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Abstract: Type 2 Diabetes Mellitus and Alzheimer's disease are two diseases with a high incidence today that
share similar pathophysiological mechanisms suggesting a potential causal relationship between them. In fact,
Alzheimer-associated Mellitus Diabetes is also known as Type 3 Diabetes Mellitus and constitutes a diabetes
intricately linked to  Alzheimer's disease. Central to this association is insulin resistance, a key factor leading
to decreased insulin sensitivity, hyperglycemia, and impaired glucose uptake. Because of this, the brain is
altered resulting in energy deficits and neuronal damage associated with neurodegenerative disorder
characteristic of Alzheimer's disease. Both diseases exhibit common biochemical and physiological
characteristics such as inflammation, mitochondrial dysfunction, oxidative stress, and the formation of
advanced glycation end products. Understanding the complex pathophysiology of Type 3 Mellitus Diabetes
and identifying common features shared with Diabetes and Alzheimer's disease are essential steps towards
potential therapeutic interventions targeting the insulin resistance pathway. The authors of this review on the
relationships between type 2 diabetes and Alzheimer's disease have developed two works. In the first
(Relationships between Type 2 Diabetes Mellitus and Alzheimer's Disease. I. Common pathogenic
mechanisms), authors explore the shared (physiological, genetics and molecular) pathological changes
occurring in Type 2 Mellitus Diabetes and Alzheimer's disease as well as pathways such as AMPK, PPARY,
cAMP, and PI3K/Akt as potential targets for managing Type 3 Diabetes Mellitus. By exploring these intricate
mechanisms, the goal is to uncover their interdependencies and facilitate the discovery of innovative
pharmacological and nutritional (epigenetics) strategies. In the second paper (Relationships between Type 2
Diabetes Mellitus and Alzheimer's Disease. Il Potential therapies) we describe possible nutritional intervention,
particularly dietary patterns and phytochemicals that can enhance the effects of pharmaceutical drugs designed
against pathological mechanisms involved in the complex dual disease Type 2 Diabetes Mellitus and
Alzheimer's disease (or in Type 3 Diabetes Mellitus as other authors consider).

Keywords:

1. Introduction

The relationship between Type 2 Diabetes Mellitus (T2MD) and Alzheimer's disease (AD) is
complex and multifaceted (Figure 1). Although the two conditions appear to be distinct, there is
evidence suggesting connections between them: (2) both diseases share common risk factors such as
obesity, insulin resistance, chronic inflammation, and hyperglycemia; (b) vascular factors are
common to both diseases. Diabetes increases the risk of cardiovascular diseases, while vascular issues
impact brain health contributing to Alzheimer's development; (d) chronic inflammation is present in
both conditions development; (e¢) chronic hyperglycemia conducts to increased oxidative stress,
which damages cells, including neurons leading to Alzheimer's development; (f) insulin resistance is
the intersection link between T2MD and AD pathways; (g) diabetes interferes with removal of Ap-
plaques and tau protein tangles, thus contributing to AD development (Yoon et al., 2023; Sankar et
al.,, 2020). Although the link between T2MD and AD is increasingly recognized, much remains to
be understood about the specific mechanisms linking these two pathologies. Continuous research is
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crucial for better understanding this connection and developing effective prevention and treatment
strategies for both diseases.
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Figure 1. Pathways of neurodegeneration in the diabetic brain. Critical links between Type 2 diabetes
(T2DM) and Alzheimer'Disease (AD). The two main neuropathological manifestations in AD are
intracellular deposits of phosphorylated TAU protein (which give rise to dysfunctional dystrophic
neurites and neurofibrillary tangles) and extracellular deposits of beta-amyloid protein. Both
pathways are facilitated by insulin resistance, the major cause of type 2 diabetes. Insulin resistance,
through the activation of Akt and GSK3-beta, increases the phosphorylation of the TAU protein.
Moreover, through increased insulinemia, the clearance of the beta-amyloid protein decreases by
deactivating the insulin degrading enzyme (IDE). On the other hand, hyperglycemia induced by
T2DM leads to an overproduction of beta-amyloid protein that is deposited as plaques and/or diffuse
amyloid. The chronic hyperglycemia generates advanced glycation end products (AGEs), oxidative
stress and neuroinflammation that causes neurodegeneration. Phospho-TAU and Beta amyloid also
activate these same neurodegenerative processes.

