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Abstract

Alzheimer’s disease (AD) is the leading cause of dementia in the aging population. Pathogenic processes re-
lated to the accumulation of amyloid plagues (AB) and intracellular neurofibrillary tangles (NFTs) begin during
the asymptomatic stage long before the onset of deterioration in cognitive functions and neurodegeneration,
which makes rapid diagnosis and treatment difficult. Although biochemical diagnostic markers isolated from
the body fluids of AD patients are currently used, scientists are engaged in research into molecular biomark-
ers that will significantly accelerate the diagnosis long before the first clinical symptoms appear. The re-
search presented here focused on microRNAs (miRNAs), small, non-coding RNA molecules that are involved
in the requlation of the post-transcriptional expression of many genes. A review of the literature revealed
that miRNAs play an important role in regulating the expression of genes involved in the pathophysiological
mechanisms of AD. Changes in the levels of miRNAs in a patient’s body fluids can be used for rapid diagnosis.
Original scientific articles published between 2014 and 2023 describing clinical and experimental studies
on therole and expression levels of various miRNAs were selected from scientific databases such as PubMed,
NCBI, Science Direct, and Google Scholar. The selected miRNAs were divided into 2 groups based on their
expression level in AD: those with increased expression and those with decreased expression. A review
of the latest scientific reports confirms that miRNAs may be a promising source of non-invasive and widely
available biomarkers. Additionally, their modulation may prove to be an effective therapeutic strategy in AD.
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Introduction

Alzheimer’s disease (AD) is a progressive and incurable
neurodegenerative disease that accounts for approx. 70%
of dementia cases among the aging population worldwide.2
Individuals with AD may experience behavioral changes,
visual disturbances, as well as visuospatial and perceptual
problems. They also experience a progressive loss of recent
memory, while older memories remain intact.?

The incidence of dementia increases with age, with up
to a 15-fold increase observed between the ages of 60 and
85.% Additionally, gender plays a role, with 2/3 of AD pa-
tients being women due to their longer life expectancy
and greater genetic risk. Even 1 copy of the APOE-¢4 allele
is enough to increase the risk of AD in women.®

Alzheimer’s disease can be classified as familial early-
onset AD (EOAD, approx. 5%), which has a genetic basis as-
sociated with autosomal mutations in the APP, PSENI and
PSEN2 genes.®” Around 95% of cases of AD are late-onset
AD (LOAD), which is sporadic, idiopathic and of unknown
origin. It is associated with a polymorphism in the APOE
gene, which encodes apolipoprotein E (APOE).® The pres-
ence of a single APOE &4 allele increases the likelihood
of AD in women by 4 times, while the APOE &4 homozy-
gote increases the risk by several times in both women and
men.® The clinical pathogenesis of AD is caused by the ac-
cumulation of extracellular neuritic plaques (amyloid)
in the brain due to the accumulation of amyloid B (Ap)
peptides and intracellular neurofibrillary tangles (NFTs),
mainly containing highly phosphorylated tau proteins.’

The AP peptides are produced by the proteolysis of the am-
yloid precursor protein (APP), which plays an important
role in brain homeostasis. However, in individuals with
AD, the AP peptide is produced through the amyloidogenic
pathway, which is mediated by B-secretase (BACE1) and
y-secretase (presenilin 1 and presenilin 2). This pathway
produces 2 peptides: one consisting of 40 amino acids (Ap
1-40) and another consisting of 42 amino acids (A 1-42).1011

Hyperphosphorylation of tau proteins leads to the devel-
opment of Alzheimer’s-type neuronal fibrous degeneration
(NFT). This reduces the number of synaptic connections
between nerve cells, leading to neurodegeneration. There
is a correlation between synaptic density and cognitive
abilities at the different stages of AD.12

Identifying patients with mild cognitive impairment
(MCI) who may progress to AD is crucial. Between 12%
and 20% of MCI patients develop dementia annually, while
others remain stable for many years or even recover from
MCIL.!2 Therefore, it is important to implement therapy
in the initial phases of the disease to increase the likelihood
of successful treatment and preservation of cognitive func-
tions. However, detecting individuals in the prodromal
stage of AD is challenging as current diagnostic techniques
cannot accurately differentiate between the early stages
of AD and age-related cognitive deficits and are impracti-
cal for routine use.!*
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Currently, positron emission tomography (PET) and
cerebrospinal fluid (CSF) biochemical markers are used
to diagnose AD. However, due to their invasive nature and
cost, these tests are not routine. Furthermore, they are un-
able to detect the disease before clinical symptoms appear.
Therefore, scientists are researching molecular biomarkers
that could diagnose AD at an early stage.!”

The expression of most genes is regulated at the post-
transcriptional level by small, non-coding RNA microR-
NAs (miRNAs). Approximately 70% of known miRNAs
are expressed in the brain. Therefore, their alteration and
abnormal regulation may be involved in the etiopathology
of AD. Numerous studies have shown that miRNAs not
only affect the expression of genes with key importance
in AD, such as APP, BACE 1, PSEN 1, PSEN 2, MAPT, and
APOE, but also proteins associated with synapses, whose
functional changes lead to synaptic dysfunction.*!¢ This
article describes a selection of miRNAs with altered ex-
pression levels in AD (Table 1). 71>17-50 The research pre-
sented aimed to elucidate the role of miRNAs in the mech-
anisms involved in neurodegenerative processes and their
potential use as biomarkers in AD. The scientific data-
bases PubMed, NCBI, Science Direct, and Google Scholar
were used to search the literature. Articles were identi-
fied through a keyword search using terms such as “Al-
zheimer’s disease AND miRNAs”, “microRNAs AND
biomarkers”, “B-amyloid AND miRNAs”, “tau protein
AND miRNAs”, “synaptic connections AND miRNAs”,
and “AD diagnostics AND miRNAs”. The selection pro-
cess involved the removal of duplicates, the elimination
of articles based on their titles, and a review of the ab-
stracts. The next limiting factor was the publication date
and type of article. The authors selected only original
articles published between 2014 and 2023. The selected
miRNAs were tested on transgenic mice, cell lines, and
human clinical material, including brain tissue, CSF, and
the peripheral blood of patients with AD. The literature
was also analyzed in terms of the regulation of genes re-
lated to AP metabolism, tau proteins, neuronal plastic-
ity, synaptic deficits, and anti-inflammatory signaling
by miRNA. A total of 84 articles met the adopted crite-
ria. As a result of a comprehensive analysis, 20 miRNAs
were selected and described, the research results of which
were presented in at least 2 original articles. The selected
miRNAs were classified into 2 groups according to their
level of expression, namely those that downregulated and
upregulated expression.

