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Intracranial aneurysms (IA) are abnormal expansions of the intracranial arteries. Once it
ruptures, themortality and disability rate are high. The cost of imaging examinations is high,
and rupture risk cannot be predicted, making it difficult for high-risk groups to be screened
and prevented. Thus, clinically effective biomarkers are required to screen high-risk
groups, estimate the risk of rupture, and determine the appropriate early intervention
step. This article introduces the current research and application of exosome-derived
microRNA (miRNA) as biomarkers of intracranial aneurysms and their limitations, which
can give researchers a general overview of the research in this field. It can also serve as a
reference point for selecting related research directions.
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INTRODUCTION

Intracranial aneurysms (IA) are caused by the reduction of localized structural integrity in the arterial
wall, because of damage to the internal elastic membrane and disruption of the media. A population
without comorbidities is estimated to have a prevalence of 3.2% (95% confidence interval 19–52)
with an average age of 50, and males occupy 50% of the population (Bederson et al., 2009). IA
ruptures occur approximately 9.1 times per 100,000 annually, and mortality rates are close to 40%.
Nonetheless, 46% of survivors will also have disabilities or long-term cognitive impairment due to
multiple complications (Heo et al., 2020; Cao et al., 2021; Ma et al., 2021).

In most cases, early IAs are asymptomatic, and vascular imaging is a common early screening and
diagnostic tool. The Digital Silhouette Angiography (DSA) is the gold standard for diagnosing IA (1),
but it is intrusive and time consuming. The use of non-invasive techniques like computed
tomography angiography (CTA) in IA diagnostics is growing, but CTA is less sensitive to
smaller aneurysms and requires a large amount of radiation and contrast agents, both of which
can adversely affect patients with impaired kidney function or those who are sensitive or allergic to
contrast agents (Pradilla et al., 2013). Magnetic resonance angiography (MRA), another non-invasive
technique, has no such disadvantage, and it is as accurate as CTA in diagnosing intracranial
aneurysms, but it is less specific (Sailer et al., 2014). When assessing the stability of aneurysms by
imaging, though the risk of rupture increases with aneurysm size, the study found that most ruptured
aneurysms had a small diameter, which could be explained by the fact that they developed faster than
expected and ruptured earlier in the expansion period (You et al., 2010). As a result, the current
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widely used methods of early screening and evaluation have
limitations in sensitivity, specificity, and cost-effectiveness,
indicating that finding sensitive, highly specific, minimally
traumatic, low-cost methods to detect early IAs and assess the
risk of rupture has become a new trend and hot topic.

The exosome is a type of extracellular vesicle released by the
plasma membrane (PM) of various cells into various body fluids,
including plasma, breast milk, saliva, sweat, tears, semen, and
urine (Černá et al., 2019; Gareev et al., 2020). The lipid bilayer
membrane of exosomes protects RNA, microRNA (miRNA),
proteins, and other signal molecules from degradation (Liu
et al., 2019). MiRNAs are epigenetic regulators among these
molecules. Different biological processes such as angiogenesis,
growth, and differentiation can be affected by these molecules.
Accordingly, miRNA types and content may be altered in the
early stages of various diseases (Liu et al., 2019). Studies have
shown that the levels of certain plasma exosome-derived miRNA
molecules vary between normal individuals and individuals with
unruptured intracranial aneurysms, between patients with
ruptured and unruptured intracranial aneurysms, and between
severe and mild patients (Liao et al., 2020). In this way, plasma
secreted miRNA may play a role in the formation and rupture of
IA, and finally express itself in changes in its expression content.
By detecting changes in plasma exosomal miRNA content, a non-
invasive, convenient way to make an early diagnosis and predict
the risk of rupture is possible in intracranial aneurysm occurrence
and development.

In addition to imaging, IA patients have no clear non-invasive
biomarkers (Ma et al., 2021). Hence, the understanding of
clinically relevant diagnostic markers may contribute to the
development of better diagnostic methods to identify IAs and
their tendency to rupture. Numerous studies have shown that
exosomes may serve as a biomarker for detecting intracranial
aneurysms early, predicting rupture, and assessing the severity of
the disease. In this review, we will discuss the use of exosomes in
intracranial aneurysms.

MIRNA IN BLOOD DERIVED EXOSOMES
EXHIBITS FAVORABLE CLINICAL
BIOMARKER PROPERTIES
In recent years, many studies have been conducted on biomarkers
of intracranial aneurysms, including protein, miRNA, long non-
coding RNA (lncRNA), circular RNA (circRNA), and so forth.
Compared to nucleic acid biomarkers, protein biomarkers have
poor stability and difficulty amplification. Among nucleic acid
biomarkers, miRNA is far more studied than lncRNA and
circRNA.

MiRNA is a type of highly conserved, non-coding small RNA
that ranges in length from 18 to 24 nucleotides (Ma et al., 2021).
MiRNA regulates gene expression at the post-transcriptional level
by interacting with the 3′-untranslated regions (3′UTRs) of target
mRNAs (Cao et al., 2021). MiRNA is a regulator of essential
biological processes in animals, which affects gene expression by
recognizing homologous sequences and interfering with
transcription, translation, or epigenetic processes. Multisteps

are involved in the generation of mature miRNAs in animals.
MiRNA genes are usually transcribed into primary miRNA (pri-
miRNA) by RNA polymerase II, and then cleaved into hairpin
precursor miRNA (pre-miRNA) by nuclear RNase III Drosha,
and then exported to the cytosol by exportin-5 (9). Pre-miRNA is
cut into double stranded miRNA in the cytoplasm by Dicer, and
one arm is loaded into Argonaute (AGO) protein in RNA-
induced silencing complex (RISC), which serves as a guiding
sequence for binding to mRNAs (Liu et al., 2019). MiRNA and its
target mRNA are recognized by partial base complementary
pairing. The first eight nucleotides at the end of miRNA 50,
called seed region, control this process. (Vlak et al., 2011). Seed
sequence is the main factor determining the specificity of target
gene, and the relatively short seed region makes miRNA have
multiple target mRNAs (Sun et al., 2020). The ability of miRNAs
to interact with multiple target genes allows them to influence a
wide range of biological processes and pathways (Liao et al.,
2020).

Up to two-thirds of human protein-coding genes are regulated
by MiRNA, which also participates in a wide range of biological
processes, including embryonic development, cell differentiation,
apoptosis, metabolism, and tumorigenesis (Friedman et al.,
2008). Many experimental studies have shown that miRNA
plays an key role in vascular diseases by regulating the
functions of vascular smooth muscle cells and endothelial
cells, such as proliferation, migration, apoptosis, angiogenesis
and extracellular matrix (ECM) protein synthesis and secretion
(Kloosterman and Plasterk, 2006; Cheng et al., 2009; Dentelli
et al., 2010; Maegdefessel et al., 2012; Rutnam et al., 2013). It is
without a doubt that tissue-specific and phase-specific expression
of miRNAs play an incredibly significant role in the cell cycle.
According to the different expression levels of miRNA in different
tissues, its physiological functions may differ depending on the
tissue. When internal and external factors act on the arterial wall,
the original balance is lost. Changes in the structure of the arterial
wall and the formation or rupture of aneurysms can affect
miRNA expression levels and consequently affect the response
of tissues and cells to stimulation. Using microarray
hybridization, Hengwei Jin and colleagues observed differences
in serum miRNA expression levels between normal and
aneurysm patients and between different stages of aneurysm,
demonstrating the phase-specific nature of miRNAs and
displaying aneurysm growth. This suggests that serum
miRNAs may not only affect the development and occurrence
of intracranial aneurysms, but may also be associated with the
rupture of intracranial aneurysms as well (Pritchard et al., 2012).
Then again, miRNAs exist stably in a series of specimens,
including serum, plasma, urine, and formalin-fixed tissues, and
their physicochemical properties are similar in fresh and frozen
serum and plasma (Pritchard et al., 2012). Therefore, miRNA is
expected to be a new clinical biomarker.