The mechanisms proposed to explain how diabetes contributes to AD could be noted as follows:
(a) Glucose dysregulation. Diabetes leads to dysregulation of glucose metabolism, resulting in
hyperglycemia and insulin resistance. Chronic hyperglycemia contributes to oxidative stress,
inflammation, and neuronal damage all of them observed in AD (Zhang et al., 2023; Fauzi et al., 2023)
(Figure 2). An increasing amount of research shows that mitochondrial dysfunction presents the li;
(b) Cerebrovascular changes. Diabetes affects the blood vessels, leading to microvascular damage,
dysfunctional blood brain barrier (BBB) and impaired cerebral blood flow regulation. This disruption
in cerebrovascular homeostasis may contribute to AD by compromising nutrient and oxygen delivery
to the brain, as well as impairing the clearance of Ap-amyloid, a hallmark feature of AD (Stanciu et
al., 2020); and (c) Neuroinflammation (Figure 3). Diabetes is associated with peripheral chronic low-
grade inflammation, characterized by increased levels of pro-inflammatory cytokines. This
peripheral inflammation is associated with other pathological disorders (oxidative stress,
mitochondrial dysfunctions) and induces neuroinflammation mediated by the activation of glial cells
in the brain causing neuroinflammation, which plays a key role in AD progression, contributing to
neuronal dysfunction and neurodegeneration (Zhang et al., 2023; Jolivalt et al., 2010; Ramos-
Rodriguez et al., 2013; Ho et al., 2013; Takeda et al., 2013).
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Figure 2. Mitochondrial Dysfunction. Multiple factors are known to cause mitochondrial
dysfunction. These factors include DNA mutations and polymorphisms in the mitochondrial genome
as well as nuclear mutations in genes producing mitochondrial associated proteins, age involutive
processes and increased free fatty acids and/or hyperglycemia (of different origin). Dysfunctional
mitochondria produce impaired -oxidation, reduced ATP, and increased Free Radicals (reactive
oxygen and nitrogen species). Moreover, decreased mitochondrial biogenesis can be observed. These
events may contribute to obesity, type 2 diabetes (T2D), insulin resistance and AD in elderly. [Image:
cytoplasm of a pyramidal neuron from layer VI of the cerebral frontoparietal cortex (rat) where a high
density of mitochondria is observed. 12,000 x].
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Figure 3. The T2 Diabetic brain. The brain in T2D undergoes a neurodegenerative process similar to
that observed in AD. The neuroinflammation that it manifests is considered a result of the
inflammation suffered by peripheral tissues that gives rise to T2D. In the first phase, cytokines
(CYTOKINS) from activated macrophages, as well as cytokines, saturated fatty acids (SFA) and
advanced glycation endproducts (AGEs) produced in pathological peripheral tissues, cross the blood-
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brain barrier (normal BBB) initiating the neuroinflammatory process (left panel) by activating
microglia cells and modifying functions of astroglia and neurons. The local inflammatory response
may initially be protective, but if it persists it becomes neurotoxic. In a second phase (right panel), the
integrity of the blood-brain barrier is lost (dysfunc BBB), making the brain highly vulnerable to
imbalances in the peripheral inflammatory system. SFA, AGEs and Cytokines such as tumor necrosis
factor alpha (TNF-a) and interleukins (IL-1f, IL-6) cross in a very high concentration the
dysfunctional BBB (dysfunc BBB) activating microglia and causing neuroglial and neuronal
dysfunctions typical of AD. [small arrows = [transition from normal cells to reactive cells (astroglia
and microglia) and from normal neurons to dystrophic neurons].

The precise molecular mechanisms underlying these interactions remain incompletely
understood. Further research is needed to elucidate the specific pathways linking diabetes to AD and
to identify potential therapeutic targets. Additionally, clinical studies are necessary to determine
whether effective management of diabetes can reduce the risk of developing AD or slow its
progression in individuals with both conditions.

The pathogenesis of AD and T2MD involves complex interactions between genetic factors,
environmental influences, and lifestyle choices. Epigenetic modifications, such as DNA methylation,
histone modifications, and non-coding RNA (ncRNA), play critical roles in regulating gene
expression without altering the DNA sequence, bridging the gap between genetics, environment, and
disease development. Early environmental exposures can influence the likelihood of developing
neurodegenerative diseases later in life, highlighting the significant contribution of environmental
factors to AD onset. Recent interest has focused on identifying natural compounds, particularly those
found in plants, as potential epigenetic regulators for disease treatment. Dietary components like
polyphenols and flavonoids have been shown to modulate gene expression through various
epigenetic mechanisms, offering potential therapeutic for AD and T2MD by affecting multiple
targets. Understanding the genetic and epigenetic targets of these compounds provides insights into
their preventive and therapeutic roles in combating these conditions. Moreover, common epigenetic
modifications have been implicated in both AD and T2MD, contributing to their pathogenesis. This
highlights the connection of epigenetic regulation in complex diseases and underscores the
importance of epigenetic-based interventions for prevention and treatment (Sarnowski et al., 2023).

Nutritional programs targeting insulin resistance, hyperglycemia, and cognitive impairment
associated with T2DM and AD as well as dietary patterns and supplementation have shown promise
in improving glycemic control and reducing cognitive decline. However, intervention specificity
remains debated. Further clinical research is warranted to explore the preventive and therapeutic
roles of nutritional intervention in these conditions. The most appropriate therapies to treat this
complex (T2D-AD) will be the objective of the second part of this monograph.