Objectives

The objective of this review was to demonstrate the sig-
nificant role of miRNAs in the diagnosis of AD based
on changes in their expression levels. The article presents
potential biomarkers based on selected miRNAs involved
in the pathogenesis of AD.
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Table 1. MiRNAs associated with pathological features in AD
Direction of changes | miRNAs | Pathological process | Models | Reference
miRNA-128 increased level of inflammatory factors IL.-13 and TNF-a monocytes from AD patients 7
) inhibition of ROCKT expression SH-SY5Y cells and 5xFAD mice; 1819
miRNA-146a ) . . . '
increased level of tau protein peripheral blood AD patients
MiRNA-455-3p AB accumulation fibroblasts and B cells from AD 2021
increased NF-Kb leading to a deficit of 15-LOX, NPD1 patien.ts;
miRNA-125b suppressed the expression of sphingosine kinase 1 AD brains 223
(SphK1) protein cell line Neuro2a APPSwe/A9
Upregulated decreased in BDNF, HDAC4, Jun D; disorders serum from AD patients,
miRNA-206 of homeostasis, synaptic plasticity and transgenic mouse Tg2576; AD 52
neurotransmission in the CNS brains
MIRNA-331-3 inhibition the expression of Sgstm1 and Optn
) P autophagy receptors; decrease in autophagic activity, SH-SY5Y cells, serum from AD 2526
miRNA-9-5p )
accumulation of AR
decreased PTPN1 level, increased tau protein
miRNA-124 hyperphosphorylation, loss of REST, suppression SH-SY5Y cells, AD brains 2y
of BACET expression
incr din p27kin] brotein exoression. cell | APP/PSENT mice, SH-SY5Y and
MIRNA-222 creased in p27kip1 protein expression, cell cycle HEK-203T 3132
dysfunction )
serum AD patients
increased in the level of inflammatory factors IL-8, ) )
miRNA-22 IL-18 and TNF-a, GSDMD, increased inflammation seum AL pat|ent§, G B
) . : ) double transgenic mouse
of microglia, promotion of pyroptosis
increased level of AR 4, oligomers, decreased density ) )
miRNA-188-5p of dendritic processes, dysfunction of synaptic hippocampal neuron cultures; 3
L 5XFad mouse
transmission
) AB aggregation, tau protein phosphorylation, reduced 3Xtg-AD mice and mouse
miRNA-132 ; s ,
MIRNA-212 intercellular signaling Neuro2a cells; =2
increase in MAPKT expression, neuronal apoptosis rats with AD
Downregulated MiRNA-101 elevated expression of APP, accumulation of AR rat hippocampal neurons 3839
NSRRI ) . APP/PST mice; blood samples 4041
miRNA-200a-3p ABi-4, accumulation, tau hyperphosphorylation of AD patients
) ) ) hippocampal samples from AD
sy | S o 6 seumiton e | ot a0 tencmice | %
y ' 9 viodplaq P APP/PS1 transgenic mice
miRNA-193b APP overexpression, AB accumulation AR transgem’c e telezs GRS
AD patients
ERK1/2 overexpression, activation of caspase-3, DIV14 rat primary cortical neurons;
miRNA-137 promotion of apoptosis; inactivation of NF-kB pathway N2a cells and mouse cortical 4647
by targeting TNFAIP1 neurons
miRNA-103a-3p increase in the number of NFTs, increased expression microarray expression profiling 748-50
miRNA-107 of BACE1, CDK5R1, DLG4 in GEO

AD — Alzheimer's disease; GEO — Gene Expression Omnibus. IL-13 — interleukin 13; TNF-a — tumor necrosis factor alpha; ROCK1 — Rho-associated coiled-
coil containing protein kinase 1; AR — amyloid 3 peptides; NF-Kb — nuclear factor kappa B; 15-LOX — 15-lipoxygenase enzyme; NPD1 - D1 neuroprotectin;
SphK1 - sphingosine kinase 1; Sgstm1 — sequestosome 1 receptor; Optn — optineurin receptor; PTPN1 — non-receptor-type protein phosphatase 1;

BDNF - brain-derived neurotrophic factor; HDAC4 - histone deacetylase 4; Jun D — transcription factor Jun D; REST - silencing transcription factor R1;
BACET - B-secretase; p27kip1 — cyclin-dependent kinase inhibitor 1B; GSDMD — gasdermin D; IL-8 —interleukin 8; SH-SY5Y — human neuroblastoma cell line;
3xTg — AD triple transgenic mice; MAPK1 — serine-threonine kinase pathway; APP — amyloid precursor protein; 5xFAD — mice model of familiar Alzheimer
disease; SH-SY5Y — human neuroblastoma cells; CNS - central nervous system; ERK1/2 — protein-serine/threonine kinasis; TNFAIP1 — tumor necrosis factor
alpha-induced protein 1; DLG4 - discs large MAGUK scaffold protein 4; CDK5R1 - cyclin-dependent kinase 5 activator 1.

Diagnostic markers in AD

The diagnosis of AD is primarily based on neuropsy-
chological evaluation, CSF analysis or PET to determine
pathological biomarkers.?* Biomarkers of body fluids, such
as AP, total tau (t-tau) and phosphorylated tau (p-tau),
as well as PET imaging, may indicate synaptic dysfunc-
tion in the brain. Biochemical markers are frequently used

in research. However, CSF and PET examinations are not
commonly used due to their invasive nature and high
cost.”! Therefore, researchers have been studying the use
of blood biomarkers for many years.

Biomarkers can be classified into 3 categories: those re-
lated to amyloid pathology in the brain (Ap;_s and AP;_4»),
those determining the degree of neurodegeneration (total
tau protein (t-tau) and neurofilament light chain (NfL) and
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Table 2. Selected biomarkers of AD in blood

Biomarker | Relevance in AD

Distinguishing between AD, M|,
preclinical AD, and normal controls.

A - S
Brs2 Distinguishing AD from other
Amyloid pathology neurodegenerative diseases.
Inconsistent results for AB_4 alone,
ABi40 AB1_42/40 ratio may be a better

biomarker than AB;_4, alone.

Distinguishing between AD, M|,

Total tau (t-tau
( ) and normal controls.

