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Abstract

There is emerging evidence that cognitive impairment could be a diabetes mellitus-related complication. It has been suggested
that diabetic people are at increased risk of cognitive decline, since the metabolic and vascular disturbances of the disease affect
brain function. Additionally, prolonged exposure to olther potential detrimental factors leads to irreversible cognitive decrements
over time due to the aging process. Neurocognitive impairment signifies decreased performance in cognitive domains such as
verbal and nonverbal memory, both immediate and delayed memory, executive function, attention, visuospatial and psychomotor
performance, information processing speed, semantic knowledge, and language abilities. The aim of the present article is to
review the existing literature on the issue of the neurocognitive decline in type 2 diabetes. A literature search of databases was
performed, using as keywords “diabetes” and “cognitive impairment,” and the reference list of papers so identified were
examined, with only English language papers being used. Understanding and preventing diabetes-associated cognitive deficits
remains a key priority for future research. It is important to ascertain whether interventions to delay diabetes onset or better

control of established disease could prevent some of its adverse effects on cognitive skills.
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Introduction

Type 2 DM (T2DM) represents a metabolic disorder with
hyperglycemia and glucose intolerance as its main manifesta-
tions. There are two underlying mechanisms leading to its
gradual clinical development, namely insulin resistance com-
bined with relative deficiency of insulin secretion due to pan-
creatic beta-cell dysfunction. Both insulin resistance and im-
pairment in beta-cell function have a strong genetic compo-
nent. As a result, a state of impaired glucose tolerance and/or
impaired fasting glucose appears long before leading to overt
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diabetes. It has been proposed that T2DM onset may occur 9—
12 years prior to its clinical diagnosis [1].

The incidence and prevalence of diabetes are expected to
rise in the coming decades due to obesity co-existing with
other risk factors, such as a sedentary lifestyle and physical
inactivity. Obesity, especially in the form of central adiposity,
appears to be an important causative factor, as it leads to a
chronic, low-grade inflammatory state, linked to insulin resis-
tance. Proinflammatory cytokines are believed to trigger insu-
lin resistance [2]. Both adiposity and hyperinsulinemia have
also been associated with impaired glucose tolerance.

Concerning the chronic complications of diabetes, apart
from microangiopathy and macroangiopathy, research has re-
cently focused on another possible implication of T2DM, that
is, cognitive impairment tentatively linked to the disease since
insulin was discovered [3]. It has been proposed that diabetic
patients are at increased risk of developing cognitive deficits
with a number of additive or synergistic factors affecting brain
structure and function. Main focus has been on a variety of
metabolic and vascular brain disturbances, namely cerebro-
vascular and neurodegenerative changes.

Studies evaluating the impact of T2DM on cognitive skills
report an accelerated decline over a period of 5 years [4].
These studies compare non-demented diabetic populations to
healthy controls in relation to the rate of cognitive decline.
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Cognitive decrements concern several cognitive domains in-
cluding verbal memory, executive function, and attention and
information processing speed abilities. These reductions seem
to be related to a number of factors such as a longer duration of
diabetes, poor glycemic control, the presence of microvascular
complications, and comorbidities. Taken together, these data
are in favor of decreased cognitive abilities in people with
T2DM [5].

Moreover, diabetes has been associated with impaired
neurocognitive function in the form of dementia. The most
commonly found forms of dementia are Alzheimer’s disease
(AD) and vascular dementia (VaD), whereas mild cognitive
impairment (MCI) is a less severe form of dementia but a
considerable risk factor for the development of AD [6]. An
increased risk of dementia in diabetic populations has been
demonstrated in several studies and meta-analyses with a
combined overall relative risk (RR) of 1.51, while more than
one fifth of subjects with dementia have T2DM [7].

There has been a growing body of literature on the metabolic
contribution of T2DM to the AD neurodegenerative process
referring to this with the term “type 3 diabetes” (T3DM) [8]. It
has been proposed that AD could represent a brain-specific form
of diabetes based on their pathophysiological similarities. These
include impaired insulin sensitivity and signaling in CNS, cere-
bral amyloid beta (Af3) aggregation and tau hyperphosphory-
lation, brain vasculopathy, mitochondrial dysfunction, oxidative
stress, and activation of the inflammatory response. These pro-
cesses impair neuronal function and provoke neurodegenerative
events, thus leading to a deterioration of cognitive capacities.
Although T2DM has been recognized as a risk factor for AD-
like dementia, further analysis of their shared pathophysiological
pathways is beyond the scope of this article.

Mechanisms of diabetes-associated cognitive dysfunction
are today coming under greater scrutiny as the prevalence of
diabetes steadily increases because of aging populations, and
older age relates to neurocognitive decline. Most research is
conducted in populations > 65 years, with only a few studies
investigating diabetes starting in midlife. It has been hypoth-
esized that the impact diabetes exerts on cognition increases
from midlife onwards, cognitive impairment being greatest
between 65 and 75 years and declining thereafter [9].