MiRNA is expressed in the cell, but it can be secreted out of the
cell to become circulating miRNA in three ways: 1) Passive
secretion by damaged cells due to apoptosis or necrosis; 2)
Active secretion by extracellular vesicles (EV); 3) Active
secretion by RNA-binding protein-dependent pathways
(Zaporozhchenko et al., 2018).
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The exosome is a type of extracellular vesicle. The minimum
diameter of exosomes is typically about 30–100 nm, but when
stimulated by miscellaneous physical or chemical factors, the
plasma membrane buds inward in a ceramide-triggered budding
process, producing early endosomes (EEs). In the late stage, the
further inward budding of the endosomal membrane induces
multivesicular bodies (MVBs). MVBs accumulate intracellular
intraluminal vesicles (ILVs), which show dynamic changes in
response to pathology or physiological conditions. After fusion
with the plasma membrane, MVBs can enter lysosomes, where
they are degraded by proteasomes. In addition, they can secrete
ILVs containing transmembrane proteins and other functional
cytosolic components such as miRNA and mRNA into
extracellular space. The released ILVs is called “exosomes”
(Liao et al., 2020). Exosomes are secreted by most types of
cells in the body and are found in various body fluids
including plasma, cerebrospinal fluid, saliva, breast milk and
urine. Their molecular composition reflects the physiological
or pathological changes occurring in their cells or tissues of
origin. Exosomes can bind to recipient cells and release their
contents into them. They also play an important role in cell-to-
cell communication by transferring proteins, RNAs, and lipids
from one cell to another (Bederson et al., 2009).

Several studies have demonstrated that most circulating
miRNAs come from apoptotic and necrotic cells (Cortez et al.,
2011; Pritchard et al., 2012). If miRNAs in circulating blood are
observed directly, the results are easily influenced by miRNAs
from other sources. This makes it difficult to accurately reflect the
pathophysiological process of vascular diseases. Research on
miRNA in circulating blood as a biomarker for IA diagnosis
has been inconsistent (Jin et al., 2013; Li et al., 2014; Meeuwsen
et al., 2017). The sources of heterogeneity in miRNAs, such as
race, gender, lifestyle, and inflammatory status (Wagner et al.,
2016; Pheiffer et al., 2018; Ludwig et al., 2019; Zhao et al., 2019),as
well as the different types of samples (Nakajima et al., 2000) all
have the potential to influence the research results. However, the
most significant factor is the source heterogeneity in miRNAs.
Furthermore, determining the origin of specific miRNAs in
circulation under pathological or physiological conditions is a
major challenge (Endzeliņš et al., 2017; Murray et al., 2017),
which further compromises the feasibility of direct detection of
circulating blood miRNAs.

Instead, miRNA is released by extracellular vesicles such as
exosomes or protein-miRNA complexes like Argonaute protein
and lipoprotein, and miRNA circulating in the body can have
important biological effects (Gareev et al., 2020). Because of the
protection provided by the lipid bilayers of exosomes, miRNAs
packaged within exosomes retain their stability and evade
degradation by nucleases (Bei et al., 2017). (Endzeliņš et al.,
2017; Murray et al., 2017) Exosomes also seem to be more
sensitive than free miRNAs and cellular miRNAs. A study found
that miR-126 levels in circulating exosomes decreased
significantly 3 h after transient and permanent ischemia, but
that levels of free miR-126 decreased only after permanent
ischemia and not after transient ischemia (Xia et al., 2019).
As a result, exosome-derived miRNAs are considered to be
better biomarkers.

Exosomes derived from blood seem to be the most reliable
source of exosomes. It is easy to collect exosomes from urine
and saliva, and they contain a high level of exosomes from
different organs and tissues. However, their exosome
concentration and overall composition are largely
determined by fluid and food intake, while blood and
cerebrospinal fluid exosomes are generally stable. Though
cerebrospinal fluid produced in the cerebral choroid plexus
theoretically has the most relevant “content” to the brain, there
are several problems: 1) the collection method is invasive; 2)
sample sizes are small, limiting the amount of exosomes that
can be extracted; 3) if the aneurysm ruptures, the blood may
pollute the cerebrospinal fluid. The method of obtaining
circulating blood also has the advantages of being
convenient, non-invasive, and low-cost, making it suitable
for population screening. Blood derived exosomes contain
only part of the information about intracranial aneurysms,
and the separation of that information will be crucial in the
future.

STUDY OF CIRCULATING
EXOSOME-DERIVED MIRNA IN
INTRACRANIAL ANEURYSMS
In this review, we divided the research on secreted miRNA in
intracranial aneurysms into development and prediction (early
diagnosis, rupture). Experimental studies are mostly involved in
the former, while screening different secreted miRNAs in the
population is more of a concern in the latter.

The Role of Circulating Exosome-Derived
miRNA in the Development of Intracranial
Aneurysms
It has been found that the onset and development of IA is a
complex pathophysiologic process, influenced by racial factors,
smoking habits, sex, and hemodynamics, as well as other
congenital and acquired factors; however, the mechanism for
its occurrence remains unknown. Research studies have shown
that inflammation has an effect on the formation and
development of intracranial aneurysms. Endothootin
malfunction is considered the first step in the formation of
IAs, and can be caused by smoking, hypertension, local
hematological disorders, and genetic factors. Oxidative stress is
a major cause of endothelial damage, and free radical
accumulation occurs because of increased production and/or
decreased removal of free radicals (Starke et al., 2013). The
next coordinated inflammatory response involves
macrophages, fat cells, T cells, and many cytokines and
inflammatory media. This inflammatory response leads to
phenotype regulation of vascular smooth muscle cells, which
are the main matrix synthesis cells in arterial wall media
(Nakajima et al., 2000). As a consequence, vascular smooth
muscle cells destroy the internal elastic layer, causing collagen
synthesis to become imbalanced and the extracellular matrix to
remodel (Ali et al., 2013).
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Currently, few experiments have been performed on secreted
miRNA in intracranial aneurysms. Feng, Z., et al. studied the role
of exosomes derived from tumor-related macrophages (TAM)
that contain miR-155–5p in IA formation. Their study found
high miR-155–5p expression in TAM-derived exosomes.
Furthermore, they found that miR-155–5p contributes to the
proliferation and migration of blood vessel smooth muscle cells.
Exosomes derived from TAMs transfected with miR-155–5p
inhibitors inhibit the proliferation and migration of smooth
muscle cells in vitro. According to a previous study (Sarzani
et al., 2020), exosome-mediated miR-155 produced by vascular
smooth muscle cells spread from vascular smooth muscle cells to
endothelial cells, thereby compromising the integrity of the
endothelial barrier, resulting in increased endothelial
permeability and atherosclerosis progression.