Degree

Distinguishing between AD and
of neurodegeneration

normal controls but not from other

NfL neurodegenerative diseases.
Valuable in assessing damaged
neurons.
Distinguishing between AD and
p-tau 181 normal controls.
Tau protein pathology p-tau 217 p-tau 181 and p-tau 231 distinguish
p-tau 231 AD from other neurodegenerative

diseases.

A. Hasko et al. MicroRNAs as potential biomarkers in Alzheimer’s disease

| Change in blood of AD

Consistently decreased in both blood and cerebrospinal fluid.
A decrease in AR _4; levels and the ARy 449 ratio suggests a high
degree of senile plague burden, as confirmed with PET scans, and

significant cognitive decline. >3

Elevated plasma t-tau levels in AD patients compared to control
patients or MCl patients, but no difference between MCI patients who
developed AD and patients with stable MCI.>

NfL proteins track the level of neuronal damage, but can only be
detected in the blood after the onset of AD symptoms, which occurs
10 years after detection of abnormalities in amyloid deposition by PET

or reduced levels of AR,y in CSF

Changes in serum biomarker levels in AD patients. A significant
increase in the level of p-tau 217, a slightly slower increase in p-tau 181
with a simultaneous decrease in AR 4, and the ARy 449 ratio.>
Individuals with 3-amyloid pathology who were carriers of the APOE4
allele had higher levels of p-tau 181 and p-tau 217 in plasma, but
similar concentrations of ARz, t-tau and NfL.>
The correlation between the level of p-tau 181 in plasma
and the presence of extensive amyloid-f pathology, as well
as the aggregation of the t-tau protein typical of AD in PET, is evident.
The association between plasma p-tau 181 levels and brain 3-amyloid
deposition is stronger in MCl than in AD.>®
Tau-231 levels increase more specifically in AD than in other
neurodegenerative diseases.>

AD - Alzheimer's disease; MCl — mild cognitive impairment; PET — positron emission tomography; NfL — neurofilament light chain.

those indicating tau protein pathology (p-taul81, p-tau 231
and p-tau 217).°2 The above blood biomarkers for AD are
summarized in Table 2.52-56

Blood marker tests show promise for diagnosing AD;
however, the problem of early diagnosis persists. It is im-
portant to note that elevated levels of p-taul8l, p-tau217
or p-tau23l are correlated with amyloid pathologies and
NFT formation in the brain. The most optimal biomark-
ers are those involved in many regulatory brain processes
and neuropathological signaling. These biomarkers can
diagnose AD even before any neuropathology develops.

MiRNAs are potential biomarkers that can reflect
changes in cellular homeostasis and indicate the pres-
ence of multiple pathologies.®” Research has shown that
levels of individual miRNAs vary during the development
and differentiation of neurons in the human brain and
in the aging of the central nervous system (CNS), with these
changes being more prominent in AD than in MCIL.>58

In their meta-analysis, Moradifard et al. examined and
analyzed miRNAs involved in AD, their target genes, mRNA-
miRNA interactions between them, and signaling pathways.
They compared a microarray dataset with expression profiles
of miRNAs, from different areas of the brain. Moradifard
et al. found that in AD, numerous miRNAs show differen-
tial expression, either decreased or increased. Furthermore,
they identified associations between individual genes and
AD-related pathways, including interactions with the ECM

receptor pathway and CAM cell adhesion molecules. These
pathways are crucial for neuronal development, synaptic
activity, synaptic connection formation, and blood-brain
barrier integrity.’

A family of miRNAs implicated in the pathology of demen-
tia outlines the molecular genetics and epigenetics of AD.
The mirRNAs have great potential due to their stability
in extracellular environments, reactivity and ease of quan-
tification using techniques such as real-time quantitative
polymerase chain reaction (RT-qPCR). They are also resistant
to the effects of thawing and freezing cycles, making them
ideal for use in biomarker studies.!> The significant changes
in miRNA expression during diseases offer great potential
for clinical diagnosis using miRNA signatures. Efforts are
being made to create miRNA signatures that can diagnose
different diseases, identify cancers, and predict therapeutic
benefits and drug sensitivity.>

Levels of miRNAs may differ in patients at different stages
of AD. Therefore, niRNAs have great potential as diagnostic
and prognostic biomarkers. They have an advantage over
the currently used biochemical markers AP;_40, APi_42, t-tau,
p-taul8l, p-tau23l, p-tau2l7, and NfL because they allow
the detection of the disease at a very early stage, even before
the appearance of pathological changes in the brain and
clinical symptoms in various body fluids such as blood and
serum. They can be obtained in a non-invasive way, making
the procedure safer and cheaper than collecting CSF.



Adv Clin Exp Med. 2025;34(6):1025-1037

miRNAs and their role in gene expression

The miRNAs are small non-coding RNA molecules (sn-
RNA) of 21-25 nucleotides that are involved in the post-
transcriptional regulation of gene expression in eukary-
otes.!3 These single-stranded nucleic acids are classified
as either RNA polymerase II or III (RNA Pol II, RNA Pol
III). The mechanism by which miRNAs regulate gene ex-
pression is base pairing with the 3’ untranslated region
(3-UTR). The degree of complementarity within the RNA-
induced silencing complex (RISC) determines whether
it will lead to inhibition of the target mRNA translation
or its degradation. Therefore, overexpression of mamma-
lian miRNAs mainly works to reduce target mRNA levels
and lower the miRNA expression to increase mRNA ex-
pression levels.?2:60

The miRNAs originate from long transcripts with
a double-stranded structure known as primary miRNAs
(pri-miRNAs). Pri-miRNAs are transcribed by RNA poly-
merase I, to which they have a special affinity. In the cell’s
nucleus, pri-miRNA is recognized by the Pasha protein,
a partner of the Drosha type III RNAase.!! Pri-miRNA
undergoes 2 stages of endonuclease processing before it be-
comes a mature, active miRNA. The first stage involves
the Drosha enzyme, whose activity depends on the pres-
ence of the RNA-binding protein DGCRS8.%

Next, the pre-miRNA is exported from the cell nucleus
to the cytoplasm by Exportin 5, which interacts with
the RAN protein. In the cytoplasm, RNase III (Dicer)
cleaves the pre-miRNA, which is associated with the RNA-
binding protein TRBP, to produce mature miRNA. Follow-
ing cleavage, 1 strand of the miRNA molecule is incorpo-
rated into the RISC, while the other strand is degraded.!®¢!