According to the classification of neuropsychological as-
sessment proposed by van den Berg et al. [10], cognitive do-
mains to be evaluated include general intelligence, memory,
processing speed, attention, cognitive flexibility, perception/
visual construction, and language. In an attempt to evaluate
cognitive status in diabetes, Pasquier [11] provides indications
on how to assess cognition in clinical practice by reporting on
a few bedside tests together with functional and behavioral
scales. He concludes that the most common, diabetes-related
cognitive profile involves slowing in motor control, difficulty
in retrieving learned material, and impairment in attention and
problem solving processes.
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Potential agents of cognitive deficits in T2DM

Regarding the T2DM-related neurocognitive dysfunction,
several putative causative factors are shown in Fig. 1.

Hyperglycemia

Hyperglycemia, the hallmark of T2DM, has received consid-
erable attention regarding its role in cognitive decline.
Increased levels of glucose may have a toxic impact on neu-
rons through the formation of advanced glycation end prod-
ucts (AGEs), which accumulate rapidly in diabetes due to
accelerated oxidation of glycated proteins. When coupled
with free radicals, AGEs aggravate the oxidative damage to
neurons by up-regulating reactive oxygen species [ROS] [12].
Hyperglycemia leads to high intracellular glucose levels, since
insulin is not necessary for neuronal glucose uptake. When
intracellular glucose is transformed into sorbitol, the cofactor
nicotinamide adenine dinucleotide phosphate (NADPH) is
consumed by aldose reductase. NADPH is also important
for regenerating glutathione, a critical intracellular antioxi-
dant. When glutathione is reduced, an aggravation of oxida-
tive stress results. A cascade of reduced antioxidants along
with increased lipid peroxidation products leads to the oxida-
tive stress observed in diabetes, as exemplified in a recent
review on this issue [13].

Extensive evidence suggests that mitochondria have a piv-
otal role in neurodegenerative diseases. They are the central
coordinators of energy metabolism, and in neurons, they are
vital for the maintenance of synaptic function and transmis-
sion. Oxidative stress, insulin resistance, and hyperglycemia
are considered major causative factors impairing brain mito-
chondrial homeostasis. Alterations in their structure (DNA
mutations and DNA copy number depletion) together with
their impaired function lead to reduced ATP production, de-
creased mitochondrial biogenesis, and production of reactive
oxygen species (ROS). As it has been demonstrated in neu-
rons of streptozocin-induced diabetic mice, these events are
related to diabetic neuronal loss and synaptic pathology, thus
exerting a negative impact on cognitive performance [14].

In addition, AGEs activate microglia in the central nervous
system (CNS), which can become detrimental to neurons
when overactivated. In cerebral vessels, AGEs interact with
AGE surface receptors (RAGEs), thus interrupting the struc-
tural and functional activity of lipids and proteins, which, in
turn, leads to a cascade of inflammatory processes. Evidence
demonstrates that AGEs and their surface receptors aggravate
brain injury, leading to white matter and myelin destruction.
Overexpression of RAGEs in neurons and glia cells of
cognitive-impaired diabetic mice has been reported [15].

Glucoregulatory control seems to be a key factor for cognitive
decrements in diabetics. In a study, cognitive skills of patients
were evaluated before and after antidiabetic treatment [16].
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Fig. 1 Potential causes of
neurocognitive impairment in
T2DM
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Comparing treated with untreated T2DM patients and controls,
the researchers found significant differences at baseline.
Improvements in verbal memory tasks were attributed to effec-
tive glycemic control in diabetic participants. So far, research has
indicated that T2DM-related cognitive impairments are partially
reversible by means of better glycemic control of the disease.

Experimental studies demonstrate that higher levels of HbAlc
negatively correlate with cognitive performance. In a longitudi-
nal panel study, researchers compared adults with and without
diabetes. A higher HbAlc level was associated with greater
memory decline. Meanwhile, diabetes patients displaying elevat-
ed HbA1c exhibited greater deterioration in memory skills [17].
Nevertheless, another study assessing HbAlc and cognitive
skills in a middle-aged population concluded that HbAlc was
not a significant independent predictor of cognitive impairment.
Hyperglycemia, assessed by HbA1c, did not seem to add predic-
tive value beyond the diabetes status itself [18].

Moreover, HbAlc cannot reflect the temporal variations
and daily fluctuations of glucose levels. Glycemic fluctua-
tions, especially in poorly controlled patients, could be related
to cognitive deficits as well. A cross-sectional study, The
Atherosclerosis Risk in Communities Neurocognitive Study
(ARIC-NCS), compared diabetic and prediabetic subjects in
relation to MRI-demonstrated vascular pathology and volu-
metrics. It was proposed that the risk of accelerated cognitive
decline depends on two parameters, namely severity and du-
ration of hyperglycemia. According to these authors, the two
previously mentioned factors significantly aggravate decre-
ments in cognitive skills [19].
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The same cognitive domains affected in DM have also been
found to be impaired in prediabetic situations, though to a
smaller degree. Body tissues gradually develop insulin resis-
tance in the context of prediabetes. Insulin resistance results in
aneurodegenerative cascade in the CNS, by increasing AGEs,
oxidative stress, mitochondrial dysfunction, and A3 deposi-
tion. These factors negatively affect neuronal functions and
promote gliosis, reducing thus the cognitive reserve [20].

