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Abstract

Spinal cord injury (SCI) is a major traumatic disease of the central nervous system characterized by high rates of disability
and mortality. Many studies have shown that SCI can be divided into the two stages of primary and secondary injury. Pri-
mary injury leads to pathophysiological changes, while consequential injury is even more fatal, including a series of harmful
reactions that expand the scope and degree of SCI. Because the pathological process of SCI is highly complex, there is still
no clear and effective clinical treatment strategy. Exosomes, membrane-bound extracellular vesicles (EVs) with a diameter
of 30-200 nm, have emerged as an ideal vector to deliver therapeutic molecules. At the same time, increasing numbers of
studies have shown that miRNAs play a momentous role in the process of SCI. In recent studies, researchers have adopted
exosomes as carriers of miRNAs with potential therapeutic effects in SCI. In this review, we summarize relevant articles
describing exosomes as miRNA carriers for SCI, after which we discuss further implications and perspectives of this novel

treatment modality.
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Introduction

Acute spinal cord injury (SCI) is a severe traumatic event.
On the basis of the World Health Organization (WHO) esti-
mates, there are approximately 250,000-500,000 new cases
of SCI in the world each year [1]. When a SCI occurs, the
patient’s normal sensory, motor, or autonomic functions are
greatly affected. SCI is primarily caused by spinal misalign-
ment, which results in immediate neuronal death, vascular
rupture, and blood spinal cord barrier (BSCB) damage.
Furthermore, the wound microenvironment leads to further
neurological damage and dysfunction, including neuronal
apoptosis, inflammatory response, vascular changes, free
radical accumulation, and glial cell activation, which will
further prolong the acute phase of SCI.

SCI is a devastating neurological disorder that affects
thousands of individuals each year [2]. However, because
of its complex pathophysiological process, there are no
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clear and effective targeted therapies and functional recov-
ery strategies for SCI. Consequently, the main research
directions today mainly include (1) cell therapy, which uses
the secretory function of stem cells to create a favorable
environment for axonal regeneration and further induces
differentiation into neurons to reconstruct neural connec-
tions across cells; (2) molecular intervention treatments, i.e.,
utilizing hormones and multiple cytokines to protect neural
cells from secondary damage, promote axonal regeneration,
and strengthen their conduction function; and (3) acupunc-
ture and motor rehabilitation training treatments. The role
of stem cells in SCI has been studied extensively, but many
studies have shown that stem cells have many defects and
that their therapeutic effects on SCI are most likely related
to paracrine signals. Exosomes have attracted attention in
recent years as an important mediator of cell-to-cell com-
munication that are involved in many pathological processes
[3].

Exosomes are small, single-membrane, secreted orga-
nelles with a diameter of ~30 to ~200 nm that have the same
topology as the cell and are enriched in selected proteins,
lipids, nucleic acids, and glycoconjugates [4]. Exosomes
have functions in remodeling the extracellular matrix and
delivering signal molecules to other cells. This intercellular
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vesicular trafficking plays an important role in various
aspects of human health and disease. Based on these prop-
erties, exosomes have been developed as therapeutic agents
in a variety of disease models. MicroRNAs (miRNAs),
small non-coding RNA molecules that negatively regulate
gene expression, can serve as diagnostic biomarkers and are
emerging as novel therapeutic targets for central nervous
system injury [5, 6]. The use of a combination of exosomes
and miRNAs in SCI is increasingly recognized as a promis-
ing therapeutic strategy. Several studies to date have shown
that miRNAs transported by exosomes from various cells
have a significant protective effect in SCI [1]. For these rea-
sons, scholars are now increasingly beginning to join this
line of research to deeply investigate the positive effects of
the combination of exosomes with miRNAs on SCI and the
underlying mechanisms.

Exosome Biogenesis

Almost all types of cells, prokaryotic and eukaryotic,
release extracellular vesicles (EVs) as part of their nor-
mal physiology and during acquired abnormalities [7].
Although research on EVs is ongoing and classification of
EVs continues to advance, they can be broadly separated
into two categories, ectosomes and exosomes. Ectosomes
are large vesicles with a diameter of 50 nm~ 1 um, which
sprout directly from the plasma membrane and contain
microbubbles and particles [8]. By contrast, exosomes,
derived from endosomes and the plasma membrane,
range in diameter from 30 to 200 nm. In 1985, it was
first reported by B T Pan, K Teng, C Wu, M Adam, R
M Johnstone, and others that there were exosomes bud-
ding inward through the plasma membrane to form
endosomes in the nucleus during the maturation of sheep
reticulocytes [9]. In the following decades, researchers
have conducted more in-depth research on the biological
sources of exosomes. As a subcellular vesicle with a lipid
bilayer structure, the biogenesis of exosomes involves
two invaginations of the plasma membrane [7]. The first
plasma membrane invagination forms the early-sorting
endosomes (ESEs), which contain cell surface proteins
and soluble proteins associated with the extracellular
environment. In addition, the plasma membrane invagina-
tion can also directly fuse with the formed ESEs in some
cases. The trans-Golgi network and endoplasmic reticu-
lum also contribute to the formation of ESEs [10]. ESEs
further mature into late-sorting endosomes (LSEs), in
which the second plasma membrane invagination occurs,
and when the plasma membrane invagination is com-
pleted, the LSEs become multivesicular bodies (MVBs),
which contain intraluminal vesicles (future exosomes)
[7]. As the plasma membrane invaginates, this leads to
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the incorporation of cytoplasmic components, resulting
in a variety of novel intraluminal vesicles with different
roles and functions. MVBs can not only fuse with lys-
osomes or autophagosomes for degradation, but also with
the plasma membrane to release exosomes [11]. However,
not all exosomes are derived from endosomes, and there
are also exosomes that bud from the plasma membrane
[4]. Unfortunately, most scholars did not pay attention to
this, so most reference maps do not show exosomes of
plasma membrane origin. There are three possible bio-
logical origins of exosomes [10]: (1) direct released of the
budding vesicles in the plasma membrane, (2) budding
from intracellular plasma membrane-connected compart-
ments (IPMCs) and subsequent release of exosomes by
unblocking the narrow IPMC neck, and (3) vesicle bud-
ding forms discrete endosomes that mature into multive-
sicular bodies that release exosomes upon fusion with the
plasma membrane. In addition, some studies have shown
that RAS-related GTPase RAB, syndecan-1, ESCRT,
phospholipids, quadriceps protein, ceramide, sphingo-
myelinase, snare, and Alix (apoptosis-related gene-2-in-
teracting protein X) are involved in the origin and bio-
genesis of exosomes, but their precise rate-limiting roles
and functions in exosome biogenesis in vivo need to be
further explored (Fig. 1) [7, 12, 13].

Exosome Functions

Since E G Trams, C J Lauter, N Salem Jr, and U Heine first
found vesicles surrounded by a lipid bilayer in the superna-
tant of sheep reticulocytes cultured in vitro, that is, exosomes,
researchers have been fascinated by this subcellular vesicle with
an average diameter of only about 115 nm [14]. The function of
exosomes has also been further appreciated in the continuous
efforts of researchers. Initially, exosomes were only considered
to clean up degraded and unwanted cellular components. How-
ever, it is now accepted that exosomes have a role in transmitting
cellular signals, i.e., intercellular communication. For example,
40-75-nm brain-derived exosomes deliver pro-survival signals to
recipient cells, 75—-100-nm pancreas-derived exosomes transmit
pro-apoptotic signals to recipient cells, and 100—~160-nm liver-
derived exosomes deliver pro-survival signals to recipient cells
[7]. In addition, exosomes play meaningful roles in mamma-
lian reproductive development, cancer, neurodegeneration, and
immunity. Exosomes may also have the potential to diagnose and
track diseases, or they may be exclusive biomarkers of diseases.
Because exosomes are secreted by almost all cells and can be
found in almost all body fluids, including blood, urine, cerebro-
spinal fluid, breast milk, and amniotic fluid, there is no doubt that
exosome-based fluid biopsies can be more easily sampled than
traditional tests [15].
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Fig. 1 Biogenesis of exosome-loaded miRNAs. A: Biogenesis of
miRNA, the miRNA selective loading pathway for exosomes: a
nSMase2-dependent pathway; b the miRNA motif and sumoylated
hnRNPs-dependent pathways; c the 3'-end of the miRNA sequence-
dependent pathways; d the miRNA induced silencing complex-related
pathways. B: Exosomes biogenesis, the two plasma membrane invagi-