Mature miRNAs that are embedded in RISC complexes
bind to the 3’-UTR of the target gene RNA. The composi-
tion of this protein complex is not yet fully understood.
However, it contains the key protein Argonaute, which
binds mature miRNAs and searches for target mRNAs,
causing translational repression. This results in a decrease
in the expression of the gene encoded by the mRNA 10561

Since the identification of the first miRNA in 1993, it has
been estimated that at least 1% of the human genome is en-
coded by miRNAs. Each miRNA is capable of regulating
up to 200 mRNAs.*2 One miRNA can target many genes,
and 1 gene can be regulated by many different miRNAs.
The miRNAs are a potential tool to study multifactorial
diseases, e.g., neurodegenerative diseases, including AD.!!

These molecules are involved in various biological
processes, including growth, differentiation, regulation
of the cell cycle, and metabolic cycles at the cellular level.
In the nervous system, miRNAs regulate the proliferation,
differentiation and apoptosis of nerve cells at various stages
of development and also play a crucial role in memory for-
mation.3! MiRNAs found in neurons are associated with
polyribosomes that affect protein expression, suggesting
that they play a role in neural tissues and brain growth and
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development. These findings indicate that the dysregula-
tion of miRNA expression may be associated with several
neurodegenerative processes.®

MiRNAs involved in AD pathogenesis

The miRNAs regulate the expression of genes associ-
ated with AD development. Research is underway on many
miRNAs that regulate the expression of genes such as APP,
BACEI, PSEN 1, PSEN 2, ROCK1, PTPN1, and others,
which are responsible for neurodegenerative processes
such as the accumulation of AP in the brain, excessive
phosphorylation of the tau protein, and induction of in-
flammation or apoptosis. Research is also being carried
out on miRNAs that regulate genes involved in synapse
function (e.g., CPEBI and BDNF).

Several miRNAs participate in the amyloidogenic path-
way that results in the creation of harmful forms of insol-
uble Ap. Many miRNAs target the 3-UTR of APP mRNA.
Overexpression of APP stimulates the production and ac-
cumulation of AP, which causes impaired neuronal activity,
synaptic disorders, and ultimately, dementia.!” Patel et al.
found that overexpression of the miR-106a/520c reduced
APP levels.** In addition, low levels of miRNA-101a-3p were
shown in AD, and transfection of HEK-293 T cells with
miRNA-101la-3p mimics and regulates autophagy in AD
pathogenesis by targeting the MAPKI pathway. These
studies suggest that miRNA-101a-3p may play an impor-
tant role in future therapeutic activities.®* Hébert et al.
confirmed that overexpression of miRNA-106, miRNA-
20a and miRNA-17-5a inhibits APP expression, which
is consistent with similar research findings.®> Liu et al.
showed overexpression of miRNA-200b, miRNA-135a and
miRNA-429 in their studies on APP/PSEN122 transgenic
mice. An additional experiment was performed in pri-
mary hippocampal neurons and SH-SY5Y cells to con-
firm the effect of miRNAs on APP and BACE]I expression.
The study confirmed that APP expression was inhibited
in cells transfected with miRNA-200b and miRNA-429,
while BACEI expression was suppressed by the overexpres-
sion of miRNA-135a.¢

BACEI is involved in AP formation, and its expression
is regulated by several miRNAs. Among them, overex-
pression of miRNA-29 leads to reduced BACEL] protein
levels.” Similarly, miRNA-135b and miRNA-195a have
shown a negative correlation with BACE1 protein levels,
which results in lower A levels. Zhang et al. conducted
a study in which they transfected mouse hippocampal cells
with miRNA-135b inhibitors and miNA-135b mimickers.
The study found that overexpression of miRNA-135b im-
proved learning in the maze test, confirming its protective
role.%® Rat neurons were transfected with a miRNA-195
mimetic to study its effect on the expression of APP and
BACEL. The results showed that miRNA-195 effectively
inhibited the expression of both APP and BACE1 by almost
60% compared to the control group.®’
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MiRNA-34a is involved in the clearance of AP, which
accumulates in the brain and leads to the formation
of amyloid plaques. Studies have shown that miRNA-34a
is overexpressed in microglial cells of people with sporadic
AD. This microRNA targets the amyloid receptor TREM?2
on the surface of microglial cells, which is responsible for
AP phagocytosis in the CNS. Significant TREM2 deficien-
cies have been reported in the inflammatory neurodegen-
eration of AD.”

The process of tau protein phosphorylation and dephos-
phorylation is regulated by miRNAs. In a study by Wang
etal., miRNA-138 was found to be overexpressed in AD and
to promote tau phosphorylation in a mouse cell line model.
The RARA gene is a direct target of miRNA-138. Down-
regulation of miRNA-138 increases RARA expression and
attenuates the glycogen synthase-3p kinase activity of GSK-
3b, thereby inhibiting tau protein phosphorylation.”

MiRNA-146a affects tau phosphorylation by post-tran-
scriptional repression of ROCK1I. Inhibition of miRNA-
146a expression using antagomir reverses phosphorylation
of key signaling pathway components (ROCK1-PTEN-Tau)
in the brain.!®

Several studies suggest that miRNAs are present in both
neuronal axons and dendrites, indicating their potential
role in synaptic functions. Synaptic miRNAs play important
roles in various aspects of synaptic activity, including syn-
aptic development. These include miRNA-134, miRNA-214,
miRNA-188-5p, miRNA-138, miRNA-153, miRNA-124,
miRNA-9-3p, miRNA-34, miRNA-125b, and miRNA-132,
which are involved in synaptic plasticity, synaptogenesis,
synaptic morphology, and synaptic excitability.}%172

miRNAs upregulated in AD

The changes in the levels of miRNAs in body fluids of in-
dividuals with AD and the greater stability of miRNAs
compared to mRNA have increased the interest of scien-
tists in these molecules as potential diagnostic biomarkers.
Many miRNAs target several genes directly associated
with neurodegenerative processes in AD, including PSEN1,
PSEN2, BACE-1, APP, TOMMA40, and BDNF. Some miR-
NAs are overexpressed, while others are suppressed due
to their protective or inducing roles in AD.®? It is currently
believed that during the progression from MCI to AD,
there is a change in gene expression direction, from pre-
dominantly overexpression in MCI to predominantly un-
derexpression in AD, and this change in gene expression
is an important factor in AD development.”

