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Abstract

Ischemic stroke (IS) is one of the most common causes of death and disability worldwide. Despite its prevalence, knowledge
about pathophysiology and diagnostic methods remains limited. Extracellular vesicles (EVs) that are released from cellular
membranes constitutively, as well as after activation or damage, may contain various intracellular particles, including micro-
RNAs (miRNAs/miR). miRNAs acting as mRNA transcription regulators are secreted in EVs and may be internalized by
other cells. This cellular cross-talk is important for the regeneration of the nervous tissue after ischemic injury. Moreover,
miRNAs related to stroke pathophysiology were shown to be differentially expressed after an IS episode. miRNAs associated
with various types of stem cell-derived EVs were shown to be involved in post-ischemic neuroprotection and tissue regenera-
tion and may be potential therapeutic agents. Therefore, considering their stability in plasma, they are worth investigating
also as potential diagnostic/prognostic biomarkers. The present review summarizes the current knowledge about EV-derived
miRNAs in the neuronal injury mechanism and their potential in neuroprotection in IS, and discusses the possibilities of
further investigation of their use in preclinical research.
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2017). Additionally, patients with small infarcts may be
underdiagnosed in brain imaging (Powers et al. 2019). There
is still a lack of specific biomarkers to assist in the diagno-
sis of IS. Inflammation is a marked factor in the onset of
acute brain ischemia (Simats et al. 2016). The initiation of
inflammation occurs within a few minutes after the stroke
has occurred (Maida et al. 2020; Araki et al. 2021). It is
most likely one of the crucial mechanisms of neural tissue
damage during the first few hours of the acute phase, and the
increased activity of the immune system persists over sub-
sequent days. The development of inflammation is triggered
by cell damage caused by inadequate oxygen and nutrient
supply, as well as necrosis. Cell damage leads to the release
of a number of molecules called alarmins, which can then
activate microglia cells, the immune cells of the brain, via
pattern recognition receptors, which trigger an intracellu-
lar cascade of signaling pathways in microglia cells (Zhao
et al. 2017). This, in turn, leads to the activation of transcrip-
tion factors, such as NF-kB, which results in the production
and release of pro-inflammatory cytokines, notably inter-
leukin (IL)—1p, IL-6 and tumor necrosis factor-a (TNF-o)
(Araki et al. 2021). Pro-inflammatory cytokines’ presence
in the intercellular space leads to migration and activation
of microglia that enhance inflammation. Although the pri-
mary role of microglia is to repair damaged neural tissue and
phagocytosis-damaged neurons and to secrete trophic factors
(i.e., brain-derived neurotrophic factor—BDNF) to stimulate
subsequent neurogenesis, their collateral over-activation can
lead to impaired healing of the brain tissue (Al-Onaizi et al.
2020).

Extracellular vesicles (EVs) are lipid bilayer-delimited
particles (range, 30-5000 nm) secreted from cell mem-
branes. EVs are a notable element of intercellular cross-talk
and are released constitutively or upon activation under
both normal physiological and pathological conditions,
including oxidative stress, hypoxia, and apoptosis (Zhang
et al. 2021c). There are different subtypes of EVs, such as
exosomes, microvesicles, and apoptotic bodies. The small-
est EVs, exosomes (range, 30—100 nm), are released by the
fusion of cytoplasmic multivesicular bodies with the cellular
membrane. Microvesicles (range, 0.1-1.0 pm) are released
by outward blebbing of the cellular membrane, especially
during cell growth. The largest EVs, apoptotic bodies (range,
1-5 pm), are formed in the late phases of apoptosis (Gyorgy
et al. 2011; Stahl et al. 2019). EVs may contain proteins,
lipids, carbohydrates, membrane receptors, cytokines, and
genetic material, including non-coding RNAs (ncRNAs),
circular RNAs and microRNAs (miRNAs/miR) (Camussi
et al. 2010).

MiRNAs are small ncRNAs that function in the regula-
tion of mRNAs and, ultimately, protein level through cleav-
age of mRNA transcripts, transcriptional blocking by bind-
ing to the 3’-untranslated region, and post-transcriptional
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silencing through translational disruption (Bartel 2004; Ma
et al. 2016). miRNAs can exert control in the cell of origin
through secretion into circulation in EVs and subsequent
uptake by numerous types of cells, for example, endothelial
cells (Valadi et al. 2007; Ge et al. 2014; Kesidou et al. 2020).
This unique cellular communication appears to be impor-
tant for the regeneration of the brain tissue after ischemic/
reperfusion injury (Cun et al. 2022). More importantly, cir-
culating miRNAs may be detected in the serum collected
from patients with IS, and are stable enough for laboratory
measurements (Sabour 2017; Chen et al. 2017). The expres-
sion of some circulating miRNAs identified in patients with
IS was substantially altered and often associated with stroke
severity, suggesting their potential use as both diagnostic and
prognostic biomarkers in stroke (Mens et al. 2021; Eyileten
et al. 2022a). It is noteworthy that animal and in vitro studies
showing the involvement of miRNAs in the pathogenesis of
stroke indicate their possible use as therapeutic agents (Xu
et al. 2015; Zhang et al. 2015), especially since they can
cross the blood-brain barrier and influence gene expression
in the damaged brain tissue (Aili et al. 2021).

The present review aims to present in vitro and in vivo
studies, including human studies and animal model stud-
ies, to summarize the current knowledge about EV-derived
miRNAs related to IS pathophysiology and to show future
possibilities of their use in clinical settings.