Biogenesis and Loading of miRNAs
in Exosomes

It is well known that exosomes play a role in intercellular com-
munication, and this role is related to the contents that exosomes
are loaded with, which includes various coding and non-coding
RNAs (such as miRNAs), lipids, and proteins [16]. miRNAs have
been proposed to be the key to post-transcriptional regulation of
gene expression in multicellular organisms and have received
much attention as one of the important components of exosomes.
The biogenesis of miRNAs includes two stages, the first of which
takes part in the nucleus and the other in the cytoplasm. In the
first step inside the nucleus, the RNA polymerase II (RNAPII)-
specific transcripts of independent genes or of represented introns
of protein-coding genes form the major precursor (pri-miRNA),
and the pri-miRNA is subsequently processed into a precursor
hairpin of about 70 nucleotides (pre-miRNA) with the help of
Drosha from the RNase III enzyme family [17]. There is also a
small fraction of pre-miRNAs that are not processed by Drosha
but are generated from very short introns (mirtrons) by splic-
ing and debranching [17]. The pre-miRNA then enters the cyto-
plasm with the help of nuclear complexes composed of Xpo5
and RanGTP and is processed into mature miRNA by Dicer

nations during exosome formation and release of exosomes. C: Other
possible models for the biological origin of exosomes: 1 directly
released by the budding vesicles of the plasma membrane; 2 It buds
in intracellular plasma membrane-connected compartments and sub-
sequently releases exosomes by unblocking the narrow IPMC neck

from the ribonuclease III family with the help of transactivation-
responsive RNA binding protein (TRBP) [18]. Also in mammals,
argonaute 2 (AGO2) has a potent RNase-like endonuclease activ-
ity and is able to form a processing intermediate called AGO2
cleavage precursor miRNA (ac-pre-miRNA) that supports Dicer
processing by cleaving the 3'arm of some pre-miRNAs [19].
In parallel, miRNAs are selectively packaged into exosomes.
For example, miR-451 is the most abundant in exosomes of
HEK?293T cells [20]. Although the mechanism that selects which
miRNA to load into exosomes is unclear, there are currently four
possible models, including (1) the nSMase2-dependent pathway,
(2) the miRNA motif and sumoylated hnRNP-dependent path-
way, (3) the 3'-end of the miRNA sequence-dependent pathway,
and (4) the miRNA-induced silencing complex (miRISC)-related
pathway (Fig. 1) [21].

Reasons for Using Exosomes as miRNA
Carriers in SCI
miRNAs are a class of non-coding RNAs that mediate

post-transcriptional gene silencing by binding to the
3'-untranslated region (UTR) or open reading frame (ORF)
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of the target mRNA. miRNA were shown to be involved
in various pathological processes and play an active role
in disease development. In SCI, miRNAs inhibit inflam-
matory factors, reduce axonal apoptosis, inhibit glial cell
activation, and promote neuronal repair. In addition to
exosomes that use miRNA as cargo, high-density lipo-
protein (HDL) and extravesicular argonaute 2 (AGO2)
protein play a role in the transport of miRNAs [22, 23].
It was also found that miRNAs are stable in body fluids
such as blood, breast milk, saliva, and urine [21]. miRNA
loaded onto HDL also play a role in intercellular commu-
nication related to lipid metabolism, inflammation, and
atherosclerosis, which has been instrumental in the devel-
opment of therapies for cardiovascular disease (CVD)
[22]. Unfortunately, no attention has been paid to the role
of HDL-miRNA in SCI. Regarding the role of miRNAs
attached to the AGO?2 protein in SCI, the team of Dr.
Camelia A. Danilov reported that intravenous administra-
tion of miRNAs bound to the AGO?2 protein improved the
recovery of contused spinal cord experimental mice and
modified expression of ECM genes in the injured spinal
cord reducing fibrotic scar formation, in addition to reduc-
ing activated small collagen cell/macrophage numbers to
improve spinal cord recovery [24]. Because of their speci-
ficity, the study of exosomes has attracted more research
enthusiasm than the use of HDL and AGO?2 as carriers
to transport miRNAs for the treatment of SCI. Exosomes
can protect their payload from enzymatic breakdown or
other processes because of their lipid bilayer structure,
which ensures the safety and stability of the cargo [25].
Exosomes are also able to cross the blood—brain barrier
(BBB) [1], where almost 98% of systemic drugs cannot
pass. Moreover, exosomes as miRNA carriers can also
enable targeted input to recipient cells. For example, it was
demonstrated that exosomes specifically deliver miRNAs
to epidermal growth factor receptor (EGFR)-expressing
breast cancer cells using engineered donor cells expressing
a transmembrane structural domain of the platelet-derived
growth factor receptor fused to the GE11 peptide receptor,
while the team also found that exosomes containing let-
7a miRNA were expressed in EGFR-expressing xenograft
breast cancer tissue when administered intravenously to
RAG2(—/-) experimental mice [26]. The non-immuno-
genic nature of exosomes allows for greater stability in
possible future clinical studies. In addition, in cells that
specifically express miRNAs, the exosomes of that cell
are more likely to contain that specific miRNA, a prop-
erty that has a significant positive effect in the extraction
of the target exosome miRNA and in the study of what
role the exosomes carrying miRNAs play in disease. It
was reported that miR-133 expression was significantly
elevated in exosomes secreted by adipose-derived stem
cells (ADSCs) under miR-133b modification [27]. All of
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the above characteristics suggest that exosomes may be
ideal miRNA carriers for SCI treatment.

Exosomes as miRNA Carriers for Exploring
Potential Mechanisms of SCI

The complex pathophysiological process of SCI includes
the initial stage, which involves neuronal death, blood-brain
barrier damage, and vascular rupture, as well as the second
stage of injury, which involves neurogenic apoptosis, inflam-
matory response, vascular remodeling, glial cell activation,
and other secondary aggravating processes.

However, little is known about the mechanisms that
cause these changes and what pathways can promote
or inhibit them. Because SCI is a complex pathologi-
cal process, it is important to explore the underlying
mechanisms not only to uncover the relevant mecha-
nisms and pathways, but also to provide guidelines for
future clinical applications. Because of the unique role
of exosomes in intercellular communication and because
miRNA is an important part of exosomes, there is a place
for exosomes as miRNA carriers to explore the potential
mechanisms of SCI. A recent study used a spinal cord
contusion mouse model to study the effect of macrophage
infiltration on vascular changes after SCI [28]. Primary
bone marrow-derived macrophages (BMDM) from the
tibia and femur of 4-week-old mice were used to cul-
ture M1-polarized macrophages as source of miR-155
exosomes. The exosome-loaded miR-155, which accumu-
lates in M1-polarized macrophages at the blood-spinal
cord barrier (BSCB) after SCI, internalizes miR-155 tar-
gets in vascular endothelial cells and reduces the expres-
sion of SOCS6, which ubiquitinates and degrades p65 in
the cytoplasm [28]. Due to of SOCS6 inhibition, protea-
somal degradation of p65 is inhibited, its nuclear trans-
location is upregulated, and it subsequently activates the
NK-kB pathway, which in turn promotes EndoMT and
ROS production in vascular endothelial cells, impairs
mitochondrial function, and disrupts BSCB integrity. The
results of the said study may enhance our understand-
ing of the relationship between macrophages and vas-
cular endothelial cells and reveal potential mechanisms
regulating BSCB integrity after SCI [28]. In addition to
this research, stem cells are also used as experimental
tools to generate miRNA-loaded exosomes, mostly using
bone marrow mesenchymal stem cells (BMMSCs). And
it has been reported that MSC-derived EVs exert most
of the positive effects of direct MSC use as a treatment
for nerve disorders, but without the risks associated with
stem cell transplantation [29]. However, umbilical cord
MSCs, adipose-derived stem cells, and neural stem cells
have also been used as vehicles for exosome generation
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(Fig. 2). In addition, most studies related to stem cell-
derived exosome-loaded miRNAs used SD rats as experi-
mental models, but only miR-124-3p-related studies have
recorded the use of mice as animal experimental models
[32], and the SCI models were made by dropping iron
bars at a certain height to reach.