Yang et al. (2021) first co cultured vascular endothelial cells
(VECs) with ectoplasts derived from bone marrow mesenchymal
stem cells (MSCs) and transfected mir-144–5p simulant or
inhibitor. When mir-144–5p analogue was injected into IA
rats, the rats showed greater numbers of endothelial cells and
fibroblasts, less smooth muscle cells but better arranged, larger
lumen expansions, less smooth muscle layers, and thinner
vascular walls. The condition of rats injected with mir-144–5p
inhibitor deteriorated further. Additional experiments showed
that the effect of mir-144–5p on endothelial cells was mediated by
phosphatase and tensin homologue (PTEN). The mir-144–5p
analog increased cell viability, while overexpression of PTEN
weakened the effect, thus promoting apoptosis and clogging the
vascular endothelial cells.

Sun et al. (2020) used ultrahigh-speed centrifugation to extract
exosomes from human bone marrow-filled stem cells. Results
showed that the exosome of bone marrow interstitial stem cell
source improved pathological remodeling of the IA wall,
increased the contraction phenype of smooth muscle cells,
inhibited the secretory phenotype of smooth muscle cells,
decreased the number of Th17 cells, and maintained the
balance of Th17/Treg. Further research has demonstrated that
the outer hsa-miR-23b-3p of the source of the bone marrow
interstitial charge stem cell can maintain the Th17/Treg balance
by suppressing THEI3k/Akt/NF-B signal pathway targeting
KLF5, thereby inhibiting the formation of IA.

Although these experiments illustrate a possible mechanism of
exosomal miRNAs, the way these miRNAs interact under more
complex in vivo conditions remains a mystery. They should be
confirmed by more rigorous experiments in the future.
Additionally, these results may help predict biomarkers.
Therefore, differential miRNA expression in the population
can provide evidence to support these experiments.

Application of Circulating Exosome-Derived
miRNA in Early Diagnosis of Intracranial
Aneurysms
In a study comparing 84 IA patients to 45 healthy individuals,
Yang et al. (2021) found a significant decrease in exosome miR-
144–5p levels in serum in ruptured intracranial aneurysm (RA)
and unruptured intracranial aneurysm (UA) patients. To identify

the plasma exosomes extracted from the blood sample,
QinYansheng (Qin, 2019) used a commercial exosome
extraction kit to extract the exosomes from the blood sample,
and observed the morphology of the extract using a transmission
electron microscope. In view of the fact that the isolated vesicular
substances accord with the typical morphological characteristics
of exosomes, it may be assumed that the vesicles from plasma
samples are exosomes. By using high-throughput sequencing, he
obtained the plasma exosomal miRNA expression profile in 12
patients with intracranial aneurysms (4 unruptured, 8 ruptured (4
mild, 4 severe))and 4 healthy individuals, and he then sequenced
these miRNAs in the control group composed of 20 healthy
individuals as well as in the experimental group of aneurysmal
subarachnoid hemorrhage (aSAH) made up of 39 individuals
(divided into mild). Differentially expressed exosomal mir-
202–5p was screened. Significant differences were found in the
expression of miR-202–5p in the normal group and in patients
with unbroken intracranial aneurysms (decrease), unbroken and
ruptured groups (up), severe and mild (up). However, there was
no significant difference in expression between normal and
fractured groups. Due to the possibility of experimental errors
caused by a small sample size, the author conducted an extended
sample polymerase chain reaction (PCR) verification of miR-
202–5p; the results showed that the expression of miR-202–5p
differed among groups. The author performed a further biological
analysis of miR-202–5p, and GO enrichment analysis revealed
that miR-202–5p was involved in mainly protein
phosphorylation, positive and negative regulation of
transcription and translation, gene expression regulation,
maintenance of myelin in the central nervous system, and
myosin cytospinal tissue. There are three main cell
components - nucleotysis, endometrium, and Gorky
membrane. The main molecular function is uterine protein
ligase activity, sequence-specific DNA binding, and mRNA
binding. KEGG’s enrichment pathways (hepatitis B, prostate
cancer, colorectal cancer, HTLV-I infection, insulin resistance)
suggest that miR-202–5p is involved in the pathological process
of a variety of diseases. This is consistent with recent findings that
miR-202 promotes or inhibits tumor growth through cell
proliferation, apoptosis, etc. However, the article failed to
discuss the abundance and structural integrity of the extracted
exosomes, and the purity of the exosomes extracted by this
method remains unknown.

Similarly, Liao et al. (2020) took a blood sample from an elbow
vein, using an exosome extraction commercial kit to extract
plasma exosomes in the sample, and identified the extract by
transmission electron microscope and protein imprint analysis.
Observe that the shape and size of the isolated vesicles correspond
to that of previously reported exosomes, and that the vesicles
express exosome specific proteins CD9, Hsc70, and TSG101. It
can thus be concluded that the extracted vesicles are exosomes
with complete structure, uniform particle size, and high
abundance, which can be used for further sequencing of
miRNAs. As a result of the initial screening phase, he
identified 181 differentially expressed exosome miRNAs.
Nevertheless, there were no significant differences in Wayne
diagrams for groups healthy control (HC), UA, and RA.
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Subsequently, in the validation part of the experiment, the
researchers randomly selected some of the above differences in
miRNA for quantitative real time polymerase chain reaction
(qRT-PCR) validation in larger samples. There was a
significant increase in miR-145–5p in UA and RA compared
to HC, a significant increase in miR-145–5p expression in RA
compared to HC and UA, and a significant increase in miR-29a-
3p in UA and RA (p < 0. 001). Since the sample size is too small
and the genetic criteria defined differ, the authors prefer qRT-
PCR results. Based on the ROC curve, it was found that miR-29a-
3p had an AUC of 0.791 (95% CI, 0.702–0.879) in differentiating
between aneurysms, and an AUC value of 0.737 (95% CI,
0.617–0.85), and multifactoral logistic regression analysis
indicated that miR-29a-3p and miR-145–5p are independent
diagnostic markers (p < 0.05). Unusually, Xu Gangzhu et al.
(Xu et al., 2021) confirmed significant differences in miR-145–5p
in the health group as well as the IA group.

A summary of how circulating exosome-derived miRNA is
used in the early diagnosis of intracranial aneurysms is provided
in Table 1.

Application of Circulating Exosome-Derived
miRNA in Predicting Rupture of Intracranial
Aneurysms
In Liao Bao (Liao et al., 2020) ‘s exploratory study, the next-
generation sequencing (NGS) method was used to determine
miRNA expression profile characteristics of circulating exosomes
in IA patients, and the sequencing results were confirmed by
qRT-PCR. Among the validated miRNAs, miR-145–5p is up-
regulated in RA compared to HC and UA. The analysis revealed
that the AUC value of miR-145–5p as a diagnostic marker for
aSAH or predictor of aneurysm rupture was 0.737 (95% CI,
0.617–0.856), and the expression levels of miR-145–5p expression
were not related to age, gender, hypertension, diabetes, smoking,
drinking and location of aneurysms (p > 0.05), but were related to
the size of aneurysm (p < 0.05). An increase in miR-145 expression
instructs vascular smooth muscle cells to differentiate and,
subsequently, alters the formation of neointima, suggesting that
miR-145 is an important phenotypic regulator of vascular smooth
muscle cells and can distinguish between unruptured and ruptured

aneurysms, which may be an ideal marker for predicting
rupture risk.

