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Abstract

Considered a neurodegenerative disease, Alzheimer’s disease (AD) involves a physiopathological process characterized by 
the presence of the beta-amyloid peptide, hyperphosphorylated Tau protein, and neuroinflammation. Diabetes mellitus (DM) 
is an endocrine disease characterized by insulin resistance, where decreased production of this hormone causes a constant 
state of hyperglycemia. Although it is recognized that DM is a risk factor for the development of AD, the compression of the 
mechanisms involved is not completely understood. The present review evaluates the information acquired from primary and 
secondary sources, focusing on the alterations in gene expression associated with AD as well as the alterations in gene 
expression associated with DM, to later highlight the influence that these types of alterations developed in patients with DM 
can have on both the development and progression of AD. Finally, we point out those alterations that impact the phospha-
tidyl Inositol 3 Kinase/Akt (PI3K/Akt) pathway, which seems to intervene in the physiopathological process of both diseases, 
considering that the compression of these gene alterations can help us understand the intricate link between DM and AD.
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Alteraciones de la expresión génica de la diabetes mellitus en el desarrollo y 
progresión de la enfermedad de Alzheimer: el vínculo de la vía PI3K/Akt

Resumen

Considerada una enfermedad neurodegenerativa, la enfermedad de Alzheimer (EA) implica un proceso fisiopatológico 
caracterizado por la presencia del péptido beta amiloide, la proteína Tau hiperfosforilada y la neuroinflamación. La diabetes 
mellitus (DM) es una enfermedad endocrina caracterizada por la resistencia a la insulina, donde la disminución de la 
producción de esta hormona causa un estado constante de hiperglucemia. Aunque se reconoce que la DM es un factor 
de riesgo para el desarrollo de la EA, la compresión de los mecanismos involucrados no se comprende completamente. 
En el presente trabajo se evalúa la información adquirida de fuentes primarias y secundarias, centrándose en las altera-
ciones de la expresión génica asociadas a la EA, así como en las alteraciones de la expresión génica asociadas a la DM, 
para posteriormente destacar la influencia que este tipo de alteraciones desarrolladas en pacientes con DM pueden tener 
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Introduction

Alzheimer’s disease (AD) and diabetes mellitus (DM) 
are diseases whose worldwide incidence is consider-
ably significant, and projections estimate dramatic in-
creases in the population affected by these diseases 
over the next 10 years1.

Considered a neurodegenerative disease, AD is char-
acterized by progressive memory loss accompanied by 
aphasia, apraxia, agnosia, and mood alterations2. From 
the molecular perspective, three important points can be 
emphasized in the physiopathological process of this 
disease: the β-amyloid peptide (Aβ), the hyperphosphor-
ylated Tau protein (p-Tau), and the neuroinflammation3.

On the other hand, DM is an endocrine disease char-
acterized by a sustained state of hyperglycemia that 
gives rise to multiple clinical manifestations of which 
cognitive deterioration can be highlighted, which is 
closely related to the level of hyperglycemia and the 
period of exposure to this disease4. Other important 
alterations in the physiopathological process of DM are 
insulin resistance (iR) and the decrease or null produc-
tion of this hormone5.

To do so, the alterations inherent to AD and DM are 
explained as independent entities, and subsequently 
those alterations in gene expression that both diseases 
have in common are highlighted. Finally, emphasis is 
placed on the gene alterations linked to the deregula-
tion of the PI3K/Akt pathway in DM as a factor of as-
sociation with AD.

Alterations in gene expression in AD

To better understand the gene alterations involved in 
AD, we must establish key points of the physiopatho-
logical process involved in the development of this 
disease. For this purpose, it is necessary to highlight 
that there are three important aspects of AD: increased 
production of the Aβ, increased production of hyper-
phosphorylated Tau protein (p-Tau), and neuroinflam-
mation. From these three factors, the most studied one 
because of its association with AD is the increased 
production of Aβ, even considering the amyloid hypoth-
esis, which in general terms considers the increased 

production of this peptide as the starting point for the 
development of neuroinflammation and the increased 
production of p-Tau6.

Another key point is the influence of two pathways in 
the processing of amyloid precursor protein (APP): the 
amyloidogenic pathway through which APP is cleaved 
by β and γ secretases, converting it into aggregates 
where the protease cleavage site is inaccessible within 
an amyloid structure, preventing normal protease activ-
ity with varying but significant degrees of neurotoxicity 
known as Aβ which have a tendency to aggregate to 
form amyloid plaques and the non-amyloidogenic path-
way through which APP is cleaved by α and γ secretly 
generating soluble forms of APP that is easily degraded 
and have neuroprotective properties7.

Once the key points have been assimilated, we can 
consider that the genetic alterations have been identi-
fied as potential risk factors for the development of AD, 
among them the expression of isoforms of the ApoE 
gene, mainly those of type 2 and 4. The importance of 
these alterations seems to go beyond the increase of 
the expression of Aβ (which is the mechanism through 
which they contribute to the development of AD) since 
recent studies suggest that the ApoE isoforms interfere 
in diverse organic functions among which the transcrip-
tional regulation, the neuroinflammation, and the mod-
ulation of the activity of the microglia8.