2. Common Risk Factors for the Development of T2DM and AD

In both T2MD and AD, epidemiological studies carried out for many years repeatedly insist on
pointing out the existence of intrinsic causes (genetic, comorbidities, age) and extrinsic causes (diet,
lifestyle, physical activity, social conditions, environmental conditions).

In recent years, much progress has been made in the characterization of the genes, and their
isoforms, that are in some way involved in the presentation and/or development of both pathologies
(see below). The isoforms confer different degrees of suffering from the pathologies, which largely
explains the individual differences between patients as well as those existing in different subgroups
of patients. Some genes are related to some of these pathologies more specifically (although they can
cause alterations in related diseases such as metabolic diseases in the case of T2MD, or in
neurodegenerative diseases in the case of AD). There are also altered genes common to both
pathologies, such as those that involve dysfunctions in lipid metabolism or mitochondrial function.

Diet and personal lifestyle are important determinants for the development of T2DM and AD.
Preventive medicine focuses largely on advising and designing a “health” living environment
appropriate to each age and individual situation. This topic will be fully developed in the second part
of the review. Inadequate diets and sectarianism have long been shown to induce T2DM and AD.
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Excess intake, both in quantity and abuse of carbohydrates or lipids, leads to a significant alteration
in the general metabolism, giving rise to pro-T2DM or pro-neurodegenerative “induced metabolic
diseases” (AD and AD-relative). In the field of metabolic diseases, one of the main pathologies
induced by diet is Obesity, which is discussed below. It could be said that these two risk factors,
inadequate diet and personal lifestyle, directly produce obesity and this, in turn, T2DM.

T2DM indirectly leads to AD, a disease that can be directly accelerated by these aforementioned
risk factors (Figure 3). Clinical evidence suggests that lifestyle factors, in particular nutrition, are
decisive in AD control and prevention (Flicker, 2010; Solfrizzi et al., 2011; Shah, 2013).

Obesity is defined as a chronic disease characterized by an excessive accumulation of adipose
tissue or a pathology where fat accumulates. Obesity occurs when adipocytes increase excessively in
number (hyperplasia) and/or in size (hypertrophy) (Ghosh, 2014; Smith, 2015). Adipocyte
hyperplasia leads to obese patients exhibiting normal levels of inflammatory markers in the
microenvironment of adipose cells (Blither, 2020). These patients are classified as having
metabolically “healthy obesity” and they do not exhibit the typical indications of dyslipidemia or
hypertension (Smith et al.,, 2019). Conversely, hypertrophic adipocytes trigger immune system
responses by secreting pro- inflammatory factors (Hildebrandt et al., 2022). As a consequence, the
microenvironment undergoes a substantial change to a pro-inflammatory state, characteristic of
pathologic obesity (Reilly & Saltiel, 2017), and patients are considered to suffer from unhealthy
obesity. This differentiation regarding the “healthiness” of the patient with an obese morphological
phenotype is not accepted by many authors who consider that inadequate intake before or after will
lead to the presentation of inflammatory alterations and insulin resistance, which are the two basic
manifestations of this disease. It must be remembered that there are also patients with obesity in
whom the accumulation of fat is not so evident.

Moreover, hypertrophic adipocytes are susceptible to hypoxia (Ghosh, 2014; Rodriguez-Casado
et al., 2017). Long-term exposure of adipocytes to pro-inflammatory factors and hypoxia leads to
endoplasmic reticulum stress and mitochondrial dysfunction, that we can consider the point of the
main adipose tissue dysfunction (Ghosh, 2014; Smith, 2015).

