
Citation: Alhenaky, A.; Alhazmi, S.;

Alamri, S.H.; Alkhatabi, H.A.;

Alharthi, A.; Alsaleem, M.A.;

Abdelnour, S.A.; Hassan, S.M.

Exosomal MicroRNAs in Alzheimer’s

Disease: Unveiling Their Role and

Pioneering Tools for Diagnosis and

Treatment. J. Clin. Med. 2024, 13, 6960.

https://doi.org/10.3390/jcm13226960

Received: 27 October 2024

Revised: 12 November 2024

Accepted: 14 November 2024

Published: 19 November 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Review

Exosomal MicroRNAs in Alzheimer’s Disease: Unveiling Their
Role and Pioneering Tools for Diagnosis and Treatment
Alhanof Alhenaky 1,2,* , Safiah Alhazmi 1,2,3 , Sultan H. Alamri 3,4 , Heba A. Alkhatabi 5,6, Amani Alharthi 7 ,
Mansour A. Alsaleem 8, Sameh A. Abdelnour 9,* and Sabah M. Hassan 1,2,10,11

1 Department of Biological Sciences, Faculty of Science, King Abdulaziz University, Jeddah 21589, Saudi Arabia
2 Immunology Unit, King Fahd Medical Research Center, King Abdulaziz University, Jeddah 80200,

Saudi Arabia
3 Neuroscience and Geroscience Research Unit, King Fahd Medical Research Center, King Abdulaziz

University, Jeddah 80200, Saudi Arabia
4 Department of Family Medicine, Faculty of Medicine, King Abdulaziz University, Jeddah 21589, Saudi Arabia
5 Department of Medical Laboratory Technology, Faculty of Applied Medical Sciences, King Abdulaziz

University, Jeddah 22254, Saudi Arabia
6 Hematology Research Unit (HRU), King Fahd Medical Research Center, King Abdulaziz University,

Jeddah 22254, Saudi Arabia
7 Department of Biology, College of Science Al-Zulfi, Majmaah University, Majmaah 11952, Saudi Arabia
8 Unit of Scientific Research, Applied College, Qassim University, Buraydah 52571, Saudi Arabia
9 Department of Animal Production, Faculty of Agriculture, Zagazig University, Zagazig 44519, Egypt
10 Princess Najla Bint Saud Al-Saud Center for Excellence Research in Biotechnology, King Abdulaziz

University, Jeddah 21589, Saudi Arabia
11 Department of Genetics, Faculty of Agriculture, Ain Shams University, Cairo 11517, Egypt
* Correspondence: alhanofalhenaky@gmail.com (A.A.); samehtimor86@gmail.com (S.A.A.)

Abstract: Alzheimer’s disease (AD) is a common neurodegenerative disorder that presents a signifi-
cant health concern, often leading to substantial cognitive decline among older adults. A prominent
feature of AD is progressive dementia, which eventually disrupts daily functioning and the ability to
live independently. A major challenge in addressing AD is its prolonged pre-symptomatic phase,
which makes early detection difficult. Moreover, the disease’s complexity and the inefficiency of
current diagnostic methods impede the development of targeted therapies. Therefore, there is an
urgent need to enhance diagnostic methodologies for detection and treating AD even before clinical
symptoms appear. Exosomes are nanoscale biovesicles secreted by cells, including nerve cells, into
biofluids. These exosomes play essential roles in the central nervous system (CNS) by facilitating
neuronal communication and thus influencing major physiological and pathological processes. Exo-
somal cargo, particularly microRNAs (miRNAs), are critical mediators in this cellular communication,
and their dysregulation affects various pathological pathways related to neurodegenerative diseases,
including AD. This review discusses the significant roles of exosomal miRNAs in the pathologi-
cal mechanisms related to AD, focusing on the promising use of exosomal miRNAs as diagnostic
biomarkers and targeted therapeutic interventions for this devastating disease.

Keywords: Alzheimer’s disease; exosome; extracellular vesicles; microRNAs; treatment; biomarkers

1. Introduction

Alzheimer’s disease (AD) is an irreversible neurodegenerative disease marked by a
gradual impairment of functioning and cognitive abilities, ultimately resulting in dementia.
More than 55 million patients have dementia worldwide; AD accounts for 60–70% of all
cases. It is estimated that the cases of AD could increase as the population ages, reaching
78 million by 2030 and 139 million by 2050 [1]. AD and other dementia cause a significant
economic burden, with current healthcare costs estimated to be USD 355 billion in 2020 and
possibly reach USD 1.1 trillion as the population ages [2]. In addition to costs, AD presents

J. Clin. Med. 2024, 13, 6960. https://doi.org/10.3390/jcm13226960 https://www.mdpi.com/journal/jcm

https://doi.org/10.3390/jcm13226960
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/jcm
https://www.mdpi.com
https://orcid.org/0000-0002-0592-083X
https://orcid.org/0000-0003-0755-4498
https://orcid.org/0000-0003-4991-6223
https://orcid.org/0000-0003-4250-2845
https://orcid.org/0000-0002-6873-0718
https://orcid.org/0000-0001-6510-751X
https://doi.org/10.3390/jcm13226960
https://www.mdpi.com/journal/jcm
https://www.mdpi.com/article/10.3390/jcm13226960?type=check_update&version=1


J. Clin. Med. 2024, 13, 6960 2 of 29

a challenge to healthcare due to its long pre-symptomatic phase, marked by the buildup
of abnormal proteins and neurotoxicity in the brain [3,4], making the prediction or early
detection of the disease extremely difficult. The inefficiency of current diagnostic methods
and the disease’s complexity pose major obstacles to AD treatment. Consequently, there is
an urgent need to research in order to improve diagnostic approaches and develop targeted
therapies to address the rising burden of AD.

Exosomes are nanosized extracellular vesicles (EVs) secreted by cells, including those
in the central nervous system (CNS), into the biofluids. These nanovesicles play vital roles
in maintaining the brain microenvironment homeostasis and neural communication, as well
as involvement in several pathological pathways related to neurodegenerative diseases [5,6].
Exosomes carry diverse and complex components that serve as unique identifiers of their
cells of origin [7]. Among these components, microRNAs (miRNAs) have attracted signifi-
cant interest in neurodegenerative disease research as they are carried within exosomes
and serve as mediators in intercellular communication [8]. These small, single-stranded
RNA molecules are selectively sorted and encapsulated within exosomes and transported
to target cells, where they regulate gene expression and translation within those cells [9].
The dysregulation of miRNA expression is implicated in various neuropathological mech-
anisms, including neuroinflammation [10], protein aggregation [11], and impairments in
synaptic functions [12], indicating its contribution to mechanisms related to neurodegenera-
tive diseases, including AD. Interestingly, miRNA-containing exosomes released by neural
cells can traverse the blood–brain barrier (BBB), allowing the detection of these miRNAs in
peripheral body fluids such as blood or cerebrospinal fluid (CSF) [13]. These advantages
provide opportunities to understand molecular mechanisms implicated in AD as well as to
develop effective diagnostic technologies and targeted therapies.

This review discusses various aspects of AD, including genetic factors, pathophys-
iological mechanisms, and current diagnostic methods. It also provides information on
exosome biogenesis and its constituents, focusing on miRNAs as an exosome component.
Additionally, this article provides insights into the important roles of miRNAs encapsu-
lated into exosomes in the pathological mechanisms associated with AD and explores the
potential of using exosomal miRNAs as promising tools for diagnosing and treating AD.

2. Alzheimer’s Disease (AD)
2.1. Genetic Aspects of AD

AD is a complicated and multifactorial neurodegenerative disease. Genetically, AD
can be categorized as either sporadic or familial cases. Sporadic AD represents most of the
cases (<95%) and typically appears in people aged 65 or older, while >1% are inherited,
with a typically earlier onset around age 45 [14]. Familial AD is caused as a result of
genetic mutations required in the genes for the metabolism of amyloid-beta (Aβ) peptides,
particularly in the amyloid precursor protein (APP) gene or presenilin genes (PSEN1 and
PSEN2). In contrast, sporadic AD is affected by several risk factors, including genetic,
physiological, and environmental components [15,16]. Among the genetic factors, the
apolipoprotein E (APOE) ε4 allele is the only confirmed genetic risk factor for sporadic AD
and is associated with about 50% of those cases [17]. Genetic research has revealed that
possessing one of the APOE ε4 alleles triples the risk of AD, while having two of the APOE
ε4 alleles raises the risk about twelvefold [18]. Moreover, genome-wide association studies
have also identified several common genetic variants that modestly increase AD risk, which
are related to immune response and inflammation—such as CR1 and TREM2—suggesting
that immune dysfunction and neuroinflammation play roles in AD progression. Lipid
metabolism genes, including CLU and ABCA7, influence Aβ aggregation. Additionally,
synaptic function and endocytosis genes—such as PICALM, CD2AP, and BIN1—affect
neurotransmitter release, synaptic plasticity, and Aβ clearance [19].
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2.2. Pathophysiological Aspects of AD

The pathophysiology of AD is marked by the progressive loss of synaptic connections
and subsequent neuronal atrophy in the cerebral cortex [20]. This neurodegenerative pro-
cess initiates in the hippocampus and entorhinal regions and extends to the frontotemporal
cortices of the brain [21]. Postmortem brain examinations of AD patients have revealed
key histopathological characteristics that are critical to understanding the disease’s patho-
physiology. These characteristics include the abnormal deposition of extracellular amyloid
plaques and intracellular neurofibrillary tangles (NFTs), neuro-inflammation, and synaptic
dysfunction [22]. Amyloid plaques primarily consist of Aβ deposits produced from the
proteolytic processing of APP, a transmembrane protein highly expressed in neural cells.
This cleavage is catalyzed by enzymes such as β-secretase, known as beta-site APP cleaving
enzyme 1 (BACE1), and presenilin γ-secretase, producing varying lengths of Aβ peptides
(typically 40 to 42 amino acids). These Aβ peptides are generally non-toxic [23]. However,
aggregate Aβ peptides into oligomer structures are considered highly neurotoxic and
represent a critical early event in the AD pathophysiological process [24].

NFTs are another pathological hallmark of AD that appears decades after the initial Aβ

emergence. They are primarily derived from the hyperphosphorylation of tau protein [25].
Tau protein, a microtubule-associated protein, is essential for preserving the cytoskele-
ton, facilitating axonal transport, and supporting neuroplasticity [26]. Under pathological
conditions, especially in the presence of excessive toxic Aβ, tau protein becomes hyperphos-
phorylated. This hyperphosphorylation disrupts tau’s binding to microtubules, forming
tau filaments that aggregate into NFTs. These NFTs accumulate in the neuronal cytoplasm,
axons, and dendrites, disrupting signal transduction, impairing synaptic transmission,
and affecting essential processes such as trophic support and metabolism [27,28]. These
disruptions ultimately lead to neuronal death. Studies have shown that Aβ accelerates
NFT formation by increasing the activity of protein kinases that phosphorylate tau protein,
including cyclin-dependent kinase 5 (CDK5), glycogen synthase kinase 3 (GSK3β), and
extracellular signal-regulated kinase 1/2 (ERK1/2) [29].