Continuing with the alterations associated with the 
increase in production of Aβ is the genetic variants of 
both PSEN 1 and 2, which facilitate the processing of 
APPs by γ-secretase, which contributes to the forma-
tion of Aβ through the amyloidogenic pathway9.

Alterations in the gene encoding APP have also been 
identified as a potential risk factor for the development 
of AD, mainly early-onset AD; the mechanism involved 
in these APP mutations appears to be the increased 
affinity for the beta-secretase BACE1, involved in the 
production of Aβ through the amyloidogenic pathway. 
Both PSEN 1 and 2 and APP are associated genes in 
most cases of autosomal dominant AD and to a lesser 
extent in sporadic early-onset cases10.

It has also been identified that over-expression of the 
neuronal classification receptor SORL1 is associated 

tanto en el desarrollo como en la progresión de la EA. Por último, señalamos aquellas alteraciones que inciden en la vía 
del fosfatidilinositol-3-quinasa/Akt (PI3K/Akt), que parece intervenir en el proceso fisiopatológico de ambas enfermedades, 
considerando que la compresión de estas alteraciones genéticas puede ayudarnos a entender el intrincado vínculo entre 
la DM y la EA.

Palabras clave: Enfermedad de Alzheimer. Diabetes mellitus. Vía de Akt.
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with intracellular accumulation of the amyloid precursor 
protein from which the peptide is generated Aβ. The 
predisposition to the development of AD due to alter-
ations in the expression of the SORL1 gene depends 
on the polymorphism present11.

Through decision tree analysis, it was identified that 
alterations of the genes MTHFD1, CASC3, CLIP3, and 
APP are associated with advanced stages of AD, these 
have an impact on DNA stability, gene translation 
through alterations in the interaction of the exon with 
splicing dependent proteins, transport in the Golgi ap-
paratus, and the generation of Aβ. In addition, it was 
observed that overexpression of the MAPT gene is 
associated with clinical deterioration of the AD patient 
mainly during the transition from normality to the initial 
phase of cognitive impairment. It is important to note 
that this gene is associated with the promotion of in-
flammation, gliosis, hyperphosphorylation of Tau, and 
alterations in the neuronal transport of nutrients and 
organelles12.

Analysis of hippocampal neurons from humans with 
AD has shown decreased expression of RBFOX3, HO-
MER 1 genes in hippocampal cells from humans with 
AD accompanied by increased expression of molecules 
such as GFAP, S100B, AQP4, AIF1, and CD68; the 
latter indicates glial and microglial activity13.

In addition, by determining the most important net-
works involved in AD in both human subjects and 
mouse models for AD(3xTg-AD-H), it was determined 
that this disease alters the regulatory systems of the 
immune system at various points. This observation was 
associated with the persistence of neuroinflammation 
in AD, mainly through the activation of glia by GFAP, 
VIM, S100B, TGFBR2, TGFBR1, TLN1, LAMP2, CSF1, 
and CSF1R13.

In the mouse model of AD, an increase in the expres-
sion of long non-coding RNA (LncRNA) of the small 
nucleolar RNA (snoRNA) type known as e307 (92% 
similar to human snoRNA ZL107) and e470 was ob-
served, during the preclinical stage of the development 
of the alterations, specifically before the formation of 
the amyloid plaque, and its expression ceases after the 
appearance of this plaque. According to predictions, 
both lncARNs appear to induce 2’-O-ribose methylation 
of ribosomal 18S RNA (rRNA), at positions C798 and 
U576 as in humans with AD, so it is proposed that these 
lncARNs may serve as early-stage AD markers14. The 
apparent mechanism of association of e307 with 
the development of AD implies mitochondrial dysfunc-
tion since it is located within the intron of a COX7c 
encoding gene (subunit 7c of the cytochrome oxidase). 

Mitochondrial dysfunction has such an important role 
in the development of AD that it has been proposed the 
“hypothesis of the mitochondrial cascade of Alzheimer” 
that in general terms suggests that the mitochondrial 
alterations both structural and functional produced by 
environmental factors and genetic inheritance precede 
even the phenomena described in the classical theory 
of the development of AD, based on the premise that 
mitochondrial function affects the expression and pro-
cessing of APP as well as the accumulation of Aβ15.

The most controversial point of this “mitochondrial 
cascade hypothesis” is that it can only explain the pro-
duction of p-Tau by relying on the “amyloid hypothesis” 
although independently of this, it justifies the relation-
ship of the mitochondrial dysfunction with the overex-
pression of Tau through the decrease of the activity of 
the mitochondrial complex l16.

However, the influence of e307 on mitochondrial dys-
function as part of the mechanisms that favor the de-
velopment of AD invites us to consider the idea that 
more lncRNA in the future may be discovered as key 
pieces of this series of physiopathological events.