According to a systematic review, impaired glucose toler-
ance (IGT) taking place prior to the development of diabetes is
a causative factor of neurocognitive deficits. Since IGT in
prediabetic situations is more likely to remain untreated, this
can result in a state of longer exposure to increased glucose
levels [21]. In the AusDiab study investigating the association
of cognitive performance with IGT, an increased risk of dec-
rements in cognitive tasks was attributed to higher glucose
levels in non-diabetics [22]. Moreover, a study of ostensibly
healthy middle-aged females concluded that cognitive func-
tion, namely memory, psychomotor and executive function, is
negatively influenced by abnormalities in glucose tolerance
prior to the development of diabetes [23].

Hypoglycemia
There is no dispute that a severe, long-lasting episode of hy-

poglycemia can provoke brain damage, since the brain uses
glucose as its main energy source. Impairment of endothelial
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function can be the result of leucocyte transport and increased
platelet activation during hypoglycemic episodes. The hippo-
campus, basal ganglia, and cortex are mainly affected in terms
of neuronal necrosis and gliosis. Hippocampal vulnerability to an
acute hypoglycemic state may also account for cognitive deficits.
Hypoglycemic neuronal damage and death may be induced by a
subtype of the excitatory neurotransmitter N-methyl-D-aspartate
(NMDA) receptor that is overactivated. Interestingly, it was ob-
served that hypoglycemia-induced neuronal necrosis could be
prevented with the use of an NMDA receptor antagonist. In this
review, the authors make the point that NMDA receptor antago-
nists seem to contribute to neuronal cell survival [24].

It has also been noted that cognitive skills like memory and
learning are impaired during acute hypoglycemic episodes
with glucose levels < 54 mg/dL [25]. Restoration of glucose
levels appears to improve cognitive ability. Moreover, the ear-
lier diabetes begins, the more frequent and severe the hypo-
glycemic episodes patients experience. Recurrent hypoglyce-
mia together with defective glucose counterregulation and
lowering of glycemic threshold leads to a state of “hypogly-
cemia unawareness,” especially in diabetes of longer duration.

Long-term effects of hypoglycemia have been associated
mostly with insulin treatment. A recent systematic review and
meta-analysis reached the conclusion that patients on insulin
therapy are at greater risk of impaired cognition. Insulin therapy
was associated with a 21% increased risk of dementia. More
advanced diabetes in terms of duration and severity, treated with
insulin, increases the likelihood of severe hypoglycemia. A com-
plex, bidirectional relationship has been proposed between hy-
poglycemia and cognitive dysfunction. Severe hypoglycemic ep-
isodes provoke neuronal dysfunction, thus leading to impaired
cognition. At the same time, diabetics with cognitive deficits may
exhibit poor disease management, which increases the possibility
of experiencing hypoglycemic episodes. However, newer insulin
analogs by replicating the endogenous secretion of insulin seem
to be promising as they are related to a decreased level of hypo-
glycemia. Incretins could also be beneficial in reducing the hy-
poglycemic risk and its associated cognitive deficits [26].

Another literature review on diabetes and cognitive impair-
ment [27], identified three studies demonstrating a significant
relationship between hypoglycemia and increased risk of cogni-
tive decline. One of these, a longitudinal study, compared T2DM
patients with or without prior hypoglycemic episodes.
Investigating the risk of developing cognitive deficits, it was
found that patients with prior hypoglycemia had an almost three-
fold increased risk during the 7-year follow-up compared to those
without pre-existing hypoglycemic episodes [28]. Future studies
considering duration and severity of diabetes and comorbidities
in relation to adverse cognitive outcomes would enable deeper
understanding of metabolic-neurocognitive interactions.

The findings on neurocognitive impairment are inconsistent
when standard is compared with intensive glycemic control.
Hypoglycemia seems to be a side effect of intensive glucose
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control treatment but not of standard glycoregulation. In a
meta-analysis [29] of intensive glycemic control, the author sug-
gested that while it does not decrease the rate of cognitive de-
cline, it increases the hypoglycemic risk. ACCORDION MIND,
the observational extension study of The Action to Control
Cardiovascular Risk in Diabetes-Memory in Diabetes
(ACCORD-MIND) randomized trial, concluded that intensive
glycoregulation does not have long-term beneficial effects.
When compared to standard management of hyperglycemia,
the intensive one did not result in cognitive improvements in
diabetic participants [30]. Nevertheless, others [31] are in favor
of intensive control, since it may prevent microvascular brain
damage and its associated neurocognitive dysfunction.
Meanwhile, better glycemic control is a key factor in reducing
mortality rate in T2DM. In light of this conflicting evidence, it
has been proposed that individualized glycemic targets should be
applied, taking into consideration diabetes duration and severity,
its long-term complications as well as its comorbidities.