This condition promotes the recruitment of immune cells (eosinophils, macrophages) to the
adipose tissue. The vicious cycle of more inflammation, results in local insulin resistance (Ghosh,
2014; Smith, 2015). Insulin resistant adipocytes are overwhelmed resulting in ectopic lipid excess
translocation into the non-adipose organs like skeletal muscle, liver, pancreas, and heart among
others intermediaries of lipid metabolism such as ceramides, reactive oxygen species (ROS) and
reactive nitrogen species (RNS) cause more inflammation, endoplasmic reticulum stress and systemic
insulin resistance that led to oxidative stress and mitochondria dysfunction (Figure 2) (Ghosh, 2014;
Smith, 2015). Under these conditions, the antioxidant defense is altered, and the organs storage
capacity is saturated resulting in lipotoxicity that induces peripheral insulin resistance, metabolic
insults, and multi-organ dysfunction (Rodriguez-Casado et al., 2017). Insulin resistance produces
glucose accumulation in the blood that stimulates the production of more insulin reaching hazardous
levels that cause T2MD (Rodriguez-Casado et al., 2017). This condition induces BBB dysfunction,
which decreases CNS protection and increases permeability of neuroinflammatory and oxidative
mediators along with cytotoxic ceramides from the periphery to the brain (Rodriguez-Casado et al.,
2017; Acharya et al., 2013; Takeda et al., 2013) . This triggers the activation of resident immune system
—microglia— promoting brain inflammatory response (Rodriguez-Casado et al., 2017) (Bosco et al.,
2011; Contreras et al., 2014) that interferes with insulin and its receptor binding interrupting later
signaling events (Tong et al., 2009; Capeau, 2008; Rodriguez-Casado et al., 2017) (Figure 4).
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Figure 4. Relationship of Obesity with Alzheimer's disease. Possible association pathways and
pathogenic mechanisms. Under normal conditions, each individual has specific peripheral areas of
adipose tissue made up of adipocytes (cells responsible for accumulating fat and regulating blood
glucose and lipids). The number of adipocytes is determined from the prenatal period until
adolescence and subsequently stabilizes. Due to GENETIC FACTORS or the effect of RISK FACTORS
(INADEQUATE DIET OR LIFESTYLE), NORMAL ADIPOSE TISSUE can increase in volume in its
normal areas of location or appearing in other peripheral areas (ectopic adipose tissue -or fat).
Adipocytes can increase in number (hyperplasia) or size (hypertrophy). This anomaly is called
OBESITY. Some authors consider that “healthy obesity” can exist without inducing pathological
changes in the body; most deny it. Highly hypertrophic adipocytes are generally dysfunctional.
Obesity, as a pathological process (DYSFUNCTIONAL ADIPOSE TISSUE), is accompanied by low-
grade chronic INFLAMMATION that causes abnormalities in the INSULIN SIGNALING PATHWAY
and favors the appearance of a state of INSULIN RESISTANCE in the adipose tissue and
HYPERGLYCEMIA in the body. In this pathological scenario, different processes of PERIPHERAL
SYSTEMIC INFLAMMATION + INSULIN RESISTANCE (renal, liver, muscle) but also of the CNS can
occur. In the first case, localized pathological disorders can be induced in certain organs or systems
(cardiovascular, renal, hepatic, etc.) or generalized disorders such as the so-called Type 2 Diabetes
(T2D) or the so-called METABOLIC SYNDROME (in which OBESITY, T2D, Dyslipidemia and
Hypertension coexist). In the case of CNS involvement, after MICROGLIAL ACTIVATION, a process
of NEUROINFLAMMATION AND NEURONAL CHANGES DUE TO INSULIN RESISTANCE are
triggered that increase beta amyloid and phospho-TAU deposits along with synaptic dysfunction, all
signs of neurodegeneration, typical of Alzheimer's disease (AD). Insulin Resistance is a metabolic
disorder in which cells do not recognize insulin. An insulin-resistant cell does not admit glucose
inside, so the blood glucose level increases (hyperglycemia), which in turn stimulates the
overproduction of insulin (hyperinsulinemia) in the pancreas, which, over time, leads the body to
develop a T2D.

3. Common Molecular Pathways and Therapeutic Targets

Alzheimer's disease and Type 2 Diabetes Mellitus share common molecular pathways and
therapeutic targets, suggesting an interaction between the underlying pathological mechanisms of
both diseases (Hamzé et al., 2022). Some of these common molecular targets are included in Figure 1
and described as follows.