Also, in an exploratory study conducted by Xu Gang Zhu and
his colleagues (Xu et al., 2021), plasma-derived miRNA from IA
patients was also sequenced and analyzed. Firstly, they take a
blood sample from the elbow vein, then separate the plasma and
isolate the exosomes. The exosomes were identified by
transmission electron microscopy. Subsequently, the plasma
exosomal miRNAs were detected by real-time quantitative
reverse transcription polymerase chain reaction. In the IA
group, miR-145–5p expression levels were significantly higher
than in the healthy group (5.32 ± 1.19), (p < 0.05). The expression
of plasma exosome-derived miR-145–5p in the ruptured
aneurysm group was higher (13.92 ± 0.31), when compared to
the unruptured aneurysm group (10.69 ± 1.27). The AUC value
for miR-145–5p in the assessment of aneurysm rupture in IA
patients was 0.765, the best boundary value was 10.145, the
sensitivity was 80.80%, and the specificity was 81.20%.
Another risk factor for rupture of aneurysms in IA patients
was over 60 years of age, diabetes, hyperlipidemia, aneurysm
diameter wider than 5 cm, and miR-145–5p expression in
plasma exosomes greater than 11.63. The study demonstrated
that miR-145–5p overexpression led to imbalances between
vascular smooth muscle cell (VSMC) proliferation and
apoptosis, resulting in IA. The test has certain value in
assessing aneurysm rupture risk, and it is expected to become
the ideal marker for predicting the risk of IA rupture. Compared
to Liao Bao’s experiment, however, this method of extracting and
identifying exosomes cannot explain whether their abundance
and structural integrity can be good enough to sequence miRNAs.

Qin Yan-Sheng (Qin, 2019) analyzed the miRNA expression
profile of plasma-derived exosomes from 12 patients with IA (4
cases of unruptured aneurysm, 4 cases of mild disease, and 4 cases
of severe disease) and 4 healthy subjects through high-throughput
sequencing, and identified miR-202–5p with significantly
different expression and validated it by qRT-PCR. Exosome-
derived miR-202–5p expression was up-regulated in ruptured
aneurysms as compared to unruptured aneurysms (p < 0.05). The
relative expression level of miR-202–5p was higher in the severe
group than in the mild group (p < 0.05). There has been no
research on miR-202 in patients with IA, however, the research

TABLE 1 | Summary of circulating exosome-derived miRNA in early diagnosis of IA.

biomarker Author and
year

Sample source Number of patients
(diagnosis)

Mean age (SD)/
(Range)

miRNA in plasma derived exosomes UA RA

miR-
145–5p

Xu Gang-
Zhu, 2021

Blood samples
from the elbow
vein

Number = 110 (32RA,78UA);
control = 92(HC)

patients:59.62 ± 8.63;
control = 57.02 ± 9.94

miR-145–5p was significantly increased in
RA and UA compared with the HC

↑ ↑↑

miR-
145–5p

Liao B, 2020 Blood samples
from the elbow
vein

Number = 12 (39RA,30UA);
control = 30(HC)

UA: 54.9 ± 19.1; RA: 56 ±
14.5; control = 42 ± 13.1

miR-145–5p was significantly increased in
RA and UA compared with the HC

miR-
29a-3p

Liao B, 2020 Blood samples
from the elbow
vein

Number = 12 (39RA,30UA);
control = 30(HC)

UA: 54.9 ± 19.1; RA: 56 ±
14.5; control = 42 ± 13.1

miR-29a-3p was significantly increased in
RA and UA compared with the HC

↑ ↑

miR-
202–5p

Qin Yan-
Sheng, 2019

Blood samples
from the elbow
vein

Number = 39 (20 Severe group,
19 mild group); control = 20(HC)

Not mentioned miR-202–5p was significantly reduced in
RA and significantly increased in UA
compared with the HC

↓ ↑
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suggests that the plasma exosome-derived miR-202–5p is highly
expressed in patients with aSAH (ruptured aneurysm), which
may become an evaluation index of the severity of aSAH patients
and an ideal marker for predicting rupture risk. In the above
description of this experiment, it can be seen that the biological
process, cell components, and molecular functions targeted by
mir-202–5p suggest that mir-202–5p could be a part of the
rupture process of intracranial aneurysms. The enrichment
pathway of KEGG indicates that mir-202–5p is involved in the
physiological process of many diseases.

The application of circulating exosome-derived miRNAs in
predicting intracranial aneurysm rupture is summarized in
Table 2.

DISCUSSION

Biomarkers provide critical information on the diagnosis and
treatment of disease. An ideal biomarker should have the
following properties (Liao et al., 2020) 1) Easy specimen
collection, small harm to subjects, easy to operate, 2) stable
chemical properties, useful for in vivo and external use, 3)
high sensitivity, reliable for early diagnosis of diseases, 4)
content changes and disease development, and effects at all
levels are causal, 5) high specificity and early warning. In the
preceding article, we discussed the characteristics of circulatory
exosome miRNA as a biomarker.

Despite the fact that miRNA is still in its infancy as a
biomarker, there are currently products in clinical use and
others in preclinical and clinical trials. For example,
circulating platelet miRNAs are novel biomarkers for
intrinsic and on-treatment platelet reactivity. Exosomes are
released during platelet activation and can be found in
plasma and serum. Case studies can provide valuable
information on the path from discovery to clinical
application of miRNA biomarkers (Willeit et al., 2013).
Similarly, the current studies of circulatory exosome miRNAs
as biomarkers in intracranial aneurysms are in their infancy, but
other vascular diseases (atherosclerosis, etc) can provide
valuable experience as biomarkers in the clinical setting.

The large-scale application of circulatory exosome miRNA as
a biomarker in clinical practice still faces some challenges.

First, it is the source of exosomes. In the review mentioned
above, the heterogeneity of miRNA sources was suggested as a
significant interfering factor. This led to inconsistent results of
previous studies on miRNA in circulating blood as an IA
diagnostic biomarker. As a matter of fact, exosomal miRNAs
also face the same problem. However, compared to the disorder
of circulating miRNAs, the functionality of exosomal miRNAs
seems more likely to reveal their origin. The composition of
exosomes is not random but determined by the accumulation of
specific cell markers (Mathivanan et al., 2010). Therefore,
exosomes can be preliminarily identified by these different
specific cell markers. A recent technology called the Proximity
Barcoding Assay (PBA) that analyzes the heterogeneity of
exosomes is expected to help resolve the source problem. In
this technique, researchers encode individual exosomes by using
micrometer-sized single-stranded DNA clusters containing
hundreds of copies of unique DNA motifs generated by rolling
circle amplification (RCA). The protein components on the
surface of a single exosome are converted into DNA sequence
information by binding antibody DNA conjugates. The binding
antibody DNA conjugates contain random tag sequences
repeated in each RCA pipeline. Following PCR amplification,
there is next-generation sequencing that determines the
combined position of the surface protein of one exosome,
based on the identity information gathered from the DNA
chains (Wu et al., 2019).