In addition to the buildup of Aβ plaques and NFT formation, neuroinflammation
can contribute to the exacerbation of AD. The buildup of neurotoxic proteins such as Aβ

plaques leads to synaptic damage, elevates oxidative stress, and increases the infiltration
of microglia cells around the areas where plaques are present [30–32]. Microglia, immune
cells present in the CNS, are crucial for maintaining the neural environment and protecting
from neurotoxic substances. When they encounter protein buildup, microglia become
activated and adopt either a pro-inflammatory M1 phenotype or an anti-inflammatory and
phagocytic M2 phenotype. These distinct but balanced phenotypes contribute to tissue
repair and healing. In AD, microglia are often observed to predominantly display an
M1 pro-inflammatory phenotype [33]. This shift reduces amyloid plaque clearance and
exacerbates the neuro-inflammatory response, potentially causing irreversible neuronal
damage. Although this initial neuro-inflammatory response may be protective, chronic
inflammation is considered a crucial factor driving neurodegeneration in AD [34].

Synaptic dysfunction is also a prominent and early characteristic of AD, occurring
even before neural degeneration becomes apparent [35]. Early cognitive decline in AD is
closely correlated with the reduction in the density of synapses, especially in the hippocam-
pus and medial temporal lobes region of the brain. This reduction in synaptic density
reflects the loss and impairment of synapses, disrupting the normal functioning of neural
circuits responsible for cognitive processes and leading to the observed decline in cogni-
tive abilities [36,37]. Research on gene expression in AD has revealed alterations in the
levels of gene expression associated with synaptic functions, such as those involved in
synaptic vesicle trafficking, neurotransmitter release, and the structural components of the
synapses [38–40]. These alterations in gene expression directly affect synaptic function, an
essential aspect of AD and a contributor to cognitive decline.
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2.3. Clinical Aspects and Diagnosis of AD

The main clinical characteristics of AD include a gradual impairment in functioning
and cognitive abilities and are often accompanied by neuropsychiatric symptoms. Nonethe-
less, patients vary considerably in age of onset, family history, and noncognitive symptoms,
such as behavioral or motor abnormalities [41]. Clinicopathological studies have indicated
that AD has a long preclinical phase, with amyloid buildup in the brain estimated to begin
10–15 years before cognitive symptoms emerge [3,4]. Once mild cognitive changes are
noticeable, the disease progresses from mild impairment to severe dementia at different
rates among patients [41].

Memory loss is the predominant symptom of AD, typically following the transitional
phase of mild cognitive impairment (MCI), an intermediate state between aging-related
cognitive alterations and dementia. MCI is marked by an impairment in one or multiple
cognitive abilities without appreciably interfering with daily functioning. MCI is catego-
rized into amnestic and non-amnestic types, with the amnestic form considered as an early
stage of AD [42,43]. Although clinical research has indicated that only a small percentage,
around 10–15%, of MCI patients progress to AD annually, some patients may maintain
stability or even show improvement in their cognitive abilities over time [44].

Diagnosis of AD is a complicated process, and its definitive confirmation can only be
confirmed through examination of the postmortem brain. During an individual’s lifetime,
AD diagnosis relies on clinical examinations, laboratory tests, and neuropsychological as-
sessments [45,46]. However, these methods have low sensitivity and specificity in early AD
detection or providing a definitive diagnosis. Therefore, CSF analysis and neuroimaging
of the brain using positron emission tomography (PET) scans are performed to enhance
the diagnostic accuracy of AD [45]. Despite their effectiveness, the clinical use of these
techniques is limited because they are costly and invasive, making them impractical for
screening and frequent monitoring purposes. Consequently, current AD diagnosis primar-
ily depends on cognitive assessments, which are less accurate and often result in delayed
or incorrect diagnoses.

Given the current limitations in diagnostic techniques and the critical need for early
AD detection, there are significant efforts to develop more reliable methodologies. This
involves exploring non-invasive approaches, identifying new biomarkers, and discovering
effective treatments for AD. Recently, exosomes have received increasing attention as
promising non-invasive tools for identifying novel biomarkers and therapeutic approaches
in complex diseases such as AD [47–49].

3. Exosomes

Exosomes are nanosized vesicles between 50 and 150 nm that carry and transport
specific cargo between cells [50]. Neurons and glial cells (astrocytes, oligodendrocytes,
and microglia) secrete exosomes that facilitate neuronal communication and regulate
several processes, such as immune responses, synaptic transmission, and neuronal de-
velopment [51]. Moreover, they are implicated in the pathological processes related to
neurodegenerative diseases [5,6]. In AD, exosomes participate in the disease’s pathogenesis
by spreading pathological agents such as aberrant proteins (e.g., Aβ and tau) and dysregu-
lated miRNAs [52]. These pathological agents can impact the functioning and behavior of
recipient cells, potentially exacerbating the pathological processes associated with AD.

3.1. Biogenesis and Uptake of Exosomes

Exosome biogenesis is a complicated process involving multiple sequential steps, as
illustrated in Figure 1. It begins with forming an early endosome by endocytosis of the
cell membrane component, then progresses into a late endosome that finally matures into
multivesicular bodies (MVBs). MVBs are characterized by containing multiple intraluminal
vesicles (ILVs) resulting from the inward invagination of the late endosome into its lumen.
During the formation of ILs, the proteins and lipids of the cell membrane are integrated
into the invaginating membrane, while cellular constituents are sorted and packaged into



J. Clin. Med. 2024, 13, 6960 5 of 29

these vesicles [53]. The process of cargo sorting within the ILVs is highly regulated and
involves several pathways. One of the primary pathways is the endosomal sorting complex
required for transport (ESCRT) machinery, which involves ESCRT proteins and associated
factors, including lipids (e.g., ceramide) and proteins such as tetraspanins (CD9, CD63,
CD81), vacuolar protein sorting-associated protein 4 (VPS4), and apoptosis-linked gene
2-interacting protein X (ALIX). Besides the ESCRT-dependent pathway, cells can also use
ESCRT-independent mechanisms for sorting cargo into ILVs. These mechanisms involve
lipids such as ceramide and tetraspanins, which help sort specific proteins and lipids
into ILVs [54]. Once ILVs are formed within MVBs, these vesicles can follow different
pathways. Some MVBs fuse with lysosomes, resulting in their cargo degradation as
part of the endolysosomal recycling pathway [55]. Alternatively, MVBs can move to the
plasma membrane and undergo exocytosis, releasing their ILVs into extracellular space as
exosomes [56].

Exosomes can interact with recipient cells after being released from parent cells
through three primary mechanisms: endocytosis, membrane fusion, or receptor–ligand
interactions, as shown in Figure 1. During endocytosis, recipient cells take up exosomes
either by non-specific or receptor-mediated processes. Once internalized, they release
their content into the intracellular environment of the recipient cells. Exosomes can also
directly fuse with cell membranes to release their cargo to recipient cells. Moreover, exo-
somes can attach to the recipient cell’s membrane without internalization, thus influencing
downstream signaling pathways [57,58].

3.2. Constituents of Exosomes

EVs, including exosomes, carry a cargo that consists of a diverse array of bioactive
molecules derived from their parent cells, including proteins, various RNA species (such
as mRNA, miRNA, and lncRNA), DNAs (including mtDNA, ssDNA, and dsDNA), lipids,
and metabolites (Figure 1). This cargo varies according to the EVs’ cellular origins, the
type of parent cells, and the surrounding physiological conditions. For instance, exosomes
originating from endosomal compartments exhibit enrichment in proteins associated with
MVB biogenesis, such as TSG101 and Alix, as well as tetraspanins [59]. Several studies used
these protein markers to distinguish exosomes from other EVs besides simple size-based
ones [60].

In addition to the typical protein cargo, exosomes express specific protein markers
associated with their parent cells and functions. These markers can be utilized to identify
and characterize different subtypes of exosomes. For instance, exosomes derived from
neurons contain synaptic proteins, such as glycosylphosphatidylinositol (GPI)-anchored
prion protein, L1 cell adhesion molecule (L1CAM), and glutamate receptor subunits (e.g.,
GluR2/3) [61]. Exosomes secreted by astrocytes highly express the astroglia surface protein
glutamine aspartate transporter (GLAST), which maintains glutamate clearance and neu-
rotransmitter homeostasis [62]. Microglia secrete exosomes that express specific proteins
such as transmembrane protein 119 (TMEM119) and CD11b [63]. These protein markers
are considered identifiers of the origin of neural cells and were used in several studies to
isolate CNS-specific exosomes using antibodies targeting these proteins [61–63].

Exosomal cargo also varies based on the status of the cell and its surrounding mi-
croenvironment. Changes in the local microenvironment, such as protein aggregations,
inflammation, or cell activation, can directly alter the cellular processes within the cell
and, subsequently, the cargo loaded into exosomes. This alteration in exosomal cargo can
reflect the molecular mechanisms and biological processes in the cell. Gao et al. found
that microglia activated by glutaminase C protein release exosomes with distinct miRNA
compositions compared to exosomes released from resting microglia [64]. Additionally,
neuron-derived exosomes isolated from individuals with AD have exhibited alterations
in protein compositions compared to those from healthy individuals [65]. These changes
in exosomal cargo can provide information about intracellular and extracellular changes
related to the physiological and pathological processes.
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Figure 1. Illustration of exosome biogenesis and its constituents. (A) Exosomes are generated during
the formation of early endocytic vesicles (early endosomes), followed by inward invagination of this
endosomal membrane and the formation of multivesicular bodies (MVBs) (late endosomes). Some
MVBs progress to late stages and subsequently can either be fused with lysosomes, causing cargo
degradation, or be fused with the plasma membrane of cells, secreting their content as exosomes into
extracellular space. Exosomes can then interact with recipient cells by membrane fusion, endocy-
tosis, or receptor–ligand interactions. (B) Exosomes are enveloped in a phospholipid bilayer with
various surface components. These components include tetraspanins (CD8, CD63 and CD82); cell
adhesion molecules such as L1 cell adhesion molecule (L1CAM); transmembrane proteins such as 119
(TMEM119) and glutamate receptor (GluR2/3); major histocompatibility complex molecules (MHCI
and MHCII); transporter proteins such as glutamine aspartate transporter (GLAST); and lipid rafts.
The internal contents of exosomes consist of various biological species, including RNA molecules
(circRNA, mRNA, and microRNA), proteins, DNA, lipids, and metabolites. Additionally, exosomes
can contain specific markers, such as tumor susceptibility gene 101 (TSG101), heat shock proteins
(HSPs), and apoptosis-linked gene 2-interacting protein X (ALIX), which are commonly utilized as
markers for exosomes (image created with BioRender.com).