Exosomal miRNAs Secreted by BMMSCs Used
to Explore the Mechanisms of SCI

In most of the studies using bone marrow MSCs for exosome
extraction and isolation, several miRNAs have been identi-
fied that play an active role in SCI and are considered to
have potential in SCI therapy, and the mechanisms of these
miRNAs have also been investigated.

miR-125 and miR-124-3p

Both these miRNAs play roles in regulating M2 mac-
rophages, which not only key effector cells in the inflamma-
tory response to SCI, but the repair of SCI is also based on
macrophage activation. miR-125 promotes M2 macrophage
polarization as an upstream factor and improves SCI by
negatively regulating IRFS5, while miR-124-3p promotes M2
macrophage polarization by negatively regulating Ern1 [30,

31]. It was also found that miR-124-3p inhibits the activation
of M1 microglia and microglia-induced neuroinflammatory
responses through the MYH9/PI3K/AKT/NF-«B signaling
pathway and thereby inhibits A1 astrocytes [32].

miR-21 and miR-19b

These miRNAs are found in exosomes derived from bone
marrow mesenchymal stem cells, which inhibit neuronal
apoptosis and promote neuronal differentiation in SCI by
a similar mechanism. When their abundance in exosomes
is increased, they inhibit phosphatase and tensin homologs
(PTENC), which in turn inhibit neuronal apoptosis and pro-
mote neuronal differentiation [33-35].

miR-216a-5p and miR-181c

In addition, both miR-216a-5p and miR-181c¢ have regulatory
effects on the activation of NF-kB signaling. miR-216a-5p
influences the activation of NF-kB signaling by regulating
the downstream target gene TLR4. miR-216a-5p inhibits
the activation of NF-kB signaling by suppressing the target
gene TLR4, which subsequently activates PI3K and AKT.
As a result, the TLR4/NF-xkB/PI3K/AKT signaling cascade
is activated and then promotes the conversion of microglia

Exosome source Exosome miRNA Mechanism Function
D nae_ > PTEN/PI3K/AKT axis
Bone T miR-23a-3p ‘
macrophage miR-15§ —— SOCS6/p65/NK- xB axis
miR-20p  ——> [ NF2001 GAP-43, | GFAP
Nerve recovery
miR-125 —> | IRF5
miR-388-5p —> Cnrl/Rapl/PI3K/AKT axis
miR-21  — | PTENC
Bone marrow 2

mesenchymal stem cell miR-19b  ——> | PTENC

miR-126 ——> | SPRED1and PIK3R2 Inflammation
regulation

miR-216a-5p ———> TLR4/NF-xB/PI3K/AKT axis

MiR-124-3p ———> MYHI/PI3K/AKT/NF-xB. } Em1

miR-181¢
Umbilical cord
mesenchymal stem cell

miR-199a-3b ~———» Cbib/NGF/TrKA axis

\ MiR-145-5p ~———5 CbI/NGF/TrKA axis

miR-133b ~———, RhoOA/ROCK/ERK, CREB STAT3
—h miR-219a-2-3p ~———5 yY1/NF-Kb axis

Adipose-derived
stem cell
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~——> | PTEN. | NF-xB

miR-544 ~————, | Pro-inflammatory cytokines

Pro-anglogenic
effects

Fig.2 Cellular origins, types, mechanisms, and functions of exosome-loaded miRNAs
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from the pro-inflammatory M1 to the anti-inflammatory M2
phenotype, thus playing a role in the repair of traumatic SCI.
By contrast, miR-181c inhibits microglia inflammation by
inhibiting PTEN, and also inhibits NF-kB activation to alle-
viate inflammation and apoptosis caused by SCI [36, 37].

miR-388-5p and miR-126

Bone marrow MSC-derived exosome-loaded miR-388-5p
increases cCAMP accumulation through miR-338-5p by
downregulating the expression of the target cannabinoid
receptor 1 gene (Cnrl), which then activates Rap1, which
in turn activates the PI3K/AKT pathway to inhibit apop-
tosis and enhance neuronal survival. Similarly, marrow
MSC-derived exosome-loaded miR-126 promotes angio-
genic migration by inhibiting the expression of SPRED1
and PIK3R2 to promote SCI recovery [38, 39].

Exosomal miRNAs Secreted by Other MSCs Used
to Explore the Mechanisms of SCI

In addition to the above studies of bone marrow MSC-
derived exosome-loaded miRNAs, there are also studies
of exosome-loaded miRNAs from umbilical cord MSCs,
such as miR-199a-3p and miR-145-5p, as well as adipose
stem cell-derived miR-133b and neural stem cell-derived
miR-219a-2-3p.

miR-199a-3p and miR-145-5p

There are several potential mechanisms through which
miR-199a-3b and miR-145-5p carried by umbilical cord
MSC-derived exosomes may contribute to the repair of SCI.
miR-199a-3p acts on the direct target cblb, and miR-145-5p
acts on the direct target cbl, both of which have inhibitory
effects on their direct targets. The resulting inhibition of cblb
and cbl downregulates TrKA ubiquitination, which in turn
activates the NGF/TrKA pathway to promote AKT and Erk
activation, thereby reducing inflammation levels after SCI
[40, 41].

miR-133b and miR-219a-2-sp

RhoA is a direct target of miR-133b, which is found in
exosomes of adipose-derived stem cells. miR-133b down-
regulates RhoA, which in turn regulates Rho-related kinase
(ROCK) to promote ERK phosphorylation, which protects
neurons from apoptosis. In addition, miR-133b also pro-
motes CREB and STAT3 phosphorylation, thereby promot-
ing axonal regeneration after SCI [42]. The neural stem cell-
derived miR-219a-2-sp achieves inflammatory suppression
by downregulating the YY1 gene and thereby inhibiting the
NF-kB pathway [43].
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Although there is some understanding of the potential
effects of exosomal miRNAs on SCI, the current knowledge
is limited, and it is worth exploring whether there is a com-
mon target receptor for miRNAs, whether there is a com-
mon molecular signaling pathway, and what effects mixed
miRNAs might have on SCI. In addition, almost all studies
have used rodents in the selection of animal models of SCI.
It is hoped that the range of experimental animals can be
expanded to include animals with more complex spinal cord
structures (e.g., dogs) to explore the underlying mechanisms
of SCI.

The Role of Exosome-loaded miRNAs
in the Pathophysiology of SCI

SCl is divided into primary and secondary injuries. Primary
injuries occur when the spine is suddenly injured, resulting
in fractures and vertebral dislocations and therefore carrying
the hallmarks of bone fragments and spinal ligament tearing,
and include destruction of the neural parenchyma, disruption
of the axonal network, hemorrhage, and glial membrane dis-
ruption [44]. The primary determinants of spinal cord injury
severity are the degree of initial damage and the duration
of spinal cord compression. The sequence of events asso-
ciated with secondary injury is activated by the onset of
biochemical, mechanical, and physiological changes within
the neural tissue. Secondary injury is divided into three
stages: acute, subacute, and chronic injury. After the primary
injury stage, the onset of the acute secondary injury stage
is characterized by clinical features such as vascular dam-
age, ionic imbalance, excitotoxicity, free radical production,
increased calcium inward flow, lipid peroxidation, inflamma-
tion, edema, and necrosis [45]. If the acute secondary injury
phase persists, the subacute secondary injury phase begins
and is characterized by neuronal apoptosis, axonal demy-
elination, walleye degeneration, axonal remodeling, and
glial scar formation [45]. Subacute secondary injury leads
to a chronic secondary injury phase of SCI characterized by
formation of cystic cavities, axonal necrosis, and glial scar
maturation [46]. Recent studies have shown that exosome-
loaded miRNAs can aid the recovery of SCI in experimental
mice, including the ability to promote neuronal recovery,
inhibit apoptosis, promote axonal regeneration, modulate
the inflammatory response, and promote angiogenesis, as
well as to regulate microglia and macrophages. The avail-
able studies on the effects of exosome-loaded miRNAs on
SCI can be broadly classified into three categories, includ-
ing (1) neurological recovery: neuronal regeneration, apop-
tosis inhibition, and axonal regeneration; (2) inflammatory
response regulation: microglia, astrocytes, and macrophages
regulate and downregulate pro-inflammatory factors; and
finally (3) pro-angiogenic effects (Fig. 2). This demonstrates
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the potential of exosome-loaded miRNAs as a tool for SCI
treatment.

The Role of Nerve Recovery in SCI

In terms of neurorestorative effects, a number of exosome-
loaded miRNAs have been demonstrated to play a posi-
tive role in animal studies and portend future potential for
clinical therapeutic use, including miR-29b, miR-199a-3p,
miR-145-5p, miR-21, miR-19b, miR-338-5p, miR-133b, and
miR-544.