The second thing is that in the literature we retrieved, whether
it is differential comparisons of particular miRNA types or
matching only known miRNAs following high-throughput
sequencing techniques, we still aren’t certain about unknown
miRNA expressions, which need to be clarified in future studies.

Third, large numbers of biomolecules and protein aggregates
in the body fluid may interfere with the detection and analysis of
exosomes. Therefore, the main problem in clinical application of
exosomes is the inability to isolate purified exosomes from the
homogeneity of other subtypes of exocellular vesicles
(microbubbles and other soluble contaminants) (Liao et al.,
2020). Currently, methods based on exosome density, size, and
surface protein, such as supercentrifugation, ultrafiltration,
precipitation, chromatography, immunomagnetic beads, or kit
extraction, are available (Théry et al., 2002; Li et al., 2017).
Nonetheless, these techniques have some disadvantages, and

TABLE 2 | Summary of circulating exosome-derived miRNA in predicting rupture of IA.

biomarker Author and
year

Sample source Number of patients
(diagnosis)

Mean age (SD)/
(Range)

miRNA in plasma derived exosomes UA RA

miR-
145–5p

Liao B, 2020 Blood samples
from the elbow
vein

Number = 12 (39RA,30UA);
control = 30(HC)

UA: 54.9 ± 19.1; RA:
56 ± 14.5; control =
42 ± 13.1

miR-145–5p was significantly increased in RA
compared with the UA and HC

↑ ↑↑

miR-
145–5p

Xu Gang-
Zhu, 2021

Blood samples
from the elbow
vein

Number = 110 (32RA,78UA);
control = 92(HC)

patients:59.62 ± 8.63;
control = 57.02 ± 9.94

miR-145–5p was significantly increased in RA
compared with the UA and HC

miR-
202–5p

Qin Yan-
Sheng,
2019

Blood samples
from the elbow
vein

Number = 39 (20 Severe
group, 19 mild group); control
= 20(HC)

Not mentioned miR-202–5p was significantly increased in RA
compared with the UA; miR-202–5p was
increased in the severe group compared to the
mild group

↓ ↑
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the exosome separation and purification technologies still need to
be improved.

Also, before using exosomal miRNA as a clinical biomarker for
large-scale disease screening, it is imperative to understand the
sensitivity and specificity of the screening technology. The
present method of detecting miRNA differences in intracranial
aneurysm exosomes relies on high-throughput sequencing
technology combined with qRT-PCR. With high-throughput
sequencing technology, also known as “next-generation”
sequencing technology, its principle is to randomly fragment
the DNA (or cDNA) to be detected, build a library, perform
extension reactions on thousands of clones within the library,
detect the fluorescence signal, and then obtain the sequence
information. It has become possible to study miRNA
expression profiles comprehensively and effectively thanks to
the rapid development of this technology. It has gradually
become a preferred method in the medical field due to its
small sample size, short time-consuming, low cost, and the
ability to accurately identify thousands of genes at once (Liao
et al., 2020). Research by Heming Wu et al. found that miR-
150–5p, miR-576–3p, and miR-4665–5p could distinguish
recurrence of breast cancer patients from breast cancer
patients who had not recurred, using high-throughput
sequencing technology (Wu et al., 2020). Moreover, NGS
overcomes the limitations of gene chips, as it can be used to
discover new miRNAs and to confirm existing ones, as well as
evaluate expression differences between samples (Stevanato et al.,
2016). Juan Liao et al. studied the differences in miRNA
expression profiles between human esophageal cancer cells and
exosomes, determined by Solexa high-throughput sequencing.
The study found that 342 and 48 known miRNAs were identified
in cells and exosomes, and 64 and 32 new miRNAs were
predicted. The miRNA profiles of several exosomes were
similar to their parent cells, which not only confirmed and
explained the source of exosomes, but also provided new
insights into the characteristics of miRNA expression profiles
in esophageal cancer-derived exosomes (Liao et al., 2014). It is
particularly critical to select an appropriate target gene screening
method before applying high-throughput sequencing for
subsequent analysis of data (Liao et al., 2020). Essentially,
high-throughput sequencing based on miRNA expression
analysis and array-based comparative genomic hybridization
will make it easier to study differences in miRNA expression
profiles in exosomes from different sources and guide researchers
to develop better clinical auxiliary diagnostic tools.

Additionally, if exosomal miRNAs are used in disease
screening on a wide scale, whether there are differences within
and between individuals in the population cannot be ignored.
Research on exosomal miRNA is currently based on the
mechanisms and differential genes of specific diseases.
However, differences in the expression of exosomal miRNA
within and between individuals are rarely studied. Perhaps we
can get some inspiration from the study of the inter-individual
variability of circulating miRNAs.

First, the review mentioned earlier that “race, lifestyle,
gender, inflammation (Wagner et al., 2016; Pheiffer et al.,
2018; Ludwig et al., 2019; Zhao et al., 2019) and even

different sample types (Nakajima et al., 2000) ” will affect
the content of circulating miRNAs. The study of Rekker, K
et al. found that the expression level of circulating miRNAs in
healthy women did not change significantly during the
menstrual cycle; however, the number of miRNAs detected
varied significantly between individuals; Figueredo Dde et al.
(de Siqueira Figueredo et al., 2015) also found that miR-16 and
miR-181a expression in subjects varied by individual. In a
recent study (Wan et al., 2015) it was found that 16
miRNAs in the cerebrospinal fluid of patients with major
depression were significantly altered when compared with
healthy controls. It is noteworthy that hyejin Yoon et al.
(2017) presented strong evidence for the first time by
demonstrating the immutability of the basic level of most
miRNAs in cerebrospinal fluid under normal physiological
conditions, suggesting that miRNAs are reliable candidate
biomarkers for neurological diseases. In addition, the
authors found some highly variable inter- and intra-
individual miRNAs. For the significant reduction of mir-
451a in one participant, the author measured four others
(mir-30a-5p, mir-33a-5p, mir-139–5p, and mir-451a) among
the 16 miRNA biomarkers reported by Wan et al. (2015). And
further examined the levels of these miRNAs in the participant.
Similarly, the four miRNAs observed by Wan et al. (2015)),
showed up-regulated or down-regulated expression levels.
These findings suggest that the emotional state of the
participant could affect miRNA expression in cerebrospinal
fluid. These findings support the idea that miRNAs circulating
in the blood differ from individual to individual. It is still
unknown, however, whether functional exosomes also have
these differences. These results should be further confirmed in
circulating exosomes in the future.

CONCLUSION

MicroRNAs in exosomes play a crucial role in the development of
intracranial aneurysms. Therefore, exosome micronucleic acid is a
promising biomarker for predicting ruptured intracranial aneurysms.
In this paper, we summarize the development of exosomes in
intracranial aneurysms and demonstrate their potential use in the
early diagnosis of the disease and prediction of rupture risk (Tables 1,
2). Exosomes, however, do not fully understand how intracranial
aneurysms in the brain form, which hinders their application in
diagnosing and treating intracranial aneurysms. In the future, an
understanding of the exosomes in intracranial aneurysmswill provide
a basis for diagnosis and treatment of intracranial aneurysms,
potentially bringing about breakthroughs.