In vitro and Animal Studies

Microglia Activation and Nervous Tissue-Derived
Exosomes in Post-ischemic Neuroprotection
and Recovery

Microglia, the resident macrophages of the central nervous
system (CNS), play a vital role in CNS development, home-
ostasis, and neurogenesis. Microglia activation and polari-
zation are critical for neuronal damage and compensation
following IS, and therefore, microglia can act as a double-
edged sword for neurological recovery (Gao et al. 2023). For
example, microglia after ischemia can promote the secretion
of pro-inflammatory components (TNFa, IL-1p, and IFN-y)
and lead to secondary CNS injury, but they can also release
anti-inflammatory cytokines (TGF-, IL-10) (Zhao et al.
2017; Ip et al. 2017) and CNS protective factors, such as
neurotrophic factors (i.e. BDNF), which alleviates ischemic
damage (Poyhonen et al. 2019). Therefore, studies focused
on investigating the molecular mechanism of neurogenesis
and/or secondary brain damage associated with microglia
after ischemia (Jayaraj et al. 2019).

Post-ischemic microglial activity may be regulated by
damaged but still viable neurons that release EVs contain-
ing miR-98. Once internalized, miR-98 may target PAFR,
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which plays a role in the phagocytosis of apoptotic cells,
thereby protecting damaged neurons from microglial activity
(Yang et al. 2021). The expression of miR-98 in the penum-
bra remained stable during the first 24 h after IS in a rat
model but significantly decreased after three days (Yang
et al. 2021). These studies not only highlight novel thera-
peutic possibilities but also provide insight into the role of
EV-derived miRNAs in the pathogenesis of ischemic brain
injury.

Exosomes secreted by the nervous tissue are important
for IS pathogenesis and post-ischemic repair. The anti-
inflammatory effect of the neural progenitor cell (NPC)-
derived EVs (ReNcell VM NPC line) was observed both
in vitro in lipopolysaccharide (LPS)-stimulated microglial
cells, as well as in mice after middle cerebral artery occlu-
sion (using a mouse model of acute stroke-MCAO). It was
reported that NPC-derived EVs have an intrinsic activity and
decrease the production of pro-inflammatory cytokines in
the mimic model. After intravenous infusion, NPC-derived
EVs were able to infiltrate the post-ischemic lesion and sup-
press the inflammatory response (Tian et al. 2021). Further
sequencing analysis of the miRNA content in EVs showed
that the most notable miRNAs were involved in the suppres-
sion of MAPK and other inflammatory pathways, mainly
miR-99a-5p, miR-139-5p, miR-98-5p, miR-21-5p, let-7i-5p,
let-7 g-5p, and let-7b-5p, all of which were expressed at
high levels in NPC-derived EVs and upregulated in LPS-
stimulated microglia cells after 24 h of EV treatment (Tian
et al. 2021). Another miRNA abundant in neural stem cell
(NSC)-derived exosomes is miR-150-3p, which targets
CASP2 mRNA, a member of the signaling pathway involved
in neuronal proliferation (Luo et al. 2022). The neuroprotec-
tive effects of NSC-derived exosomes were observed both
in vitro in SH-SYSY cells after oxygen—glucose depriva-
tion/reoxygenation (OGD/R) and in MCAO rats. Treatment
with NSC-derived exosomes derived from anti-miR-150-3p-
transfected (inhibitor of miR-150-3p) NSCs inhibited both
neuroproliferation and attenuation of neuronal apoptosis.
The reported influence of NSC-derived exosomes on neu-
ral tissue regeneration is mediated by miR-150-3p affecting
CASP2, which suggests that miR-150-3p may be an impor-
tant player in post-ischemic tissue regeneration (Luo et al.
2022).

Astrocyte-Derived Exosomal miRNAs in Ischemia

One of the latest study investigated the role of astrocyte-
derived exosomes in neuroprotection following cerebral
ischemia. Primary astrocytes and neurons were isolated
and cultured, and astrocyte-derived exosomes were
extracted via ultracentrifuge. RNA-sequencing revealed
that miR-378a-5p played a key role in regulating neu-
roinflammation, with further luciferase reporter assays

confirming its direct binding to NLRP3 mRNA-3’UTR.
Astrocyte-derived exosomes engineered with miR-378a-5p
mimics and inhibitors showed that inhibiting miR-378a-5p
exacerbated neuronal injury, whereas its upregulation
mitigated OGD-induced damage. Overall, findings from
both the rat MCAO model and the primary neuronal OGD
model demonstrated that these exosomes were internalized
by neurons, and astrocyte-derived exosomes treatment can
decrease pyroptosis and have neuroprotective effects (Sun
et al. 2024).

A previous methodologically well-established study
explored the neuroprotective role of astrocyte-derived
exosomes delivering miR-138-5p to damaged neurons both
via in vitro and in vivo analysis. Infarct size was assessed
in an MCAO rat model, and results showed that astrocyte-
derived exosomes promote neuronal mitophagy and protect
against ischemic injury. The study found that miR-138-5p
regulates mitophagy via the DNMT3A/Rhebl1 axis as a key
regulator of neuroprotection. Notably, intravenous adminis-
tration of engineered microglial vectors produced therapeu-
tic effects comparable to intraventricular injection in rats,
which suggested the potential of cell-vector-targeted deliv-
ery systems for IS treatment (Zhu et al. 2024). Additionally,
Wang et al. (Wang et al. 2023) used an in vitro stroke model
with primary mouse astrocytes and analyzed small RNA
deep sequencing from astrocyte-derived exosomes. Seven
differentially expressed miRNAs (miR-92b-3p, miR-122-5p,
miR-370-3p, miR-485-3p, miR-664-5p, miR-1306-5p, miR-
1843b-3p) were validated using RT-qPCR. Their findings
suggested that astrocyte-derived exosomal miRNAs con-
tribute to neuroprotection by supporting neuronal signaling,
neurotrophic interactions, and apoptosis mitigation (Wang
et al. 2023).