Neuronal Regeneration

In terms of neuronal regeneration in neurorestorative effects,
it was reported that injection of miRNA-29b exosomes sig-
nificantly increased the number of neurofilament protein 200
(NF200)- and growth-associated protein-43 (GAP-43)-pos-
itive neurons while decreasing the number of glial fibrillary
acidic protein (GFAP)-positive neurons in experimental
rats with SCI [47]. NF200 is a structural protein of nerve
cells and axons [48]. GAP-43 is a specific phosphoprotein
on vertebrate nerve cell membranes and is considered to
be a marker of synaptic plasticity, neuronal development,
and regeneration [49]. GFAP is a cytoskeletal protein and a
major component of glial cells. Early in SCI, GFAP expres-
sion is upregulated and promotes axonal regeneration, but
late in SCI, the inhibition of axonal growth by massively
proliferating glial scar tissue is dominant compared to the
role of GFAP in promoting axonal regeneration [50]. Wang
et al. used umbilical cord MSC-derived exosomes to dis-
cover that miR-199a-3p/145-5p may promote recovery of
motor function in rats with SCI by targeting the Cblb and
Cbl genes to regulate the flipping and/or activation of TrkA,
which is indispensable in the developmental maturation of
the nervous system [40, 41].

Apoptosis Inhibition and Axonal Regeneration

miR-338-5p overexpressed in MSC-derived exosomes was
found to reduce apoptosis and promote neuronal survival
through the Cnrl/Rapl/Akt pathway [39]. In addition,
exosomes carrying miR-21 and miR-19b isolated from
differentiated PC12 cells and MSCs exhibited a protec-
tive effect in SCI treatment by suppressing PTEN expres-
sion while also regulating apoptosis and differentiation of
neuronal cells in SCI patients [34, 35, 51]. PTEN protein,
a tumor suppressor encoded by a gene on chromosome
10g923.31, can regulate many signaling pathways through
phosphatase-dependent and phosphatase-independent mech-
anisms [52]. In addition, it was reported that when miR-
133b exosomes were injected intravenously into the tail vein
of rats, the treatment protected neurons, promoted axonal

regeneration, and improved the recovery of motor function
in the hind limbs after SCI [53]. It was also reported that
miR-126 exosomes from mesenchymal stem cell-filled cells
promote angiogenesis and neurogenesis, inhibit apoptosis,
and promote functional recovery after SCI [38]. In addition,
miR-544 from bone marrow mesenchymal stem cells was
found to not only reduce the number of apoptotic neurons,
but also significantly inhibit the production of pro-inflam-
matory cytokines after SCI [54]. Furthermore, miR-125a
was found to not only promote M2 macrophage polariza-
tion, but also inhibit neuronal apoptosis and improve SCI
recovery [31]. It was also found that miR-494 contained in
exosomes from murine mesenchymal stem cells not only
inhibits apoptosis and promotes neurofilament regeneration,
but also suppresses inflammatory responses and regulates
various inflammatory factors [55]. This indicates that there
may be multiple protective mechanisms of miRNAs in SCI.

The Role of Inflammation Regulation in SCI

The inflammatory response plays a crucial role in the devel-
opment of SCI, and excessive inflammation may cause
severe damage [56]. The regulation of the inflammatory
response in SCI includes the regulation of inflammation-
associated cells such as microglia, astrocytes, and mac-
rophages, as well as the regulation of pro-inflammatory
factors.

Inflammatory Regulation by Microglia, Astrocytes,
and Macrophages

Microglia are the resident macrophages of the central nerv-
ous system (CNS). Following SCI, microglia play an impor-
tant role in the activation and modulation of neuroinflamma-
tion. Microglia can be divided into M1 and M2 phenotypes
according to their functional roles in the inflammatory
response. M1 microglia are considered to be pro-inflam-
matory/induce injury [32], while M2 microglia are thought
to have an anti-inflammatory effect [36], so the search for
miRNAs that promotes the polarization of microglia toward
the M2 anti-inflammatory phenotype is of great significance
for the treatment of SCI. There is further evidence that mac-
rophages have both a pro-inflammatory, cytotoxic M1 phe-
notype and an anti-inflammatory, pro-repair M2 polarization
state [57]. Studies to date have shown that exosome-loaded
miR-216a-5p, miR-124-3p, and miR-181c regulate micro-
glial polarity; miR-181c attenuates microglial inflammatory
responses; and miR-216a-5p shifts microglia from an M1
pro-inflammatory phenotype toward an M2 anti-inflamma-
tory phenotype, while miR-124-3p inhibits the activation of
M1 microglia and A1 astrocytes [30, 36, 37].

Moreover, miR-124-3p has a regulatory effect on mac-
rophages in addition to microglia and can also ameliorate
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neurological damage caused by SCI by inhibiting Ernl
expression and enhancing M2 polarization [31]. In addi-
tion, miR-145-3p plays a negative regulatory role in the
regulation of astrocyte proliferation downregulating smad3
protein activity [58]. It was also shown that bone marrow-
derived, exosomal microRNA-125a can promote M2 mac-
rophage polarization in SCI by downregulating IRF5 [31].
In addition to what was mentioned above, a research team
found that M2 macrophage-derived exosomes can increase
the percentage of M2 macrophages and decrease the per-
centage of M1 macrophages at the site of injury, while M1
macrophage-derived exosomes produce analogous effects.
This promising observation may be associated with miR-
23a-3p carried by exosomes produced by macrophages and
plays an important role in regulating macrophage polariza-
tion through the miR-23a-3p/PTEN/PI3K/AKT axis [59].

Downregulation of Pro-inflammatory Factors

There are also other miRNAs that promote SCI recovery by
regulating inflammation levels. For example, miR-219a-2-3p
inhibits neuroinflammation, suppresses apoptosis, and pro-
motes neural regeneration after SCI, miR-199a-3p/145-5p
reduces inflammation levels by regulating AKT and ERK
activation, while miR-544 inhibits the production of the pro-
inflammatory cytokines IL-1a, TNF-a, IL-17B, and IL-36bin
following SCI [41, 43, 54].

The Role of Angiogenesis in SCI

Pro-angiogenic effects also play a role in recovery from SCI
by playing an active part in maintaining barrier integrity.
There is evidence that when mitochondrial function of vas-
cular endothelial cells is impaired in cerebrovascular dis-
ease, this in turn impairs the integrity of the blood—brain
barrier [60]. It was also found that when miR-155 carried
by exosomes from M1-polarized macrophages was down-
regulated, it reduced vascular endothelial cell damage and
subsequently protected the integrity of the blood-spinal cord
barrier (BSCB) [28]. The rupture of BBB or BSCB after SCI
usually leads to edema, upregulation of the inflammatory
response, progressive neuronal death, and glial cell activa-
tion, so the role of angiogenesis promotion in maintaining
the integrity of the blood-brain barrier and blood-spinal cord
barrier for promoting recovery from SCI becomes apparent
[46]. In addition to the finding that miR-155 in exosomes
derived from M1-polarized macrophages promotes EndoMT
and impairs mitochondrial function by activating the NF-xB
signaling pathway in vascular endothelial cells, it was also
reported that miR-126 promotes angiogenesis and neuro-
genesis while also reducing apoptosis in rats after SCI, as
well as improving the recovery from SCI in rat [38]. Unfor-
tunately, studies on the use of exosome-loaded miRNAs to
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promote angiogenesis to improve recovery from SCI have
not attracted the same attention that was given to studies on
modulating the inflammatory response and improving neuro-
logical recovery. The significance of promoting angiogenesis
to improve the recovery from SCI should therefore be more
thoroughly explored in the future.

SCI pathophysiology is complex and currently in the
exploratory stage. The positive effects of exosome-loaded
miRNAs on neural recovery, inflammatory response modu-
lation, and pro-angiogenesis during the acute and subacute
phases of SCI suggest the possibility of using exosome-
loaded miRNAs in SCI treatment. However, the role of exo-
some-loaded miRNAs in the chronic phase of SCI scarring is
not known. However, it has been shown that exosome-loaded
miR-29a from modified adipose-derived mesenchymal stem
cells reduces excessive scar (mainly hypertrophic scars and
keloids) formation by inhibiting TGF-p2/Smad3 signaling
Therefore, there may be an exosome-loaded miRNA that can
improve the SCI chronic phase scarring.

