain regions such as the hippocampus and
prefrontal cortex. However, the complexity and

variability of individual responses highlight the need for
a personalized and multifaceted approach to
understanding and managing this condition. In conclusion,
it is essential to understand the pathophysiological
mechanisms linking neuroinflammation with cognitive
decline in T2D in order to develop effective prevention
and treatment strategies. Addressing this intersection not
only has the potential to preserve cognitive function in
diabetic patients but also contributes to broader efforts
aimed at preventing neurodegenerative diseases
associated with metabolic disorders.
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