The following are the results of scientific research on
8 miRNAs, whose expression levels increased during AD.

miRNA-128

It was observed that some miRNAs show an increased
expression in patients compared to control groups. Al-
though earlier studies on miR-128 focused mainly on its

A. Hasko et al. MicroRNAs as potential biomarkers in Alzheimer’s disease

role in tumors of the CNS, Zhang et al. directed their inter-
est to miRNA-128 and the role of this molecule in the AD.
The results of his research indicate a significantly elevated
level of miRNA-128 in the serum of patients with AD when
contrasted with the control group. As part of the study, they
analyzed the expression of miRNA-128 and determined its
diagnostic utility. A positive correlation was demonstrated
between serum miRNA-128 levels and inflammatory factors
interleukin (IL)-1p and tumor necrosis factor alpha (TNF-a).1”

miRNA-146a

Increased expression of miRNA-146a was demonstrated
in areas of the brain most impacted by tau protein pathol-
ogy, specifically the hippocampus and temporal cortex.
In AD patients, miRNA-146a is involved in tau hyperphos-
phorylation and the pathogenesis of AD. MiRNA146a regu-
lates ROCK1 mRNA in neural cells and directly targets
the protein kinase ROCK1. Inhibition of ROCK1 may con-
tribute to lower levels of PTEN phosphatase phosphory-
lation and induce aberrant tau phosphorylation. More-
over, in a transgenic mouse model of AD called 5xFAD,
3 mutations (2 in the PSENI gene and 1 in the APP gene)
inhibit miRNA-146a and led to increased ROCK1 protein
levels and repression of tau protein hyperphosphorylation,
partially restoring memory functions. The overexpression
of miRNA-146a in the SH-SY5Y human neuroblastoma
cell line was found to significantly increase tau phosphor-
ylation and inhibit ROCKI1 protein translation, leading
to the disruption of neuronal microtubules and the cyto-
skeleton. PTEN phosphatase is known to dephosphorylate
tau, and the loss of PTEN function has been associated with
neurodegeneration mediated by tau hyperphosphorylation
and neurofibrillary tangle formation.'®

Huang et al’s research indicates significantly higher
levels of miRNA-146a in the peripheral blood of AD pa-
tients compared to a control group of healthy individu-
als. However, a negative correlation was found between
the level of miRNA-146a and the concentration of AP; 4,
as well as the results of the MMSE test in AD patients. Ad-
ditionally, tau protein levels were positively correlated with
miRNA-146a.!° Maffioletti et al. obtained different results
in their comparative studies. No significant differences
were found when comparing the level of miRNA-146a
in the plasma of both AD patients and the control group.
However, studies have shown that the level of miRNA-146a
increases with age. Additionally, a gender-based relation-
ship was detected, with lower levels of miRNA-146a ob-
served in women compared to men.”

miRNA-455-3p

Although numerous studies on miRNA-455-3p indi-
cate that it is involved in various human diseases, espe-
cially considering colon, prostate, liver, gastric, and small
cell lung cancers, miRNA-455-3p may also play a role
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of a potential biomarker in neurodegenerative diseases.
Kumar et al. showed a higher expression of miRNA-455-3p
in the serum of patients with familial and sporadic AD
compared to healthy control. They conducted their study
on post-mortem brains of individuals with AD and healthy
individuals. They also extended their research by analyz-
ing the fibroblasts and B cells of patients with familial and
sporadic AD, as well as an age-matched control group.
The levels of miRNA-455-3p were found to be increased
in fibroblasts from patients with familial AD and in fibro-
blasts and B cells from patients with sporadic AD when
compared to healthy controls. MiRNA-455-3p expression
has been shown to increase in serum samples, cell lines,
post-mortem brain models, and mouse models of AD.?°

In a separate analysis, Kumar et al. investigated the mo-
lecular targets of miRNA-455-3p that affect AD devel-
opment. They identified a correlation between miRNA-
455-3p and multiple signaling pathways and their
corresponding genes. The pathogenesis of AD is directly
related to several signaling pathways and their respective
genes, including extracellular matrix (ECM)-receptor in-
teractions, adherens junctions, transforming growth factor
beta (TGF-p) signaling pathways, and actin cytoskeleton
regulation. These pathways involve genes such as THBS],
COL3A1, HSPG2, COL6A 1, RUXNI, MYC, Smad2, PLK1,
and TNC.”

Xiao et al. demonstrated that miRNA-455-5p targets
the 3’'UTR of the CPEBI gene, which plays a crucial role
in protein synthesis in neurons. Higher levels of miRNA-
455-5p inhibit the translation of CPEBI, leading to a de-
cline in synaptic plasticity and memory.2!

miRNA-125b

Upon analysis of the CSF of AD patients, it was demon-
strated that miRNA-125b was overexpressed compared
to the control group of healthy individuals. In addition,
in vitro studies were conducted on the Neuro2a APPSwe/
A9 cell line, where miRNA-125b mimetics were trans-
fected, resulting in the overexpression of inflammatory
factors TNF-a, IL-1pB, IL-6, and IL-10, induction of apop-
tosis, and inhibition of cell proliferation. Transfected cells
demonstrated increased levels of APP proteins, AP pep-
tides and p-ERK proteins. The overexpression of miR-125b
significantly suppressed the expression of sphingosine
kinase 1 (SphK1) proteins, which affects cell death and
survival by maintaining the sphingosine-1-phosphate (S1)/
ceramide balance.”

Nuclear factor kappa-light-chain-enhancer of activated
B cells (NF-kB) is overexpressed in AD tissues and strongly
activates pro-inflammatory genes. Pro-inflammatory cy-
tokines and peptides, including IL-13, TNFa, AB42, as well
as HSV-1 and aluminum, activate both NF-kB and possibly
miRNAs. NF-kB has been shown to activate the transcrip-
tion of several miRNAs, including miRNA-125b. Over-
expression of miRNA-125b silences brain genes related
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to phagocytosis and neurotropism. Therefore, any biophysi-
cal or physiological stressor that activates NF-kB in a cell can
also activate miRNA-125b, which is strongly transcription-
ally controlled by NF-kB. MiRNA-125 regulates the levels
of the enzymes 15-lipoxygenase-15-LOX and neuroprotectin
D1 (neuroprotectin-D1-NPD1) derived from docosahexae-
noic acid (DHA). A reduction in their levels impairs homeo-
stasis as well as anti-apoptotic and neuroprotective effects
of genes that are typically responsible for anti-inflammatory
and neuroprotective signaling in brain cells.??