AUTHOR CONTRIBUTIONS

The work presented here was carried out in collaboration among
all authors. HS conceived this work. YL, JW and DL searched,
summarized the literature, and jointly draft the manuscript. HS
revised the manuscript. All authors read, commented on and
approved this manuscript.

Frontiers in Molecular Biosciences | www.frontiersin.org June 2022 | Volume 9 | Article 7853147

Li et al. Exosome- Derived miRNAs in IA

https://www.frontiersin.org/journals/molecular-biosciences
www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles


FUNDING

This research was funded by Guangdong Basic and Applied Basic
Research Foundation (2020A1515010038), the Presidential Foundation

of Zhujiang Hospital of Southern Medical University (No. yzjj
2018rc03) and university students innovation and entrepreneurship
project “Related Studies of Plasma Exosome Micro-RNA as a
Biomarker for Intracranial Aneurysms” (No. S202112121058).

REFERENCES

Ali, M. S., Starke, R. M., Jabbour, P. M., Tjoumakaris, S. I., Gonzalez, L. F.,
Rosenwasser, R. H., et al. (2013). TNF-α Induces Phenotypic Modulation in
Cerebral Vascular Smooth Muscle Cells: Implications for Cerebral Aneurysm
Pathology. J. Cereb. Blood Flow. Metab. 33 (10), 1564–1573. doi:10.1038/jcbfm.
2013.109

Bederson, J. B., Connolly, E. S., Batjer, H. H., Dacey, R. G., Dion, J. E., Diringer, M.
N., et al. (2009). Guidelines for the Management of Aneurysmal Subarachnoid
Hemorrhage. Stroke 40 (3), 994–1025. doi:10.1161/STROKEAHA.108.191395

Bei, Y., Yu, P., Cretoiu, D., Cretoiu, S. M., and Xiao, J. (2017). Exosomes-Based
Biomarkers for the Prognosis of Cardiovascular Diseases. Adv. Exp. Med. Biol.
998, 71–88. doi:10.1007/978-981-10-4397-0_5

Cao, H., Chen, J., Lai, X., Liu, T., Qiu, P., Que, S., et al. (2021). Circular RNA
Expression Profile in Human Primary Multiple Intracranial Aneurysm. Exp.
Ther. Med. 21 (3), 239. doi:10.3892/etm.2021.9670

Černá, V., Ostašov, P., Pitule, P., Moláček, J., Pešta, V., and Pesta, M. (2019). The
Expression Profile of MicroRNAs in Small and Large Abdominal Aortic
Aneurysms. Cardiol. Res. Pract. 2019, 1–8. doi:10.1155/2019/8645840

Cheng, Y., Liu, X., Yang, J., Lin, Y., Xu, D.-Z., Lu, Q., et al. (2009). MicroRNA-145,
a Novel Smooth Muscle Cell Phenotypic Marker and Modulator, Controls
Vascular Neointimal Lesion Formation. Circulation Res. 105 (2), 158–166.
doi:10.1161/CIRCRESAHA.109.197517

Cortez, M. A., Bueso-Ramos, C., Ferdin, J., Lopez-Berestein, G., Sood, A. K., and
Calin, G. A. (2011). MicroRNAs in Body Fluids-The Mix of Hormones and
Biomarkers. Nat. Rev. Clin. Oncol. 8 (8), 467–477. doi:10.1038/nrclinonc.
2011.76

de Siqueira Figueredo, D., Gitaí, D. L. G., and de Andrade, T. G. (2015). Daily
Variations in the Expression of miR-16 and miR-181a in Human Leukocytes.
Blood Cells, Mol. Dis. 54 (4), 364–368. doi:10.1016/j.bcmd.2015.01.004

Dentelli, P., Rosso, A., Orso, F., Olgasi, C., Taverna, D., and Brizzi, M. F. (2010).
microRNA-222 Controls Neovascularization by Regulating Signal Transducer
and Activator of Transcription 5A Expression. Atvb 30 (8), 1562–1568. doi:10.
1161/ATVBAHA.110.206201

Endzeliņš, E., Berger, A., Melne, V., Bajo-Santos, C., Soboļevska, K., Ābols, A., et al.
(2017). Detection of Circulating miRNAs: Comparative Analysis of
Extracellular Vesicle-Incorporated miRNAs and Cell-free miRNAs in Whole
Plasma of Prostate Cancer Patients. BMC Cancer 17 (1), 730. doi:10.1186/
s12885-017-3737-z

Friedman, R. C., Farh, K. K.-H., Burge, C. B., and Bartel, D. P. (2008). Most
Mammalian mRNAs Are Conserved Targets of microRNAs. Genome Res. 19
(1), 92–105. doi:10.1101/gr.082701.108

Gareev, I., Beylerli, O., Aliev, G., Pavlov, V., Izmailov, A., Zhang, Y., et al. (2020).
The Role of Long Non-coding RNAs in Intracranial Aneurysms and
Subarachnoid Hemorrhage. Life 10 (9), 155. doi:10.3390/life10090155

Heo, J., Park, S. J., Kang, S.-H., Oh, C.W., Bang, J. S., and Kim, T. (2020). Prediction
of Intracranial Aneurysm Risk Using Machine Learning. Sci. Rep. 10 (1), 6921.
doi:10.1038/s41598-020-63906-8

Jin, H., Li, C., Ge, H., Jiang, Y., and Li, Y. (2013). Circulating microRNA: a Novel
Potential Biomarker for Early Diagnosis of Intracranial Aneurysm Rupture a
Case Control Study. J. Transl. Med. 11, 296. doi:10.1186/1479-5876-11-296

Kloosterman, W. P., and Plasterk, R. H. A. (2006). The Diverse Functions of
MicroRNAs in Animal Development and Disease. Dev. Cell. 11 (4), 441–450.
doi:10.1016/j.devcel.2006.09.009

Li, P., Kaslan, M., Lee, S. H., Yao, J., and Gao, Z. (2017). Progress in Exosome
Isolation Techniques. Theranostics 7 (3), 789–804. doi:10.7150/thno.18133

Li, P., Zhang, Q., Wu, X., Yang, X., Zhang, Y., Li, Y., et al. (2014). Circulating
microRNAs Serve as Novel Biological Markers for Intracranial Aneurysms.
Jaha 3 (5), e000972. doi:10.1161/JAHA.114.000972

Liao, B., Zhou, M. X., Zhou, F. K., Luo, X. M., Zhong, S. X., Zhou, Y. F., et al. (2020).
Exosome-Derived MiRNAs as Biomarkers of the Development and Progression
of Intracranial Aneurysms. J. Atheroscler. Thromb. 27 (6), 545–610. doi:10.
5551/jat.51102

Liao, J., Yin, R. L., and Pu, Y. (2014). Expression Profiling of Exosomal miRNAs
Derived from Human Esophageal Cancer Cells by Solexa High-Throughput
Sequencing. Int. J. Mol. Sci. 15 (9), 15530–15551. doi:10.3390/ijms150915530

Liu,W., Bai, X., Zhang, A., Huang, J., Xu, S., and Zhang, J. (2019). Role of Exosomes
in Central Nervous System Diseases. Front. Mol. Neurosci. 12, 240. doi:10.3389/
fnmol.2019.00240