(a) Insulin Resistance (Figure 6). An increasing amount of research shows that mitochondrial
dysfunction presents the li. Insulin and its signaling pathways regulate glucose metabolism and
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influences cognitive function and synaptic plasticity. Dysfunction in insulin signaling contributes to
the development of both T2DM and AD (Galizzi & Di Carlo, 2022; Palavicini et al., 2020; Fauzi et al.,
2023).
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Figure 5. Collaborative effects between T2DM and AD pathological processes in the brain. Main
pathological events and most important pathological molecules that are interrelated in the brain of
patients with both clinical processes. We have considered six main pathological events ordered
according to the most common pathological process in T2DM (oxidative stress, mitochondrial
dysfunction, insulin resistance, hyperglycemia, neuroglia stress, neuronal stress), in the complex T2D-
AD. Peripheral metabolic inflammatory products induce oxidative stress and mitochondrial
dysfunction that triggers neuroinflammation (a complex neuropathological mechanism that involves
abnormal neuroglial but also neuronal responses, producing neurotoxins, free radicals, and pro-
inflammatory cytokines (blue arrows). Mitochondrial free radical overproduction impairs functions
by changing the redox balance. Increased levels of pro-inflammatory cytokines promote insulin
resistance via JNK (c-Jun terminal kinase) activation. Hyperglycemia (consequence of insulin
resistance) favors the formation of toxic non enzymatically glycated proteins and lipids (advanced
glycation end-products). Accumulation of misfolded proteins (IAPP-diabetes, Af3 and phosphoTAU-
Alzheimer’s disease) affects autophagy pathways. Oxidative stress, with the correlation of the
production of free radicals and proinflammatory cytokines, is in the first phases of the two
pathological processes (T2D and AD) and in the most advanced phases of the same, perhaps becoming
more acute in the association of both. Neuroglial stress is the main event in the neuroinflammatory
process. Neuronal stress reduces cell survival and promotes apoptosis. Abbreviations: O2e =
superoxide radical; HOe® = hydroxyl radical; NOe = nitric oxide radical; IL-6 = interleukin 6; IL-12 =
interleukin 12; TNF-a = tumor necrosis factor alpha; JNK = c-Jun N-terminal kinase; AGEs = advanced
glycation end products; AB = amyloid beta peptide; IAPP = islet amyloid polypeptide.
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Figure 6. Pathophysiological relations of T2D and AD that may reciprocally influence and reinforce
the progression of both diseases. T2D and AD are closely related from their initiation in an
individual's life to its end. Each disease has its characteristic symptoms and signs in the different
organs and systems, but in the brain, the deterioration induced by its coexistence (T2D-AD) manifests
as AD with greater neuropathological degeneration and dementia with an earlier presentation and a
longer course. fast in many cases. If we consider that in AD there is a Neuro degenerative process (ND
process) that leads from a "healthy" brain to a "Neurodegenerative" brain, through a "cascade" of
neuropathological events where INSULIN RESISTANCE is crucial, T2D influences several ways the
course of this process. It may be a trigger for ND, a contributor to the development of the cascade of
neuropathological events (collaboration ND) or an aggravating factor in the final phase of the ND
process (aggravation ND). In turn, the neurodegenerative process produces an aggravation of both
T2D, and the diseases of various organs and systems associated with T2D, including metabolic
syndrome. This pathological influence is exerted both by brain dysfunction in the regulation of organs
and tissues, and by the diffusion of toxic products from the brain in neurodegeneration.

(b) Inflammation (Figure 3). Both T2MD and AD are associated with chronic inflammation. Brain
inflammation, characterized by the activation of glial cells and the release of pro-inflammatory
cytokines, contributes to the development and progression of AD. Furthermore, the overexpression
of proinflammatory mediators, such as tumor necrosis factor alpha (TNF-a) and interleukin 6 (IL-6),
and acute phase proteins (APP) are present in AD brain. A synergistic pattern between AD senile
plaques and proinflammatory cytokines increases the neurological damage to the brain. Moreover,
systemic inflammation and immune response activation significantly influence diabetes
pathogenesis. Hyperglycemia, insulin resistance, and dyslipidemia trigger a cascade of detrimental
processes, including oxidative/nitrosative stress, endoplasmic, and mitochondrial stress, amplifying
cellular damage. These interconnected factors create vicious cycles, perpetuating diabetes
progression. Glucotoxicity, insulinopenia, and lipotoxicity induce oxidative/nitrosative stress in
neurons, activating various kinases such as protein kinase C (PKC), mitogen activated protein kinase
(MAPK), and jun N-terminal kinase (JNK), as well as redox-sensitive transcriptional factors,
including NF-kB. These, in turn, catalyze the production of pro-inflammatory cytokines and
chemokines, including proinflammatory interleukins (IL-1{3, IL-2, IL-6, IL-8), tumor necrosis factor-a
(TNF-ar), and chemokine ligands, fueling inflammation and exacerbating neuronal damage (Zhang
et al., 2023; Kwon & Koh, 2020; Llorian-Salvador et al., 2024);

(c) Oxidative Stress is implicated in both T2MD and AD development and plays a crucial role in
the development of insulin resistance and pancreatic (3-cell dysfunction (Valko et al., 2006) (Figure 2).
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An increasing amount of research shows that mitochondrial dysfunction presents the li. It occurs due
to an excess of ROS produced by an imbalance between ROS production and antioxidant defense,
which damages cells and tissues, contributing to cellular dysfunction and the neurodegenerative
process (Houldsworth, 2024; Bhatti et al.,, 2022). Hyperglycemia induces the production of Free
Radicals or oxidative/nitrosative toxic radicals or ROS through several pathways, including the
mitochondrial electron transport chain and PKC activation (Gonzalez et al., 2023). ROS impairs
insulin signaling pathways, leading to insulin resistance and pancreatic (-cell dysfunction
(Butterfield et al., 2014) as well as endothelial dysfunction, inflammation and diabetic complications
development (Yuan et al., 2019). The brain is vulnerable to oxidative damage due to its high metabolic
rate, high levels of polyunsaturated fatty acids, and relatively low levels of antioxidant defenses (Lee
et al., 2020). Another source of ROS production directly mediated by A involves microglia activated
in the brain during an inflammatory response to the deposition of extracellular amyloid plaques
(Nakajima & Kohsaka, 2001; Tonnies & Trushina, 2017). Simultaneously, ROS excess enhances A3
accumulation inducing oxidative damage to proteins, lipids, neuronal membranes, and nucleic acids
(Cholerton et al., 2011; Chen & Zhong, 2013), contributing to neuronal dysfunction, synaptic loss, and
neurodegeneration characteristic of AD (Sharma & Kim, 2021; Dakterzada et al., 2023; Evans et al,,
2003);