Insulin resistance

Insulin resistance, a factor contributing to the onset of diabetes,
seems to play a role in cognitive dysfunction, given the role of
insulin action in the brain. Insulin promotes neuronal survival
and synaptic plasticity, while it inhibits apoptosis and neuroin-
flammation. The supply of insulin to the brain is mainly via
pancreatic beta-cells, and it crosses the blood—brain barrier
(BBB) by means of a saturable transporter mechanism.
Dysfunction of the BBB, in terms of decreased permeability to
insulin, leads to a smaller quantity of insulin reaching the brain.
This has been associated with reduced facilitation of neuronal
activation in diabetes. Moreover, a dysfunctional BBB allows
potentially toxic substances and metabolites to be transferred to
the brain, exerting a negative impact on the CNS and, conse-
quently, on higher cognitive processes. Neuronal insulin resis-
tance also contributes to A3 accumulation, as it reduces its clear-
ance and degradation by the insulin-degrading enzyme (IDE). In
addition to being a metalloprotease that catabolizes insulin, IDE
possesses anti-amyloidogenic properties and is highly expressed
in the brain. Thus, neurons and mitochondria become more sus-
ceptible to A3 toxicity. These insulin resistance-linked mecha-
nisms lead to a vicious cycle of neuroinflammation and neuro-
degeneration in the setting of T2DM [32]. Additionally, reduced
cerebral glucose metabolism due to insulin resistance leads to
neuronal dysfunction. The impaired glucose uptake and utiliza-
tion in the brain are associated with synaptic dysfunction; thus,
neuronal cells become more susceptible to oxidizing insults.
However, there is a debate as to whether there is de novo
insulin synthesis in the brain. Evidence supports the notion that
insulin is strongly expressed in GABAergic neurogliaform cells
of the cerebral cortex [33] and that insulin receptors (IRs) are
abundant in the brain. They have been identified in the cortex and
hippocampus, regions supporting cognitive function. Insulin
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regulates mitochondrial function and facilitates long-term poten-
tiation (LTP) in the hippocampus, thus strengthening neuronal
synapses which are necessary for memory and learning process-
es. A human study demonstrated better cognitive performance on
selective attention and word recall tasks achieved when exoge-
nous insulin was administered to younger, healthy males [34].
This further corroborates the pivotal role of insulin in human
brain function and cognitive performance.

The insulin signaling pathway is thought to be decreased in
the diabetic brain due to insulin resistance and deficiency. A3
affects insulin signaling, since its accumulation inhibits auto-
phosphorylation of IR, leading to the inability of IR to bind
insulin and phosphorylate insulin receptor substrate (IRS).
The interactions of phosphorylated receptors with IRS have a
pivotal role in the transmission of neuronal signals in terms of
stimulating survival and plasticity and inhibiting apoptosis of
neuronal cells [35]. There is evidence of inhibited IRS hippo-
campal expression in obese rats following a long-term high-fat
diet. Deficits in spatial learning and memory along with global
cognitive deterioration was linked to insulin hypometabolism in
the brain [36]. Defective insulin signaling also exerts a negative
impact on the phosphorylation of insulin-like growth factor
receptors (IGFRs). Inhibition of the uptake of insulin-like
growth factors IGF-1 and IGF-2 in the brain has dire effects
on cognition, since they regulate neuronal function via the ac-
tivation of intrinsic receptor tyrosine kinases [35].

Furthermore, elevated pro-inflammatory cytokines have a
negative effect on insulin signaling, as they lead to a state of
chronic inflammation that promotes neurodegeneration.
Inflammatory mediators also contribute to increased amyloid
production, which further promotes oxidative stress, impaired
brain insulin signaling, and neurodegenerative cognitive pro-
cedures [37].

A rapidly increasing body of literature is describing the
neurotrophic effects that insulin exerts on the CNS. After the
use of intranasal insulin, an improvement of memory skills
has been reported, and insulin administration attenuates cog-
nitive decline through inhibition of neuronal apoptosis and
A clearance. It improves cerebral glucose metabolism and
preserves brain volume. The intranasal passage enables suc-
cessful transmission of insulin through the BBB and its deliv-
ery to the brain, probably involving the insulin/IR signaling
pathway. However, some researchers argue that insulin sys-
temic administration does not have therapeutic implications
for cognitive impairment, since it has a lower brain penetra-
tion level and it is associated with a higher hypoglycemic risk
[38].

B-Amyloid deposition
As mentioned previously, cognitive decline has been linked to

accumulation of A3, which aggregates in senile plaques. Af3,
o« metabolite of the amyloid precursor protein (APP), is

derived through the amyloidogenic pathway, with the help
of 3- and y-secretases [37]. In the brain, A3 peptides can bind
to RAGEs, thus accelerating oxidative stress and neuronal
deficits. The overexpression of RAGEs takes place in neuro-
nal areas associated with cognitive performance, such as the
hippocampus and cortex. Recently, researchers investigated
the restorative effect that the RAGE-specific inhibitor FPS-
ZM1 exerts on abnormal Af3 influx and on cognition in db/
db mice. After treatment with the inhibitor, Af flow
through the BBB was decreased as well as hippocampal am-
yloid deposition. Neuronal plasticity in the hippocampus and
spine deficits were restored, while neuronal apoptosis and
cognitive impairment were alleviated [39].

Since A3 deposition participates in the loss of neuronal
surface insulin receptors (IRs), this prevents the activation of
the canonical insulin signaling cascade and the release of Af3
to the extracellular compartment. The accumulation of Af3 has
toxic effects on neuronal integrity. Af3 is also perceived as a
crucial mediator in mitochondrial injury, since it provokes
their increased fragmentation and decreased fusion. Proper
mitochondrial function is necessary for ATP production, cell
signaling pathways, and regulation of apoptosis. Their dys-
function is detrimental to cellular metabolism, and it enhances
release of ROS, which in turn exacerbates neuroinflammation
processes. Taken together, all these contribute to neuronal
impairment, potentially resulting in poor cognitive perfor-
mance [40].