Perspectives

Exploring the Synergistic Effects of Multiple Types
of Exosome-Loaded miRNAs

In studies on the use of exosome-loaded miRNA for SCI
treatment, there is a lack of research on the synergistic
effects of multiple types of exosome-loaded miRNAs in
SCI. However, the question of whether there is a synergistic
effect of multiple species of miRNA in disease progression
has actually been investigated to some extent. For example,
in a study on osteoporosis, it was found that miR-708-5p
inhibited osteoclast differentiation by targeting SMURF2,
while miR-708-3p promoted osteoclast differentiation by
regulating the expression of CDR1as. This suggests that
miR-708-5p and miR-708-3p affect osteoclast differen-
tiation through different mechanisms and exert synergistic
effects in the development of osteoporosis through different
avenues [61]. In addition, it was found that miR-129 and
miR-335 promoted diabetic wound healing by inhibiting
Spl-mediated MMP-9 expression [62]. In glioma, miR-200c
and miR-141 were found to synergistically suppress ZEB1 to
inhibit glioma cell growth and migration [63]. In studies of
exosome-loaded miRNAs for the treatment of SCI, we have
found many miRNAs with the same therapeutic effects but
have seen few reports of studies combining miRNAs with
similar therapeutic effects to analyze whether there are syn-
ergistic effects, including for example the presence of miR-
21 and miR-19b in bone marrow mesenchymal stem cell
exosomes that both inhibit neuronal apoptosis and promote
neuronal differentiation. When the abundance of these miR-
NAs in exosomes is upregulated, they inhibit phosphatase
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and tensin homolog (PTENC) proteins, thus acting as inhibi-
tors of neuronal apoptosis [33—35]. This research direction
on the synergistic effects of multiple species of miRNAs in
SCI provides new ideas for understanding the mechanism
of SCI and the benefits of exosomes and exosome-loaded
miRNAs in SCI, as well as for studying possible future treat-
ments for SCI.

Exploring the Synergistic Effect of Exosome-Loaded
miRNAs with Hydrogels for SCI Treatment

Although numerous studies have shown that exosome-loaded
miRNAs can effectively alleviate damage caused by SCI and
improve the healing effect, the therapeutic effect of exosome-
loaded miRNAs is also related to the half-life and clearance
rate of exosomes in vivo. According to a previous study,
exosomes secreted by B16BL6 melanoma cells were rapidly
cleared from the circulation of mice, with a half-life of about
2 min after injection [64]. Therefore, it is crucial to increase
the half-life of exosomes in vivo to improve their therapeutic
efficacy. Hydrogels are physically or chemically cross-linked
three-dimensional hydrophilic polymer networks that can
adsorb large amounts of water in aqueous solutions without
undergoing a dissolution process [65]. Studies have shown
that cells or bioactive molecules retain their structure and
function for longer periods of time when incorporated into a
hydrogel [66]. Thus, hydrogels may be an ideal substance to
encapsulate exosomes loaded with miRNAs, increasing the
half-life and decreasing the clearance rate, thus improving
the curative effect. Recently, a research team has genetically
engineered synovial-derived MSCs to overexpress miRNA-
126-3p and mixed them with chitosan biopolymers to form
hydrogel-exosome complexes that contain large amounts of
miRNA-126-3p and release exosomes in a controlled man-
ner [67]. A research team also isolated miRNA-675-con-
taining exosomes from supernatants of human umbilical
cord MSCs and mixed them with sonicated filipin solution
to form miRNA-675 exosome-filipin hydrogels. The filipin
hydrogels consistently released exosomes under in vitro and
in vivo conditions, while increasing exosome retention and
miRNA-675 half-life [68]. In another study, researchers found
that exosomes from adipose-derived mesenchymal stem cells
could be effectively incorporated into FHE hydrogels with a
durable sustained release period. Compared to the free exo-
some control group, the FHE hydrogel exosomes continued to
promote wound healing, collagen deposition, and hair growth
in a mouse diabetic wound model at postoperative day 21
[69]. This suggests that the incorporation of exosome-loaded
miRNAs into hydrogels offers the opportunity to extend their
half-life and improve the therapeutic efficacy. Therefore, the
application of hydrogel-encapsulated exosomes loaded with
miRNAs in SCI has significant potential and may become a
future research direction for SCI treatment.

Challenges of Exosome-Loaded miRNAs for SCI
Treatment

Exosome-loaded miRNAs have tremendous potential
clinical application as a therapeutic tool for SCI. First,
although many studies have shown a positive effect of
exosome-loaded miRNAs on SCI recovery, most of them
are rodent-based, especially Sprague Dawley rats (SD
rats), and a few are mice [28, 32], and there are ana-
tomical differences between human and rodent spinal
cords. Rodent models have a smaller SCI area, while
humans typically have a larger SCI area, which results in
more tissue loss. In addition, the human nervous system
is more complex and advanced than the rodent nerv-
ous system. Therefore, further experiments should be
expanded to use animals that are larger and have more
complex and advanced nervous systems (e.g., dogs) for
further studies [70]. In addition, the potential risks of
exosome-loaded miRNAs therapy for SCI should be
fully understood before clinical SCI treatment. miR-
NAs may have the ability to act on multiple targets, for
example, miR-214 can mediate cardiac fibroblast pro-
liferation and collagen synthesis not only by inhibiting
Mfn2 and activating ERK1/2 MAPK signaling, but also
by inhibiting TGF-f1 and MMP-1/TIMP-1 regulation
prevents fibrosis and exerts cardioprotective effects [71,
72]. Therefore, the use of miRNAs for disease treat-
ment may adversely affect other fundamental biological
pathways. Therefore, a full understanding of the risks
seems essential. However, the current studies seem to
focus more on the positive effects of exosome-loaded
miRNAs for SCI treatment without noting the potential
risks that may arise, which limits the use of exosome-
loaded miRNA for clinical SCI treatment. There are
still technical challenges in exosome production. There
is no consensus on the method of exosome isolation.
Different methods of exosome isolation have their own
advantages and disadvantages. In fact, there are signifi-
cant differences in protein and RNA content between
isolation methods. The most commonly used method is
ultracentrifugation, but the purity of exosomes obtained
by this method is low, and exosomes are contaminated
with other EVs of similar diameter [70], so it is neces-
sary to explore a more efficient and uniform approach.
Further research is also still needed for exosome stor-
age, preservation, and transport, and a study published
in 2018 showed that further purification and improved
storage, preservation, and transport of exosomes could
be achieved by lyophilization [73]. However, further
studies are needed to demonstrate whether lyophilization
alters the properties of exosomes. Therefore, we need to
develop more advanced technologies for exosome isola-
tion, extraction, detection, preservation, and transport to
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further our understanding of exosome-loaded miRNAs
as a way to overcome the challenges.

Future Directions of Exosome-Loaded miRNAs
for SCl Treatment

With the progress of research on exosome-loaded miRNAs
for SCI treatment, studies revealed that exosome-loaded
miRNAs play various roles in modulating aspects of SCI,
including neurological recovery, inflammatory regulation,
and pro-angiogenic effects. Future research on exosome-
loaded miRNAs may be focused on exploring the synergistic
effects of multiple types of miRNAs in SCI or exploring the
synergistic effects of exosome-loaded miRNAs embedded
in a hydrogel.

Conclusions

Exosomes are membrane-bound vesicles with a diameter
of only 30-200 nm that can be secreted by almost all cells
with important roles in disease development, disease treat-
ment methods, and studies on the potential mechanisms of
disease. In the exploration of exosomes for SCI, they are
not only a tool to explore potential mechanisms of SCI, but
may be the key to cure SCI in the future. The miRNAs con-
tained in exosomes may be the key to unlocking the cure for
spinal cord problems. Experimental animal models showed
that exosome-loaded miRNAs had a significant therapeu-
tic effects in mice with SCI. The exosome-loaded miRNAs
have the effect of improving neural recovery, modulating the
inflammatory response, promoting vascular recovery, and
improving motor recovery after injury in mice, suggesting
the significance of exosome-loaded miRNAs in SCI. Regard-
less of the fact that good results were obtained in experi-
mental animals, there is still an urgent need for clinical trial
results to further verify whether exosome-loaded miRNAs
have a positive effect on SCI. Meanwhile, in terms of the
clinical importance and significance of exosome-loaded
miRNAs for the treatment of SCI, it is regrettable that most
of the innovations for exosome-loaded miRNAs are only
used in experimental animals, and there are few experiments
for clinical use, and there are still many difficulties for clini-
cal use, such as the effective production rate of stem cells
for exosome-loaded miRNAs, so it is difficult to achieve
the summary for clinical use, but it can be seen from the
relevant animal experiments the future of exosome-loaded
miRNAs in clinical SCI. It is expected to be a powerful force
in clinical SCI. Therefore, we need to investigate how to
improve the efficiency of exosome-loaded miRNA delivery
to the recipient cells, how to prolong the therapeutic effect
of exosomes, and how to simplify the isolation, extraction,
and detection of exosomes. In conclusion, the application
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of exosomes loaded with miRNA sin SCI is a promising
research and application direction because exosomes can
effectively cross the blood-brain barrier and can be used for
the treatment and diagnosis of many central nervous system
diseases including SCI. Improving the stability, targeting
and safety of exosomes loaded with miRNAs will be impor-
tant issues in the treatment of SCI in the future.