While studies have found elevated miRNA-125b lev-
els in AD cell culture models and patient tissue samples;
however, research on miRNA-125b levels in patient plasma
is limited. In their study on changes in the expression
of several miRNAs in the plasma of AD patients, includ-
ing miRNA-125b, Vergallo et al. did not find any signifi-
cant differences in the level of miRNA-125b compared
to the control group of healthy individuals.”

miRNA-206

Another miRNA whose increased expression has been
observed in the course of AD is miRNA-206. It was tested
in the serum using RT-qPCR. In a group of MCI patients
at higher risk of developing dementia and with worsening
outcomes over 4 years displayed significantly higher levels
of miRNA-206 expression in comparison to AD patients.
Increased miRNA-206 expression was significantly asso-
ciated with memory impairment and cognitive decline
based on the Mini-Mental State Examination (MMSE).
The mechanisms behind increased miRNA-206 expres-
sion, and its function in the CNS are not yet understood.
However, the miRNA-206 targeting of brain-derived neuro-
trophic factor (BDNF), histone deacetylase 4 (HDAC4) and
Jun D transcription factor has profound effects on the CNS.
BDNFis a particularly important target of miRNA-206 due
to its functions in maintaining CNS homeostasis, regu-
lating neurotransmission, synaptic plasticity, dendritic
branching, and neuronal survival. Individuals with MCI
and AD show a decrease in BDNF mRNA and protein lev-
els in their brains. Studies in mouse models of AD, with
overexpression of the mutant human APP protein, have
confirmed the silencing of BDNF by miRNA-206.15

Moon et al. confirmed the role of miRNA-206 in AD.
The study analyzed a group of patients with early demen-
tia and examined the level of miRNA-206 in the olfac-
tory membrane of MCI patients. The results showed that
the expression level of miRNA-206 was higher in MCI
patients compared to the control group.?

miRNA-331-3p and miRNA-9-5p

Chen et al. conducted an experiment on a mouse model
to demonstrate changes in the expression of miRNA-
331-3p and miRNA-9-5p during the AD process. The study
found that miRNA-331-3p and miRNA-9-5p targeted
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sequestosome 1 (Sqstm1) and optineurin (Optn) recep-
tors, which influence the selective autophagy pathway.
Autophagic activity increased in the early stages of AD
during initial AP deposition but decreased in the later
stages of the disease. Following treatment of SH-S5Y5
cells with inhibitors of miRNA-331-3p or miRNA-9-5p,
the levels of Sqstml and Optn increased. Therefore,
the use of miRNA-331-3p and miRNA-9-5p antagonists
may prevent memory loss and mobility impairment in AD.
It is possible to distinguish between early and late stages
of AD by assessing the expression of miRNA-331-3p and
miRNA-9-5p, autophagic activity, and AP accumulation.?

To confirm the diagnostic value of miRNA-331-3p, stud-
ies were conducted in both AD patients and SH-SY5Y cells.
The expression of miRNA-331-3p was significantly reduced
in both the patients and the cell line. Correlations were found
between miRNA-331-3p expression levels in the patient’s se-
rum and their MMSE scores, as well as pro-inflammatory
cytokines. The studies on SH-SY5Y cells confirmed the re-
sults, showing that overexpression of miR-331-3p increased
cell viability and inhibited inflammatory responses.?®

miRNA-124

In their experiment on transgenic mice, Hou et al. dem-
onstrated that the overexpression of miRNA-124 in the hip-
pocampus resulted in reduced levels of non-receptor pro-
tein phosphatase 1 (PTPN1), hyperphosphorylation of tau
and the formation of insoluble tau protein. To understand
the regulatory mechanisms of the miRNA-124/PTPN1
pathway, the researchers examined levels of the R1 tran-
scription factor (REST) under the influence of the stress
factor AP;_4, oligomer. R1 transcription factor mediates
the expression of various classes of ncRNA, including
miRNA-124. High levels of Af;_4, oligomer in AD patients
cause REST silencing in both cortical and hippocampal
neurons in the CA1, CA3 and CA4 fields, as well as over-
expression of miRNA-124. Therefore, the overexpression
of REST suppresses miRNA-124 expression and reverses
the decrease in PTPN1.%”

Another group of researchers obtained contrasting
results regarding miRNA-124 in the brains of patients
with sporadic AD. Their research indicates that the level
of miRNA-124 is lower compared to individuals from
the control group. An et al. demonstrated in their stud-
ies on the human neuroblastoma cell line SH-SY5Y that
high levels of miRNA-124 inhibit the activity of BACEL,
which plays a crucial role in AB production. Therefore,
miRNA-124 can be used as a BACE1 inhibitor.3°

miRNAs downregulated in AD

Many studies on miRNAs as potential biomarkers
in AD show differences in the expression of individual
classes involved in neurodegenerative processes. Not only
does miRNA overexpression indicate the development
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of the disease, but reduced expression levels also influence
changes in the brain and the risk of progressive dementia.

This section describes 12 miRNAs that are downregu-
lated in AD, based on animal studies, in vitro studies and
in body fluids from AD patients.

miRNA-222

The group of miRNAs with reduced expression in AD
includes miRNA-222. The expression of miRNA-222 was
significantly decreased in mild and moderate AD groups
compared to the healthy group. Moreover, miRNA-222
expression in the moderate AD group was considerably
lower than in the mild AD group.®

Wang et al. demonstrated that miRNA-222 contributes
to the development of AD by influencing cell cycle dys-
function and the expression of cyclin-dependent kinase in-
hibitor 1B (p27kipl). Normally, the expression of p27Kipl
proteins inhibits the phosphorylation of the retinoblas-
toma protein (pRb), which halts cell proliferation in the G1
phase of the cell cycle. Studies have shown that aberrant
expression of cell cycle markers, such as p27Kipl, contrib-
utes to the pathogenesis of AD.??

miRNA-22

Han et al. confirmed the important role of miRNA-22
in inhibiting inflammation of microglia characteristic
of AD. Compared to healthy controls, AD patients showed
asignificant decrease in circulating miRNA-22 levels, while
the expression levels of pro-inflammatory factors, namely
IL-18, IL-1p and TNF-q, were significantly increased in AD
patients. The correlation analysis revealed a negative cor-
relation between miRNA-22 and the inflammatory factors
IL-18, IL-1B and TNF-a. This suggests that miRNA-22
plays a key role in the development of AD. It prevents py-
roptosis and the release of inflammatory factors by regu-
lating the mRNA expression of gasdermin D (GSDMD),
a substrate of inflammatory caspases.??