4. miRNAs

miRNAs are short, non-coding RNA molecules, typically 18–25 nucleotides long, and
are crucial in regulating gene expression. Biogenesis of miRNAs begins with transcripts
of miRNA genes in the cell nucleus. Then, these miRNA transcripts undergo several pro-
cessing steps to produce mature miRNA molecules (Figure 2). Mature miRNAs primarily
function as post-transcriptional gene-silencing agents by binding to specific target sites at
the 3′ untranslated regions (3′ UTRs), 5′ UTR, or coding regions of target messenger RNAs
(mRNAs). The degree of complementarity between the miRNA-specific seed sequences
(two–eight nucleotides at the 5′ end) and target sequences on the mRNA determines the
specific regulation type that occurs. Perfect complementarity results in mRNA degradation,
while imperfect complementarity inhibits translation [9]. Functionally, a single miRNA can
regulate multiple cellular pathways by interacting with various mRNA targets. Conversely,
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multiple miRNAs can collaborate to regulate a specific pathway by targeting particular
mRNA molecules [66].

Moreover, research has demonstrated that miRNAs can also upregulate gene expres-
sion through a mechanism called RNA activation. In this mechanism, miRNAs interact
with gene promoters or enhancers to activate transcription [67,68]. This process occurs after
the miRNAs have been transported from the cytoplasm to the nucleus.

According to information from the miRBase (v22) and GENCODE databases, there are
approximately 3000 mature miRNAs and over 200,000 transcripts, which include variations
in isoforms. Studies have suggested that miRNAs modulate over 60% of protein-coding
genes within the human genome [69]. Furthermore, around 70% of known miRNAs are
expressed in brain regions in a temporally and spatially regulated manner [70]. miRNAs
play diverse roles in the brain’s development and function, coordinating complex molecular
processes to support proper neural development, synaptic connectivity, and the mainte-
nance of neural stem cell populations [71]. Neuronal and glial cells have distinct miRNA
profiles essential for their development, homeostasis, and functions. The dysregulation
of miRNA expressions and subsequent alterations in gene expression are implicated in
different pathological mechanisms in neurodegenerative diseases, including those related
to the pathogenicity of AD [72,73].

Besides their intracellular role in regulating gene expression, miRNAs also function
as mediator signals between cells. Cells can release miRNAs into extracellular fluids in
different ways, including packaging them into exosomes, enclosing them within microvesi-
cles (MVs), accumulating them within apoptotic bodies, or binding them to proteins [e.g.,
Argonaute 2 (Ago2) or lipoproteins]. These circulating miRNAs in the extracellular space
are called circulating miRNAs (Figure 2) [9]. Target cells internalize those circulating miR-
NAs and use them to modulate several cellular functions, coordinate with other cells, or
biological homeostasis [74].
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polymerase II, producing primary miRNAs (pri-miRNAs) that are relatively long, capped, and
polyadenylated transcripts. The pri-miRNAs undergo cleavage by the Drosha–DGCR8 complex to
form hairpin-shaped structures called precursor miRNAs (pre-miRNAs), which are then transported
to the cytoplasm through the exportin-5/Ran-GTP complex. After that, the Dicer enzyme further
processes pre-miRNAs into double-stranded miRNAs, which then unwind to form mature miRNAs.
Mature miRNAs have two fates. First, they can be loaded with Ago2 protein into the RNA-induced
silencing complex (RISC) and bind to specific sequencing in the target mRNA, leading to either
their degradation or suppression of translation. Second, they can be secreted into extracellular
circulation through (1) packaging into exosomes, (2) enclosing within MVs, (3) accumulating within
apoptotic bodies, (4) binding to Ago2 protein, or (5) binding to lipoproteins (image created with
BioRender.com).

4.1. Characteristics of Exosomal miRNAs

miRNAs in exosomes have gained considerable research attention, particularly in
studies of neurodegenerative diseases. The encapsulation of miRNAs within exosomes
provides a protective environment that enhances their stability, protecting them against
degradation by extracellular enzymes or unfavorable environmental factors. Moreover,
the lipid bilayer membrane that envelops exosomes and their nanosize enables them to
cross the BBB and be transported to distant cells through circulation in various biological
fluids. The existence of exosomal miRNAs in biofluids presents a non-invasive approach to
readily access and analyze miRNA profiles, which could yield valuable insights for AD
diagnosis and monitoring [75].

Research has indicated that the selection of exosomal miRNAs and their packaging
into exosomes are not random processes but rather exhibit specificity, which depends
on the type of cell and/or the surrounding microenvironment conditions. Although the
exact mechanisms of sorting miRNAs within exosomes are unclear, studies have proposed
that exosomes use two key mechanisms: selective and nonselective sorting. Nonselective
sorting occurs when miRNAs are packaged into exosomes without specific recognition,
potentially due to their abundance in the cytosol. Conversely, selective sorting involves
specific proteins recognizing and binding to particular sequence motifs in miRNAs. These
sorting mechanisms can vary based on the cellular composition and the origins of exosomes,
which makes them an interesting strategy for diagnosing AD early and accurately based
on cell-type signatures [76].

4.2. Exosomal miRNAs: Sources, Extraction, Profile Analysis, and Target Identification in AD
4.2.1. Sources of Exosomal miRNAs

Exosomes are released in most bodily fluids including blood, CSF, urine, and various
tissue fluids [77]. Researchers are studying the contents of exosomes, including miRNAs, in
different biological fluids and in vitro culture media to identify potential therapeutic targets
and develop biomarkers for neurodegenerative diseases, including AD (Figure 3). Recent
studies have concentrated on establishing relevant biomarkers for AD by investigating the
packaging of exosomal miRNA, focusing on their roles in CSF and blood [78,79].

The direct interaction of CSF with the CNS enables it to reveal biochemical changes
and ongoing neurodegenerative processes in the brain, thereby offering valuable insights
into AD mechanisms [80]. Although studying exosomal miRNAs in CSF is important for
understanding the pathogenicity of AD, their potential as biomarkers and therapeutic tar-
gets has some limitations. Firstly, collecting CSF samples is challenging because it requires
a lumbar puncture, a procedure that can be uncomfortable and carries risks to patients
including infection or headaches. These concerns may limit the number of participants in
AD studies, potentially impacting the generalizability of the findings. Secondly, the volume
of CSF that can be collected is limited, which complicates comprehensive analyses and
makes repeated sampling and routine screening for AD more challenging. Furthermore,
the sensitivity for detecting low-abundance miRNAs in exosomes isolated from CSF is con-
strained by the challenges in obtaining sufficient quantities of exosomal miRNA. Thirdly,

BioRender.com


J. Clin. Med. 2024, 13, 6960 9 of 29

contamination with blood or other substances may occur during CSF collection, potentially
interfering with the findings. Consequently, these factors can compromise the reliability of
using exosomal miRNAs as biomarkers for AD.

In addition to CSF, blood-based biomarkers are increasingly utilized for diagnosing
and predicting a range of neurodegenerative diseases. CNS cell-derived exosomes can
diffuse bidirectionally through the BBB between the bloodstream and brain parenchyma,
making them promising tools for diagnosing and treating AD. Blood sampling is non-
invasive and easily accessible, and the availability of larger sample volumes and higher
enrichment of exosomal miRNAs enhances biomarker screening, improving both sensitivity
and specificity for disease detection [81]. However, several limitations exist to utilizing
exosomal miRNA derived from blood for clinical applications in AD. A major challenge
is the heterogeneity in exosomes, as blood comprises various populations that originate
from different organs and tissues. This diversity can hide primary AD-specific changes
in exosomal miRNAs by introducing non-specific secondary changes, making it more
difficult to identify relevant biomarkers. Nonetheless, advancements in technology have
made it possible to address this challenge. As mentioned earlier, neural-derived exosomes
can be isolated using antibodies that target exosomal proteins specific to neuronal or
neuroglial cells. Furthermore, focusing on studying AD-specific biomolecules such as Aβ,
hyperphosphorylated tau protein, and specific miRNAs (e.g., miR-193b and miR-125b-5p),
which are associated with AD, can reduce the impact of heterogeneity and increase analysis
specificity [82]. Additionally, advanced machine learning algorithms can detect patterns
and relationships among various biomarkers, thereby improving analytical accuracy and
deepening our understanding of the mechanisms underlying AD. Consequently, integrating
multi-omics analysis with large-scale studies involving a substantial number of participants
can yield a more comprehensive understanding of AD and potentially identify novel
biomarkers that enhance early diagnosis and treatment strategies for the disease.

In contrast to research focused on exosomal miRNAs in biofluids, in vitro models and
animal models of AD offer valuable platforms for studying and manipulating exosomal
miRNAs under specific conditions. By altering the expression of specific miRNAs in donor
cells, we can modify the expression of miRNAs into exosomes of recipient cells and explore
their functions and mechanisms related to AD. Despite in vitro disease models being helpful
for many functional analyses, they cannot fully replicate the intricate microenvironment
of living organisms. Therefore, it is essential to validate findings obtained in vitro by
confirming them through studies using animal models or human organoid models of AD.

4.2.2. The Extraction of Exosomal miRNAs

The presence of various miRNAs that bind to proteins in bodily fluids necessitates the
initial isolation of exosomes before extracting and purifying miRNAs derived from these
exosomes. The two predominant approaches currently utilized for the isolation of exosomes
are ultracentrifugation (UC) and commercially available precipitation-based kits [81]. UC
is widely used and relies on differential centrifugation to separate exosomes based on
size and density. However, this method has limitations, including time consumption and
difficulty in excluding non-exosomal contaminants [83]. On the other hand, precipitation
kits offer a faster alternative and can handle larger sample volumes, though they may suffer
from purity issues due to the co-isolation of other EVs [84]. Both methods yield exosomes
of similar purity, but UC typically produces fewer exosomes. Other methods, such as
size exclusion chromatography and immunoaffinity isolation, are less common due to
challenges such as low yield and high costs. Recently, immunoprecipitation techniques that
target specific cell types have emerged, enhancing the specificity of CNS-derived exosome
isolation and facilitating studies on their roles in AD [84].

After isolating exosomes, extracting miRNA is essential for enhancing purity and
minimizing losses during separation from EVs. Two primary methods for miRNA isola-
tion are TRIzol and commercial kits such as ExoQuick. TRIzol maintains RNA integrity
during lysis but may leave behind phenols and salts, affecting downstream analyses. To
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improve efficiency, column purification with TRIzol and solid-phase extraction methods
using magnetic beads are effective. Commercial kits often yield higher miRNA quantities
from biological fluids compared to UC methods, along with providing more consistent
miRNA profiles [84,85]. This enhanced performance is likely a result of the better recovery
efficiencies of exosomal miRNAs offered by these kits [86].