MiR-190b was found to be significantly upregulated in
astrocyte-derived exosomes compared to primary astrocytes
in 2017 (Jovici¢ and Gitler 2017). Later on, bioinformatic
analysis identified autophagy-related gene 7 (Azg7) as a
potential target of miR-190b, and further experiments dem-
onstrated that astrocyte-derived-mediated transfer of miR-
190b inhibits OGD-induced neuronal apoptosis by regulat-
ing autophagy. It suggested that astrocyte-derived exosomes
play a neuroprotective role by suppressing neuronal apop-
tosis through miR-190b-mediated autophagy inhibition.
Therefore, the study indicated that modulating miR-190b
expression in astrocyte-derived exosomes may represent a
potential therapeutic strategy for IS (Pei et al. 2020).

Taken together, these studies highlighted the critical role
of astrocyte-derived exosomes in neuroprotection following
cerebral ischemia through the regulation of key miRNAs that
modulate neuroinflammation, mitophagy, and apoptosis. The
findings suggest that targeting specific exosomal miRNAs,
such as miR-378a-5p, miR-138-5p, and miR-190b, may pro-
vide novel therapeutic strategies for IS (Fig. 1A).
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«Fig. 1 Mechanism of miRNAs and EVs in ischemic injury. A Astro-
cyte-derived exosomal miRNAs. B Effect of HUCMSC-derived EVs
on microglial activity. C Influence of BMSC-derived EVs on the
neurons after ischemic damage. D Mechanism of action of ADSC-
derived EV-associated miRNAs in IS. E Possible neuroprotective
action of RIPC. Abbreviation: ADSCs, adipose-derived stem cells;
BMSCs, bone marrow mesenchymal stem cells, EVs, extracellular
vesicles; HUCMSCs, umbilical cord mesenchymal stem cells; IL-1p,
interleukin 1f; IL-6, interleukin 6; MCAO, middle cerebral artery
occlusion; OGD, oxygen—glucose deprivation; RIPC, remote post-
ischemic conditioning; TNF-a, tumor necrosis factor o

Effect of EV-Related miRNAs Derived from Bone
Marrow and Stem Cells on Post-ischemic Neural
Injury

Mesenchymal Stem Cells (MSCs)

Preclinical studies revealed that stem cell treatment might
improve neurological deficits and quality of life after
IS (Ouyang et al. 2019; Zhang et al. 2021a). Due to this,
the effect of human umbilical mesenchymal stem cells
(HUCMSC)-derived exosomes on microglia-mediated
inflammation after IS was studied in a murine model (Zhang
et al. 2021d). Treatment with HUCMSC-derived exosomes
notably reduced the volume of ischemic penumbra, attenu-
ated behavioral disorders, and decreased the expression of
the pro-inflammatory cytokines IL-6, TNF-a, and IL-1p in
ischemic injured brain tissue. To validate the in vivo results,
microglia cells were cultured with HUCMSC-derived
exosomes, which altered the pattern of their activation after
OGD/R. The treatment decreased the number of classically
activated, pro-inflammatory M1 cells and increased alter-
natively activated M2 microglia, which are responsible for
efferocytosis and neurotrophic factor secretion. Moreover,
in the exosomes-treated cells, the levels of IRAK1/TRAF6
signaling pathway proteins and the IL-1f, IL-6, and TNF-a
cytokines were decreased. The miR-146a-5p content in
microglia was markedly increased after exosome administra-
tion. Moreover, a miR-146a-5p knockdown reversed the inhi-
bition of pro-inflammatory cytokine expression (Zhang et al.
2021d). Both in vivo and in vitro complex results suggest the
potential role of the exosome-derived miR-146a-5p in post-
ischemic/reperfusion neuroinflammation via inhibition of
the IRAK1/TRAF6 pathway (Zhang et al. 2021d) (Fig. 1B).
Recently, Wu et al. (Wu et al. 2024) investigated the role of
hypoxia-treated MSCs and their derived exosomes (Hypo-
Exo) in ischemia, compared to exosomes from normoxic
MSCs (Norm-Exo). Using a mouse model of MCAO/R,
researchers intravenously administered exosomes from
both oxygen conditions to assess their therapeutic effects.
MiRNA microarray analysis revealed that Hypo-Exo was
enriched with miR-214-3p. MiR-214-3p plays a crucial role
in suppressing the phosphatidylinositol signaling pathway

by directly inhibiting PTEN/Akt pathway. The knockdown
of miR-214-3p abolished the beneficial effects of Hypo-
Exo. Therefore, study suggested that hypoxia-treated MSCs
enhance neuroprotection after ischemia via miR-214-3p/
PTEN axis (Wu et al. 2024).

Bone Marrow-Derived Stem Cells (BMSCs)

BMSC-derived EVs that have been shown to be protec-
tive in myocardial ischemia/reperfusion injury (Chen et al.
2020) were previously reported as differentially expressed
in patients with IS, and may be a neuroprotective factor
(Jia et al. 2015; Shan et al. 2021). MiR-221-3p targets the
activation of transcription factor 3 (ATF3), a regulator of
the progression of inflammatory processes after ischemic
stress-induced injury (Lin and Cheng 2018). BMSC-derived
exosomes containing miR-21-5p may mediate the promo-
tion of angiogenesis in ischemic damaged tissues. Treat-
ment with BMSC-derived exosomes reduced the infarct
volume and decreased the neurological deficits in MCAO
mice. Brain tissue analysis showed increased proliferation of
microvesicles, as well as VEGF/VEGFR?2 and Ang-1/Tie-2
protein levels, in the peri-infarct zone in exosome-treated
mice. Also, the expression of miR-21-5p in the ischemic
boundary zone was notably higher than that in controls.
In vitro experiments demonstrated that BMSCs may transfer
miR-21-5p into endothelial cells, enhancing proliferation,
cellular migration, and tube formation (Hu et al. 2022a).
To confirm this, cells transfected with anti-miR-21-5p, an
inhibitor of miR-21-5p, inhibited the pro-angiogenic activity
of BMSC-derived exosomes (Hu et al. 2022a). Since angio-
genesis is essential for post-IS tissue regeneration, exosome-
derived miR-21-5p should be studied further as a potential
therapeutic agent (Fig. 1C).