The analysis of postmortem brain tissue from sub-
jects with AD in search of NAT-type LncRNA (natural 
antisense transcription) found 21 positively regulated 
and 10 negatively regulated, of which EBF3-AS 
(XLOC_083817) stands out. Moreover, when EBF3-AS 
was determined in several brain regions, the overex-
pression was observed in hippocampus, frontal-upper 
convolution, and entorhinal cortex, areas frequently af-
fected in AD. At the same time, a survey of different 
types of LncRNA (LncRNA encoded in intergenic re-
gions) was performed, highlighting the significantly in-
creased expression of AD-linc1 which is associated 
with the regulation of gene expression through epigen-
etic modifications such as enhancing the regulation of 
gene expression of neighboring genes and the recruit-
ment of chromatin modifying enzymes to regulate the 
epigenetic state of specific genomic loci, the major 
expression of this LncRNA was found in the hippocam-
pus and frontal gyrus, being these also important areas 
in AD17. The role of the lncRNA in AD seems to be even 
more important from the perspective of the amyloi-
dogenic through since the analysis of cerebral tissue 
of parietal lobes and cerebellum of humans with AD 
and in cerebral tissue of mouse Tg19959 model of AD, 
demonstrated an increase in the expression of BACE1-
AS type lncRNA, this lncRNA affects the expression of 
BACE1 by forming a duplex of RNA with the mRNA of 
BACE1, increasing the stability of this and favoring 
the expression of this β-secretase, important in the 
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production of Aβ18. Hence, non-coding regions seem to 
have more association with AD than previously thought 
and fortunately more attention is being paid to those 
elements that were long dismissed.

Alterations in gene expression in 
Diabetes Mellitus (DM)

MicroRNAs (miR) are structures associated with the 
decrease or cessation of protein transduction through 
their hybridization to the 3’ region of the coding mRNAs 
and thus are estimated to regulate almost one-third of 
the expression of the human genome19.

In a group of human subjects with pre-diabetes and 
DM 2, differential hypermethylation was observed in 
multiple lncARNs when analyzing DNA from blood 
samples. Although the specific function of these ln-
cARNs is not yet determined, it is considered that it 
may interfere with the expression of several genes im-
portant for glucose metabolism and other mechanisms 
affected in DM20.

As demonstrated by the study of miR-29a in mouse 
model hepatocytes with obesity and DM observing an 
increase in the expression of this miR and in hepato-
cyte culture, it was observed that miR-29a binds to the 
mRNA encoding p85a of PI3K preventing this phospho-
rile Akt and thus inactivating the insulin/PI3K/Akt sig-
naling pathway involved in the cellular metabolism of 
glucose. In turn, inhibition of the insulin/PI3K/Akt path-
way is associated with an increase in the expression of 
the enzyme PEPCK involved in the decrease of gluco-
neogenesis so that the dysregulation of miR-29a ex-
pression impacts on glucose metabolism as part of the 
pathophysiological process of DM21.

The PI3K/Akt pathway is also influenced by miR222, 
which targets PTEN by activating Akt, ERK 1, and ERK 
2 by increasing the expression of HIF-1α and VEGF, in 
an attempt to compensate for the pseudo-hypoxia con-
ditions present in subjects with DM2, suggesting that 
miR21 is involved in the development of diabetic reti-
nopathy, one of the most common diabetic complica-
tions. Expression of miR21 is increased in subjects with 
DM2 and is susceptible to inhibition of HIF 
activity-1α23.

However, miR29a has also been observed in non-
obese mouse DM models, so its expression seems to 
be more associated with DM conditions than with obe-
sity, despite the multiple similarities between both dis-
eases. Along with miR29a in this animal model, an 
increase in the expression of miR-21, miR-29b miR29c, 
and miR-34a was also observed. Other miR types 

whose expression has been observed to be increased 
in both animal (murine) DM models and cell cultures 
(pancreatic islet cells) are miR-146 and miR-125a. Re-
garding miR expression identified in humans, miR-133 
and miR-206 were found in myocytes, miR-21 and miR-
375 in pancreatic cells, and miR-9, miR-29a, miR-30d, 
miR-34a, miR-124a, miR-146a, and miR-375 in serum 
from diabetic patients, probably from damaged cells22.

The miR375 is important for the survival of pancreatic 
β cells, which corresponds to the observations after the 
comparative analysis of serological samples from pa-
tients with DM2, pre-diabetes, and normal glucose me-
tabolism (NGM), in which an increase in the expression 
of miR375 was observed, linked to high glucose levels 
in patients with DM2; however, in preclinical conditions 
such as pre-diabetes in which glycemia is usually low-
er, the expression of miR375 did not present significant 
differences with NGM subjects, which suggests that the 
mechanism through miR375 of protection of pancreatic 
cells is activated when glycemia levels fluctuate near 
the threshold of glycotoxicity since this condition gen-
erates considerable damage in the cells of the organ-
ism, mainly the pancreatic β cells24.

It is also interesting to note that increased miR375 
expression was positively correlated with increased lev-
els of cholesterol and low-density lipoprotein, suggest-
ing that in conjunction with glucose, these factors may 
participate in the damage mechanisms that activate 
pancreatic cells β response through increased expres-
sion of miR375 as a survival mechanism, which in turn 
coincides with clinical observations that obesity and 
dyslipidemias are considered risk factors for the devel-
opment and progression of DM225.