Ludwig, N., Hecksteden, A., Kahraman, M., Fehlmann, T., Laufer, T., Kern, F., et al.
(2019). Spring Is in the Air: Seasonal Profiles Indicate Vernal Change of miRNA
Activity. RNA Biol. 16 (8), 1034–1043. doi:10.1080/15476286.2019.1612217

Ma, Y., Zhang, B., Zhang, D., Wang, S., Li, M., and Zhao, J. (2021). Differentially
Expressed Circular RNA Profile in an Intracranial Aneurysm Group Compared
with a Healthy Control Group. Dis. Markers 2021, 1–8. doi:10.1155/2021/
8889569

Maegdefessel, L., Azuma, J., Toh, R., Deng, A., Merk, D. R., Raiesdana, A., et al.
(2012). MicroRNA-21 Blocks Abdominal Aortic Aneurysm Development and
Nicotine-Augmented Expansion. Sci. Transl. Med. 4 (122), 122ra22. doi:10.
1126/scitranslmed.3003441

Mathivanan, S., Ji, H., and Simpson, R. J. (2010). Exosomes: Extracellular
Organelles Important in Intercellular Communication. J. Proteomics 73 (10),
1907–1920. doi:10.1016/j.jprot.2010.06.006

Meeuwsen, J. A. L., van ´t Hof, F. N. G., van Rheenen, W., Veldink, G. J. E., and
Ruigrok, Y. M. (2017). Circulating microRNAs in Patients with Intracranial
Aneurysms. PLoS One 12 (5), e0176558. doi:10.1371/journal.pone.0176558

Murray, D. D., Suzuki, K., Law, M., Trebicka, J., Neuhaus Nordwall, J., Johnson, M.,
et al. (2017). Circulating miR-122 and miR-200a as Biomarkers for Fatal Liver
Disease in ART-Treated, HIV-1-Infected Individuals. Sci. Rep. 7 (1), 10934.
doi:10.1038/s41598-017-11405-8

Nakajima, N., Nagahiro, S., Sano, T., Satomi, J., and Satoh, K. (2000). Phenotypic
Modulation of Smooth Muscle Cells in Human Cerebral Aneurysmal Walls.
Acta Neuropathol. 100 (5), 475–480. doi:10.1007/s004010000220

Pheiffer, C., Dias, S., Rheeder, P., and Adam, S. (2018). Decreased Expression
of Circulating miR-20a-5p in South African Women with Gestational
Diabetes Mellitus. Mol. Diagn. Ther. 22 (3), 345–352. doi:10.1007/
s40291-018-0325-0

Pradilla, G., Wicks, R. T., Hadelsberg, U., Gailloud, P., Coon, A. L., Huang, J., et al.
(2013). Accuracy of Computed Tomography Angiography in the Diagnosis of
Intracranial Aneurysms. World Neurosurg. 80 (6), 845–852. doi:10.1016/j.
wneu.2012.12.001

Pritchard, C. C., Cheng, H. H., and Tewari, M. (2012). MicroRNA Profiling:
Approaches and Considerations. Nat. Rev. Genet. 13 (5), 358–369. doi:10.1038/
nrg3198

Qin, Y. (2019). Relationship between the Expression of Plasma Secreted Mir-202-5p
and the Condition and Prognosis of Patients with Aneurysmal Subarachnoid
Hemorrhage. Nanning, China: Guangxi Medical University.

Rutnam, Z. J., Wight, T. N., and Yang, B. B. (2013). miRNAs Regulate Expression
and Function of Extracellular Matrix Molecules. Matrix Biol. 32 (2), 74–85.
doi:10.1016/j.matbio.2012.11.003

Sailer, A. M. H., Wagemans, B. A. J. M., Nelemans, P. J., de Graaf, R., and van
Zwam, W. H. (2014). Diagnosing Intracranial Aneurysms with MR
Angiography. Stroke 45 (1), 119–126. doi:10.1161/STROKEAHA.113.003133

Sarzani, R., Giulietti, F., Di Pentima, C., Giordano, P., and Spannella, F. (2020).
Disequilibrium between the Classic Renin-Angiotensin System and its
Opposing Arm in SARS-CoV-2-Related Lung Injury. Am. J. Physiology-Lung
Cell. Mol. Physiology 319 (2), L325–L336. doi:10.1152/ajplung.00189.2020

Starke, R., Chalouhi, N., Ali, M., Jabbour, P., Tjoumakaris, S., Gonzalez, L., et al.
(2013). The Role of Oxidative Stress in Cerebral Aneurysm Formation and

Frontiers in Molecular Biosciences | www.frontiersin.org June 2022 | Volume 9 | Article 7853148

Li et al. Exosome- Derived miRNAs in IA

https://doi.org/10.1038/jcbfm.2013.109
https://doi.org/10.1038/jcbfm.2013.109
https://doi.org/10.1161/STROKEAHA.108.191395
https://doi.org/10.1007/978-981-10-4397-0_5
https://doi.org/10.3892/etm.2021.9670
https://doi.org/10.1155/2019/8645840
https://doi.org/10.1161/CIRCRESAHA.109.197517
https://doi.org/10.1038/nrclinonc.2011.76
https://doi.org/10.1038/nrclinonc.2011.76
https://doi.org/10.1016/j.bcmd.2015.01.004
https://doi.org/10.1161/ATVBAHA.110.206201
https://doi.org/10.1161/ATVBAHA.110.206201
https://doi.org/10.1186/s12885-017-3737-z
https://doi.org/10.1186/s12885-017-3737-z
https://doi.org/10.1101/gr.082701.108
https://doi.org/10.3390/life10090155
https://doi.org/10.1038/s41598-020-63906-8
https://doi.org/10.1186/1479-5876-11-296
https://doi.org/10.1016/j.devcel.2006.09.009
https://doi.org/10.7150/thno.18133
https://doi.org/10.1161/JAHA.114.000972
https://doi.org/10.5551/jat.51102
https://doi.org/10.5551/jat.51102
https://doi.org/10.3390/ijms150915530
https://doi.org/10.3389/fnmol.2019.00240
https://doi.org/10.3389/fnmol.2019.00240
https://doi.org/10.1080/15476286.2019.1612217
https://doi.org/10.1155/2021/8889569
https://doi.org/10.1155/2021/8889569
https://doi.org/10.1126/scitranslmed.3003441
https://doi.org/10.1126/scitranslmed.3003441
https://doi.org/10.1016/j.jprot.2010.06.006
https://doi.org/10.1371/journal.pone.0176558
https://doi.org/10.1038/s41598-017-11405-8
https://doi.org/10.1007/s004010000220
https://doi.org/10.1007/s40291-018-0325-0
https://doi.org/10.1007/s40291-018-0325-0
https://doi.org/10.1016/j.wneu.2012.12.001
https://doi.org/10.1016/j.wneu.2012.12.001
https://doi.org/10.1038/nrg3198
https://doi.org/10.1038/nrg3198
https://doi.org/10.1016/j.matbio.2012.11.003
https://doi.org/10.1161/STROKEAHA.113.003133
https://doi.org/10.1152/ajplung.00189.2020
https://www.frontiersin.org/journals/molecular-biosciences
www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles


Rupture. Curr. Neurovasc. Res. 10 (3), 247–255. doi:10.2174/
15672026113109990003