Zhai et al. confirmed the protective role of miRNA-22
in APP/PS1 mice. The study induced inflammation and
cell pyroptosis using A, followed by transfection of cells
with miRNA-22 mimetic using exosomes. The study dem-
onstrated that miRNA-22 targets the 3'-UTR of the GS-
DMD gene mRNA, inhibiting GSDMD expression. This
leads to a reduction in caspase-1 and inflammatory factors
such as IL-1f, IL-6 and TNF-a. Research suggests that
exosomes loaded with miRNA-22 can enhance cognitive
performance in mice with AD more effectively by inhibit-
ing inflammation.3*

miRNA-188-5p

This study found that oligomeric A;_4; reduces the ex-
pression of miRNA-188-5p. The researchers examined
the expression of miRNA-188-5p in brain tissue of patients
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with AD and age-matched control subjects. The results
showed significantly lower miRNA-188-5p expression
in the cortex and hippocampus of AD patients. Further-
more, there was a significant increase in immunoreactivity
against the protein neuropilin-2 (Nrp-2), which is the tar-
get of miRNA-188-5p. The elevated expression of miRNA-
188-5p in 5xFAD transgenic mice restored synaptic trans-
mission and dendritic spine density that was inhibited
by oligomeric AB;_4,.%

miRNA-132 and miRNA-212

Hernandez-Rappi et al. demonstrated that a deficiency
of miRNA-132 and miRNA-212 in mice promotes AP pa-
thology. Both miRNA-132 and miRNA-212 play an im-
portant role in synaptic plasticity, neurite outgrowth
and memory formation. The study found that levels
of miRNA-132 and miRNA-212 are reduced in individu-
als with MCI and AD compared to healthy controls. This
reduction is associated with memory impairment. The re-
search group demonstrated the effects of miRNA-132/212
deletion on increased tau phosphorylation and accumu-
lation, as well as the production and removal of A, us-
ing miRNA-132/212 knockout mice. Additionally, using
a transgenic mouse model (3xTg-AD), it was proven that
miRNA-132 targets SIRT1, MAPK1/ERK2 and MAPT,
the levels of which were increased in 3xTg-AD mice, re-
sulting in increased tau pathology and memory deficits.
Reintroducing miRNA-132 and miRNA-212 into the body
can partially halt this process.3¢

Furthermore, Deng et al. conducted studies in rats
and found that miRNA132 inhibits the expression
of the MAPKI gene, which is responsible for mitogen-
activated protein kinase 1. The MAPK1 serine-threonine
kinase pathway is involved in the p38 signaling pathway
that enhances inflammation and apoptosis during oxida-
tive stress. Therefore, low expression of miRNA-132in AD
leads to an increase in MAPK levels, resulting in inflam-
mation and neuronal death.%”

miRNA-101

To investigate the role of miRNAs in the regulation
of APP gene expression, APP protein levels were measured
in hippocampal cells from rats with reduced Ago2 expres-
sion. Western blot analysis showed that APP levels were
significantly higher in neurons with reduced Ago2 levels.
Among the miRNAs that potentially target the APP 3-UTR,
miRNA-101 plays a key role. In this cell model, miRNA-101
showed a negative correlation with APP proteins. To de-
termine the role of miRNA-101 in modulating the Ago2/
miRNA pathway, hippocampal cells were transfected
with specific microRNA inhibitors. The results showed
that inhibition of miRNA-101 expression significantly in-
creased APP protein levels, suggesting that APP expression
in the hippocampus is regulated by miRNA-101.”
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To confirm the regulatory role of miRNA-101 on endog-
enous APP in human cells, Long et al. performed a study
in human HeLa cell line. In addition, the inhibitory ef-
fect of miRNA-101 on APP levels was compared not only
in the human HeLa cell line but also in the human astrocyte
cell lines and rodent neurons. For this purpose, miRNA-101
mimetics were used. These studies showed the strongest
expression of miRNA-101 in model CNS neurons.

miRNA-200a-3p

MiRNA-200a-3p, a member of the miRNA-200 fam-
ily, is known to play a significant role in human cancers.
Recent studies suggest that it may also have an impact
on the pathology of AD. Studies in mice (APP/PS1) have
shown that miRNA-200a-3p levels are decreased in AD.
Similarly, significantly lower levels of miRNA-200a-3p
were observed in the plasma of AD patients compared
to the healthy control group. Experiments have shown
that overexpression of miRNA-200a-3p inhibits the pro-
duction of AP;_ 4, in APPswe-transfected cells, while
a reduction of miRNA-200a-3p leads to overproduction
of the toxic form of AP. The target of miRNA-200a-3p has
been identified as BACEI mRNA, and the expression level
is negatively correlated with miRNA-200a-3p. Addition-
ally, miRNA-200a-3p targets the PRKACB gene, which
encodes one of the catalytic subunits of PKA that increases
the level of phosphorylated tau. Studies have confirmed
that miRNA-200a-3p mimetics significantly decreases
the expression of both PRKACB mRNA and protein.*°

Another research group suggests that miRNA-200a-3p
is involved in AP-induced neuronal apoptosis. In studies
conducted in the hippocampus of APPswe/PS mice, over-
expression of miRNA-200a-3p and reduced levels of SIRT1
were observed. SIRT1 is an anti-apoptotic protein that in-
hibits neuronal apoptosis. Reporter gene assay confirmed
the miRNA-200a-3p binding sites in the 3-UTR of SIRT1
mRNA. Suppression of miRNA-200a-3p inhibits apopto-
sis by targeting SIRT1. Therefore, miR-200a-3p may be
a potential therapeutic target for the treatment of AD.%

miRNA-338-5p

MiRNA-338-5p is another miRNA that may serve
as a biomarker for AD due to its reduced levels. It targets
y-secretase, a key enzyme involved in AP;_4, production.
To determine the impact of miR-338-5p on AD, its con-
centration was evaluated in individuals diagnosed with AD
and a cohort of healthy participants. Studies have shown
a significant decrease in miRNA-338-5p levels in people
with AD. As expected, the overexpression of miRNA-
338-5p suppresses BACE1 gene expression. Neuroinflam-
mation in the CNS is linked to an increased accumulation
of AP in AD and plays a crucial role in the development
of neuropathology. It results in a reduction of synaptic con-
nections and cognitive abilities. Therefore, overexpression
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of miRNA-338-5p may alleviate nervous system inflam-
mation and restore synaptic function.*?