The consistency of miRNA profiles is a critical consideration in AD research, as it
influences choosing effective isolation methods and the interpretation of data. Studies have
shown a strong correlation in miRNA expression between exosomes isolated using UC and
those obtained from commercial kits [84]. However, statistical differences in 17 specific
miRNAs indicate discrepancies in the components of exosomes isolated by these methods.
Furthermore, while a general correlation in exosomal miRNA profiles exists, the recovery
rates of specific miRNAs (let-7d, miR-16, and miR-25) are significantly different between
commercial isolation kits [83]. These variations can largely be attributed to the technical
differences among the kits. Consequently, the lack of standardized procedures for exosome
and exosomal miRNA extraction complicates efforts to investigate miRNA profiles in AD,
identify potential biomarkers, and understand the pathological and therapeutic roles of
exosomal miRNAs.

4.2.3. Profile Analysis of Exosomal miRNAs

The detection and quantification of exosomal miRNAs are crucial for advancing
AD research, as these molecules can serve as potential biomarkers for early diagnosis,
progression monitoring, and therapeutic targets. Several methods are employed for the
detection and quantification of EV-miRNAs. One commonly used approach is reverse
transcription–quantitative polymerase chain reaction (RT-qPCR), which allows for the
specific amplification and quantification of miRNA targets. RT-qPCR can be combined with
pre-amplification steps to enhance the sensitivity of detection. Additionally, next-generation
sequencing (NGS) techniques provide comprehensive profiling of exosomal miRNAs,
allowing for the identification of novel miRNAs and assessment of their expression levels.
NGS-based methods can also provide information on the miRNA sequence, facilitating
the discovery of functional miRNA targets. Other emerging technologies, such as digital
droplet PCR (ddPCR) and microarray-based approaches, offer alternative strategies for
quantifying and profiling exosomal miRNAs. These methods provide high sensitivity,
specificity, and multiplexing capabilities, enabling the detection and quantification of
miRNAs in complex biological samples. As the field advances, developing standardized
protocols, data analysis pipelines, and validation of exosomal miRNA biomarkers will
be crucial for their clinical translation and integration into diagnostics and therapeutic
strategies for AD.

4.2.4. Identification of Targets for Exosomal miRNAs

In general, miRNAs function by binding to target mRNA molecules through partial
base pairing, which leads to the repression of translation and/or degradation of mRNA.
Although the experimental strategies used to identify miRNA targets may vary, the under-
lying logic behind these strategies is generally consistent and standardized [13]. Two basic
steps are involved in identifying miRNA targets: screening for putative targets of miRNA
and validating candidate transcripts associated with miRNA. Putative miRNA targets for
AD biomarkers can be identified using a combination of experimental and computational
approaches. Experimental approaches use high-throughput sequencing techniques to pro-
file miRNA expression levels in different biological samples from AD patients and healthy
controls, such as CSF, plasma, or brain tissue. This can identify differentially expressed
miRNAs that may be involved in AD pathology. Once candidate miRNAs are identified,
their potential targets can be predicted using computational algorithms such as TargetScan,
miRanda, and miRDB, which can identify potential mRNA targets based on miRNA-mRNA
complementarity.
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Candidate transcript validation of miRNA-target interactions is also crucial in AD
biomarker research. This can be performed using techniques including qRT-PCR, luciferase
reporter assays, or Western blot analysis, which can confirm the interaction between the
miRNA and its predicted target mRNA and provide insight into the mechanisms of miRNA-
mediated regulation in AD pathology. In addition to these techniques, network analysis
and pathway analysis can also be used to identify putative miRNA targets by examining
the functional relationships between differentially expressed miRNAs and their predicted
target genes in the context of AD pathology.
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4.3. Roles of Exosomal miRNAs in the Pathogenicity of AD

Exosomes have attracted significant interest in AD research due to their role in neural
communication and their ability to transport miRNAs between cells. Exosome-associated
miRNAs have been implicated in various AD pathological mechanisms, such as the pro-
duction of Aβ, tau pathology, neuroinflammation, and synaptic dysfunction (Figure 4 and
Table 1). The transmission of miRNAs via exosomes from affected cells to neighboring or
distant cells can target and regulate multiple genes associated with pathological processes,
thereby influencing the pathogenesis of AD.

4.3.1. miRNAs in Aβ Production

Dysregulation of APP processing is associated with AD development, as disturbances
in this process can generate Aβ peptides. These peptides accumulate and subsequently
form amyloid plaques that deposit between neural cells of AD brains. Research has
demonstrated that miRNAs modulate APP mRNA expression by directly binding to the
3′ UTR, thereby modulating its stability and translation. Members of the miR-20a family
(miR-17-5p, miR-20a, and miR-106b) have been demonstrated to downregulate APP mRNA
expression and inhibit abnormal Aβ accumulation in neuronal cell lines [87]. Among these
family members, miR-20a-5p has been observed to be significantly reduced in the exosomes
isolated from the blood of individuals with sporadic AD. This reduction in exosomal
miR-20a-5p levels could contribute to Aβ plaque formation and the cognitive impairment
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observed in AD [88]. miR-193b is another miRNA that suppresses APP mRNA expression
and promotes the degradation of its mRNA. In AD patients, an inverse correlation has
been observed between the levels of the amyloidogenic Aβ42 peptide and miR-193b
encapsulated into exosomes within the CSF, indicating that exosomal miR-193b may serve
as a biomarker to detect the pathological changes related to AD [89,90]. Similarly, miR-16
is another miRNA identified as a suppressor of APP mRNA expression, as confirmed in
various types of brain cells [91]. Interestingly, miR-16 levels in exosomes isolated from
CSF were lower in patients with early-onset AD (YOAD) than in those with late-onset
AD (LOAD) [92]. This suggests the direct involvement of miR-16-5p in regulating APP
transcription, which is particularly relevant to early-onset AD pathogenesis. Furthermore,
miR-185-5p acts as an inhibitor of APP transcript, and its expression has been dramatically
reduced in serum-derived exosomes of AD patients [93,94].

The BACE1 enzyme is considered the major cleavage enzyme of APP, marking the
initial step in Aβ formation, and its levels and activity were elevated approximately two-
fold in the brains of patients with AD [95]. Several miRNAs have been demonstrated to
regulate BACE1 mRNA expression in various neural cell lines by binding to its 3′UTR,
thereby influencing BACE1 protein levels. For instance, the miR-29 family is a highly
studied miRNA group known for regulating BACE1 mRNA expression and affecting its
translation. This family consist of three miRNAs: miR-29a, miR-29b1, and miR-29c [96,97].
In AD brains, a major downregulation in the miR-29a/b-1 cluster has been observed, and
its downregulation is associated with increased BACE1 protein levels [98,99]. Interestingly,
the downregulation of miR-29c was also found in CSF-derived exosomes of individuals
with AD [92]. miR-342-5p is another miRNA that regulates BACE1 mRNA expression, and
its downregulation was associated with cognitive decline severity in AD patients [100].
The downregulation of miR-342-5p was also observed in blood-derived exosomes of AD
patients. Further experiments confirmed that exosomal miR-342-5p can protect recipient
neurons against neuronal toxicity induced by Aβ deposition by inhibiting the expression of
BACE1 mRNA [101]. Similarly, miR-15b acts as a suppressor of BACE1 mRNA expression,
and its upregulation may reduce Aβ aggregation and enhance the survival of Aβ-treated
SH-SY5Y cells [102,103]. miR-328, miR-338-5p, and miR-16 also act as negative regulators
of BACE1 mRNA and have been found to be downregulated in exosomes derived from
blood and CSF of individuals with AD [78,92,104–107].

4.3.2. miRNAs in Tau Pathology

Increased tau phosphorylation and the subsequent formation of NFTs inside neu-
ral cells are key factors causing cognitive decline in AD patients. The aberrant in tau
phosphorylation results from an imbalance in regulating tau phosphorylation and dephos-
phorylation, which involves the activation of kinases and phosphatases associated with tau
protein. miRNAs play significant roles in regulating tau phosphorylation and contribute
to tauopathy in AD. One such miRNA is miR-125b, which exhibits high expression in
neural cells and cells and significantly regulates tau protein phosphorylation [108]. Sev-
eral studies have observed overexpression of miR-125b in the brain and biofluids of AD
patients, and this elevation in miR-125b was correlated with tau toxicity-induced cognitive
impairment [92,108–110]. Overexpression of miR-125b in neurons led to increased tau phos-
phorylation by activating kinases (ERK1/2 and CDK5/P35) and simultaneously suppressed
the activity of phosphatases [dual-specific phosphatase 6 (DUSP6) and protein phosphatase
1 catalytic subunit alpha (PP1CA)]. This imbalance between kinases and phosphatases
caused tau hyperphosphorylation and apoptosis of neurons [107,108]. Moreover, miR-125b
can enhance tau pathology by activating GSK-3β, an essential kinase contributing to tau
phosphorylation [109]. Elevated GSK-3β activity was observed in the brains of AD patients,
and its elevation has been implicated in tau pathology development and correlated with
cognitive decline [111,112]. Experimental evidence from mouse models of dementia has
confirmed that the upregulation of miR-125b increases GSK-3β activity, suggesting involve-
ment in the formation of NFTs and progression of tau-mediated pathology [109]. miR-137
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is abundantly expressed in the cerebral cortex and plays a significant role in synaptic
functions and neuronal differentiation. miR-137-3p is another miRNA that targets GSK-3β
activity and modulates its expression. Studies in AD cells and animal models have shown
that downregulation of miR-137-3p leads to an imbalance in tau phosphorylation through
increased GSK-3β mRNA expression [113]. In contrast, miR-23b-3p suppresses GSK-3β
mRNA expression and effectively reduces tau phosphorylation in cell cultures. However,
the expression of miR-23b-3p was found to be decreased in the blood of AD individuals,
and this reduction is negatively associated with the degree of tau phosphorylation as the
disease progresses [112]. Additionally, the levels of miR-23b-3p encapsulated within exo-
somes have been lower in the blood of AD patients than in healthy individuals [107]. The
miR-132/212 cluster is a highly studied and well-characterized group of miRNAs playing a
significant role in aberrant tau phosphorylation in various neurodegenerative diseases [114].
miR-132 is one of the well-confirmed miRNAs that are downregulated in the brains of AD
patients. Importantly, this reduction in miR-132 levels has been observed even before the
onset of neuronal loss and is strongly correlated with the severity of tau pathology related
to AD [115,116]. Multiple studies have shown that miR-132 protects nerve cells against
forming NFTs and synaptic dysfunction through various mechanisms. These mechanisms
involve miR-132 targeting tau mRNA, inhibiting GSK3β activity, or enhancing tau protein
cleavage and degradation [117,118]. An experimental study demonstrated that reducing
miR-132 levels increases total and phosphorylated tau protein levels in a transgenic mouse
model of AD. Conversely, restoring normal miR-132 levels in these mice improves tau
pathology and cognitive functions [117]. Moreover, miR-132 indirectly enhances NFT
formation by targeting the expression of inositol 1,4,5-trisphosphate 3-kinase B (ITPKB), a
kinase that activates the ERK1/2 pathway and subsequently promotes tau phosphoryla-
tion [119,120]. Also, miR-146a indirectly promotes tau phosphorylation in neuronal cells
by suppressing the expression of rho-associated coiled-coil-containing protein kinase 1
(ROCK1), which in turn activates GSK3β indirectly through targeting the phosphatase and
tensin homolog (PTEN). Inhibition of miR-146a decreased phosphorylated tau levels and
improved memory dysfunction in mice models of AD [121].