Stevanato, L., Vysokov, L. N., and Sinden, J. D. (2016). Investigation of Content,
Stoichiometry and Transfer of miRNA from Human Neural Stem Cell Line
Derived Exosomes. PLoS One 11 (1), e0146353. doi:10.1371/journal.pone.
0146353

Sun, X., Zheng, X., Zhang, X., Zhang, Y., and Luo, G. (2020). ExosomalmicroRNA-23b-
3p from Bone Marrow Mesenchymal Stem Cells Maintains T helper/Treg Balance
by Downregulating the PI3k/Akt/NF-Κb Signaling Pathway in Intracranial
Aneurysm. Brain Res. Bull. 165, 305–315. doi:10.1016/j.brainresbull.2020.09.003

Théry, C., Zitvogel, L., and Amigorena, S. (2002). Exosomes: Composition, Biogenesis
and Function. Nat. Rev. Immunol. 2 (8), 569–579. doi:10.1038/nri855

Vlak, M. H., Algra, A., Brandenburg, R., and Rinkel, G. J. (2011). Prevalence of
Unruptured Intracranial Aneurysms, with Emphasis on Sex, Age, Comorbidity,
Country, and Time Period: a Systematic Review and Meta-Analysis. Lancet
Neurology 10 (7), 626–636. doi:10.1016/S1474-4422(11)70109-0

Wagner, K.-H., Cameron-Smith, D., Wessner, B., and Franzke, B. (2016).
Biomarkers of Aging: From Function to Molecular Biology. Nutrients 8 (6),
338. doi:10.3390/nu8060338

Wan, Y., Liu, Y., Wang, X., Wu, J., Liu, K., Zhou, J., et al. (2015). Identification of
Differential MicroRNAs in Cerebrospinal Fluid and Serum of Patients with
Major Depressive Disorder. PLoS One 10 (3), e0121975. doi:10.1371/journal.
pone.0121975

Willeit, P., Zampetaki, A., Dudek, K., Kaudewitz, D., King, A., Kirkby, N. S., et al.
(2013). Circulating microRNAs as Novel Biomarkers for Platelet Activation.
Circ. Res. 112 (4), 595–600. doi:10.1161/CIRCRESAHA.111.300539

Wu, D., Yan, J., Shen, X., Sun, Y., Thulin, M., Cai, Y., et al. (2019). Profiling Surface
Proteins on Individual Exosomes Using a Proximity Barcoding Assay. Nat.
Commun. 10 (1). doi:10.1038/s41467-019-11486-1

Wu, H., Wang, Q., Zhong, H., Li, L., Zhang, Q., Huang, Q., et al. (2020).
Differentially Expressed microRNAs in Exosomes of Patients with Breast
Cancer Revealed by Next-generation S-equencing. Oncol. Rep. 43 (1),
240–250. doi:10.3892/or.2019.7401

Xia, X., Wang, Y., Huang, Y., Zhang, H., Lu, H., and Zheng, J. C. (2019). Exosomal
miRNAs in Central Nervous System Diseases: Biomarkers, Pathological
Mediators, Protective Factors and Therapeutic Agents. Prog. Neurobiol. 183,
101694. doi:10.1016/j.pneurobio.2019.101694

Xu, G., Ding, Z., and Wu, T. (2021). Expression of Plasma Exosome Mir-145-5p in
Patients with Intracranial Aneurysms and its Relationship with Intracranial

Aneurysm Rupture Trauma and Critical Illness Medicine. Int. J. Mol. Sci. 9 (02),
135–137.

Yang, G., Qin, H., Liu, B., Zhao, X., and Yin, H. (2021). Mesenchymal Stem Cells-
Derived Exosomes Modulate Vascular Endothelial Injury via miR-144-5p/
PTEN in Intracranial Aneurysm. Hum. Cell. 34 (5), 1346–1359. doi:10.1007/
s13577-021-00571-7

Yoon, H., Belmonte, K. C., Kasten, T., Bateman, R., and Kim, J. (2017). Intra- and
Inter-individual Variability of microRNA Levels in Human Cerebrospinal
Fluid: Critical Implications for Biomarker Discovery. Sci. Rep. 7 (1). doi:10.
1038/s41598-017-13031-w

You, S. H., Kong, D. S., Kim, J. S., Jeon, P., Kim, K. H., Roh, H. K., et al. (2010).
Characteristic Features of Unruptured Intracranial Aneurysms: Predictive Risk
Factors for Aneurysm Rupture. J. Neurology, Neurosurg. Psychiatry 81 (5),
479–484. doi:10.1136/jnnp.2008.169573

Zaporozhchenko, I. A., Ponomaryova, A. A., Rykova, E. Y., and Laktionov, P. P.
(2018). The Potential of Circulating Cell-free RNA as a Cancer Biomarker:
Challenges and Opportunities. Expert Rev. Mol. Diagnostics 18 (2), 133–145.
doi:10.1080/14737159.2018.1425143

Zhao, Z., Jinde, S., Koike, S., Tada, M., Satomura, Y., Yoshikawa, A., et al. (2019).
Altered Expression of microRNA-223 in the Plasma of Patients with First-
Episode Schizophrenia and its Possible Relation to Neuronal Migration-Related
Genes. Transl. Psychiatry 9 (1), 289. doi:10.1038/s41398-019-0609-0

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Li, Wen, Liang and Sun. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Molecular Biosciences | www.frontiersin.org June 2022 | Volume 9 | Article 7853149

Li et al. Exosome- Derived miRNAs in IA

https://doi.org/10.2174/15672026113109990003
https://doi.org/10.2174/15672026113109990003
https://doi.org/10.1371/journal.pone.0146353
https://doi.org/10.1371/journal.pone.0146353
https://doi.org/10.1016/j.brainresbull.2020.09.003
https://doi.org/10.1038/nri855
https://doi.org/10.1016/S1474-4422(11)70109-0
https://doi.org/10.3390/nu8060338
https://doi.org/10.1371/journal.pone.0121975
https://doi.org/10.1371/journal.pone.0121975
https://doi.org/10.1161/CIRCRESAHA.111.300539
https://doi.org/10.1038/s41467-019-11486-1
https://doi.org/10.3892/or.2019.7401
https://doi.org/10.1016/j.pneurobio.2019.101694
https://doi.org/10.1007/s13577-021-00571-7
https://doi.org/10.1007/s13577-021-00571-7
https://doi.org/10.1038/s41598-017-13031-w
https://doi.org/10.1038/s41598-017-13031-w
https://doi.org/10.1136/jnnp.2008.169573
https://doi.org/10.1080/14737159.2018.1425143
https://doi.org/10.1038/s41398-019-0609-0
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/molecular-biosciences
www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles

	Extracellular Vesicles and Their Associated miRNAs as Potential Biomarkers in Intracranial Aneurysm
	Introduction
	MiRNA in Blood Derived Exosomes Exhibits Favorable Clinical Biomarker Properties
	Study of Circulating Exosome-Derived miRNA in Intracranial Aneurysms
	The Role of Circulating Exosome-Derived miRNA in the Development of Intracranial Aneurysms
	Application of Circulating Exosome-Derived miRNA in Early Diagnosis of Intracranial Aneurysms
	Application of Circulating Exosome-Derived miRNA in Predicting Rupture of Intracranial Aneurysms

	Discussion
	Conclusion
	Author Contributions
	Funding
	References