In this same study, miR146 showed a significant pos-
itive correlation with increased expression of C-reactive 
protein, added to the observation of increased expres-
sion of this miRNA under conditions of prolonged ex-
posure to hyperglycemia reflected through estimates of 
HbA1c with cutoff value greater than 7%, the increased 
expression of miR146 is due to the conditions of hyper-
glycemia and that this lncRNA, in turn, participates in 
the regulation of the expression of pro-inflammatory 
cytokines26 through the reduction of the NF-κβ27. We 
consider then that both miR375 and miR146 participate 
in mechanisms of response to the damage caused by 
the conditions of hyperglycemia and chronic low-grade 
inflammation associated with DM2.

However, decreased miR expression has also been 
observed in DM conditions, as in the case of glucose 
intolerance whose appearance is gradual in the pre-di-
abetic patient and it has been observed that according 
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to the progress of this condition, miR-126 expression 
gradually decreases, compromising its function as a 
collaborator in the maintenance of vascular integrity, 
angiogenesis, and repair of endothelial cells in which 
it is usually expressed28.

This is important if we consider that an important 
element of the blood-brain barrier is the system of 
blood vessels that form it and provides evidence for the 
understanding of vascular damage characteristic of DM 
and that leads to important complications such as ret-
inopathy, nephropathy, predisposition to cerebrovascu-
lar events, and stroke29.

Another important element in DM-associated gene 
alterations is histones. Specifically, histones H3K9ac 
and H3K4 have been observed to respond to increased 
expression of LncRNA Dnm3os (a human DNM3OS 
Ortholog) under DM conditions, through acetylation and 
methylation, respectively so that these histones favor 
the expression of pro-inflammatory cytosines, which 
may help us understand some of the multiple pathways 
that allow the development of the chronic low-grade 
inflammatory state in the mouse model DM30.

Following the influence of lcnARNs specifically for 
Dnm3os, another study with DM model mice by induc-
tion of RI through hyperlipidic diet showed an increase 
in Dnm3os expression; moreover, it was observed that 
under conditions of hyperglycemia and insulin resis-
tance, the promoter region of this lcnRNA interacts with 
NF-Κb promoting the increased expression of this Dn-
m3os allowing it to alter the expression of genes on 
various chromosomes (possibly largely through the ac-
tion of the histones H3K9ac and H3K4 described 
above) by increasing the expression of pro-inflamma-
tory genes encoded by genes with PU-enriched binding 
sites. 1, NKx3-2, AP1, STAT, IRF1, REL, and decreas-
ing gene expression with EBF1, REST, and KLF4 type 
enriched binding sites. Among the genes expressed 
upward by Dnm3os influence are Il6, Tnf, Nos2, and 
Cd36. In addition, it was observed that the suppression 
of this lcnRNA decreases the expression of genes such 
as ITGAX and Il6, being the latter one of the main el-
ements of inflammation30.

Together with Dnm3os, LncRNA type E330013P06 
(lcnRNA analog of type MIR143HG in humans) has 
been identified as an important element in the promo-
tion of the low-grade inflammatory state in DM since 
when analyzing macrophages from DM model mice, an 
association was observed between increased expres-
sion of E330013P06 and macrophage activation, a 
mechanism that favors the expression of pro-inflamma-
tory cytosines31.

NF-κB is a protein complex that also influences the 
expression of molecules involved in the inflammatory 
process through its p65 subunit which is overexpressed 
in hyperglycemic conditions in a mouse model with 
hyperglycemia. Among the molecules whose expres-
sion is associated with increased NF-κB p65 are 
monocyte chemoattractant protein 1 (MCP-1), the 
pro-inflammatory adhesion molecule ICAM1, IL-6, nitric 
oxide synthase 2 (NOS 2), and vascular cell adhesion 
molecule 1 (VCAM-1) important in the chemotaxis of 
cells of the immune system. Other elements associated 
with the increase of the expression of the p65 subunit 
of NF-κB are the histones H3 pan-acetylated, acetyl 
H3K9, and acetyl H3K14; however, the increase of 
these alone does not seem to be responsible for the 
increase of the molecules MCP-1, ICAM1, IL6, NOS2, 
and VCAM-1. Since they probably depend on the influ-
ence of NF-κB p65 or other mechanisms as in the case 
of IL6 and NOS2, whose increased expression is also 
associated with increased Dnm3os32.

Regarding gene expression and activity in subjects 
with DM, it has been estimated that there is an increase 
in the activity of the PGC-1alpha gene associated with a 
decrease in the expression of the nuclear respiratory 
factor (NRF) family, which participates in the regulation 
of mitochondrial biogenesis, respiratory capacity, and the 
glucose transport protein GLUT4 in muscle tissue33.

However, the range of damage caused by DM con-
ditions to cells is greater since in models of diabetic 
rats, the expression of anti-apoptotic genes of the Bcl-2 
and Bcl-xl types is decreased, and the expression of 
proapoptotic genes of the Bax and Bak types is in-
creased. This indicates the greater tendency of the 
cells to initiate the apoptotic process in front of the 
conditions that derive from the alterations of the glu-
cose metabolism. Let us consider as an important 
group the neurons since the main source of energy for 
these precisely is glucose34.