Li et al. demonstrated the protective effect of miRNA-
338-5p on cognitive dysfunction in APP/PS1 transgenic
mice, achieved by reducing brain amyloid plaque deposi-
tion and delaying apoptotic neuronal loss caused by AB40
accumulation.®

miRNA-193b

In the case of miRNA-193b, decreased expression was
found in hippocampal neurons of APP/PS1 transgenic
mice, while the total level of miRNA-193b was overex-
pressed in exosomes. Research has indicated that a reduc-
tion in miRNA-193b levels in the hippocampus results
in an increase in miRNA-193b found in exosomes labeled
with a protein from the ATP-binding cassette transporter
A1l (ATP-ABCAL). The difference in miRNA-193b expres-
sion observed in AD may be due to the body’s effort to com-
pensate for the loss of APP. The precise biological func-
tions of miRNA-193b in AD have yet to be investigated.
Itis unclear whether ABCA1-tagged exosome signaling has
any effects.*® Inhibitory oligonucleotides capable of spe-
cifically binding and inhibiting miRNA-193b activity were
used to demonstrate that miRNA-193b binding sites are
located in the 3’'UTR sequence of the APP gene transcript.
The miRNA-193b inhibitor significantly increased APP
expression compared to the control group.t*

miRNA-137

Nong et al. investigated the protective role of miRNA-137
in neurotoxicity of DIV14 rat primary cortical neurons.
They confirmed AB-induced neurotoxicity by testing for
caspase-3 activity, which is closely related to cell apoptosis.
Using miRNA-137 mimetics, it was found that the over-
expression of miRNA-137 significantly alleviated the neu-
rotoxicity caused by AP. Furthermore, they explained
the molecular mechanisms responsible for the neuropro-
tective effect of miRNA-137. The study used a luciferase
assay to detect a complementary binding site between
miRNA-137 and extracellular signal-regulated kinase 1/2
(ERK1/2). Furthermore, the study found that miRNA-137
overexpression negatively regulates ERK1/2 expression.
These findings reveal the crucial role of miRNA-137/
ERK1/2 signaling in AD.%

Experimental models of AD, including N2a cells and
mouse cortical neurons, have been instrumental in elu-
cidating the molecular mechanisms underlying the influ-
ence of miR-137 on AP-induced neurotoxicity. Reduced
miRNA-137 levels have been observed to increase neurotox-
icity, with this effect being attributed to the direct targeting
of TNFAIP1 and the subsequent suppression of its mRNA
and protein levels. Conversely, elevated miR-137 expression
has been demonstrated to mitigate neurotoxicity by target-
ing TNFAIP1, thereby inactivating the NF-kB pathway.*’
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miRNA-103a-3p and miRNA-107

Using microarray expression profiling in Gene Ex-
pression Omnibus (GEO), Chang et al. confirmed that
miRNA-103a-3p and miRNA-107 suppressed cofilin
translation. The decreased levels of these miRNAs lead
to high levels of cofilin protein in AD. Furthermore,
a negative correlation was found between the number
of senile plaques and NFTs and the level of miRNA-107
expression in the gray matter of the cerebral cortex during
the early stages of AD. The study found that the BACEI
gene is targeted by both miRNA-107 and miRNA-103a-3p.
It also revealed that an increase in BACEI levels in AD
patients was accompanied by a decrease in miRNA-107
expression. Profiling has confirmed that miRNA-107 and
miRNA-103a-3p significantly contribute to the develop-
ment of AD by regulating the expression of BACEI, LRPI,
CDK5R1, and DLG4.”

Wang et al. confirmed that cases with low levels
of miRNA-107 were associated with more severe AD pa-
thology. This is usually characterized by increased BACE1
levels compared to cases with high miRNA-107 levels.*8

In their experiments on mouse brains, Shu et al. showed
that as AP levels increase, miRNA-107 expression de-
creases. In their study, miRNA-107 mimetics were used
to prevent the negative processes induced by increased
levels of AB. MiRNA-107 protects cells against death
in the CA1 region, impairment of synaptic transmission,
memory loss, increases in AP;_4, and p-tau levels, and de-
pression of the BDNF-TrkB pathway.*

The role of miRNA-107 as an AD biomarker was con-
firmed through in vivo studies, which examined its level
in the plasma of AD patients and a control group. The re-
sults showed reduced expression in people with AD.
Furthermore, a positive correlation was found between
miRNA-107 levels and MMSE test results, and a negative
correlation was found with the level of dementia in AD
patients.>°

Limitations

The primary limitation of this review is the number
of miRNAs described. Of the numerous miRNAs involved
in the pathogenesis of AD, the authors selected only 20
(8 with increased expression and 12 with decreased expres-
sion in AD), a comprehensive listing of which would exceed
the scope of this publication. The study is also limited
by a lack of knowledge about the mechanism of action
of all miRNAs regulating AD-related genes. It is important
to remember that AD is a polygenic disease. Experimental
models of AD, as well as human post-mortem and in vivo
studies, indicate that dysregulation of several miRNAs
may influence the pathophysiologic mechanisms of AD,
including the AP pathway, tau pathology, the brain im-
mune response, and inflammation, including regulation
of oxidative stresses.
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To ensure objectivity, patient selection must be based
on several factors, including age, gender, comorbidities,
medications, and stressors. It is also important to remem-
ber to select uniform biological materials, use consistent
analytical techniques in research, adhere to standardized
test methodology, and employ appropriate statistical analy-
ses. Long-term studies are essential to accurately delineate
the alterations in the expression levels of individual miR-
NAs at each stage of the disease.

Conclusions

Recent studies have confirmed that several miRNAs
play a key role in the neurodegenerative processes as-
sociated with AD. These miRNAs can be identified
in the CSF or peripheral blood of patients. The expres-
sion levels of miRNA-128, miRNA-455-3p, miRNA-206,
miRNA-22, and miRNA-107 have been observed to vary
in both experimental and clinical studies in AD patients.
The use of different biological materials and analytical
techniques may result in inconsistencies in miRNA expres-
sion, as evidenced by studies on miRNA-146a and miRNA-
125b. Nevertheless, the majority of evidence indicates that
miRNAs may be of significant value in the diagnosis and
treatment of AD. Currently, there are no comprehensive
miRNA profiles available for practical use. A major chal-
lenge is to standardize research methods and determine
the expression ranges of all AD-related miRNAs. This
will allow proper interpretation of blood test results in pa-
tients. We hope that miRNA-based research will become
a viable method for diagnosing, preventing, delaying, and
treating AD.
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