Of interest is the observation that accumulation of A3 oc-
curs several years before cognitive deficits become apparent
and that A} oligomers have also been identified in the pan-
creatic islet of T2DM patients. This finding further sup-
ports the possibility that they have a significant role in DM
and its associated impairment in cognitive abilities. Moreover,
by applying immunohistochemical techniques on
autopsied brain and pancreatic tissue from diabetic patients,
a notable similarity between islet and neural A} has been
identified [41].

Acetylcholine (Ach)

It is generally aknowledged that acetylcholine (Ach) has a
crucial role among neurotransmitters influencing cognitive
function and memory formation. Ach-mediated neurotrans-
mission is a key factor in the regulation of neuronal network
excitability, synaptic plasticity, and proper brain circuitry [42].
The enzyme responsible for its production, Ach transferase, is
regulated by insulin. In the context of T2DM, insulin resis-
tance has been associated with down-regulation of Ach syn-
thesis, which appears to have negative repercussions for the
structural and functional integrity of neurons. This neuronal
dysfunction appears to be a crucial mediator in the evolution
of diabetes-related cognitive impairments.
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The role of Ach in cognitive decline was exemplified in a
rat model of streptozocin-induced diabetes. Ach levels were
measured in serum, cerebrospinal fluid (CSF), and brain tis-
sues. Cognitive performance was studied by using the Morris
water maze (MWM) test showing that the streptozocin-treated
group demonstrated decreased Ach levels compared to con-
trols and cognitive deficits in this group were attributed to
impairment of the cholinergic system [43].

Inflammation

It has been demonstrated that both diabetes and insulin
resistance are accompanied by inflammation. Insulin re-
sistance, one of the main causes of T2DM, can be the
result of inflammation, but it can also lead to an inflam-
matory state. There is evidence that diabetes exerts its
adverse effects on cognitive performance through activa-
tion of inflammatory pathways. Diabetics have impaired
endothelial-dependent vasodilation mechanisms and
higher expression of inflammatory cytokines in the hippo-
campus and cortex, compared to healthy controls. Key
elements of the inflammatory response, such as tumor
necrosis factor-a (TNFa), fibrinogen, and plasminogen ac-
tivator inhibitor-1 (PAI-1), have been found to be elevated
in diabetic patients. Hyperglycemia has been proposed as
a crucial factor, leading to differentiation of inflammatory
regulators, namely macrophages. These cells contribute to
the diabetes-related brain inflammation as they stimulate
the production of TNF-«, IL-1f3, IL-6, and IL-1Ra. The
hyperglycemic state of diabetes exerts an effect on gene
expression up-regulating cytokine secretion and inflam-
matory processes[44].

The potential role of white blood cells (WBCs) in the
inflammatory hypothesis of T2DM is still evolving. They
are thought to worsen insulin resistance and precipitate
the clinical development of T2DM via immune system
activation. Due to the breakdown of the blood BBB, a
large infiltration of immune cells takes place, leading to
neuronal cell death [45].

Research so far has proposed a synergistic effect of
inflammatory markers, especially IL-6, and apoli
poprotein genotype (ApoE) predisposing T2DM patients
to poor cognitive performance. ApoE-¢e4 carriers demon-
strate the lowest cognitive level compared to T2DM pa-
tients carrying the E2 or E3 alleles. ApoE-¢4 allele-dia-
betic carriers have significantly lower global cognition as
well as lower scores in executive and memory skills.
Neurobiological mechanisms suggest that both ApoE-¢4
allele and diabetes share common neurodegenerative and
vascular mechanisms, namely A3 deposition, which
forms hippocampal and cortical neuritic plaques, aggrega-
tion of neurofibrillary tangles, as well as cerebral amyloid
angiopathy and atherosclerosis [46].
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It is possible that ApoE-¢4 allele modifies cognitive per-
formance in diabetics of middle or older age. Research so far
has failed to demonstrate a significant association between
T2DM and ApoE-¢4 carriership at younger ages [47]. The
role of ApoE-¢4 carriership in diabetic neurocognitive impair-
ment remains to be elucidated.

HPA axis dysregulation

lIntegrity of the hypothalamic-pituitary-adrenal axis (HPA) is
fundamental for a successful response to stressful stimuli so
that homeostasis is restored. In humans, components of the
HPA axis regulate circulating cortisol levels, which normally
fluctuate in a circadian rhythm, demonstrating morning zenith
and evening nadir. Compared with controls, diabetic popula-
tions appear to undergo up-regulation of the HPA axis. This
leads to a state of hypercortisolemia, which, inter alia, has
been shown to negatively affect CNS functions.
Glucocorticoids regulate cognition by exerting an effects on
brain structures. It has been proposed that glucocorticoids are
implicated in cortical atrophy, volume reduction of the hippo-
campus, and ventricular enlargement [48].