Another gene involved in DM2 is the proto-oncogene 
JUN, whose decreased expression in conjunction with 
increased expression of IL-1beta allows for increased 
activity of IL 17 and the Toll and NOD type receptors 
involved in the promotion of the pro-inflammatory state35.

The Jun proto-oncogene is then proposed as part of 
an inflammation regulation system since it favors the 
transcriptional activation of the tissue inhibitor of metal-
loproteinase-3 (TIMP-3) which inhibits the TNF-alpha 
converting enzyme (TACE), thus preventing it from al-
lowing the release of TNF-alpha and thus the activity of 
this proto-oncogene opposes the inflammatory process; 
however, this action is interrupted in DM conditions so 
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this mechanism could also explain the increase of 
TNF-alpha in subjects with DM as an important factor 
in the promotion of the pro-inflammatory state36.

Alterations in gene expression in 
common between DM and AD

Alterations in glucose metabolism have been an ele-
ment frequently associated with DM. However, in pa-
tients with AD, a decrease in the expression of the 
genes that encode insulin eIGF I and II have been 
observed in brain tissue, as well as a decrease in the 
expression of the genes that encode insulin eIGF-I re-
ceptors, which invites us to consider that these alter-
ations in receptor expression have an impact on the 
normal metabolism of glucose by cells participating in 
the neurodegenerative process37.

According to the evidence obtained from the study of 
mouse models with a hypercaloric diet and cell cultures 
of cortical neurons, it seems that the conditions of met-
abolic stress result in a decrease in the expression of 
PGC-1, which forms part of the coactive pathway of the 
peroxisome proliferator-activated gamma receptor 
(PPARy) and seems to play a role as a negative regu-
lator of the expression of BACE1, a beta-secretase that 
is significantly involved in the production of Aβ in AD38.

At present, through genome-wide association studies 
(GWAS), it is possible to find nucleotide polymorphisms 
associated with various diseases and therefore, it is 
also useful to find the coincidental alterations between 
two diseases, as in the case of AD and DM.

One of the analyses of several GWAS allowed to find 
6 single nucleotide polymorphisms (SNP) rs111789331, 
rs12721046, rs12721051, rs4420638, rs56131196, and 
rs66626994 present in both AD and DM2 subjects, 
these data additionally allow a functional enrichment 
analysis to determine the metabolic pathways in which 
these nucleotides intervene, in this case, the lipid me-
tabolism pathway is the most affected by these alter-
ations through alterations in gene expression PPARϒ, 
APOC1, and HNF1A39.

Other GWAS reported the coincidence of 8 nucleo-
tides for both DM2 and AD; some of these nucleotides 
were found in the genes TP53INP1, TOMM40, and 
C8orf38 involved in the development of oxidative stress, 
an important mechanism that has been pointed out as 
one of the pathways of association between AD and 
DM. Another gene involved was FNTAP1 by identifying 
the nucleotides rs3844143 and rs10898439 near this 
gene, which expresses farnesyltransferase which has 
been associated with increased levels of amyloid-β 

(Aβ), neuroinflammation, and impaired cognitive func-
tion in mouse models.

Another GWAS analysis allowed the identification of 
3 polymorphisms of the RYR3 gene associated with the 
release of calcium from the endoplasmic reticulum to 
be internalized in the cell. These polymorphisms seem 
to link DM, AD, and hypertension.

In addition to GWAS studies and functional enrich-
ment analyses for the determination of altered genes 
and affected pathways, in silico models have proven to 
be an important tool for acquiring information about 
genetic alterations in various diseases such as AD 
and DM40.

One of these predictions in silico that considered the 
polymorphisms rs1517354 and rs1921915 of one of the 
nucleotides of the gene that encodes glutaminase as 
an element present in both AD and DM (through previ-
ous analysis of databases) alteration that promotes 
increased expression of the gene that encodes the 
GLS isoform of glutaminase that is promotes the gen-
eration of ammonia and glutamate from glutamine in 
neurons. Evidence suggesting the neurotoxic role of 
ammonia as an important element in the neurological 
impairment present in both AD and DM; however, this 
impairment may be associated with the increased glu-
tamate generation evidenced in this study by the exci-
totoxicity hypothesis.

A process that leads to cell death through mecha-
nisms such as increased internalization of calcium into 
cells and mitochondrial dysfunction which in the case 
of neuronal stimulation by glutamate can lead to the 
induction of necroptosis41.

Another experiment that supported the hypothesis of 
excitotoxicity as a mechanism of neuronal damage in 
AD and DM consisted of the evaluation of the expres-
sion of various LncRNA in the hippocampus of DM 
model mice, specifically the increased expression of 
(gi/755552777/ref/XR_875577.1/), which by establish-
ing a dynamic network of lncRNA-mRNA was associ-
ated with increased expression of mRNA encoding 
SLC5A7, a membrane transporter in cholinergic neu-
rons that capture choline for acetylcholine synthesis.