4.3.3. miRNAs and Neuroinflammation

Neuroinflammation is one factor contributing to the development of AD and greatly
influences its progression. The chronic activation of inflammatory immune cells results in
the excessive production of inflammatory factors, further advancing the disease. Although
innate immune cells are primarily responsible for mediating neuroinflammation, recent
studies suggest that blood cells can penetrate the BBB and participate in the inflammatory
responses in AD [122].

miRNAs are essential in regulating neuroinflammation in the CNS by targeting genes
involved in immune responses. The Let-7 family, an evolutionarily conserved group of
miRNAs, significantly modulates various inflammatory processes, including microglia
activation and polarization, astrocyte differentiation, and pro-inflammatory cytokine ex-
pression [123,124]. Let-7 miRNAs can function as damage-associated molecular patterns
(DAMPs) and ligands for toll-like receptor 7 (TLR7) on neural cells, including microglia,
leading to its activation and enhancement of neuroinflammation [125,126]. Additionally,
they can regulate inflammation by directly targeting cytokine production, including in-
terleukin (IL)-6 and IL-10 [127]. Neurons release proteins belonging to the Let-7 family,
which have been detected to be overexpressed in neuronal exosomes in AD patients [128].
Conversely, miR-125b exacerbates neuroinflammation by enhancing the production of
pro-inflammatory cytokines, including tumor necrosis factor-alpha (TNF-α), IL-1β, and
IL-6 [129]. Inhibiting miR-125b decreases the synthesis and production of pro-inflammatory
cytokines, thus alleviating the inflammatory response associated with AD [130]. miR-146a
is another essential regulator of neuroinflammation, and it is highly expressed in neural
cells [131]. Upregulation of miR-146a beneficially reverses microglia polarization towards
the M2 phenotype, which, in turn, enhances the clearance of Aβ plaques and reduces
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pro-inflammatory cytokine production. Administering miR-146a reduced Aβ accumu-
lation, mitigated neuroinflammation, reduced neuronal death, and improved cognitive
functions in APP/PS1 transgenic mice [132]. Furthermore, miR-146a is a protective agent
in alleviating astrocytic inflammation by inhibiting NF-κB activation, a well-known pro-
inflammatory signaling pathway [133]. However, despite its positive effects, miR-146a
was found to be downregulated in exosomes derived from the blood of individuals with
AD [134].

Evidence suggests that BBB disruption is a common feature of neuroinflammation-
mediated neurodegeneration [122]. The BBB is a highly selective barrier composed of
endothelial cells, tight junctions, and supporting cells, which collectively work to maintain
homeostasis within the CNS. In AD, changes in the integrity of tight junctions between
endothelial cells are prevalent pathological characteristics observed in over 90% of AD
brains during autopsy [135]. These changes in tight junction integrity may enhance immune
cell infiltration and contribute to the amplified neuro-inflammatory processes associated
with AD. miRNAs regulate the expression of molecules essential for maintaining endothe-
lial junctions, consequently affecting BBB function [136]. For instance, miR-132 regulates
vascular endothelial (VE)-cadherin expression, a key molecule in the formation and sta-
bility of adherent junctions between endothelial cells [137]. Interestingly, neurons release
exosomes containing miR-132, which are internalized by brain endothelial cells, enhancing
the expression of functional and mature miR-132. This process leads to increased levels of
VE-cadherin and improved integrity of the BBB [138]. Conversely, in AD, evidence indicates
reduced miR-132 levels in neuronal exosomes [139], which could decrease VE-cadherin
expression and contribute to BBB dysfunction [140].

4.3.4. miRNAs and Synaptic Dysfunction

Synapses are the basic brain communication units that allow neural cells to transmit
and receive signals. The structural and functional integrity of these synapses is critical for
normal neurotransmission and the proper functioning of synaptic and cognitive processes.
In AD, disturbances in synaptic function and compromised synaptic plasticity, particularly
in the earlier stages, lead to cognitive deterioration. Research indicates that miRNAs within
synaptic structures may be implicated in disrupting neurotransmission and plasticity
processes, consequently contributing to cognitive deterioration in AD patients [141].

miRNAs directly impact synaptic function by modulating the gene expression of
essential proteins within the synaptic structure, including ion channel subunits, surface
receptors, and synaptic vesicle components critical for neurotransmission. miR-34 is one of
the miRNAs essential in synaptic functions, contributing to synapse formation and con-
nections between nerve cells [142]. miR-34a affects synaptic function by downregulating
the expression of the NR2A subunit of the N-methyl-D-aspartate (NMDA) receptor at the
postsynaptic compartment of neural cells. The NMDA receptor is a glutamatergic receptor
essential in synaptic plasticity and memory formation, especially in the hippocampus [143].
miR-34a also negatively affects proteins involved in synaptic transmissions by downregulat-
ing the expression of vesicle-associated membrane protein 2 (VAMP2) and synaptotagmin
1 (SYT1). VAMP2 and SYT1 proteins are essential in synaptic vesicle trafficking and re-
leasing of neurotransmitters at the presynaptic compartment of neural cells [39]. Similarly,
miR-146a-5p reduces the levels of synaptic proteins by targeting SYT1 and neuroligin 1
(Nlg1) [38]. Nlg1 is a postsynaptic protein contributing to dendritic spine formation and
the stability of synapses [144]. Microglia release exosomes containing miR-146a-5p, which
then bind to the mRNA of SYT1 and Nlg1 in neurons, thereby inhibiting their expression.
The downregulation of SYT1 in the presynaptic compartment disrupts neurotransmitter
release and impacts synaptic transmission. On the other hand, the downregulation of
Nlg1 in the postsynaptic compartment interferes with the establishment and stability of
excitatory synapses [38]. miR-30b is another miRNA impairing synaptic and cognitive
functions through different mechanisms. It directly binds to and targets the mRNA of glu-
tamate receptor subunit 2 (GluA2), an AMPA receptor subunit crucial in synaptic strength
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regulation and normal synaptic transmission [145]. Additionally, miR-30 downregulates
the expression of ephrin type-B receptor 2 (ephB2) and sirtuin 1 (SIRT1), which protect
glutamate receptors and maintain synaptic function. However, miR-30b has been upregu-
lated in the blood of AD patients and mice models of AD. This elevation of miR-30b has
been associated with impaired basal synaptic transmission and decreased dendritic spine
density in the hippocampus of transgenic mice, which may cause a decline in learning and
memory abilities related to AD [145].
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Table 1. Some exosomal miRNAs that play roles in the pathogenesis of AD.

The Ultimate
Target MiRNA Functions Animal Model/Cell

Line

Patient Samples

Ref.
Brian Peripheral Body

Fluid

Aβ production

miR-20a

Downregulated Aβ
accumulation by
binding to APP
mRNA, thereby
decreasing APP

mRNA expression.

HeLa, Neuro2A, and
SK-N-SH cells

Anterior
temporal cortex
or Cerebellum

Blood-derived
exosomes [87,88]

miR-193b APP/PS1 mice
CFS- and

blood-derived
exosomes

[89,90]

miR-16
Rat neuronal PC12 and
primary hippocampal

neuron cells

CFS-derived
exosomes [91,92]

miR-185-5p APP/PS1 mice/N2a
(Aβ) cells

Blood-derived
exosomes [93]

miR-29c
Downregulated Aβ

accumulation by
binding to BACE1
mRNA, thereby

decreasing BACE1
mRNA expression.

SH-SY5Y (Aβ) cells Frontal cortices CFS-derived
exosomes [80,96]

miR-29a/b SK-N-SH cells Cortex [98]

miR-328 APP/PS1 mice/N2a
(Aβ) cells

CFS-derived
exosomes [78,104]

miR-16 SH-SY5Y (Aβ) cells CFS-derived
exosomes [92,146]
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Table 1. Cont.

The Ultimate
Target MiRNA Functions Animal Model/Cell

Line

Patient Samples

Ref.
Brian Peripheral Body

Fluid

Aβ production

miR-15b
Downregulated Aβ

accumulation by
binding to BACE1
mRNA, thereby

decreasing BACE1
mRNA expression.

SH-SY5Y (Aβ) and
HEK293T cells Frontal cortices Blood-derived

exosomes [102,147,148]

miR-338-5p

5XF-AD TG
mice/primary
hippocampal
neurons cells

Hippocampus Blood-derived
exosomes [105,107]

miR-342-5p HT22 cells Blood-derived
exosomes [101]

Tau Pathology

miR-125b

Upregulated Erk1/2
and CDK5/P35

kinases and
downregulated

DUSP6 and PPP1CA
phosphatases,

enhancing tau hyper-
phosphorylation.

Primary hippocampal
and cortical neuron cells Frontal cortex

CFS- and
blood-derived

exosomes
[92,108,110]

Enhanced tau hyper-
phosphorylation by
activating GSK-3β.

APP/PS1 mice/N2a
cells [109]

miR-23b-3p

Reduced
phosphorylation of

tau protein by
suppression of

GSK-3β activity.

APP/PS1 and SAMP8
mice; APPswe cells

Blood-derived
exosomes [107,149]

miR-137-3P
Enhanced tau hyper-
phosphorylation by
activating GSK-3β.

APP/PS1
mice/SH-SY5Y

(Aβ) cells
Hippocampus [113]

miR-132

Reduced tauopathies
by targeting Tau

mRNA, inhibiting
GSK3β, or enhancing
tau protein cleavage

and degradation.

3xTg-AD mice/primary
hippocampal and

cortical neuron cells

Temporal cortex,
prefrontal cortex

and hippocampus

Blood-derived
exosomes [117,118,139]

miR-146-a

Enhanced tau
phosphorylation by

impeding the
ROCK1-PTEN

signaling pathway.