(d) Mitochondrial dysfunction (Figure 2). An increasing amount of research shows that
mitochondrial dysfunction presents the link between T2MD and AD (Potenza et al., 2021; Carvalho
& Moreira, 2023; Sims-Robinson et al., 2010; Luo et al., 2022). Mitochondria are responsible for
adenosine triphosphate (ATP) production, 3-oxidation of fatty acids, modification of phospholipids,
biosynthesis of metabolites, intracellular calcium buffering and signaling, ROS generation, immune
responses, apoptosis, and stem cell reprogramming. Moreover, mitochondria play a critical role in
neuronal membrane excitability, neurotransmission, and plasticity (Galizzi & Di Carlo, 2022). Altered
mitochondrial morphology, distribution and movement, contributes to oxidative stress and synaptic
dysfunction (Zuo et al., 2014; Nunomura et al., 2006; Schilling, 2016), impairs brain metabolism as
well as mitochondrial biogenesis in AD subjects (Bhatia et al., 2022). Studies suggest that altered
mitochondrial quality control contributes to the pathogenesis of T2MD, highlighting the role of
mitochondrial dysfunction in diabetes-related cognitive impairment (Rovira-Llopis et al., 2017).
Mitochondrial dysfunction acts as a trigger for AD pathology, contributing to neuronal dysfunction
and neurodegeneration (Moreira et al., 2009). Otherwise, mitochondrial dysfunction may be a
consequence of insulin resistance and/or the accumulation of misfolded proteins, such as AB-plaques,
in AD. The AB-plaques and phosphorylated tau contribute to defective autophagy and mitophagy,
leading to mitochondrial dysfunction in AD (Reddy & Oliver, 2019); and

(e) Disruption of Glucose and Energy Metabolism. Dysfunction in glucose and energy metabolism
is a common feature of both diabetes and AD. Alterations in glucose utilization and the ability to
obtain energy from cells may contribute to neurodegeneration and cognitive dysfunction in both
diseases (Méndez-Flores et al., 2024; Cunnane et al., 2020). Impaired cerebral glucose metabolism is
reported in T2D, and its consequences account for most of the structural and functional anomalies of
AD (Berlanga-Acosta et al., 2020).

3. Common Genes Involved in Both Diseases

The differentially expressed genes between AD and T2MD are not highly overlapped, but the
functional similarity between them is significantly high when considering Gene Ontology semantic
similarity and protein-protein interactions, indicating that AD and T2DM share some common
pathways in disease development (Figures 5 and 6). An increasing amount of research shows that
mitochondrial dysfunction presents the li (Kang et al., 2022).

Common genetic link between the two diseases involves genes related to insulin signaling and
glucose metabolism. IDE (Insulin Degrading Enzyme) is responsible for degrading both insulin and
Af3-peptides. Dysfunctional IDE activity leads to impaired insulin signaling in T2MD and
accumulation of Afi-peptides in AD (Tian et al., 2023; Azam et al., 2022; Hong et al., 2008).

d0i:10.20944/preprints202405.0605.v1
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Certain APOE (apolipoprotein E) gene variants (APOE-4) have been linked to increased risk for
both diseases (Liu et al., 2013). APOE is involved in lipid metabolism, insulin resistance pathway and
[3-cell dysfunction in T2MD, as well as in A3-peptides clearance in AD.

The SLC2A4 gene is a member of the solute carrier family 2 (facilitated glucose transporter)
family and encodes a protein that functions as an insulin-regulated facilitative glucose transporter
among other pathways. It has the highest connectivity with GLUT4 and cerebellum, cortex,
hippocampus, hypothalamus, pituitary, astrocytes, neurons and fueling of active synapses (Ardanaz
et al,, 2022) as well as other differentially expressed genes (DEGs) for both AD and T2DM. Therefore,
it is suggested a potential contributor linking T2DM and AD via glucose metabolism related
pathways. According to brain studies, most glucose transport is regulated by GLUT1 and GLUTS3,
but GLUT2 leads specific neuronal populations more vulnerable to pathogenic mechanisms
underlying AD (Knezovic et al., 2017).