This finding, together with the vulnerability of cholin-
ergic neurons in processes of chronic neurological 
damage associated with cognitive impairment and the 
development of dementias such as AD, suggests an 
increased demand on the acetylcholine modulator sys-
tem in the face of excitotoxicity since excessive activa-
tion of NMDA glutamate receptors leads to neurons 
initiating the process of apoptosis and part of the cho-
linergic system is likely to try to cope with this demand 
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as a neuromodulator, however, eventually, cholinergic 
neurons will end up “depleting” their capacity and dy-
ing, this may explain the susceptibility of cholinergic 
neurons in models that are excitotoxicity; furthermore, 
it has been observed that the nicotinic acetylcholine 
receptor α7 (α7nAChR) has a high affinity for Aβ and 
is associated with the internalization of this peptide into 
the cells leading to neurotoxicity by peptide deposit 
formation42.

In addition, in the mouse DM model, a functional 
enrichment analysis was performed which indicated 
alterations in the cholinergic pathways, the NF-kB path-
way, the TLR4 cascade, and the zinc transporter, which 
points to other possible pathways through which DM 
leads to cognitive impairment and through which it may 
be linked to diseases such as AD.

Regarding to alterations in mRNA expression, we 
found that in a rat model to which Ri and hyperglycemia 
were induced by the administration of a high-fat and 
high-carbohydrate diet, an increase in CDK5 mRNA 
expression was observed, attributed to an increase in 
the methylation of the region promoting its gene, as 
evidenced in the analysis of the brain tissue. It should 
be noted that CDK5 is an important kinase for Tau 
phosphorylation which explains why the increase in 
p-Tau production was also observed during the analysis 
of the CA1 region of the hippocampus in the iR and 
hyperglycemic models of this study.

An integrative meta-analysis of transcriptional data 
sets of subjects with AD and DM type 2 (DM2) of dif-
ferent ages and stages of AD progression was per-
formed. In the data set of adult subjects with DM2 and 
subjects with advanced AD, alterations in the expres-
sion of 45 genes were found to be coincident, among 
which the increased expression of HIGD1A (HIG1 hy-
poxia inducible domain family, member 1A) and TIA1 
(TIA1 cytotoxic granule-associated RNA binding pro-
tein) stand out. HIGD1A coincided in subjects with DM2 
and AD but not in subjects with DM2 and advanced AD 
while TIA1 coincided in subjects with DM2 and ad-
vanced AD but not in subjects with DM2 and AD, so 
the gene expression that could indicate the coincidence 
points between DM2 and AD vary according to the 
state of progression of AD and probably also of DM38.

Alterations in miR expression in podocyte and endo-
thelial cell cultures exposed to hyperglycemic conditions 
show a decrease in miR expression of miR93 type, 
which inhibits the expression of the gene encoding vas-
cular endothelial growth factor (VEFG), decreasing their 
expression and thus increasing vascular permeability, 
which can favor the infiltration of pro-inflammatory 

cytosines and immune cells through vascular structures 
such as the blood-brain barrier and favor neuroinflam-
mation (Fig. 1)43.

Pathway PI3K/Akt/Gsk3

Neuroinflammation seems to be an important point 
in the DM-AD link through several elements among 
which tumor necrosis factor α (TNF α) interferes with 
insulin signaling by preventing phosphorylation of tyro-
sine residues from the insulin receptor type 1 (IRS 1) 
substrate and thus inactivating the PI3K/Akt pathway 
causing iR in the involved tissues, which also decreas-
es the activity of the insulin-degrading enzyme (IDE) 
by reducing the mRNA encoding this enzyme, which is 
involved in the clearance Aβ44.

The importance of the PI3K/Akt pathway with respect 
to DM is that most of the metabolic actions of insulin 
involve PI3K (phosphatidylinositol-3 kinase) and Akt, 
while its effects on cell differentiation and growth pass 
through the MAPK (mitogen-activated protein kinase) 
pathway28.

Inhibition of this PI3K/Akt pathway under iR condi-
tions increases the activity of Glycogen Synthase Ki-
nase-3 beta (GSK3 beta) through two mechanisms: 
preventing phosphorylation of GSK3 beta by Akt and 
increasing the transcription of mRNA coding for GSK3 
beta, which increases its activities, one of which is 
phosphorylation of Tau generating hyperphosphorylat-
ed Tau (p-Tau)45.

A significant decrease in the expression of Akt, a 
protein important in glucose metabolism, was observed 
in human subjects with AD and that is subjects with 
DM2 have great relevance because of its association 
with the mechanisms of insulin resistance46.

In neural cells exposed to insulin increased the ex-
pression of mRNA encoding the gene ADAM 10, asso-
ciated with the generation of alpha-secretase which is 
involved in the proteolysis of APP at specific sites for 
the formation of easily degraded substrates. This also 
implies that the proteolysis of APP does not occur in the 
T668 site which causes a decrease in the translocation 
of the ACIDs generated toward the nucleus, important 
for the decrease of the levels of Aβ since the ACIDs that 
reach the nucleus induce the transcription of genes 
involved in the production of APP, GSK3B, BACE 1, and 
the decrease in the expression of mRNA encoding the 
IDE, the latter being important for the degradation 
of the Aβ. Simultaneously, exposure to insulin decreased 
the expression of BACE-1, a beta-secretase involved in 
the production of Aβ. It was further observed that all 
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these neuroprotective effects are diminished when the 
PI3K/Akt pathway is interfered with, which is also affect-
ed during insulin resistance (Fig. 2).