Besides the miR-21, miR-34 family was investigated in
one of the latest research. Using an MCAO model in adult
mice, researchers analyzed the effects of IS on the BM
microenvironment and EV. IS induced alteration in the BM
microenvironment, particularly increasing pro-inflammatory
cytokines such as TNF-alpha and MCP-1. BM cells also
exhibited higher levels of inflammatory markers (IL-6, TNF-
alpha, TLR-4) and senescence markers (p21, p16). The study
did not find a significant change in the size or concentration
of EVs. However, an increase in miR-141-3p and miR-34a
was observed within the EVs, along with alterations in their
protein cargo (Patel et al. 2024).

Adipose-Derived Stem Cells (ADSCs)

Congruous results were observed in IS rats treated with
ADSC-derived exosomes. Before administration, ADSC-
derived exosomes were transfected with either miR-126
(miR-126") or miR-126 inhibitor (miR-1267) or were

@ Springer



31 Page 6 of 20

Cellular and Molecular Neurobiology (2025) 45:31

non-transfected (naive). In the miR-126 + exosome-treated
group, functional recovery after MCAO improved despite
no significant reduction in infarct volume. In addition, miR-
126*-exosome therapy increased the expression of the Von
Willebrand factor and that of a doublecortin-neuroblastic
marker, indicating enhanced vasculogenesis and neurogen-
esis in the peri-infarct zone (Geng et al. 2019). Likewise,
ADSC-derived exosome treatment attenuated microglia
activation repressed the production of the pro-inflamma-
tory cytokines TNF-a and IL-1p and reduced the activa-
tion of the pro-apoptotic caspase-3 in affected neural tissue
in both in vitro and in vivo studies (Liu et al. 2022; Tang
et al. 2023). The role of miR-126 in neuroprotection is con-
firmed by the fact that ischemia signs were decreased by
miR-126"-exosome treatment, and inflammatory cytokines
were increased by miR-126~ exosome treatment compared
to naive exosome administration (Geng et al. 2019).

Another miRNA related to the anti-apoptotic effect of
ADSCs is miR-31, which was shown to be a negative regula-
tor of TRAF6 and IRF5 expression, leading to a reduction of
the apoptosis-related factors, caspase-3 and Bax (Lv et al.
2021). Mice treated with ADSC-derived EVs containing
miR-31, showed improved neurological functions, decreased
infarct volume, and reduced neuronal apoptosis (Fig. 1D)
(Lv et al. 2021). It is noteworthy that ADSC-derived EVs
containing miR-22-3p were also studied as a potential regu-
lator of post-ischemic neuronal damage. The mechanism is
related to the inhibition of apoptotic pathways by targeting
KDMO6B involved in activating caspase-3 and Bax (Zhang
et al. 2021b). KDM6B also promotes the expression of
BCL-2 modifying factor (BMF), a factor enhancing apop-
tosis induced by OGD/R (Zhang et al. 2021b). In conclusion,
targeting the miR-31/TRAF6/IRFS and miR-22-3p/KDM6B/
BMP2/BMF axes should be studied further as promising
therapeutic strategies in IS (Table 1).

Influence of Remote Ischemic Post-Conditioning
on Neuroprotection via EV-Related miRNAs

Another miRNA, miR-126, widely known as an endothelial-
specific miRNA, was related to the mechanism of remote
ischemic post-conditioning (RIPC) phenomenon, an addi-
tive therapy that may improve clinical outcomes in patients
with acute IS (Hougaard et al. 2014). The human neuro-
blastoma cells SH-SY5Y were cultured with peripheral
blood exosomes collected from healthy volunteers after
controlled transient limb ischemia. In ischemic conditions
(post-RIPC), the levels of the exosome-derived miR-126
in plasma were increased. Reduced DNA methylation,
increased P21 protein concentration, and an extended S
phase of the cell cycle were observed in SH-SYSY cells
cultured with post-RIPC exosomes. In addition, the expres-
sion and activity of DNA methyltransferase (DNMT) 3B was

@ Springer

Table1 MiRNAs associated with EVs and exosomes that derived
from various types of stem cells and astrocytes, and their possible
genetic targets

Types of stem cells/astro-  EV/exosome- Possible targeted gene
cyte-derived exosomes associated
miRNA
HUCMSC-derived EVs miR-146a-5p IRAK/TRAF pathway
BMSC-derived EVs miR-221-3p ATF3
miR-21-5p VEGF/VEGFR2
Ang-1/Tie-2
ADSC-derived-EVs miR-126 n/a
miR-31 TRAF6
IRF5
miR-22-3p KDMG6B
MSC-derived EVs MiR-214-3p PTEN/Akt
Astrocytes-derived miR-378a-5p NLRP3
exosomes
miR-138-5p DNMT3A/Rhebll
miR-190b Atg7

HUCMSCs human umbilical mesenchymal stem cells, BMSCs bone
marrow mesenchymal stem cells, ADSCs adipose-derived stem cells,
EVs extracellular vesicles, MSCs Mesenchymal stem cells, miR/
miRNA microRNA, n/a not applicable

decreased when compared with that in cells cultured without
post-RIPC exosomes. These results were further confirmed
in SH-SYSY cells infected with lentiviral vectors carrying
miR-126. RIPC exosomes exerted neuroprotective effects
by down-regulating the expression of DNMT in neural cells
through the upregulation of serum exosomal miR-126 (Cui
et al. 2020). Thus, inhibition of neuronal DNMT expression
through the upregulation of exosome-derived miR-126 in
serum may be responsible for the neuroprotective effects of
RIPC (Cui et al. 2020) (Fig. 1E).