5xFAD mice/SH-SY5Y Temporal cortex Blood-derived
exosomes [121]

Neuroinflamma-
tion

let-7-a/e

Activated microglia
cells and enhanced

inflammatory
cytokine production.

Murine BV2
microglial cells

Blood-derived
exosomes [123,128]

let-7b/e

Enhanced
inflammatory

responses by acting as
extracellular signaling

molecules and as
ligands for TLR7 in

neuronal cells.

C57Bl/6J
mice/RAW264.7,

N1E-115, and
HEK293 cells

CSF-derived
exosomes [125,126]

miR-125b

Enhanced
inflammatory
responses by
promoting

pro-inflammatory
cytokine production

(NF-α, IL-1β,
and IL-6).

Hippocampal and
cortical neurons of
rat/neuroblastoma
Neuro2a APPSwe/

∆9 cells

CFS- and
blood-derived

exosomes
[92,110,129]
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Table 1. Cont.

The Ultimate
Target MiRNA Functions Animal Model/Cell

Line

Patient Samples

Ref.
Brian Peripheral Body

Fluid

Neuroinflamma-
tion

miR-146a

Promoted microglial
shifting towards the
M2 phenotype and

reduced
pro-inflammatory

cytokines production.

C57BL/6J and
APP/PS1mice/HMC3

and SH-SY5Y cells

Blood-derived
exosomes [132,134]

Attenuated astrocytic
inflammation by
inhibiting NF-κB

activation.

APP/PS1
mice/BM-MSC cells

seeded with astrocytes
[133,134]

miR-132

Enhanced the
expression of

VE-cadherin junction
and improved BBB

integrity.

Primary cortical
neurons cells

Temporal cortex,
prefrontal cortex,
and hippocampus

Blood-derived
exosomes [117,137]

Synaptic
Dysfunction

miR-146a

Downregulated the
expression of

presynaptic SYT1 and
postsynaptic Nlg1

genes.

3xTg-AD mice/primary
cortical neurons

Temporal cortex,
frontal cortex,

and cerebellum
[38,134]

miR-34a

Downregulated the
expression of key

synaptic genes
including NR2A,

VAMP2, and SYT1.

Mixed glial and neuron
cell cultures

Blood-derived
exosomes [39]

miR-30
Repressed synaptic

genes including sirt1,
ephB2, and GluA2.

5XFAD APP transgenic
mice/mixed neurons

and astroglial cells
Hippocampus [145]

5. Exosomal miRNAs as Promising Diagnostic Biomarkers for AD

Early AD diagnosis is crucial, given the long preclinical period and the need for
effective treatment strategies. Identifying reliable biomarkers to detect neurological al-
terations in the brain is essential for developing targeted therapeutic approaches. As the
significant regulatory functions of exosomal miRNAs in AD, combined with acting as a
mediator in intercellular communication, exosomal miRNAs provide great potential to
enhance diagnostic accuracy and serve as specific biomarkers for AD. Several studies have
investigated these miRNAs in exosomes derived from blood and CSF of AD patients, as
shown in Table 2.

5.1. Exosomal miRNA Dysregulation in CSF

Exosomal miRNAs derived from CSF are considered promising methods for identify-
ing prognostic and diagnostic biomarkers for AD. Gui et al. investigated the possibility of
utilizing exosomal miRNAs as AD diagnostic biomarkers by analyzing their differential ex-
pression in CSF of AD patients. The results revealed differential expression of miR-132-5p,
miR-16-2, miR-29c, miR-136-3p, miR-331-5p, and miR-485-5p in patients with AD com-
pared to healthy individuals [80]. Another study observed that the levels of two particular
miRNAs, miR-9 and miR-598, were highly expressed in the exosomes derived from CSF
samples of AD patients compared to those in control individual’s CSF samples. Impor-
tantly, these miRNAs were more abundant in CSF-derived exosomes than in the whole
CSF, specifically in the samples obtained from AD patients [146], indicating a selective
encapsulation and enrichment of these particular miRNAs within extracellular exosomes.
Other studies have found that miR-193b and miR-135a expression is higher in CSF-derived
exosomes of MCI and AD patients than in healthy individuals [147,148]. McKeever and
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colleagues compared the exosomal miRNA expression profiles derived from CSF patients
with YOAD and LOAD. The results revealed alterations in miR-605-5p, miR-451a, and
miR-125b-5p levels in the exosomes derived from CSF of both AD groups. Interestingly,
dysregulation of exosomal miR-16-5p was specific to the YOAD group but not the LOAD
group, indicating the potential for using it as a particular biomarker associated with the
pathological processes underlying the earlier onset of AD [92].

Exosomal miRNAs isolated from CSF may also serve as promising biomarkers for
distinguishing AD from other types of dementia. Tan and colleagues investigated the
potential of using exosomal miRNAs isolated from CSF as biomarkers to distinguish AD
from frontotemporal dementia (FTD). The results revealed a significant reduction in two
exosomal miRNAs, miR- 320a and miR-204-5p, in the CSF samples of both dementia groups
compared to healthy individuals. Additionally, they observed that exosomal miR-328-3p
exhibited significant dysregulation in AD patients but not in the FTD patient group and
demonstrated moderate diagnostic value with an area under the curve (AUC) of 0.702.
Importantly, exosomal miR-328- 3p significantly correlated with the reduction in Aβ42 in
the CSF, suggesting that it is potentially utilized as a disease-specific biomarker to help
differentiate AD from FTD [78].

5.2. Exosomal miRNA Dysregulation in the Blood

Given the challenges and constraints of obtaining CSF samples, growing interest has
been in identifying exosomal miRNA biomarkers from peripheral blood. Investigators
have examined different blood components, including plasma or serum, to search for
reliable biomarkers of AD that demonstrate high sensitivity and specificity for accurate
diagnosis. Lugli and colleagues investigated the possibility of using miRNAs as AD di-
agnostic biomarkers by analyzing their differential expression in plasma exosomes from
AD patients. The analysis results indicated that a specific group of seven miRNAs could
reliably predict AD status, achieving an accuracy ranging from 83% to 89%. Among these
miRNAs, miR-342-3p appeared to be particularly significant, showing decreased expres-
sion in AD patients and exhibiting a robust association with several other downregulated
miRNAs in AD [107]. Another study revealed dysregulation in the expression of exosomal
Let-7g-5p, miR-126-3p, miR-142-3p, miR-146a-5p, and miR-223-3p in AD patients, and
they showed strong correlations with disease severity [134]. Nie et al. discovered that
eight miRNAs obtained from plasma exosomes displayed significant dysregulation in AD
patients. Among these miRNAs, Let-7e-5p, miR-125a-5p, miR-23a-3p, and miR-375 were de-
termined as AD diagnostic biomarkers in separate investigations examining various blood
components [150–154]. This consistency suggests these miRNAs could serve as reliable AD
biomarkers across different blood-based assessments. Additionally, research has identified
significant dysregulation in the expression of six miRNAs in the blood-derived neurogenic
exosomes of AD patients: miR-23a-3p, miR-223-3p, and miR-190a-5p were upregulated,
while miR-132 and miR-100-3p were downregulated [139,155]. These results suggest that
assessing the expression of these miRNAs in neurogenic exosomes could complement
existing approaches for diagnosing AD. Cheng et al. examined exosomal miRNA profiles
in the serum of individuals with AD, and they identified a set of 16 miRNA biomarkers.
Importantly, when this set of exosomal miRNAs was incorporated with established risk
agents for AD, such as sex, age, and APOE4 ε4 genotype status, the combined method
achieved a high prediction accuracy of AD with 87% sensitivity and 77% specificity. These
results indicate that integrating the analysis of exosomal miRNAs with other risk agents
could improve the accuracy and effectiveness of blood-based tests for the early detection
and diagnosis of AD [156]. Another study found a major reduction in exosomal miR-223
levels in the blood samples of AD patients, and its reduction was strongly associated
with both the severity of cognitive decline and neuroinflammation [157], indicating its
potential use as a biomarker for measuring and monitoring these processes related to AD.
A recent investigation detected a significant downregulation in the expression of three
miRNAs (miR-30b-5p, miR-22-3p, and miR-378a-3p) in serum-derived exosomes from AD
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patients. Combining these three exosomal miRNAs achieved a high level of accuracy in
AD diagnosis with an AUC value of 0.88 [158].

Exosomal miRNAs isolated from blood may also serve as promising biomarkers for
differentiating AD from other types of dementia. Gámez-Valero et al. investigated the
potential of using exosomal miRNAs derived from the blood to differentiate between AD
and dementia with Lewy bodies (DLB). After analyzing exosomal miRNA differential
expression, they revealed that four exosomal miRNAs significantly reduced their expres-
sion in AD patients compared to healthy individuals. Interestingly, two specific miRNAs,
miRNA-21-5p and miR-451, showed significant downregulation in AD patients in com-
parison to those with DLB. These two miRNAs demonstrated high differentiation power,
with AUC values of 0.9, effectively distinguishing between AD and DLB [159]. In a com-
prehensive comparative study, researchers analyzed exosomal miRNA expression profiles
in different neurodegenerative disorders, including AD, Parkinson’s disease (PD), vascular
dementia (VD), and vascular parkinsonism (VP). One of the interesting results was the
alteration in the expression of miR-23a in all disease groups, suggesting its potential as a
biomarker for neurodegenerative conditions. Moreover, miR-34b, miR-125b, and miR-130b
showed specific changes in Alzheimer’s-like disorders, indicating that these particular
neuro-miRNAs may contribute to AD pathogenesis and could serve as disease-specific
biomarkers [110]. Liu and colleagues thoroughly analyzed the differential expression of exo-
somal miRNAs isolated from blood samples across multiple neurodegenerative conditions,
including AD, MCI, and VD. Their analysis demonstrated that a set of 18 miRNAs was
differentially expressed in the exosomes of AD patients compared to healthy individuals.
Among these, miR-93-5p, miR-424-5p, miR-1306-5p, and miR-3065-5p exhibited distinct
expression patterns in samples from AD patients compared to those from patients with
MCI and VD [160].

Table 2. Exosomal miRNA signatures with clinical diagnostic potential for AD.

Source Study Populations RNA
Identification Downregulated Upregulated Efficiency of

Diagnosis Ref.