In an attempt to clarify the modifying factors of cognitive
decrements in the T2DM setting, researchers compared
middle-aged T2DM subjects with controls. After dexametha-
sone administration, individuals with diabetes exhibited de-
creased cortisol suppression and impaired HPA axis feedback
control. These features were associated with decrements in
declarative memory skills. Diabetics demonstrate accelerated
cognitive decline due to diminished HPA feedback along with
functional hippocampal damage, resulting from exposure to
glucocorticoids. The hippocampus appears to be the first re-
gion affected by the hyperglycemic environment. Neuronal
atrophy or shrinkage of dendritic spines, all related to
hippocampal-dependent learning and memory skills, was re-
ported [49].

It has also been suggested that in metabolic conditions,
such as T2DM, glucocorticoids have a precipitating role in
neuroinflammation. In a genetic animal model of diabetes,
db/db mice were treated with a glucocorticoid synthesis inhib-
itor under 2 weeks. This led to a sensitization of brain microg-
lia to immune challenges as the treatment lowered the thresh-
old for cytokine release. Thus, accumulation of the pro-
inflammatory cytokines TNF-oc and IL-13 was revealed.
The association between neuronal deficits and HPA axis im-
pairment, as well as neuroanatomical changes to the hippo-
campus, implies a negative impact on cognitive abilities [S0].

Furthermore, there is evidence that prolonged raised serum
cortisol levels, due to HPA axis persistent stimulation, have a
role in the entire spectrum of the metabolic syndrome.
Glucocorticoid excess stimulates elevation of plasma glucose
levels, and it enhances insulin resistance. Circulating levels of
triglycerides and cholesterol are increased, whereas decreased
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insulin-induced vasodilation causes hypertension. Obesity can
derange metabolic homeostasis via adipocyte-secreted proin-
flammatory cytokines, which in turn impair the cortisol’s circa-
dian rhythmicity. This leads to higher cortisol levels in the eve-
ning and early night, being detrimental to tissues on its own,
since tissue sensitivity to cortisol is higher at this time [51].

Structural, functional, and metabolic brain changes

Even though the pathophysiology of the relationship between
T2DM and neurocognitive impairment remains unraveled,
neuroimaging studies support the notion that diabetes-related
cognitive decrements can be attributed to brain structural
changes. A systematic review points to global and regional
brain atrophy in cortical and subcortical regions. The process
of brain atrophy is potentially affected by the extent of brain
infarcts, diabetes duration, glycemic control achieved, and the
history of recurrent hypoglycemic episodes. Concerning re-
gional brain atrophy, neuronal changes in the medial temporal
lobe, especially the hippocampus, have been reported in
T2DM populations [52].

A reduction in total brain volume accompanied by decre-
ments in cortical and subcortical volume has been identified in
diabetes. MRI data on subcortical gray matter (GM) volumes
have shown a reduction in T2DM patients compared to
healthy controls. Researchers suggest that this indicates that
the long-lasting hyperglycemia state negatively affects brain
structures and accelerates brain atrophy. Diabetics are espe-
cially at risk for deficits in the prefrontal regions, which have
been associated with depressive symptoms and decrements in
cognition [53]. Meanwhile, an interesting hypothesis suggests
that the impact of diabetes on brain pathology is directly re-
lated to the age at which the disease starts. It has been pro-
posed that midlife onset of diabetes relates to late-life cogni-
tive deficits through a loss of brain volume. A cohort study
investigating cognitive change over a 20-year period report-
ed that individuals with diabetes in midlife experienced 19%
greater cognitive age-related decline in comparison with those
without diabetes [54].

By using diffusion kurtosis imaging, microstructural
changes in white and gray matter integrity have also been
detected in diabetic patients compared to controls. It has been
proposed that the reduced microstructural integrity and micro-
vascular lesions in diabetes have been attributed to poor dis-
ease regulation. Thus, stabilization in the rate of brain atrophy
could be achieved by improving glycemic control of the dis-
ease [55].

Ventricular enlargement and white matter hyperintensity
(WMH) with lesions have also been implicated as potential
markers of worse neurocognitive performance in T2DM.
Research suggests that white matter microstructural impair-
ments and WMH severity are both linked to the magnitude
of impairment in information processing speed, attention, and

executive functioning. These changes in brain structural prop-
erties have been detected even before clinical diagnosis of the
diabetes-related cognitive dysfunction. The severity of white
matter lesions has been related to factors such as diabetes
duration, HbAlc level, insulin level, hypertension, and neu-
rodegenerative changes [56].

Even before cognitive deficits and brain structural alter-
ations, become evident diabetic patients may exhibit changes
in brain functional connectivity (FC). By using resting-state
functional MRI (fMRI) in T2DM patients, it was shown that
the posterior cingulate cortex (PCC), one of the default mode
network (DMN) hubs. An association between decreased FC
of the PCC and worse performance in several neurocognitive
tests was established. Diabetics also demonstrate aberrant, re-
duced functional connectivity between the hippocampus and
other brain regions. This impairment is related to insulin re-
sistance along with a decreased spontaneous brain activity. A
default recognition network and poor encoding, in relation to
carrying out cognitive tasks, was hypothesized [57].