The development of ischemic tolerance after RIPC was
enhanced by the involvement of both miR-126 and miR-
199a-5p. Hypoxia/reoxygenation (H/R) conditions increased
miR-199a-5p expression in human umbilical vein endothe-
lial cells (HUVECs) and HUVEC-derived exosomes. Coin-
cidentally, in neural cells exposed to H/R in vitro, adminis-
tration of HUVEC-derived exosomes resulted in suppression
of inflammation and apoptosis. Increased levels of miR-
199a-5p in neural cells were shown to decrease stress on
the endoplasmic reticulum (Yu et al. 2020). The inhibition
of miR-199a-5p notably reduces the protective effect of
HUVEC-derived exosomes (Yu et al. 2020). The effect of
urine-derived stem cell (USC)-derived exosome treatment
in IS was assessed both in animal and in in vitro models.
The intravenous infusion of USC-derived exosomes reduced
the infarct volume and notably improved functional recov-
ery following MCAO in rats and enhanced proliferation and
differentiation of neural stem cells, leading to neurogenesis
in the infarct boundary zone (Yu et al. 2020). Moreover, it
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was reported that the underlying mechanism is associated
with an increased level of miR-26a, which promotes NSC
proliferation and differentiation via inhibition of histone dea-
cetylase 6. The transfer of the exosome-derived miR-26a is a
plausible explanation for the positive effect of USC-derived
exosomes on neurogenesis (Ling et al. 2020).

Cuomo et al. investigated the neuroprotective role of
exosomal miRNAs in remote limb ischemic postcondi-
tioning (RLIP) in an animal model. They found that miR-
702-3p and miR-423-5p were significantly upregulated
in the temporoparietal cortex of ischemic rats treated
with plasmatic exosomes. MiR-702-3p and miR-423-5p

play crucial role in modulating NOD1 and NLRP3 genes
and regulates neuroinflammation and neuronal apopto-
sis. The administration of plasmatic exosomes isolated
from plasma of RLIP rats effectively attenuated cerebral
ischemia—reperfusion injury and improved neurological
function for up to three days post-stroke. They suggested
that plasmatic exosomes may act as a neuroprotective ther-
apy by modulating neuroinflammatory pathways (Cuomo
et al. 2024).

Taken together, in vitro and animal studies reflect the
promising role of exosomes as potential therapeutic agents
in post-ischemic brain injury; the described miRNAs could
be the key to explaining the mechanism of action (Fig. 2).
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Fig.2 Network of stem cell-derived EVs and astrocyt-derived exoso-
mal miRNAs and their target genes. Abbreviations: HUVECs, human
umbilical vein endothelial cells; BMSCs, bone marrow mesenchymal

stem cells; ADSCs, adipose-derived stem cells; EVs, extracellular
vesicles; MSCs, Mesenchymal stem cells; miR/miRNA, microRNA
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Human Studies
Exosomes

Exosomes secreted by numerous cells, including microglia,
endothelial cells, and leukocytes, may be found in peripheral
blood, making them a valuable diagnostic material in clini-
cal practice (Hazrati et al. 2022). The influence of IS on the
expression of several exosome-derived miRNAs, previously
observed in animal and in in vitro studies, has also been
detected in human research (Alexander et al. 2015). Exo-
some-derived miRNAs are considered to be more sensitive
and specific biomarkers compared with total cellular miR-
NAs s or free miRNAs, as exosomes are secreted into extra-
cellular space (Aimaletdinov and Gomzikova 2022). MiR-
223 is one of the most common exosome-derived miRNAs
found in the plasma of healthy individuals (Shi et al. 2023).
Conversely, altered miR-223 expression has been observed
in patients with diseases that typically increase the risk of
IS, including atherosclerosis (You et al. 2022), diabetes mel-
litus (Eyileten et al. 2022b), and enhanced platelet reactiv-
ity (Czajka et al. 2021; Li et al. 2021). It was reported that
the miR-223 levels were notably upregulated in the acute
phase of IS when compared with those in non-stroke con-
trols (Chen et al. 2017). In the study group, the expression
levels were positively associated with the National Institutes
of Health Stroke Scale (NIHSS) score (Adams et al. 1999),
as well as with the neurological outcome assessed 3 months
after stroke occurrence. However, there was no association
with the infarct volume (Chen et al. 2017) (Tables 2, 3).
Previous studies indicate that the abundant expression
of miR-126 in the endothelium is a neuroprotective factor
after ischemic injury in both in vitro and animal studies
(Geng et al. 2019). These results are confirmed in patient
studies where the levels of miR-126 were notably reduced
in the acute phase of IS when compared with those in
controls (Geng et al. 2019). It is noteworthy that miR-126
expression was positively associated with the Barthel scale
(Quinn et al. 2011), indicating that higher miR-126 levels
in plasma are associated with better clinical condition and
improved daily living activities (Geng et al. 2019).
Altered expression associated with IS was also noted for
miR-152-3p, which was notably downregulated in patients
with IS compared to controls. MiR-152-3p levels were
also associated with clinically observed severity of stroke,
assessed using the NIHSS scale (Luo et al. 2019). Addition-
ally, it was revealed that the expression of miR-152-5p was
lowest in patients with large artery atherosclerosis compared
with other stroke etiologies, including large artery athero-
sclerosis (LAA) patients compared to that in small vessel
occlusion (SAA), cardioembolism (CE) and stroke of unde-
termined etiology (SUE) group (Song et al. 2020).