On the other hand, the characteristic proteinopathy 
of AD promotes neuroinflammation starting from the 
fact that Aβ has neurotoxic properties determined by 
the capacity of aggregation of each subtype being 
Aβ42 one of the most neurotoxic and more frequently 
linked to the development of AD, together with this 
peptide, the soluble oligomers of β-amyloid (AβOs) also 
generated from APP by the amyloidogenic pathway, 
have been linked to various functional alterations of 
CNS cells, highlighting in this context their ability to 
generate a neuroinflammatory response through endo-
thelial and glial activation.

Animal models of AD that is characterized by the ab-
sence of amyloid plaques and the presence of both 

AβOs and the diffusible ligands derived from β-amyloid 
(ADDL) suggest that these elements influence the neu-
rodegenerative progress from very early stages, even 
suggesting that both AβOs and ADDL have a greater 
influence on the onset of AD than the insoluble fibrillary 
oligomers of Aβ deposited in the form of amyloid plaques.

Endothelial activation is characterized by increased 
expression of immune cell adhesion molecules (ICAM-1 
and VCAM-1), vascular endothelial growth factor 
(VEGF), and prothrombotic factors, matrix metallopro-
teases (MMP-9 and MMP-2), ROS, AGEs, pro-inflam-
matory cytosines that activate various pathways 
including AGE/RAGE/NF-κB and AGE/RAGE/p21ras 
leading to vascular inflammation, thrombosis, and in-
creased expression of RAGE. Regarding glial activa-
tion, cell lines seem to have an ambivalent role in 
response to the stimulus of Aβ, since when both the 

Figure  1. Scheme listing the alterations in gene expression observed in AD models characterized by increased 
production of Aβ, p-Tau, and neuroinflammation (orange oval) and the alterations in gene expression observed in DM 
conditions such as high glucose concentration and insulin resistance (blue oval) to the center lists alterations in gene 
expression observed in both AD and DM models that may indicate a link between the two diseases.
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microglia and the astrocytic cells are activated, they 
express multiple factors, some of which participate in 
neuroprotection and others in cellular deterioration47.

The cells of the microglia generate anti-Aβ antibodies 
and participate in an important way in the clearing of 
the plates of Aβ. Simultaneously, it releases inflamma-
tory mediators, among which IL-1, IL6, IFN-γ, TNF-α, 

chemokines, complement components, ROS, and 
reactive nitrogen species (RNS) and other agents that 
increase inflammation such as prostaglandin E2, NO, 
NF-κB, M-CSF, and MCP-1.

As for astrocytes, they present a series of morpho-
logical and functional changes in subjects with AD 
known as reactive astrogliosis, which is characterized 

Figure 2. Scheme representing the influence of alterations in gene expression in both AD and DM on the progression 
of both diseases, thus assuming a link between the two. Insulin resistance (iR) and TNF α (tumor necrosis factor α) 
interfere with insulin receptor signaling, preventing activation of the PI3K/Akt (blue dotted line) pathway. In AD models, 
a decrease in Akt expression has been observed (orange descending arrow); Akt in normal conditions inhibits GSK3β; 
however, in both DM and AD, the inhibition of Akt activity translates into an increase in the activity of GSK3β, which 
participates significantly in the process of phosphorylation and hyperphosphorylation of Tau, by increasing its activity 
it contributes to the increase in the accumulation of p-Tau inside the cell. Under IR conditions, an increase in mRNA 
expression of GSK3β (orange ascending arrow) has been observed. This is an interesting phenomenon considering 
that both DM and AD have been linked to IR. The correct signaling of insulin seems to impact negatively on the 
amyloidogenic pathway since it seems to increase the expression of ADAM10 (green upward arrow), a gene encoding 
an alpha-secretase of APP that interferes with the formation of Aβ (blue arrow) by cleaving APP at specific sites 
generating soluble and easily degraded elements instead of Aβ. Aβ is also generated under normal conditions and 
inside the cell are the intracellular domains of APP (ACID) (black box); this can be translocated to the nucleus thanks to 
GSK3β, in conditions such as in DM or AD, in which it is assumed that the activity of GSK3β is increased, translocation 
of ACID to the nucleus also increases, allowing the nucleus to induce increased expression of APP, GSK3β, and BACE 1 
(orange upward arrow) important elements of the amyloidogenic pathway, while at the same time inducing decreased 
expression of IDE (orange downward arrow).
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by hypertrophy and increased production of GFAP, 
S100B, neurotrophic factors such as thrombospon-
din-1, activator of tissue plasminogen, transforming 
growth factor-β (TGFβ), IL-1, IL-6, ciliary neurotrophic 
factor and insulin-like growth factor, nerve growth 
factor (NGF), and an important antioxidant called glu-
tathione (GSH).

