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Introduction.

Abstract: Previous studies indicate that diabetes mellitus might be accompanied by a certain
erosion of brain function such as cognitive impairment. Vitamin E is an important antioxidant
that primarily protects cells from damage associated with oxidative stress caused by free
radicals. The brain is highly susceptible to oxidative stress, which increases during ageing
and is considered a major contributor to neurodegeneration. High plasma vitamin E levels
were repeatedly associated with better cognitive performance. There is evidence of a positive
association between reduced levels of vitamin E and risk factors of type 2 diabetes mellitus
(T2DM) including insulin resistance and hyperglycemia. It has been proposed that vitamin E
inhibits glucose oxidation which is a necessary step for protein glycosylation and producing
hemoglobin Alc (HbA1lc). Additionally, a prior meta-analysis of prospective cohort studies
showed that a higher intake of foods rich in vitamin E (nuts, seeds, liquid oil, and raisin) was
associated with a reduced risk of hyperglycemia and diabetes. There is also further evidence
indicating the beneficial effects of adherence to vitamin-E-rich diets on glycemic control in
diabetic patients. Several clinical trials have examined the efficacy of Vitamin E
supplementation in improving cognitive function in diabetic patients. Results have been
mixed, with some studies showing beneficial effects while others reporting no significant
improvements. This inconsistency may be attributed to variations in study design,
participant characteristics (age, disease duration, severity), dosage of Vitamin E, and the
duration of supplementation. Larger, well-designed clinical trials with standardized
protocols are needed to clarify these findings.
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Although the brain can use various metabolic substrates for energy production and utilization, it

predominantly uses glucose as the substrate for intermediary metabolism under normal physiological

conditions [1,2]. The neuronal functions such as motor commands, sensory perceptions, memory storage, and
intellectual output are highly dependent on the basal and on-demand metabolic activity of brain tissue. A
graphical representation of normal neuronal glucose utilization is shown in Figure (1) [3].
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Figure (1): Neuronal utilization of glucose under normal resting condition. G-6-P04: Glucose 6-phosphate; BBB:
Blood brain barrier; TCA: Tricarboxylic acid; GLUT: Glucose transporter; MCT2: Monocarboxylate transporter
[3].

The energy metabolism of the brain is highly variable in different areas depending on the neural functions and
output of these regions. Most of the neural energy consumption is at the synaptic level for signal production
and transmission along with the restoration of membrane potentials after depolarization [4].
To facilitate optimal function of brain areas depending on the degree of neuronal output, supply-according-to-
demand mechanisms have evolved through neurovascular and neurometabolic coupling for efficient substrate
supply to the brain for fueling intermediary metabolism. Neurovascular coupling involves an increase in blood
flow and volume to improve glucose and oxygen supply to the areas of excess neuronal activity following
stimulation, while neurometabolic coupling involves the changes in substrate utilization of astrocytes
(predominantly by glycolysis) and neurons (predominantly by oxidative metabolism). These mechanisms are
developed over centuries of genetic and metabolic adaptations in the evolution of the highly performing
intellectual brain of modern man [3].

Brain metabolism and cognition

Intellectual capacities of the human brain such as memory, mathematical performance, cognition, language,
and executive functions are highly dependent on the degree of cerebral metabolic activity [5]. Therefore, any
gross alterations in the metabolic milieu of the brain are associated with marked changes in the neurocognitive
balance in health and disease. Recent evidence suggests that there is a significant reduction in glucose
metabolism and functional connectivity between the intrinsic connectivity networks of the brain with ageing,
which would explain the age-related cognitive decline and decline in executive functions [5,6].

Pathophysiology of central nervous system disease in diabetes
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DM can affect any organ system in the body, especially neural tissues and cerebrovascular structures causing
various structural and functional disorders of the nervous system. Abnormalities in glucose metabolism
including fasting and post-prandial hyperglycemia, prediabetic state and frank diabetes can result in neural
dysfunction and various acute and chronic nervous system disorders including cognitive decline [7,8].
Cognitive dysfunction of chronic (and usually irreversible) nature that affects the usual intellectual
performance of an individual is considered dementia [3].

Abnormalities in glucose homeostasis in diabetes are associated with marked changes in the structural and
functional alterations in the brain. Several brain areas such as the hippocampus are very sensitive to local
alternations in glucose metabolism inherent to diabetes which may result in neuronal synaptic reorganization,
and augmented astrocyte proliferation. These in turn can result in cognitive decline of diabetes especially
because glucose and insulin are instrumental regulators of cognitive function [3, 8].