@ Springer

Increased expression of miR-134 was observed in patients
with IS compared with that in non-stroke controls within
24 h of the stroke onset. Exosome-derived miR-134 levels
were positively associated with stroke severity, as measured
using the NIHSS score, infarct volume, and worse prognosis
in the modified Rankin scale (Zhou et al. 2018). No nota-
ble changes were observed for the level of exosome-derived
miR-134 at the time point of 24, 48 and 72 h after the IS.
As the decision on stroke therapy is made in the first hours
after its occurrence, a more detailed investigation is needed
to uncover the manner of miR-134 expression within 24 h
after IS onset (Zhou et al. 2018). These results also found
an association between miR-134 expression and plasma con-
centrations of c-reactive protein (CRP) and IL-6, which are
well-known markers of inflammation (Zhou et al. 2018). As
shown in animal research, increased levels of inflammatory
cytokines (TNF, IL-1, IL-6, and IL-8). A previous study
showed that miR-134 promoted ischemic injury-induced
neuronal cell death by targeting the cAMP response ele-
ment-binding protein and inhibiting the expression of the
anti-apoptotic gene Bcl-2 and that of BDNF (Huang et al.
2015). One of the advantages offered by the use of both
exosomes and EVs and their derived miRNAs as disease
biomarkers, is their ability to predict the severity of disease
(Eyileten et al. 2022a). BDNF is a member of the neurotro-
phin family of growth factors that plays an important role in
the maturation of the nervous system while also supporting
the survival of existing neurons and instigating neurogenesis
(Castrén and Antila 2017). It is a crucial biomarker and has
potential as a pharmaceutical agent in neurodegenerative
disorders including Alzheimer’s Disease, Parkinson’s dis-
ease as well as diabetes mellitus (Eyileten et al. 2017, 2021,
Gao et al. 2022). However, the protective effect of BDNF
on neurogenesis at the molecular level remains unclear.
BDNF expression induces the synthesis of BDNF protein
in ribosomes through targeted coding, a process regulated by
non-coding RNAs. Protein-RNA interaction searching tools
and techniques are useful in understanding how BDNF and
miRNAs behave in neurodegeneration and neuroregenera-
tion (Shi 2015; Eyileten et al. 2021). As limited studies have
aimed to investigate the BDNF-miRNAs axis and the regula-
tion of BDNF signaling by exosome/EV-derived ncRNAs,
further studies are required.

The other miRNAs related to IS reported by (Wang et al.
2018; Graham 2020), miR-21-5p and miR-30-5p, were
assessed in all phases of IS, including hyperacute (within
6 h), acute (divided on days 1-3 and 4-7), subacute (days
7-14) and recovery (days> 14). The miR-21-5p expres-
sion levels were notably upregulated in the subacute and
recovery phases compared with those in the acute phase.
The miR-30a-5p expression was notably higher in the first
6 h compared with that in all other phases, and its levels
were decreased in acute IS (days 1-3) compared with those
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Table 3 Evaluation of the potential of miRNAs as biomarkers in
patients with IS

miRNA IS phase AUC  P-value  (Refs.)
miR-21-5p SIS 0.714  0.007 (Wang et al. 2018)
RIS 0.734  0.003
miR-30-5p HIS 0.826  0.001
AIS 0.438 0.516
miR-134 AIS 0.834 7x10-5 (Zhou et al. 2018)
miR-30d-5p IS n/d n/d (Jiang et al. 2018)
miR-223 AIS 0.859 <0.001 (Chenetal.2017)
miR-126 AIS n/d n/d (Geng et al. 2019)
miR-144a AIS 0.769 <0.001 (Lietal.2017)
miR-144a SIS 0.971 <0.001
miR-125b-2-3p 0.889  <0.001
miR-155 1S 0.851 <0.05 (Zhang et al. 2020)

miRNA/miR  microRNA; IS Ischemic stroke, HIS hyperacute
ischemic stroke, AIS acute ischemic stroke, SIS subacute ischemic
stroke, RIS recovery ischemic stroke, AUC area under curve

in the controls. Thus, the combined exosome-derived miR-
21-5p and miR-30a-5p assessment may be promising for
IS diagnosis and stratifying the hyperacute, subacute, and
recovery phases. Therefore, small RNAs may appear to
be a useful biomarker for the diagnosis of the hyperacute
phase, which is essential in clinical practice, as the hypera-
cute phase represents the critical window of opportunity
to prevent irreversible brain damage and improve patient
outcomes (Wang et al. 2018; Graham 2020). Besides the
human studies, a previous bioinformatic prediction analysis
demonstrated the putative target genes of miR-21, including
the oncogenes homo sapiens v-ski sarcoma viral oncogene
homolog, RAB6A, and RAB6C, both of which are members
of the RAS oncogene family, and RAS homolog gene family
member B (RhoB) in breast cancer (Yan et al. 2008). RhoB
gene contribution to cancer research opened the investiga-
tion of other small RNA targets, such as miR-335, especially
in hepatocellular carcinoma (Thapa et al. 2023). Exosome-
based miR-335 delivery prevented metastasis and showed
cytotoxicity in cancer cells (Thapa et al. 2023). By contrast,
there is no study available that investigated the impact of
EV-associated miR-335 in IS, showing the need for future
research. miR-21 was previously described as associated
with atherosclerosis and IS (Tsai et al. 2013), where it may
play a protective role via upregulation of the anti-apoptotic
protein Bcl-2 (Zhou and Zhang 2014). By contrast, miR-
30a was seen as an apoptosis promoter and inhibitor of
autophagy via the negative regulation of the Beclin-1 protein
(Fu et al. 2012; Long et al. 2013).