However, like microglia, astrocytes simultaneously 
express cell damage factors such as ROS, advanced 
glycation end products (AGEs), with the consequent 
activation of the pathways with the consequent activa-
tion of the inflammatory pathways NF-κB and STAT3157, 
thus enhancing the astrocytic release of cytosines and 
pro-inflammatory factors such as IL-1, IL-1β, IL-6, IL-10, 
and TNF α, interferon-γ (IFN-γ), and glutamate, this last 
factor also linked to the hypothesis of success as a 
factor of damage and neuronal death48.

Discussion

Interestingly, the main affected pathways identified in 
several studies were those of lipid metabolism and 
inflammation.

Regarding the alterations of the lipid metabolism 
pathway, the PPARϒ/PGC-1 pathway seems to explain 
this link through the production of Aβ mainly by de-
creased expression of the PPARϒ gene. Precisely this 
gene is interesting because the importance of its alter-
ation has been determined through various methods 
ranging from database analysis for determining func-
tional enrichment of genes and the determination of 
affected metabolic pathways to mRNA determinations 
in tissues from in vivo models and cell culture.

In turn, the endothelial damage characteristic of DM 
seems to be an important link with AD through alter-
ations of the blood-brain barrier. However, it is import-
ant to note that this DM-AD association through 
damage to the blood-brain barrier is closely related to 
alterations in the inflammatory process (infiltration of 
pro-inflammatory cells, chemotaxis, and edema) that 
translates into neuroinflammation, one of the important 
elements of AD whose evidence has been studied from 
a biochemical perspective and which still lacks 
evidence of what is happening at the level of gene 
expression.

Precisely the alterations of the inflammation routes 
are another important element that is present both in 
DM and in AD, in this last disease, the astrocytes are 
an important element since they regulate the neuroin-
flammatory process in an important way and according 
to the evidence, the alterations of the gene expression 

characteristic of AD imply the expression of elements 
associated with the activation of the astrocytes (gliosis) 
among which GFAP, S100B, AQP4, AIF1, and CD68 are 
emphasized.

Another important element of neuroinflammation 
whose expression is increased in DM and AD is TNFα, 
which is associated with the increase of Aβ and p-Tau 
through interference with SDI expression and inactiva-
tion of the PI3K/Akt pathway allowing GSK3b to hyper-
phosphorylated into Tau. Precisely this ability of TNFα 
to interfere with the activity of the PI3K/Akt pathway 
responsible for insulin activity in glucose metabolism 
allows us to infer that this is a link between alterations 
in inflammation pathways and insulin resistance evi-
denced in both DM and AD.

The PI3K/Akt signaling pathway has been associated 
with insulin activity in glucose metabolism; however, 
recent evidence has shown that this pathway is in-
volved in the regulation of p-Tau production through the 
expression of GSK3b and Aβ by ACIDs that signal the 
cell nucleus to increase the expression of APP, BACE1, 
and ADAM10. Thus, alterations in the gene expression 
of PI3K/Akt partially explain the phenotypic character-
istics of DM and AD. Although the role of the PI3K/Akt 
pathway is outlined as an important element of the DM-
AD link, the level of evidence is still not sufficient to 
ensure that DM has the ability to lead to AD through 
this pathway.

It should be noted that several studies provide evi-
dence that reinforces the hypothesis of excitotoxicity as 
a mechanism of neurological impairment involved in 
both diseases and could even link them, either by in-
creased glutamate or the influence of excitotoxicity on 
the death of cholinergic neurons in certain regions.

It is important to recognize that the stage of progres-
sion of both DM and AD is an important factor in study-
ing the alterations in gene expression that could link 
both diseases since gene expression varies according 
to the period of the natural history of each of the 
diseases.

Although the evidence presented suggests an asso-
ciation between DM gene alterations and AD gene 
alterations, more evidence is needed to clarify the 
mechanisms involved in this link. 

As mentioned in the case of LncRNA and miR, many 
of these are just being identified, and the function of 
each one of them is unknown. Therefore, in the future, 
alterations in their expression in DM or AD could sup-
port or disprove the hypothesis of the DM-AD link.

At the same time, we are in favor of the idea that 
neuroinflammation and alterations in protein expression 
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in AD mainly linked to Aβ have a bidirectional synergic 
relationship so that the presence of one of these con-
ditions promotes the development and progression of 
the other condition.

Conclusion

There are alterations in gene expression that is char-
acteristic of AD and DM; however, the number of gene 
alterations that both diseases have in common is inter-
esting considering that many of these coincide in 
specific pathways such as lipid metabolism and inflam-
mation, from this perspective, the evidence points to 
important points that are worth studying further to try 
to understand the DM-AD link.

It is precisely the alterations in the inflammation path-
way that has been associated with alterations in insulin 
signaling, mainly through the increased expression of 
TNFα (and other pro-inflammatory cytosines) and the 
repercussions on the PI3K/Akt pathway.

Furthermore, we can conclude that, although the al-
terations in gene expression involved in the PI3K/Akt 
pathway provide evidence of association with important 
elements of neurological damage through Aβ and 
p-Tau, the compression of the elements involved in 
these processes such as miRs, LncRNAs, certain 
genes, and some nucleotides is not entirely clear, so 
there is a lack of evidence that allows us to better un-
derstand the characteristics of these elements, their 
role in these mechanisms of disease and the implica-
tions of their alterations.
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