Furthermore, fMRI data point to disturbances of low-fre-
quency, spontaneous fluctuations of hemodynamic activity in
several brain areas in the T2DM setting. Decreased amplitude
of these fluctuations was related to deficits in memory and
executive performance tasks carried out by T2DM subjects
in comparison to controls [58]. It is believed that these
neurocognitive impairments are associated with the diabetes-
induced impaired 3-cell function and hyperglycemia status.
Elevated glycemic parameters of the disease have been linked
to impaired brain activity, contributing to cognitive deficits.
Interestingly, increased task difficulty and working memory
load in diabetic patients led to more severe frontal cortex dys-
function and worse cognitive performance [59].

Additionally, cerebral blood flow (CBF) in cognition reg-
ulating areas appears to be decreased in T2DM. This phenom-
enon is partially mediated by insulin resistance, resulting from
the impaired insulin transduction pathway. Insulin resistance
impairs vasodilation mechanisms and supply of the brain with
glucose, oxygen, and nutritional agents. The decreased avail-
ability of nutrients to the brain contributes to the cascade of
oxidative stress and inflammatory response. fMRI findings are
consistent with changes of regional CBF and oxygenation, as
a result of the increased Af3 load in the diabetic brain [60].

Microvascular disease

It has been suggested that T2DM patients are prone to cogni-
tive deficits as cerebral microvascular disease (MVD)
emerges. There is evidence that hyperglycemia contributes
to MVD through impaired insulin-mediated glucose disposal.
This leads to stiffening of small brain arteries and microvas-
cular remodeling. Decreased neurogenesis, neuronal cell
death, cerebral microbleeds, and white-matter lesions have
been linked to cerebral small-vessel damage rendering the
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brain susceptible to deficits in a broad range of neurocognitive
abilities [61].

Microvascular complications of diabetes have been
identified as potential factors involved in functional brain
abnormalities and cognitive decline. Microvascular dis-
ease, particularly in the retina, may reflect structural and
metabolic changes taking place in the diabetic brain. It
has been speculated that retinal vessels and cerebral small
vessels share similar embryological sources, thus provid-
ing an explanation for their link to cognitive alterations.
Interestingly, data from both the ACCORD-MIND and the
ACCORD-Eye studies, including T2DM patients, sup-
port the association between diabetic retinopathy and im-
paired cognitive performance. It has been proposed that
diabetic retinopathy constitutes an independent risk factor
for cognitive deficits [62].

Cerebrovascular disease, cardiovascular disease,
and other metabolic syndrome factors

Although knowledge is as yet incomplete, vascular distur-
bances occurring in diabetes are implicated in the patho-
physiology of cognitive decline. Inadequate cerebral
drainage of A3 and up-regulation of APP both exacerbate
Af3 deposition in brain parenchyma. This appears to be a
potential mechanism leading to functional neuronal im-
pairment. Insulin resistance in the brain, manifesting a
breakdown of the insulin-signaling pathway, together with
hyperinsulinemia, has been suggested as a pathogenic ce-
rebral signaling pathway, linking T2DM and cerebrovas-
cular disease [63].

Cardiovascular disease (CVD) in the form of stroke,
transient ischemic attack, or coronary heart disease is the
leading cause of death on a global scale. Diabetic popu-
lations are at greater risk of CVD compared to controls.
The occurrence of CVD is related to major risk factors,
such as obesity, high cholesterol and triglyceride levels,
and high blood pressure [64]. In a meta-analysis of 102
prospective studies, it was observed that diabetic patients
have an increased risk of ischemic stroke, which may
further contribute to cognitive deficits along with its con-
comitant neurodegenerative process [65].

Apart from hyperglycemia and hyperinsulinemia, the met-
abolic syndrome (MetS) also encompasses hypertension and
dyslipidemia, which are risk factors for atherosclerosis and
cerebrovascular disease. It has been proposed that MetS con-
tributes to neuroinflammation, since it disrupts the BBB, in-
creasing its permeability. As a consequence, pathogens and
immune cells are infiltrating the brain. There they disrupt the
function of glial and neuronal cells, and ttrigger cell death.
Consequently, hormonal dysregulation occurs, resulting in
CNS insulin resistance. Impaired insulin signaling provokes
mitochondrial dysfunction and oxidative stress, exacerbating
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neurodegeneration. MetS is a major contributing factor in
T2DM-associated cognitive decline [66].

Considering the impact of MetS on neuronal health, crucial
brain functions, including cognition, have been linked to glu-
tamate, a key element of neurotransmission. Due to oxidative
stress, a large amount of ROS is produced, leading to in-
creased levels of glutamate. The latter triggers the secretion
of pro-inflammatory cytokines, thus exacerbating the inflam-
matory and neurodegenerative process. In order to investigate
the effect T2DM exerts on cognitive capacity, researchers rep-
licated animal models of T2DM by exposing them
to monosodium glutamate (MSG) during the neonatal period.
Compared to controls, MSG-treated animals demonstrated
high expression of inflammatory cytokines, A3 deposition,
and impaired neuronal synaptic plasticity in the hippocampus.
Long-term potentiation (LTP) of hippocampal neurons was
also inhibited. LTP, reflecting persistent strengthening of syn-
apses and long-lasting neuronal signal transmission, is tightly
correlated with hippocampal synaptic plasticity and the pro-
cesses of learning and memory formation [67].