Glucose hypometabolism manifests in animals with T2DM. Streptozotocin (STZ)-induced diabetic mice with
cognitive impairment had a peculiar metabolic phenotype—decrease energy metabolism in the brain regions
[9]. Like the human brain, brain region-specific metabolic disorders also exist in T2ZDM mice with cognitive
impairment. Notably, metabolic patterns in the hippocampus were largely differentiated in T2DM mice with
cognitive impairment relative to control mice [10]. Decreased glucose metabolism was found in diabetic mice’s
brains, while increasing glucose availability in specific brain areas can positively modulate the performance in
cognitive tasks in T2DM mice [11].

An association between T1DM and cognitive impairment was reported. However, the mechanisms by which
T1DM induces cognitive impairment are still unknown. Studies confirmed that T1DM mice induced by
streptozotocin (STZ) injection had impaired working memory and spatial memory [12]. Long-term
potentiation (LTP) induction defects and synaptic loss were observed in mice 20 weeks after STZ injection.
Decreased levels of synaptic proteins, including the N-methyl-D-aspartic acid receptor (NMDAR) subunit NR2A,
synaptophysin (SYP), and postsynaptic density 95 (PSD95), were found in the hippocampus and prefrontal
cortex, revealing similarities in the alteration patterns of these synaptic proteins in aged Alzheimer’s disease
(AD) APP/PS1 mice and T1DM mice [12]. These findings expand the understanding of the mechanisms
underlying T1DM-induced cognitive impairment.

Cognitive dysfunction and synaptic damage are highly associated with T1DM and Alzheimer’s disease. Previous
studies reported that synaptic plasticity, including LTP and long-term depression (LTD), is decreased in young
adult-onset STZ rats, and APP/PS1 mice show LTP impairment as early as 3 months of age [13]. Studies
assessed the levels of mRNA and protein expression of various synapse-associated proteins. NMDARs are
necessary for inducing and maintaining LTP [13].

Abnormal NMDA receptor expression has been associated with the development of diabetic and AD
neuropathy. Studies found two downregulated NMDA subunits, NR1 and NR24, in STZ-induced mice [14].
However, additional results indicated that NMDAR gene expression was upregulated in the cerebellum and the
dorsal horn of the lumbar spinal cord in insulin-induced hypoglycemic and STZ-induced diabetic rats [14].
One of the putative mechanisms for cognitive dysfunction in T2DM is insulin resistance (IR) in the brain [15].
Neuronal cells express insulin receptors for their normal functions such as synaptic density and plasticity of
dendrites. Through various complex mechanisms, insulin receptor signaling improves synaptic and dendritic
functions in the CNS to improve cognitive performance [16].

Abnormalities in insulin signaling and insulin receptor (IR) sensitivity in the neuron and dendritic processes
in Alzheimer’s disease have led to the hypothesis that metabolic dysfunction may be related to IR dysfunction.
IRs are expressed in the neuronal soma and more importantly in synaptic terminals that have a key role in the
preservation of memory in the hippocampus [17]. It is generally accepted that insulin signaling enhances
memory and facilitates synaptic plasticity in the hippocampus, which has an important role in memory and
learning [17].
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Figure 2: Neuronal insulin signaling in synaptic plasticity and memory in normal and diabetic brain. Schematic
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outline of neuronal insulin signaling in the normal brain (a) and in the diabetic brain (b). In physiological
conditions, insulin binding to its receptor at the synapse triggers phosphorylation of insulin receptor substrate-
1(IRS-1). This results in phosphoinositide 3-kinase (PI3K) activation, Akt phosphorylation, phosphorylation of
GluAl, and increased presence of GluN2B at synapses. These events favor synapse formation and memory
function. In the diabetic brain, insulin resistance decreases levels of insulin receptors and reduces insulin
signaling. This leads to decreased levels of GluN2B and GluA1 phosphorylation at synapses, ultimately leading
to impaired synaptic plasticity and memory. The reduction in brain insulin signaling increases GSK-3b activity
which increases abnormal tau phosphorylation, [17]

Therefore, central IR in T2DM is often associated with impaired cognitive function. The balance between
central insulin sensitivity and IR has also been implicated in feeding behavior, satiety, and the development of
obesity in experimental models [18].

Overnutrition and obesity, which usually lead to T2DM, were found to be associated with disruption of the
blood-brain barrier leading to a state of neuroinflammation which in turn results in cognitive dysfunction. It
also results in morphological alterations in the hypothalamic neural circuitry that may augment overeating
behavior as a vicious circle aggravating obesity-related pathobiological states. Alterations in the gut
microbiome commonly observed as part of the adverse eating habits are also associated with CNS neural
changes causing cognitive decline [19].