Acknowledgements I sincerely gratefully thank all my teachers and
students for their support and assistance during my study, research and
writing process.

Author Contribution All authors were instrumental in the study con-
ception and design. Material preparation, data collection, and analysis
were conducted by Yunpeng Shen and Junying Cai. The initial draft
of the manuscript was written by Yunpeng Shen, and all authors com-
mented on previous versions of the manuscript. All authors read and
agreed to the final manuscript.

Data Availability Not applicable for that section.

Declarations

Ethics Approval Not applicable for that section.

Consent to Participate Not applicable for that section.

Consent for Publication Not applicable for that section.
Competing Interests The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Fengl, Zhang Y, Zhu Z, Gu C, Waqas A, Chen L (2021) Emerging
exosomes and exosomal miRNAs in spinal cord injury. Front Cell
Dev Biol 9. https://doi.org/10.3389/fcell.2021.703989

2. SilvaNA, Sousa N, Reis RL, Salgado AJ (2014) From basics to clini-
cal: a comprehensive review on spinal cord injury. Prog Neurobiol
114:25-57. https://doi.org/10.1016/j.pneurobio.2013.11.002

3. LiuW,MaZ, LiJ, Kang X (2021) Mesenchymal stem cell-derived
exosomes: therapeutic opportunities and challenges for spinal
cord injury. Stem Cell Res Ther 12(1). https://doi.org/10.1186/
$13287-021-02153-8

4. Gould DMPA (2019) Exosomes. Annu Rev Biochem

5. Sun P, Liu DZ, Jickling GC, Sharp FR, Yin KJ (2018) microRNA-
based therapeutics in central nervous system injuries. J Cereb
Blood Flow Metab 38(7):1125-1148. https://doi.org/10.1177/
0271678X18773871


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fcell.2021.703989
https://doi.org/10.1016/j.pneurobio.2013.11.002
https://doi.org/10.1186/s13287-021-02153-8
https://doi.org/10.1186/s13287-021-02153-8
https://doi.org/10.1177/0271678X18773871
https://doi.org/10.1177/0271678X18773871

Molecular Neurobiology (2023) 60:447-459

457

10.

11.

12.

13.

14.

15.

16.

17.

19.

20.

21.

22.

23.

Baichurina I, Valiullin V, James V, Rizvanov A, Mukhamedshina
Y (2021) The study of cerebrospinal fluid microRNAs in spinal
cord injury and neurodegenerative diseases: methodological prob-
lems and possible solutions. Int J Mol Sci 23(1). https://doi.org/
10.3390/ijms23010114

Kalluri R, Lebleu VS (2020) The biology, function, and biomedi-
cal applications of exosomes. Science 367(6478):u6977. https://
doi.org/10.1126/science.aau6977

Gyorgy B, Szabo TG, Pasztoi M, Pal Z, Misjak P, Aradi B, Laszlo
V, Pallinger E et al (2011) Membrane vesicles, current state-of-
the-art: emerging role of extracellular vesicles. Cell Mol Life Sci
68(16):2667-2688. https://doi.org/10.1007/s00018-011-0689-3
Jones AJ, Bee JA (1990) Age- and position-related heterogeneity
of equine tendon extracellular matrix composition. Res Vet Sci
48(3):357-364

Hessvik NP, Llorente A (2018) Current knowledge on exosome
biogenesis and release. Cell Mol Life Sci 75(2):193-208. https://
doi.org/10.1007/s00018-017-2595-9

van Niel G, D’Angelo G, Raposo G (2018) Shedding light on
the cell biology of extracellular vesicles. Nat Rev Mol Cell Biol
19(4):213-228. https://doi.org/10.1038/nrm.2017.125

Ciardiello C, Cavallini L, Spinelli C, Yang J, Reis-Sobreiro M, de
Candia P, Minciacchi VR, Di Vizio D (2016) Focus on extracellu-
lar vesicles: new frontiers of cell-to-cell communication in cancer.
Int J Mol Sci 17(2):175. https://doi.org/10.3390/ijms 17020175
Mathieu M, Martin-Jaular L, Lavieu G, Thery C (2019) Specifici-
ties of secretion and uptake of exosomes and other extracellular
vesicles for cell-to-cell communication. Nat Cell Biol 21(1):9-17.
https://doi.org/10.1038/s41556-018-0250-9

Trams EG, Lauter CJ, Salem NJ, Heine U (1981) Exfoliation of mem-
brane ecto-enzymes in the form of micro-vesicles. Biochim Biophys
Acta 645(1):63-70. https://doi.org/10.1016/0005-2736(81)90512-5
He C, Zheng S, Luo Y, Wang B (2018) Exosome theranostics:
biology and translational medicine. Theranostics 8(1):237-255.
https://doi.org/10.7150/thno.21945

Huang X, Yuan T, Tschannen M, Sun Z, Jacob H, Du M, Liang
M, Dittmar RL et al (2013) Characterization of human plasma-
derived exosomal RNAs by deep sequencing. BMC Genomics
14:319. https://doi.org/10.1186/1471-2164-14-319

Krol J, Loedige I, Filipowicz W (2010) The widespread regula-
tion of microRNA biogenesis, function and decay. Nat Rev Genet
11(9):597-610. https://doi.org/10.1038/nrg2843

. Wang J, Lee JE, Riemondy K, Yu Y, Marquez SM, Lai EC, Yi

R (2020) XPOS5 promotes primary miRNA processing indepen-
dently of RanGTP. Nat Commun 11(1):1845. https://doi.org/10.
1038/s41467-020-15598-x

Diederichs S, Haber DA (2007) Dual role for argonautes in microRNA
processing and posttranscriptional regulation of microRNA expres-
sion. Cell 131(6):1097-1108. https://doi.org/10.1016/j.cell.2007.10.
032

Guduric-Fuchs J, O’Connor A, Camp B, O’Neill CL, Medina
RJ, Simpson DA (2012) Selective extracellular vesicle-medi-
ated export of an overlapping set of microRNAs from multiple
cell types. BMC Genomics 13:357. https://doi.org/10.1186/
1471-2164-13-357

Zhang J, Li S, Li L, Li M, Guo C, Yao J, Mi S (2015) Exosome
and exosomal microRNA: trafficking, sorting, and function.
Genomics Proteomics Bioinforma 13(1):17-24. https://doi.org/
10.1016/j.gpb.2015.02.001

Michell DL, Vickers KC (2016) HDL and microRNA therapeutics
in cardiovascular disease. Pharmacol Ther 168:43-52. https://doi.
org/10.1016/j.pharmthera.2016.09.001

Karginov FV, Hannon GJ (2013) Remodeling of Ago2-mRNA
interactions upon cellular stress reflects miRNA complemen-
tarity and correlates with altered translation rates. Genes Dev
27(14):1624-1632. https://doi.org/10.1101/gad.215939.113

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Danilov CA, Gu Y, Punj V, Wu Z, Steward O, Schonthal AH,
Tahara SM, Hofman FM et al (2020) Intravenous delivery
of microRNA-133b along with Argonaute-2 enhances spinal
cord recovery following cervical contusion in mice. Spine J
20(7):1138-1151. https://doi.org/10.1016/j.spinee.2020.02.019
Ha D, Yang N, Nadithe V (2016) Exosomes as therapeutic drug
carriers and delivery vehicles across biological membranes:
current perspectives and future challenges. Acta Pharm Sin B
6(4):287-296. https://doi.org/10.1016/j.apsb.2016.02.001

Ohno S, Takanashi M, Sudo K, Ueda S, Ishikawa A, Matsuy-
ama N, Fujita K, Mizutani T et al (2013) Systemically injected
exosomes targeted to EGFR deliver antitumor microRNA to breast
cancer cells. Mol Ther 21(1):185-191. https://doi.org/10.1038/mt.
2012.180

RenZ, Zhou J, Xiong Z, Zhu F, Guo X (2019) Effect of exosomes
derived from MiR-133b-modified ADSCs on the recovery of neu-
rological function after SCI. Eur Rev Med Pharmaco 23(1):52—-60.
https://doi.org/10.26355/eurrev_201901_16747

Ge X, Tang P, Rong Y, Jiang D, Lu X, Ji C, Wang J, Huang C
et al (2021) Exosomal miR-155 from M1-polarized macrophages
promotes EndoMT and impairs mitochondrial function via activat-
ing NF-xB signaling pathway in vascular endothelial cells after
traumatic spinal cord injury. Redox Biol 41:101932. https://doi.
org/10.1016/j.redox.2021.101932