As in animal studies, macrophage polarization may be a
key factor for brain tissue recovery after ischemia (Zhang
et al. 2019; Jiang et al. 2020). In the group of patients with
acute IS, miR-30d-5p and the anti-inflammatory cytokines

@ Springer

IL-4 and IL-10 were downregulated, whereas the pro-
inflammatory cytokines IL-1p, IL-6, TNF-«, and iNOS
were upregulated. Pro-inflammatory cytokines are markers
of M1 macrophages, while IL-4 and IL-10 are markers of
alternatively activated M2 macrophages, which are involved
in neurotrophic factor secretion (Jiang et al. 2018). It was
therefore suggested that miR-30d-5p may be involved in the
inflammatory response regulation following IS (Jiang et al.
2018).

Two other notable exosome-derived miRNAs, miR-
125b-2-3p and miR-422a, were also studied as potential IS
biomarkers. In a group of patients with IS, both miRNAs
were markedly decreased in the subacute phase (days 4-14)
compared with the healthy controls. In addition, the expres-
sion of miR-422a was higher in the acute IS phase (days
1-3) compared with that in healthy controls (Li et al. 2017).
These results suggest that both miRNAs may be useful to
distinguish patients in the subacute IS phase from non-stroke
individuals; however, only the levels of miR-422a could
potentially serve as a biomarker of acute IS (Li et al. 2017).
MiR-422a, known to be brain-specific, was shown in a pre-
vious animal study to reflect the onset of ischemic IS and
has proven to have diagnostic value, as it consistently alters
during the acute phase of stroke, regardless of age, stroke
severity, or confounding metabolic complications (Sepra-
maniam et al. 2014). It is also expressed in abundance in
atherosclerotic plaque and may participate in the genetic
regulation of the development and progression of athero-
sclerosis, a key factor leading to IS (Hansson and Libby
2006; Vemuganti 2013). The mechanism of miR-125-2-3p
involvement is potentially related to inflammatory reactions
following ischemic brain injury (Chaudhuri et al. 2011;
Bidzhekov et al. 2012).

Microvesicles and Other Types of EVs

Microvesicles are vesicular structures released from the
plasma membrane by various types of cells, especially
platelets, erythrocytes, leukocytes, and endothelial cells
(Stahl et al. 2019). Endothelial dysfunction is one of the
key pathophysiological factors in the occurrence and pro-
gress of IS. Endothelial microvesicles (EMVs) and the
level of their miR-155 content were assessed in patients
with IS in acute, subacute, and chronic phases (Zhang
et al. 2020). The levels of EMVs and the expression of
miR-155 were elevated in acute and subacute IS compared
with those in the controls. The EMV-derived miR-155
expression was notably higher in the acute stage than in
the chronic stage. The study showed a positive association
between EMVs and miR-155 and NIHSS score, as well as
infarct volume, which suggests its potential future use as
a prognostic biomarker. Both EMVs and EMV-miR-155
expressions were associated with the type of IS according
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to the TOAST criteria (Zhang et al. 2020). Higher con-
centrations were detected in patients with large artery
atherosclerosis and cardioembolic etiology compared to
those with ischemic stroke related to small vessel dis-
ease (Adams et al. 1993). In conclusion, both EMVs and
EMV-miR-155 may be further investigated as sensitive
biomarkers to identify those patients with IS from the
non-stroke population. However, EMV-miR-155 demon-
strated improved specificity and therefore greater diag-
nostic value than EMVs as a whole (Zhang et al. 2020).
Likewise, previous studies have revealed that miR-155 is
an important player in oxidative stress and apoptosis. Inhi-
bition of miR-155 decreases apoptosis and ROS produc-
tion and promotes NO generation in the brain microvessel
endothelium (Liu et al. 2015; Hu et al. 2022b). MiR-155
also takes part in inflammation and is seen as differentially
expressed in numerous diseases related to inflammation,
such as asthma, lung cancer, lymphoblastic leukemia, and
neurodegenerative diseases (Tables 2, 3) (Gao et al. 2014;
Liu et al. 2019; El-Khazragy et al. 2019; Karam and Abd
Elrahman 2019).

As previously shown, the exclusion of intracranial hemor-
rhage is an important step in the diagnosis of IS, enabling
the initiation of fibrinolytic therapy (Kalani et al. 2020).
Kalani et al. (Kalani et al. 2020) revealed that EV-associated
miRNAs could have potential diagnostic value and be useful
in distinguishing between ischemic and hemorrhagic stroke
types. This study involved three subgroups of patients with
different types of stroke, including IS, aneurysmal subarach-
noid hemorrhage, and spontaneous intraparenchymal hem-
orrhage (Kalani et al. 2020). The in silico analysis revealed
that 67 EV-associated miRNAs were notably dysregulated
across the stroke subgroups. Consequently, 13 EV-associ-
ated miRNAs demonstrated a high value in distinguishing
between ischemic and hemorrhagic stroke. Therefore, the
study showed the potential use of blood-based, EV-asso-
ciated miRNAs as diagnostic biomarkers to distinguish
between stroke subtypes (Kalani et al. 2020).

A recent study utilized microarray analysis on plasma-
EVs samples from IS patients. The study not only analyzed
newly generated microarray data but also reanalyzed pub-
licly available datasets, integrating bioinformatic analysis
for a comprehensive evaluation. The study compared 5
acute IS patients with 5 matched healthy controls. Micro-
array analysis identified 383 miRNAs, with 245 shared
between both groups, while 90 were unique to controls and
48 were exclusive to acute IS patients. The most abundant
miRNAs in the stroke group belonged to the let-7b, miR-
106, miR-16, and miR-320 families. Gene Ontology (GO)
analysis revealed enrichment in pathways related to extracel-
lular exosomes, BMP signaling regulation, apoptosis, and
outflow tract morphogenesis. When comparing circulating
EV-miRNA profiles between acute IS patients and healthy

individuals, let-7b-5p, miR-16-5p, and miR-320c were found
to be upregulated, while miR-548a-3p and miR-6808-3p
were downregulated in the acute IS group (Pir et al. 2024).