Diabetes-induced vasculopathy affects the CNS circulation altering the cerebral blood flow remarkably. Both
micro- and macrovascular damage involving the cranial vascular bed from accelerated atherosclerotic
processes inherent to diabetes are associated with neurocognitive decline and vascular dementia (VaD) [20,
21]. The occurrence of microinfarcts and full-blown strokes is characteristic of longstanding diabetes [20].
Diabetes is identified as one of the most important causes of VaD mandating early diagnosis and proper
management to reduce this potential consequence of the disease. A graphical representation of cognitive
dysfunction in diabetes is shown in Figure (3) [3].
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Figure (3): A graphical representation of the pathobiology of cognitive dysfunction in patients with diabetes.
TIA: Transient ischemic attack. [3]

Diabetes Types and Dementia

Dementia may occur in patients with any form of diabetes regardless of the type. The degree of cognitive decline
in such patients largely depends on the appropriateness of diabetes management. There is a growing interest
in the effects of TIDM on brain development, cognition, and dementia, especially as the incidence and life
expectancy of patients with diabetes increases. As neuronal conduction is ATP dependent, it remains unknown
whether insulin deprivation has a detrimental effect on brain functional connectivity (FC) and cognitive
performance in people with T1DM [22].

In adults with type 2 DM (T2DM), deficits in cognitive function can be divided into three stages according to
severity: diabetes-associated cognitive decrements, mild cognitive impairment (MCI), and dementia [23].
There is some evidence to support that Alzheimer’s disease (AD) may have an association with T2DM based on
multiple epidemiological correlation studies [24]. Although the presumed genetic association between type 2
DM (T2DM) and AD (also known as type 3 diabetes) was recently refuted by a well-designed linkage analysis
study [25], the two diseases appear to have a strong epidemiological link probably from a causal role of
worsening AD in patients with diabetes. The metabolic dysregulation within the CNS may accelerate the
progression of AD and would explain this association [26].

Although the pathobiological interlink is not very strong, in 2022, a study considered this association while
planning management of patients with T2DM, especially because of the constraints imposed on glycemic care
by the development of dementia [27]. Appropriate early administration of medications of the incretin mimetic
class such as DPP-4i and GLP-1RA to optimize diabetes control and prevention of AD will help to some extent
[27].

There is not much data on the incidence and prevalence of cognitive dysfunction in patients with other forms
of diabetes such as diabetes in patients with chronic pancreatitis, monogenic diabetes, and syndromic type of
diabetes. However, glycemic care can pose similar problems when cognitive decline becomes moderate to
severe as in T1DM and T2DM. Nutritional imbalance from pancreatic diabetes and neurological problems in
some patients with syndromic diabetes can pose problems in glycemic care [3].

Impact of dementia on diabetes care

Gradual decline in memory deficits over time is the usual long-term consequence of all forms of irreversible
dementia. Worsening memory is expected to have a huge impact on diabetes care especially when patients self-
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manage their diabetes. Medication compliance issues with inappropriate meal timings and improper
administration of antidiabetic medications can adversely affect glycemic care with further decline in memory
function. The resultant fluctuations in glycemia with uncontrolled hyperglycemia and recurrent hypoglycemic
episodes will worsen diabetes-related complications and cause a rapid decline in neurocognitive functions [28].
On the other hand, many peptides have an important role in energy homeostasis and insulin resistance and are
associated with long-term complications of DM [29, 30]. One of these peptides is Asprosin (ASP), a newly
discovered fasting-induced glucogenic and orexigenic protein hormone. Therefore, findings showing that
peptides secreted from various tissues regulate lipid, amino acid, and carbohydrate metabolism in the target
tissues of insulin have been guiding in DM studies [31].

Vitamin E, particularly alpha-tocophero], is a potent antioxidant that scavenges free radicals, thereby reducing
oxidative stress. Preclinical studies in animal models of diabetes have demonstrated neuroprotective effects of
Vitamin E, showing improvements in cognitive function and reduced neuronal damage. However, the
translation of these findings to human populations has been inconsistent. (Further research needed to cite
preclinical studies on Vitamin E and neuroprotection in diabetes models). [32].

Several clinical trials have examined the efficacy of Vitamin E supplementation in improving cognitive function
in diabetic patients. Results have been mixed, with some studies showing beneficial effects while others
reporting no significant improvements. This inconsistency may be attributed to variations in study design,
participant characteristics (age, disease duration, severity), dosage of Vitamin E, and the duration of
supplementation. Larger, well-designed clinical trials with standardized protocols are needed to clarify these
findings. [32].

Future research should focus on large-scale, randomized controlled trials with rigorous methodologies to
definitively assess the efficacy and optimal dosage of Vitamin E supplementation for improving cognitive
function in diabetic patients. Further research is also needed to investigate potential interactions between
Vitamin E and other medications or lifestyle factors that may influence cognitive outcomes in individuals with
diabetes. A better understanding of the underlying mechanisms and the optimal timing of intervention is
crucial for developing effective strategies to prevent or delay cognitive decline in this population.
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