The components of MetS often occur together and interact
with each other. In the population-based Framingham study
[68], the lower scores of diabetic participants in tests of verbal
and visual memory, auditory attention, abstract reasoning, and
verbal fluency were attributed to an interaction between dia-
betes and hypertension. The Third National Health and
Nutrition Examination Survey (NHANES III) reported that
the co-existence of hypertension and diabetes exerted a nega-
tive impact on the metabolic-related cognitive performance,
after adjustment for demographic and socioeconomic vari-
ables [69].

Poor control of hypertension has been related to a common
T2DM complication, namely diabetic autonomic neuropathy
(DAN). Even though inadequate hypertension management is
a risk factor for cognitive deficits, there is as yet limited evi-
dence suggesting a relationship between DAN and impair-
ment of cognitive skills. The hypothesis that they share a
common pathophysiological mechanism is based on the as-
sumption that they affect brain areas (hypothalamus,
brainstem, and cortex) that control both cognitive and auto-
nomic function. There is the possibility that cognitive skills
worsen because of the cerebral hypoperfusion that orthostatic
hypotension provokes. However, this cognitive dysfunction
may be a transient phenomenon during an orthostatic hypo-
tension episode. Comparing T2DM patients with DAN to di-
abetics without DAN and controls, poorer cognitive perfor-
mance on visual memory tasks but not on verbal memory
performance was demonstrated in diabetics with DAN.
Nevertheless, DAN co-existing with diabetes was related to
a higher frequency of microangiopathy and retinopathy [70].

Adiposity, a key factor of cardiovascular and cerebrovas-
cular disease, has been associated with cognitive impairment
through the mechanism of insulin resistance. Free fatty acids
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produced by adipocytes lead to the overexpression of TNF-c,
a well-known inflammatory cytokine, which increases Af3
production in the brain. The obesity-induced metabolic disor-
der seems to play a critical role in cognitive dysfunction via
systemic pro-inflammation and neuroinflammation processes
in the hippocampus [71].

As a metabolic disorder, T2DM attenuates changes in lipid
metabolism, namely dyslipidemia. Among other factors, the
hyperglycemic state promotes oxidative stress through a dis-
turbance of lipids. The latter promote neurodegeneration and
apoptosis by having an impact on neuronal activity.
Mitochondrial and endothelial function is also impaired.
These biochemical processes lead to cerebral damage and im-
pairment of cognitive skills [72].

Nevertheless, other authors suggest that diabetics on statin
treatment may exhibit altered brain insulin levels. It has been
proposed that brain insulin signaling participates in the regu-
lation of memory and learning processes. Statins may interfere
with the pathway of insulin transfer to the brain via trans-
porters embeded in the BBB, thus down-regulating insulin
uptake in the brain and impairing learning and memory for-
mation skills [73, 74].

Recently, a review has addressed the question whether
statin therapy may increase the risk of diabetogenicity.
Based on two meta-analyses of statin trials, authors report
a risk of 9-12% of T2DM on individuals on statin treat-
ment. Statins may contribute to prolonged periods of pe-
ripheral hyperinsulinemia and interfere with insulin sensi-
tivity and secretion. The risk of developing T2DM is as-
sociated with longer duration of statin use, and it is dose-
dependent and differs among statin types. Research points
to simvastatin being related to increased risk of diabetes,
whereas the least diabetogenic statin appears to be prava-
statin. However, there is consensus that the benefits of
statin treatment in reducing cardiovascular events exceed
the risk of diabetes being developed [75].

Depression

Diabetic populations have an increased risk of depression
compared to controls. Reports indicate that the comorbid-
ity of depressive-like behavior in T2DM is considerable.
The two diseases share common pathophysiological mech-
anisms, involving mainly insulin resistance and chronic
cytokine-related inflammatory response. Changes in HPA
axis activity, cortisol levels, and noradrenergic and seroto-
ninergic brain neurotransmission are key factors linking
the two diseases. The depressive symptomatology has been
associated with hippocampal atrophy as well as deficits in
memory and learning abilities [76].

Cerebral microvascular disease (MVD), manifesting as ce-
rebral microbleeds, lacunar infarcts, and white-matter
hyperintensities (WMHs) has a pivotal role in cognitive

decline [77]. There is a recent review and meta-analysis of
observational data in humans, stressing the contribution of
MVD to late-life depression. It was conlcuded that frontal
brain structures and connecting pathways regulating mood
are disrupted, since cerebral microvascular integrity is im-
paired in diabetes. In support of this concept, microvascular
dysfunction was related to a greater risk of depression and
impaired cognition [78]. The interaction between depression
and cognitive decrements in diabetes remains to be elucidated
with further research.

Conclusion

It has been suggested [79] that cognition can be negatively
affected mainly during two crucial periods: childhood when
the brain is still developing and late adulthood because of
neurodegenerative changes due to the aging process. Outside
these two critical periods, any micro- and macrovascular com-
plications that occur in the setting of T2DM will most likely
lead to development of neurocognitive impairment. However,
it is unlikely that any single factor is solely responsible for
neurocognitive decline among diabetes patients: instead, they
appear to act synergically, leading to deficits of cognitive
skills. Thus, there is a continued need for patient education
on maintaining a healthy life style through diet, exercise, and
when necessary, medication. Meanwhile, the identification of
novel therapeutic strategies that could prevent or even reverse
the diabetes-related cognitive decrements should be further
addressed in future research.
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