An association between a variant of HMOX1 and AD has been found (Zhang et al., 2021) as well
as has been demonstrated that HMOX1 upregulation is responsible for the increased ferroptosis in
diabetic atherosclerosis development (Meng et al., 2021), suggesting that HMOX1 may serve as a
potential therapeutic or drug development target for diabetes and AD. High correlation has been
found between AD and diabetes based on the existence of 40 common genes (Gholizadeh et al., 2020).
Results of analyses revealed 14 genes in AD and 12 genes in diabetes as key genes that regulates many
underlying brain mechanisms 7 of which were common including caspase 3 (CASP3), insulin-like
growth factor 1 (IGF1), catalase (CAT), tumor necrosis factor (TNF), leptin (LEP), vascular endothelial
growth factor A (VEGFA), and interleukin 6 (IL-6) (Gholizadeh et al., 2020).

It has been concluded that both diseases have the highest effect on NAFLD, which suggests that
NAFLD is a key connector disease between these two diseases (Gholizadeh et al., 2020).

In addition, it has identified the following genes common to T2MD and AD: APP (Amyloid Beta
Precursor Protein), AMPK (AMP-activated protein kinase), FTO (fat mass and obesity), PPAR-y
(peroxisome proliferator activated receptory), SORCS1 (sortilin-related VPS10, vacuolar protein
sorting, domain containing receptor 1), ABCA1 (ATP-binding cassette sub-family A member 1), VEGF
(vascular endothelial growth factor), and PCK1 (Phosphoenolpyruvate Carboxykinase 1) (Ciudin,
2016).

Most of these genes encode proteins involved in both the development of T2DM and AD, but
their role in the relationship between the two diseases has yet to be elucidated.

Other shared genetic factors between AD and T2D include genes related to inflammation,
mitochondrial function, and lipid metabolism (Yuan et al., 2023). For instance, variants in genes
encoding inflammatory cytokines such as IL-6 and TNF-a have been associated with increased risk
for both diseases (Lyra e Silva et al., 2021). Additionally, genes involved in mitochondrial function
and oxidative stress, such as PGC-1a and SIRT1, have been implicated in both pathologies (Veselov
et al., 2023). Furthermore, genes related to lipid metabolism, such as PPAR-y, have been linked to
insulin resistance in T2MD and amyloid beta metabolism in AD (Zhong et al., 2023).

There is growing evidence suggesting a shared genetic basis between these two seemingly
unrelated diseases. Several genes have been identified that play roles in both AD and T2MD,
suggesting common underlying mechanisms. Understanding these shared genetic factors is not only
crucial for unraveling the pathophysiology of both diseases but also holds promise for drug
repositioning, where drugs developed for one condition may be repurposed for the treatment of the
other (Yuan et al., 2023; Boukhalfa et al., 2023; Caputo et al., 2020) .

4. Common Epigenetic Modifications

Epigenetic reprogramming, a dynamic process, predicts the long-term health outcomes of
diseases. It involves shifts between healthy and diseased states, governed by intricate epigenetic
networks (Abraham, 2023). Three different epigenetic mechanisms have been identified: DNA
methylation, histone modification and RNA-associated silencing:

DNA Methylation involved in both AD and T2DM, highlighting their potential implications for
disease pathogenesis and therapeutic strategies. Changes in DNA methylation levels at specific gene
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promoters influence key pathways such as insulin signaling, inflammation, and Af metabolism
involved, all of them, in both diseases. Methylation analysis has shed light on genes potentially
implicated in insulin resistance and AD (Sarnowski et al., 2022). Histone modifications such as in
histone acetylation, methylation, and phosphorylation have been implicated in AD and T2DM. These
alterations can affect chromatin structure and gene expression, influencing processes such as insulin
sensitivity, 8-cell function, neuroinflammation, and synaptic plasticity (Lin, Y., 2022; Wu, Y.L., 2023;
Park et al., 2022; Geng et al., 2021; Sun et al., 2021). Dysregulation of MicroRNAs (miRNAs) has been
associated with both AD and diabetes (Leoni De Sousa & Improta-Caria, 2022). The miRNAs, small
non-coding RNAs that post-transcriptionally regulate gene expression, can target genes involved in
insulin signaling, Aff metabolism, inflammation, and other pathways relevant to both diseases
(Amakiri et al., 2019; Nigi et al., 2018; Das & Rao, 2022). There is an increasing body of evidence
demonstrating the role of diabetes-associated chromatin modifications in epigenetic mechanisms and
their potential significance in the pathogenesis of diabetes. It suggests that individuals with diabetes
may exhibit alterations in the expression of chromatin modification enzymes in the brain compared
to those without diabetes. These changes coincide with altered expression of proteins involved in
synaptic function, such as synaptophysin, which is indicative of potential synaptic dysfunction.
Moreover, similar changes in chromatin modifications and synaptic protein expression are observed
in mouse models of T2MD. Importantly, these changes are associated with increased susceptibility
to AD neurodegenerative insults, such as A{ oligomeric and tau protein. This suggests a potential
causal link between diabetes-induced epigenetic mechanisms and structural or functional alterations
in the brain, which may increase susceptibility to AD-type neurodegenerative insults (Gong et al.,
2012). Studies show that diabetes induces epigenetic modifications affecting neuropathological
mechanisms leading to increased susceptibility to insults associated with neurodegenerative or
vascular impairments, providing an epigenetic explanation for the increased risk of diabetics
developing dementia (Wang et al., 2014).