Lately, neuronally derived extracellular vesicles
(LICAM-positive EVs-L1EVs) have been studied in acute
IS. Patients with acute IS and control patients with at least
three cardiovascular risk factors (free of stroke) were
included. Blood samples underwent centrifugation, LIEV
isolation, RNA extraction, and sequencing to analyze small
RNA content. The sequencing revealed 62 miRNAs and 76
small non-coding RNAs significantly altered in acute IS
patients. Using weighted gene correlation network analysis.
Researchers grouped these miRNAs into modules linked
to stroke severity and type. A machine learning-based ran-
dom forest model was developed, identifying an 8-small
RNA signature (particularly, LINC01359, LINC02116,
LINC02256, miR-181a-5p, miR-221-3p, miR-27b-3p, miR-
154-3p, miR-376a-3p) that classified acute IS patients with
87.5% sensitivity and 83.3% specificity. The study’s findings
suggest that L1IEVs carry distinct small RNA profiles that
could serve as biomarkers for stroke diagnosis (Manwani
et al. 2024).

Limitations and Challenges of EVs
and Exosomal miRNAs in IS

Standardization and Reproducibility of miRNA
Studies

One of the biggest challenges in the field of EVs and exoso-
mal miRNAs is the lack of standardization of the methodolo-
gies, particularly EVs, exosome isolation, and quantification.
Unstandardized isolation techniques, including ultracentrifu-
gation, size-exclusion chromatography, cytometry, and pre-
cipitation methods cause unreproducible laboratory results.
Additionally, the absence of consensus regarding normaliza-
tion strategies in miRNA quantification further complicates
cross-study comparisons (Li et al. 2019; Sidhom et al. 2020).

Specificity/Sensitivity of miRNAs as Biomarkers

Although circulating miRNAs hold promise as potential
biomarkers for IS, their specificity and sensitivity remains a
concern. Many miRNAs implicated in stroke pathology were
ofund also associated with other neurodegenerative and car-
diovascular diseases, which cause challenges in distinguish-
ing stroke from other conditions (Li et al. 2023). Moreover,
while specific miRNAs demonstrate altered expression fol-
lowing ischemic events, their dynamic changes over differ-
ent stroke phases need better characterization for improved
clinical applicability. For example, identifying miRNAs that
can be utilized in the hyperacute phase of stroke (within the

@ Springer



31 Page 16 of 20

Cellular and Molecular Neurobiology (2025) 45:31

first hours of onset) is crucial, yet most studies focus on later
stages (Wechsler et al. 2023). This gap in research limits the
potential for miRNA-based diagnostics and therapeutics for
stroke.

Lack of Large-Scale Clinical Validation

The abovementioned studies on EVs and exosomal-miR-
NAs in IS rely on small sample sizes or animal models/in
vitro analysis. While these preliminary findings are valu-
able, large-scale, multicenter clinical trials are needed to
validate the diagnostic and prognostic potential of miRNAs
in stroke patients. Additionally, the heterogeneity of IS
subtypes requires broad patient cohort studies to establish
stroke-specific miRNA profiles.

Cost and Feasibility of Implementation

Currently, the use of miRNA-based diagnostics and thera-
pies in clinical settings is still quite costly. In particular, the
isolation of small RNAs from EVs and exosomes, followed
by sequencing, is still expensive and requires specialized
laboratory infrastructure in hospitals (Xiong et al. 2022;
Llorens-Revull et al. 2023). Developing cost-efficient, rapid,
and scalable miRNA detection methods is essential for clini-
cal use. In oncology, multi-omic analysis for drug response,
including genomic sequencing, is increasingly becoming a
standard clinical practice (Kan et al. 2025). As the cost of
next-generation and single-cell RNA-sequencing continues
to decrease, the implementation of small RNA analysis in
stroke care is expected to become more common, potentially
improving clinical stroke management.

Conclusions

In conclusion, miRNAs are expressed in abundance in
numerous types of tissues and maybe shed in EVs, internal-
ized by other cells, and remotely regulated gene expression.
To date, various EV-associated miRNAs are involved in
nearly every aspect of IS pathogenesis, including endothe-
lial function, coagulation, inflammatory response, microglial
activity, apoptosis and cell proliferation. Thus, these may be
widely investigated as potential diagnostic and prognostic
biomarkers as well as therapeutic targets. The present review
focused on the latest knowledge relating to EV-associated
miRNAs in IS, showing that while available data are limited
so far, they may prove useful prognostic indicators. Human
studies (Li et al. 2017; Zhang et al. 2020) revealed that some
types of miRNAs may be considered potentially useful clini-
cal biomarkers, but additional research conducted in larger
patient cohorts is required. Moreover, due to the dynamics
of ischemic lesion development, as well as the specificity

@ Springer

of the IS treatment, further studies should consider changes
in miRNA expression not only in the first days and weeks
but also in the first hours after stroke onset. However, this
would be challenging since the onset of symptoms is often
elusive, and numerous patients are admitted to the hospital
several hours later.

Despite the promising role of EVs and exosomal miR-
NAs in IS, several limitations and challenges that were also
mentioned above should be addressed before their clinical
application. Improving the standardization of laboratory
methodologies, identifying specific and sensitive biomark-
ers that differentiate stroke from other neurodegenerative
and cardiovascular diseases, conducting large-scale clini-
cal trials, and overcoming delivery challenges are key areas
that need further exploration. Addressing these obstacles
will enhance miRNA-based innovations in stroke diagnosis,
prognosis, and therapy.
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