CSF

PD [n = 47],
AD [n = 28],

and Ctrl [n = 27]

Microarray and
qRT-PCR

miR-16-2
miR-29c

miR-136-3p
miR-331-5p

miR-132-5p
miR-485-5p - [80]

AD [n = 10]
and Ctrl [n = 10]

Microarray and
qRT-PCR

miR-598
miR-9-5p - [146]

LOAD [n = 13],
EOAD [n = 17],

and Ctrl [n = 12]

Microarray and
qRT PCR

miR-16-5p
miR-451a

miR-605-5p
miR-125b-5p - [92]

AD [n = 28],
FTD [n = 12],

and Ctrl [n = 8]
qRT PCR

miR-320a
miR-328-3p
miR-204-5p

- AUC 0.702 [78]

CSF and Blood
(Serum)

AD [n = 51],
MCI [n = 43],

and Ctrl [n= 84]
qRT-PCR miR-193b - - [89]

SCD [n = 89],
MCI [n = 92],
AD [n = 92],

and Ctrl [n = 60]

qRT-PCR - miR-193b - [147]

SCD [n = 165],
MCI [n = 143],
DAT [n = 202],

and Ctrl [n = 30]

qRT-PCR - miR-135a - [148]



J. Clin. Med. 2024, 13, 6960 20 of 29

Table 2. Cont.

Source Study Populations RNA
Identification Downregulated Upregulated Efficiency of

Diagnosis Ref.

Blood
(Plasma)

AD [n = 35]
and Ctrl [n= 35] NGS

miR-23b-3p
miR-141-3p
miR-185-5p
miR-342-3p
miR-342-5p
miR-338-3p

miR-3613-3p

-

AUC: 0.91
Accuracy

between 83
and 89%

[107]

DLB [n = 18],
AD [n = 10],

and Ctrl [n = 15]

NGS and
qRT-PCR

miR-451a
miR-21-5p

miR-23a-3p
miR-126-3p

let-7i-5p
miR-151a-3p

- AUC: 0.9 [159]

AD [n = 16],
MCI [n = 16],

and Ctrl [n= 31]

Microarray and
qRT-PCR

miR-132-3p
miR-212 - AUC: 0.55–0.84 [139]

AD [n = 40]
and Ctrl [n = 40] NGS miR-100-3p

miR-23a-3p
miR-223-3p
miR-190-5p

- [155]

AD [n = 5],
PD [n = 7],

and Ctrl [n = 34]
NGS

miR-204-5p
miR-125a-5p
miR-1468-5p

miR-375
let-7e-5p

miR-423-5p
miR-369-5p
miR-23a-3p

- [150]

AD [n = 42]
and Ctrl [n = 19]

NanoString and
qRT-PCR

let-7g-5p
miR126-3p
miR142-3p

miR-146a-5p
mir223-3p

- - [135]

Blood (Serum)

AD [n = 23],
MCI [n = 3],

and Ctrl [n= 23]

NGS and
qRT-PCR

miR-15b-3p
miR-342-3p

miR-1306-5p

miR-15a-5p
miR-18b-5p
miR-20a-5p
miR-30e-5p
miR-93-5p
miR-101-3p

miR-106a-5p
miR-106b-5p
miR-143-3p
miR-335-5p
miR-361-5p
miR-424-5p
miR-582-5p

miR-3065-5p

Sensitivity [90]
and specificity

[77%]
[156]

AD [n = 22],
VD [n = 10],

and Cotrl [n = 16]
qRT-PCR miR-223 - AUC 0.875 [157]

AD [n = 30],
PD [n = 30],
VD [n = 24],
VP [n = 25],

and Ctrl [n = 30]

qRT-PCR miR-34b
miR-130b

miR-23a
miR-125b AUC 0.83–0.92 [137]
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Table 2. Cont.

Source Study Populations RNA
Identification Downregulated Upregulated Efficiency of

Diagnosis Ref.

Blood (Serum)

AD [n = 31],
MCI [n = 10],
VD [n = 10],

and Ctrl [n = 10].

qRT-PCR
miR-1306-5p
miR-342-3p
miR-15b-3p

miR-93-5p
miR-424-5p

miR-3065-5p
- [160]

AD [n = 8]
and Ctrl [n = 8]

NGS and
qRT-PCR

miR-30b-5p
miR-22-3p

miR-378a-3p
- AUC 0.668,

0.637, and 0.718 [158]

6. Exosomal miRNAs with Therapeutic Potential in AD

Despite being the most prevalent neurodegenerative disorder, AD still lacks effective
therapies that can halt or reverse its progression. Current drug interventions, including
acetylcholinesterase inhibitors (e.g., donepezil and rivastigmine) and the NMDA receptor
antagonist (memantine), primarily provide improvements in cognitive symptoms but
do not address the underlying disease mechanisms [161]. Recent advances in disease-
modifying therapies aim to target hallmark AD pathologies, such as amyloid-beta plaques,
tau aggregation, and neuroinflammation [162]. However, these therapies often exhibit
limited efficacy, particularly in the later stages of the disease, and are largely focused on
a single pathological target. Given the multifactorial nature of AD, a more integrative,
multi-target therapeutic approach may be required for more effective intervention.

In this context, exosomal miRNAs present a promising new therapeutic avenue. Exoso-
mal miRNAs are protected from degradation and have the ability to cross the BBB, allowing
for targeted delivery to the CNS [160]. These miRNAs can modulate several genes involved
in the core pathological mechanisms of AD, offering the potential to simultaneously address
various aspects of the disease [163]. This dual-action approach not only holds promise for
slowing disease progression but also offers the possibility of personalized treatments based
on an individual’s unique miRNA profile. As a result, this innovative therapeutic strategy
could pave the way for more effective, comprehensive treatments that address the complex
and diverse nature of AD.

Studies using the AD animal model and in vitro have confirmed that exosomes effec-
tively deliver miRNAs to target cells. This delivery mechanism has the potential to restore
normal gene expression patterns in these cells, thereby alleviating underlying disease symp-
toms and potentially slowing or even reversing AD progression, as highlighted in Table 3.
One experimental study has shown that mesenchymal stem cell (MSC)-derived exosomes
delivering miR-223 to neurons reduced neural cell death by targeting the PTEN-PI3K/Akt
signaling pathway, which plays a crucial role in cell survival and neuroprotection [164].
Another study demonstrated that exosomes derived from microglia effectively transport
miR-124-3p to hippocampal neurons, where it targets Rela, an inhibitory transcription
factor of ApoE, resulting in the prevention of β-amyloid deposition and an improvement
in cognitive function in mouse models [165].

Additionally, delivering miR-124-3p to astrocytes induces their differentiation and
upregulates the expression of glutamate transporters, protecting against glutamate exci-
totoxicity and neuronal death [166]. A separate study revealed that transplanting exo-
somes loaded with miR-29 into hippocampal neurons significantly alleviated cognitive
dysfunction induced by Aβ neurotoxicity in rats with AD. This beneficial effect was further
investigated in vitro experiments, which demonstrated that delivering exosomal miR-29 to
neuronal cells led to the downregulation of BACE1 mRNA expression, ultimately reducing
Aβ accumulation and mitigating neurodegeneration [167]. Nakano and colleagues found
that administering exosomes derived from bone marrow mesenchymal stem cells (BM-
MSCs), packed with miR-146a, led to improvements in cognitive function in mice with AD.
This therapeutic effect was driven by the uptake of these exosomes into astrocytes, where
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miR-146a suppressed NF-κB mRNA expression. This, in turn, alleviated astrocyte-mediated
inflammation and promoted the formation of synapses in the hippocampus, contributing to
improved cognitive outcomes [133]. Similarly, administering exosomal miR-146a derived
from BM-MSCs alleviated cognitive decline induced by diabetes via reducing astrocyte-
mediated inflammation in mice [168]. In a dementia mouse model, systemic administration
of MSC-derived exosomes enriched with miR-132-3p promoted the recovery of cognitive
function by improving both neuronal and synaptic dysfunction. This therapeutic effect was
mediated through the activation of the Ras/Akt/GSK-3β pathway, which plays a vital role
in tau metabolism and synaptic plasticity. Additionally, miR-132-3p enriched exosomes
decreased Aβ levels in the cortex and hippocampus of dementia mice [169].

Table 3. Exosomal miRNAs as potential targets of AD treatment.

miRNA Cell Source Recipient Cell Target
Gene/Pathway

Potential Mechanisms in AD
Treatment Ref.

miR-223 MSCs Neurons PTEN-PI3K/Akt
pathway

Decreases neural cell death,
promoting neuroprotection and

cell survival
[164]

miR-124-3p Microglia Neurons Rela/ApoE
pathway

Alleviates neurodegeneration
induced by Aβ cytotoxicity and

improves cognitive functions
[165]

Neurons Astrocytes p38 MAPK/GLT-1
pathway

Enhances glutamate uptake, reducing
excitotoxicity and protecting
neuronal cells from damage

[166]

miR-29 MSCs Neurons BACE1 mRNA
Improves cognition dysfunction
induced by Aβ neurotoxicity by

downregulation of BACE1 mRNA
[167]

miR-146a BMSCs Astrocytes NF-κB mRNA
Reduces astrocyte-mediated

inflammation, improving synaptic
formation and cognitive function

[133,168]

miR-132 MSCs Neurons Ras/Akt/GSK-3β
pathway

Enhanced recovery cognitive
functions by improving synaptic and

neuronal dysfunction
[169]

7. Conclusions and Future Directions

Exosomes play an essential role in facilitating neuronal communication, with miRNAs
serving as mediators within the exosome-mediated cell communication network. The
collaborative or independent actions of exosomes and miRNAs contribute to regulating
the homeostasis of the brain microenvironment. Glial and neuronal cells secrete exosomes
carrying miRNAs, and any dysregulation in those miRNAs can significantly impact the
pathogenesis of AD. Importantly, detecting changes in exosomal miRNA profiles in patient
biofluids, even during the earliest stages, holds promise as a valuable strategy for the
earliest AD diagnosis. Additionally, the ability of exosomes to cross the BBB allows for
the loading of exogenous miRNAs into exosomes, facilitating targeted delivery to affected
regions. This represents an innovative advancement in the treatment of AD.

Although the strategies and potential of exosomal miRNA research in AD are promis-
ing, this field is still in its early stages, and further investigations are required. There
are significant gaps in understanding the disease mechanisms, identifying AD-specific
exosomal miRNAs, and unravelling the complex miRNA network. These miRNAs have
diverse functions, exhibit region-specific expression in the brain, and contribute to AD
through complex pathways at various stages of the disease. Therefore, addressing these
challenges is crucial for advancing our understanding of AD pathogenesis. Additionally,
comprehensive studies involving diverse cohorts, longitudinal assessments, and rigorous
validation are necessary to identify the key mechanisms underlying miRNA-AD interac-
tions. This will offer valuable insights into the molecular mechanisms associated with AD,
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facilitate the identification of reliable biomarkers, and potentially aid in the development
of therapies to enhance cognitive function in individuals with AD.