The expressions measurement of epigenetic chromatin modification enzymes in the brains of
diabetic patients suggests that epigenetic alterations in histone deacetylases (HDACs) cause
decreases in H3 and H4 acetylation at the proximal promoter of pancreatic and duodenal homeobox
factor 1 (Pdx-1) in pancreatic B-cells, leading to defects in glucose homeostasis and insulin resistance
and eventually to T2MD. Similarly, histone modifications of glut4 mediated by DNA
methyltransferase (Dnmt) and HDACs result in reduced transcription of GLUT4, contributing to
insulin resistance and T2MD development, particularly in intrauterine growth-restricted offspring.
Epigenetic alterations in diabetic brains make the brain not only more susceptible to 0Af3 but also to
aberrantly aggregated neurofibrillary tangles made of hyperphosphorylated tau, the other
pathological feature of AD. It is also possible that these changes make the brains vulnerable to
infarction and small-vessel disease, which may lead to vascular dementia and other insults such as
inflammation and AGEs products that are prevalent in diabetes (Wang et al., 2014).

Other study concludes that Diabetes alters acetylation homeostasis via upregulation of HDACs,
decreasing memory and synaptic plasticity-related proteins like brain derived neurotrophic factor
(BDNF), synaptophysin (SYP), postsynaptic density-95 (PSD-95) causing diabetes-associated
cognitive decline. Further, the histone deacetylases (HDAC) inhibitors attenuate diabetes-induced
memory impairment in T1D and T2D mice. Also, HDAC modulators act as therapeutic targets to
reprogram memory-associated impairment in diabetes (Aggarwal et al., 2023).

Overall, this highlights the importance of epigenetic mechanisms, specifically chromatin
modifications mediated by HDACs and DNA methyltransferases, in the pathogenesis of diabetes.
Understanding these epigenetic alterations may provide valuable insights into the molecular
mechanisms underlying diabetes development and could lead to the identification of novel
therapeutic targets for T2MD. While these genes and epigenetic modifications are shared between
AD and T2MD, their specific roles and contributions to disease pathogenesis may vary. Further
research is needed to fully elucidate the molecular mechanisms underlying the relationship between
these conditions and to identify potential therapeutic targets for intervention.
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Environmental factors like diet and exercise wield significant influence in shaping these
epigenetic modifications impacting developmental trajectories and lifelong health outcomes. Unlike
changes in DNA sequence, epigenetics governs gene activity, thereby determining phenotype
variations despite identical genomes across cells (Kanherkar et al., 2014). Depending on their quality
and quantity, diet and exercise can either promote or hinder proper physiological functioning.
Therefore, implementing tailored dietary and exercise regimens emerges as a novel approach to
modulate epigenetic processes and mitigate the onset or progression of human diseases.

Phytochemical compounds found in plants, particularly fruits and vegetables, have garnered
attention since some natural compounds have exhibited promising epigenetic effects. However, there
has been limited research on the pleiotropic role of natural products in modifying epigenetic
pathways related to brain disorders. Bioactive substances derived from food have the potential to
influence both epigenetic processes and their associated targets.

5. Conclusions and Future Research Areas

This first part of the monograph "Relationships between Type 2 Diabetes Mellitus and
Alzheimer's Disease" has been dedicated to analyzing the common mechanisms that these two
pathologies share. Likewise, special attention was paid to studying the relationships they have both
at the onset and in the clinical course of each of them as well as in the T2D + AD complex. This issue
is of great global relevance since the number of patients suffering from both pathologies has increased
enormously, and continues to increase, in societies that are increasingly aging and where diets and
lifestyle are frequently inadequate. The risk factors described clearly lead to a real pathology that in
many cases is not perceived as extremely dangerous for the development of T2D and AD: obesity.
Many pathological events have been described that underlie the development of these diseases
(oxidative stress, mitochondrial dysfunction, insulin resistance, peripheral inflammation,
neuroinflammation, neuroglial dysfunction, neuronal dysfunction) that can define therapeutic
targets to prevent or slow the course of these pathologies. In some cases, the relationships are quite
clear and have been studied in depth using animal models of these pathologies. In other cases, there
are still many doubtful or unclarified points in the pathological mechanisms of each disease or of the
T2D-AD complex or in the connections between both pathologies. For example, it would be necessary
to answer unquestionably how and why any of these pathological events mentioned, which are also
described as being involved in many other diseases, come from T2D, AD or T2D-AD. Genetic and
epigenetic studies are providing us with a greater understanding of the altered points of pathogenic
mechanisms. In the coming years, we will have a better understanding of these pathologies and will
be able to develop new therapies.
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