Galieva LR, James V, Mukhamedshina YO, Rizvanov AA (2019)
Therapeutic potential of extracellular vesicles for the treatment of
nerve disorders. Front Neurosci 13:163. https://doi.org/10.3389/
fnins.2019.00163

LiR, Zhao K, Ruan Q, Meng C, Yin F (2020) Bone marrow mes-
enchymal stem cell-derived exosomal microRNA-124-3p atten-
uates neurological damage in spinal cord ischemia-reperfusion
injury by downregulating Ernl and promoting M2 macrophage
polarization. Arthritis Res Ther 22(1). https://doi.org/10.1186/
s13075-020-2146-x

Chang Q, Hao Y, Wang Y, Zhou Y, Zhuo H, Zhao G (2021) Bone
marrow mesenchymal stem cell-derived exosomal microRNA-
125a promotes M2 macrophage polarization in spinal cord injury
by downregulating IRF5. Brain Res Bull 170:199-210. https://doi.
org/10.1016/j.brainresbull.2021.02.015

Jiang D, Gong F, Ge X, Lv C, Huang C, Feng S, Zhou Z, Rong Y
et al (2020) Neuron-derived exosomes-transmitted miR-124-3p
protect traumatically injured spinal cord by suppressing the activa-
tion of neurotoxic microglia and astrocytes. J] Nanobiotechnology
18(1):105. https://doi.org/10.1186/s12951-020-00665-8

Kang J, Li Z, Zhi Z, Wang S, Xu G (2019) MiR-21 derived
from the exosomes of MSCs regulates the death and differen-
tiation of neurons in patients with spinal cord injury. Gene Ther
26(12):491-503. https://doi.org/10.1038/s41434-019-0101-8
Wang Z, Song Y, Han X, Qu P, Wang W (2020) Long noncod-
ing RNA PTENPI affects the recovery of spinal cord injury by
regulating the expression of miR-19b and miR-21. J Cell Physiol
235(4):3634-3645. https://doi.org/10.1002/jcp.29253

Xu G, Ao R, Zhi Z, Jia J, Yu B (2019) miR-21 and miR-19b
delivered by hMSC-derived EVs regulate the apoptosis and dif-
ferentiation of neurons in patients with spinal cord injury. J Cell
Physiol 234(7):10205-10217. https://doi.org/10.1002/jcp.27690
Liu W, Rong Y, Wang J, Zhou Z, Ge X, Ji C, Jiang D, Gong F et al
(2020) Exosome-shuttled miR-216a-5p from hypoxic precondi-
tioned mesenchymal stem cells repair traumatic spinal cord injury
by shifting microglial M1/M2 polarization. J Neuroinflamm 17(1).
https://doi.org/10.1186/s12974-020-1726-7

Zhang M, Wang L, Huang S, He X (2021) Exosomes with high
level of miR-181c from bone marrow-derived mesenchymal stem
cells inhibit inflammation and apoptosis to alleviate spinal cord
injury. J Mol Histol 52(2):301-311. https://doi.org/10.1007/
$10735-020-09950-0

@ Springer


https://doi.org/10.3390/ijms23010114
https://doi.org/10.3390/ijms23010114
https://doi.org/10.1126/science.aau6977
https://doi.org/10.1126/science.aau6977
https://doi.org/10.1007/s00018-011-0689-3
https://doi.org/10.1007/s00018-017-2595-9
https://doi.org/10.1007/s00018-017-2595-9
https://doi.org/10.1038/nrm.2017.125
https://doi.org/10.3390/ijms17020175
https://doi.org/10.1038/s41556-018-0250-9
https://doi.org/10.1016/0005-2736(81)90512-5
https://doi.org/10.7150/thno.21945
https://doi.org/10.1186/1471-2164-14-319
https://doi.org/10.1038/nrg2843
https://doi.org/10.1038/s41467-020-15598-x
https://doi.org/10.1038/s41467-020-15598-x
https://doi.org/10.1016/j.cell.2007.10.032
https://doi.org/10.1016/j.cell.2007.10.032
https://doi.org/10.1186/1471-2164-13-357
https://doi.org/10.1186/1471-2164-13-357
https://doi.org/10.1016/j.gpb.2015.02.001
https://doi.org/10.1016/j.gpb.2015.02.001
https://doi.org/10.1016/j.pharmthera.2016.09.001
https://doi.org/10.1016/j.pharmthera.2016.09.001
https://doi.org/10.1101/gad.215939.113
https://doi.org/10.1016/j.spinee.2020.02.019
https://doi.org/10.1016/j.apsb.2016.02.001
https://doi.org/10.1038/mt.2012.180
https://doi.org/10.1038/mt.2012.180
https://doi.org/10.26355/eurrev_201901_16747
https://doi.org/10.1016/j.redox.2021.101932
https://doi.org/10.1016/j.redox.2021.101932
https://doi.org/10.3389/fnins.2019.00163
https://doi.org/10.3389/fnins.2019.00163
https://doi.org/10.1186/s13075-020-2146-x
https://doi.org/10.1186/s13075-020-2146-x
https://doi.org/10.1016/j.brainresbull.2021.02.015
https://doi.org/10.1016/j.brainresbull.2021.02.015
https://doi.org/10.1186/s12951-020-00665-8
https://doi.org/10.1038/s41434-019-0101-8
https://doi.org/10.1002/jcp.29253
https://doi.org/10.1002/jcp.27690
https://doi.org/10.1186/s12974-020-1726-7
https://doi.org/10.1007/s10735-020-09950-0
https://doi.org/10.1007/s10735-020-09950-0

458

Molecular Neurobiology (2023) 60:447-459

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Huang J, Xu Y, Yin X, Lin F (2020) Exosomes derived from miR-
126-modified MSCs promote angiogenesis and neurogenesis and
attenuate apoptosis after spinal cord injury in rats. Neuroscience
424:133-145. https://doi.org/10.1016/j.neuroscience.2019.10.043
Zhang A, Bai Z, Yi W, Hu Z, Hao J (2021) Overexpression of
miR-338-5p in exosomes derived from mesenchymal stromal cells
provides neuroprotective effects by the Cnr1/Rap1/Akt pathway
after spinal cord injury in rats. Neurosci Lett 761:136124. https://
doi.org/10.1016/j.neulet.2021.136124

Pierotti MA, Greco A (2006) Oncogenic rearrangements of the
NTRKI1/NGF receptor. Cancer Lett 232(1):90-98. https://doi.org/
10.1016/j.canlet.2005.07.043

Wang Y, Lai X, Wu D, Liu B, Wang N, Rong L (2021) Umbilical
mesenchymal stem cell-derived exosomes facilitate spinal cord
functional recovery through the miR-199a-3p/145-5p-mediated
NGF/TrkA signaling pathway in rats. Stem Cell Res Ther 12(1).
https://doi.org/10.1186/s13287-021-02148-5

Li D, Zhang P, Yao X, Li H, Shen H, Li X, Wu J, Lu X (2018)
Exosomes derived from miR-133b-modified mesenchymal stem
cells promote recovery after spinal cord injury. Front Neurosci-
Switz 12.https://doi.org/10.3389/fnins.2018.00845

Ma K, Xu H, Zhang J, Zhao F, Liang H, Sun H, Li P, Zhang S
et al (2019) Insulin-like growth factor-1 enhances neuroprotec-
tive effects of neural stem cell exosomes after spinal cord injury
via an miR-2192a-2-3p/YY 1 mechanism. Aging (Albany NY)
11(24):12278-12294. https://doi.org/10.18632/aging.102568
Anjum A, Yazid MD, Fauzi DM, Idris J, Ng A, Selvi NA, Ismail
0, Athi KR et al (2020) Spinal cord injury: pathophysiology, mul-
timolecular interactions, and underlying recovery mechanisms. Int
J Mol Sci 21(20). https://doi.org/10.3390/ijms21207533
Alizadeh A, Dyck SM, Karimi-Abdolrezaee S (2019) Traumatic
spinal cord injury: an overview of pathophysiology, models and
acute injury mechanisms. Front Neurol 10:282. https://doi.org/10.
3389/fneur.2019.00282

Tran AP, Warren PM, Silver J (2018) The biology of regenera-
tion failure and success after spinal cord injury. Physiol Rev
98(2):881-917. https://doi.org/10.1152/physrev.00017.2017