Author Contributions: A.A. (Alhanof Alhenaky): conceptualization, visualization, writing—original
draft, and formal analysis. S.A.: writing—review and editing, visualization, and validation. S.H.A.:
investigation, supervision, and conceptualization. H.A.A.: investigation and conceptualization. A.A.
(Amani Alharthi): resources and visualization. M.A.A.: investigation, formal analysis, and data
curation. S.A.A.: project administration and writing—review and editing. S.M.H.: supervision,
writing—review and editing, investigation, and visualization. All authors have read and agreed to
the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data will be made available on request.

Conflicts of Interest: The authors declare they have no conflicts of interest.

References
1. Fact Sheets of Dementia [Internet]. 2023. Available online: https://www.who.int/news-room/fact-sheets/detail/dementia

(accessed on 15 March 2023).
2. Wong, W. Economic burden of Alzheimer disease and managed care considerations. Am. J. Manag. Care 2020, 26 (Suppl. S8),

S177–S183. [PubMed]
3. Jl, P. Tangle and plaques in nondemented aging and preclinical Alzhemer’s disease. Ann. Neurol. 1999, 45, 358–368.
4. Dubois, B.; Hampel, H.; Feldman, H.H.; Scheltens, P.; Aisen, P.; Andrieu, S.; Bakardjian, H.; Benali, H.; Bertram, L.; Blennow,

K. Preclinical Alzheimer’s disease: Definition, natural history, and diagnostic criteria. Alzheimer’s Dement. 2016, 12, 292–323.
[CrossRef] [PubMed]

5. Schnatz, A.; Müller, C.; Brahmer, A.; Krämer-Albers, E.M. Extracellular Vesicles in neural cell interaction and CNS homeostasis.
FASEB BioAdv. 2021, 3, 577. [CrossRef]

6. Gassama, Y.; Favereaux, A. Emerging roles of extracellular vesicles in the central nervous system: Physiology, pathology, and
therapeutic perspectives. Front. Cell. Neurosci. 2021, 15, 626043. [CrossRef]

7. Zhou, J.; Benito-Martin, A.; Mighty, J.; Chang, L.; Ghoroghi, S.; Wu, H.; Wong, M.; Guariglia, S.; Baranov, P.; Young, M. Retinal
progenitor cells release extracellular vesicles containing developmental transcription factors, microRNA and membrane proteins.
Sci. Rep. 2018, 8, 2823. [CrossRef]

8. Valadi, H.; Ekström, K.; Bossios, A.; Sjöstrand, M.; Lee, J.J.; Lötvall, J.O. Exosome-mediated transfer of mRNAs and microRNAs is
a novel mechanism of genetic exchange between cells. Nat. Cell Biol. 2007, 9, 654–659. [CrossRef]

9. Ha, M.; Kim, V.N. Regulation of microRNA biogenesis. Nat. Rev. Mol. Cell Biol. 2014, 15, 509–524. [CrossRef]
10. Liang, Y.; Wang, L. Inflamma-microRNAs in Alzheimer’s disease: From disease pathogenesis to therapeutic potentials. Front.

Cell. Neurosci. 2021, 15, 785433. [CrossRef]
11. Lu, Y.; Tan, L.; Wang, X. Circular HDAC9/microRNA-138/Sirtuin-1 pathway mediates synaptic and amyloid precursor protein

processing deficits in Alzheimer’s disease. Neurosci. Bull. 2019, 35, 877–888. [CrossRef]
12. Kou, X.; Chen, D.; Chen, N. The regulation of microRNAs in Alzheimer’s disease. Front. Neurol. 2020, 11, 524976. [CrossRef]

[PubMed]
13. Saint-Pol, J.; Gosselet, F.; Duban-Deweer, S.; Pottiez, G.; Karamanos, Y. Targeting and crossing the blood-brain barrier with

extracellular vesicles. Cells 2020, 9, 851. [CrossRef] [PubMed]
14. Reitz, C.; Mayeux, R. Alzheimer disease: Epidemiology, diagnostic criteria, risk factors and biomarkers. Biochem. Pharmacol. 2014,

88, 640–651. [CrossRef] [PubMed]
15. Wang, H.; Yang, F.; Zhang, S.; Xin, R.; Sun, Y. Genetic and environmental factors in Alzheimer’s and Parkinson’s diseases and

promising therapeutic intervention via fecal microbiota transplantation. npj Park. Dis. 2021, 7, 70. [CrossRef]
16. Gauvrit, T.; Benderradji, H.; Buée, L.; Blum, D.; Vieau, D. Early-life environment influence on late-onset Alzheimer’s disease.

Front. Cell Dev. Biol. 2022, 10, 834661. [CrossRef]
17. Coon, K.D.; Myers, A.J.; Craig, D.W.; Webster, J.A.; Pearson, J.V.; Lince, D.H.; Zismann, V.L.; Beach, T.G.; Leung, D.; Bryden,

L. A high-density whole-genome association study reveals that APOE is the major susceptibility gene for sporadic late-onset
Alzheimer’s disease. J. Clin. Psychiatry 2007, 68, 613. [CrossRef]

18. Jia, L.; Xu, H.; Chen, S.; Wang, X.; Yang, J.; Gong, M.; Wei, C.; Tang, Y.; Qu, Q.; Chu, L. The APOE ε4 exerts differential effects on
familial and other subtypes of Alzheimer’s disease. Alzheimer’s Dement. 2020, 16, 1613–1623. [CrossRef]

19. Sun, Q.; Xie, N.; Tang, B.; Li, R.; Shen, Y. Alzheimer’s disease: From genetic variants to the distinct pathological mechanisms.
Front. Mol. Neurosci. 2017, 10, 319. [CrossRef]

https://www.who.int/news-room/fact-sheets/detail/dementia
https://www.ncbi.nlm.nih.gov/pubmed/32840331
https://doi.org/10.1016/j.jalz.2016.02.002
https://www.ncbi.nlm.nih.gov/pubmed/27012484
https://doi.org/10.1096/fba.2021-00035
https://doi.org/10.3389/fncel.2021.626043
https://doi.org/10.1038/s41598-018-32118-6
https://doi.org/10.1038/ncb1596
https://doi.org/10.1038/nrm3838
https://doi.org/10.3389/fncel.2021.785433
https://doi.org/10.1007/s12264-019-00361-0
https://doi.org/10.3389/fneur.2020.00288
https://www.ncbi.nlm.nih.gov/pubmed/32362867
https://doi.org/10.3390/cells9040851
https://www.ncbi.nlm.nih.gov/pubmed/32244730
https://doi.org/10.1016/j.bcp.2013.12.024
https://www.ncbi.nlm.nih.gov/pubmed/24398425
https://doi.org/10.1038/s41531-021-00213-7
https://doi.org/10.3389/fcell.2022.834661
https://doi.org/10.4088/JCP.v68n0419
https://doi.org/10.1002/alz.12153
https://doi.org/10.3389/fnmol.2017.00319


J. Clin. Med. 2024, 13, 6960 24 of 29

20. Kashyap, G.; Bapat, D.; Das, D.; Gowaikar, R.; Amritkar, R.E.; Rangarajan, G.; Ravindranath, V.; Ambika, G. Synapse loss and
progress of Alzheimer’s disease-A network model. Sci. Rep. 2019, 9, 6555. [CrossRef]

21. McDonald, C.R.; McEvoy, L.K.; Gharapetian, L.; Fennema-Notestine, C.; Hagler, D.J., Jr.; Holland, D.; Koyama, A.; Brewer, J.B.;
Dale, A.M. Regional rates of neocortical atrophy from normal aging to early Alzheimer disease. Neurology 2009, 73, 457–465.
[CrossRef]

22. DeTure, M.A.; Dickson, D.W. The neuropathological diagnosis of Alzheimer’s disease. Mol. Neurodegener. 2019, 14, 32. [CrossRef]
[PubMed]

23. Coronel, R.; Bernabeu-Zornoza, A.; Palmer, C.; Muñiz-Moreno, M.; Zambrano, A.; Cano, E.; Liste, I. Role of amyloid precursor
protein (APP) and its derivatives in the biology and cell fate specification of neural stem cells. Mol. Neurobiol. 2018, 55, 7107–7117.
[CrossRef] [PubMed]

24. Yin, X.; Qiu, Y.; Zhao, C.; Zhou, Z.; Bao, J.; Qian, W. The role of amyloid-beta and tau in the early pathogenesis of Alzheimer’s
Disease. Med. Sci. Monit. Int. Med. J. Exp. Clin. Res. 2021, 27, e933084-1–e933084-7. [CrossRef] [PubMed]

25. Iqbal, K.; Liu, F.; Gong, C.-X.; Alonso, A.d.C.; Grundke-Iqbal, I. Mechanisms of tau-induced neurodegeneration. Acta Neuropathol.
2009, 118, 53–69. [CrossRef] [PubMed]

26. Castellani, R.J.; Perry, G. Tau biology, tauopathy, traumatic brain injury, and diagnostic challenges. J. Alzheimer’s Dis. 2019, 67,
447–467. [CrossRef] [PubMed]

27. Musi, N.; Valentine, J.M.; Sickora, K.R.; Baeuerle, E.; Thompson, C.S.; Shen, Q.; Orr, M.E. Tau protein aggregation is associated
with cellular senescence in the brain. Aging Cell 2018, 17, e12840. [CrossRef]

28. d ‘Errico, P.; Meyer-Luehmann, M. Mechanisms of pathogenic tau and Aβ protein spreading in Alzheimer’s disease. Front. Aging
Neurosci. 2020, 12, 265.

29. Zheng, W.H.; Bastianetto, S.; Mennicken, F.; Ma, W.; Kar, S. Amyloid β peptide induces tau phosphorylation and loss of cholinergic
neurons in rat primary septal cultures. Neuroscience 2002, 115, 201–211. [CrossRef]

30. Rhein, V.; Song, X.; Wiesner, A.; Ittner, L.M.; Baysang, G.; Meier, F.; Ozmen, L.; Bluethmann, H.; Dröse, S.; Brandt, U. Amyloid-β
and tau synergistically impair the oxidative phosphorylation system in triple transgenic Alzheimer’s disease mice. Proc. Natl.
Acad. Sci. USA 2009, 106, 20057–20062. [CrossRef]

31. Garwood, C.J.; Pooler, A.M.; Atherton, J.; Hanger, D.P.; Noble, W. Astrocytes are important mediators of Aβ-induced neurotoxicity
and tau phosphorylation in primary culture. Cell Death Dis. 2011, 2, e167. [CrossRef]

32. Novoa, C.; Salazar, P.; Cisternas, P.; Gherardelli, C.; Vera-Salazar, R.; Zolezzi, J.M.; Inestrosa, N.C. Inflammation context in
Alzheimer’s disease, a relationship intricate to define. Biol. Res. 2022, 55, 39. [CrossRef] [PubMed]
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