Yu T, Zhao C, Hou S, Zhou W, Wang B, Chen Y (2019)
Exosomes secreted from miRNA-29b-modified mesenchymal
stem cells repaired spinal cord injury in rats. Braz J Med Biol
Res 52(12):e8735. https://doi.org/10.1590/1414-431X20198735
Lee MK, Xu Z, Wong PC, Cleveland DW (1993) Neurofilaments
are obligate heteropolymers in vivo. J Cell Biol 122(6):1337-
1350. https://doi.org/10.1083/jcb.122.6.1337

Benowitz LI, Routtenberg A (1997) GAP-43: an intrinsic deter-
minant of neuronal development and plasticity. Trends Neurosci
20(2):84-91. https://doi.org/10.1016/s0166-2236(96)10072-2
Cheng H, Wu J, Tzeng S (2002) Neuroprotection of glial cell line-
derived neurotrophic factor in damaged spinal cords following
contusive injury. J Neurosci Res 69(3):397-405. https://doi.org/
10.1002/jnr.10303

Kumarswamy R, Volkmann I, Thum T (2011) Regulation and
function of miRNA-21 in health and disease. Rna Biol 8(5):706—
713. https://doi.org/10.4161/rna.8.5.16154

Xu WT, Yang Z, Lu NH (2014) Roles of PTEN (phosphatase and
tensin homolog) in gastric cancer development and progression.
Asian Pac J Cancer Prev 15(1):17-24. https://doi.org/10.7314/
apjcp.2014.15.1.17

Ren ZW, Zhou JG, Xiong ZK, Zhu FZ, Guo XD (2019) Effect of
exosomes derived from MiR-133b-modified ADSCs on the recov-
ery of neurological function after SCI. Eur Rev Med Pharmacol
Sci 23(1):52-60. https://doi.org/10.26355/eurrev_201901_16747
Li C, Li X, Zhao B, Wang C (2020) Exosomes derived from miR-
544-modified mesenchymal stem cells promote recovery after spi-
nal cord injury. Arch Physiol Biochem 126(4):369-375. https://
doi.org/10.1080/13813455.2019.1691601

@ Springer

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Huang W, Lin M, Yang C, Wang F, Zhang M, Gao J, Yu X (2021)
Rat bone mesenchymal stem cell-derived exosomes loaded with
miR-494 promoting neurofilament regeneration and behavioral
function recovery after spinal cord injury. Oxid Med Cell Longev
2021:1634917. https://doi.org/10.1155/2021/1634917

Xu L, Botchway B, Zhang S, Zhou J, Liu X (2018) Inhibition of
NF-kappaB signaling pathway by resveratrol improves spinal cord
injury. Front Neurosci 12:690. https://doi.org/10.3389/fnins.2018.
00690

Kigerl KA, Gensel JC, Ankeny DP, Alexander JK, Donnelly DJ,
Popovich PG (2009) Identification of two distinct macrophage
subsets with divergent effects causing either neurotoxicity
or regeneration in the injured mouse spinal cord. J Neurosci
29(43):13435-13444. https://doi.org/10.1523/JNEUROSCI.3257-
09.2009

Ye Y, Hao J, Hong Z, Wu T, Ge X, Qian B, Chen X, Zhang F
(2021) Downregulation of microRNA-145-5p in activated micro-
glial exosomes promotes astrocyte proliferation by removal of
Smad3 inhibition. Neurochem Res. https://doi.org/10.1007/
$11064-021-03446-3

Peng P, Yu H, Xing C, Tao B, Li C, Huang J, Ning G, Zhang
B et al (2021) Exosomes-mediated phenotypic switch of mac-
rophages in the immune microenvironment after spinal cord
injury. Biomed Pharmacother 144:112311. https://doi.org/10.
1016/j.biopha.2021.112311

Hong Y, Tak H, Kim C, Kang H, Ji E, Ahn S, Jung M, Kim HL
et al (2020) RNA binding protein HuD contributes to beta-cell
dysfunction by impairing mitochondria dynamics. Cell Death Dif-
fer 27(5):1633-1643. https://doi.org/10.1038/s41418-019-0447-x
Wang R, Feng Y, Xu H, Huang H, Zhao S, Wang Y, Li H,
Cao J et al (2020) Synergistic effects of miR-708-5p and miR-
708-3p accelerate the progression of osteoporosis. J Int Med Res
48(12):1220777567. https://doi.org/10.1177/0300060520978015
Wang W, Yang C, Wang XY, Zhou LY, Lao GJ, Liu D, Wang
C, Hu MD et al (2018) MicroRNA-129 and -335 promote
diabetic wound healing by inhibiting Spl-mediated MMP-9
expression. Diabetes 67(8):1627-1638. https://doi.org/10.
2337/db17-1238

Guo E, Wang Z, Wang S (2016) MiR-200c and miR-141 inhibit
ZEBI synergistically and suppress glioma cell growth and migra-
tion. Eur Rev Med Pharmacol Sci 20(16):3385-3391

Takahashi Y, Nishikawa M, Shinotsuka H, Matsui Y, Ohara S,
Imai T, Takakura Y (2013) Visualization and in vivo tracking of
the exosomes of murine melanoma B16-BL6 cells in mice after
intravenous injection. J Biotechnol 165(2):77—-84. https://doi.org/
10.1016/j.jbiotec.2013.03.013

Leijten J, Seo J, Yue K, Santiago GT, Tamayol A, Ruiz-Esparza
GU, Shin SR, Sharifi R et al (2017) Spatially and temporally con-
trolled hydrogels for tissue engineering. Mater Sci Eng R Rep
119:1-35. https://doi.org/10.1016/j.mser.2017.07.001

Rice JJ, Martino MM, De Laporte L, Tortelli F, Briquez PS, Hub-
bell JA (2013) Engineering the regenerative microenvironment
with biomaterials. Adv Healthc Mater 2(1):57-71. https://doi.org/
10.1002/adhm.201200197

Tao SC, Guo SC, Li M, Ke QF, Guo YP, Zhang CQ (2017) Chi-
tosan wound dressings incorporating exosomes derived from
microRNA-126-overexpressing synovium mesenchymal stem
cells provide sustained release of exosomes and heal full-thick-
ness skin defects in a diabetic rat model. Stem Cells Transl Med
6(3):736-747. https://doi.org/10.5966/sctm.2016-0275

Han C, Zhou J, Liu B, Liang C, Pan X, Zhang Y, Zhang Y, Wang
Y et al (2019) Delivery of miR-675 by stem cell-derived exosomes
encapsulated in silk fibroin hydrogel prevents aging-induced vas-
cular dysfunction in mouse hindlimb. Mater Sci Eng C Mater Biol
Appl 99:322-332. https://doi.org/10.1016/j.msec.2019.01.122


https://doi.org/10.1016/j.neuroscience.2019.10.043
https://doi.org/10.1016/j.neulet.2021.136124
https://doi.org/10.1016/j.neulet.2021.136124
https://doi.org/10.1016/j.canlet.2005.07.043
https://doi.org/10.1016/j.canlet.2005.07.043
https://doi.org/10.1186/s13287-021-02148-5
https://doi.org/10.3389/fnins.2018.00845
https://doi.org/10.18632/aging.102568
https://doi.org/10.3390/ijms21207533
https://doi.org/10.3389/fneur.2019.00282
https://doi.org/10.3389/fneur.2019.00282
https://doi.org/10.1152/physrev.00017.2017
https://doi.org/10.1590/1414-431X20198735
https://doi.org/10.1083/jcb.122.6.1337
https://doi.org/10.1016/s0166-2236(96)10072-2
https://doi.org/10.1002/jnr.10303
https://doi.org/10.1002/jnr.10303
https://doi.org/10.4161/rna.8.5.16154
https://doi.org/10.7314/apjcp.2014.15.1.17
https://doi.org/10.7314/apjcp.2014.15.1.17
https://doi.org/10.26355/eurrev_201901_16747
https://doi.org/10.1080/13813455.2019.1691601
https://doi.org/10.1080/13813455.2019.1691601
https://doi.org/10.1155/2021/1634917
https://doi.org/10.3389/fnins.2018.00690
https://doi.org/10.3389/fnins.2018.00690
https://doi.org/10.1523/JNEUROSCI.3257-09.2009
https://doi.org/10.1523/JNEUROSCI.3257-09.2009
https://doi.org/10.1007/s11064-021-03446-3
https://doi.org/10.1007/s11064-021-03446-3
https://doi.org/10.1016/j.biopha.2021.112311
https://doi.org/10.1016/j.biopha.2021.112311
https://doi.org/10.1038/s41418-019-0447-x
https://doi.org/10.1177/0300060520978015
https://doi.org/10.2337/db17-1238
https://doi.org/10.2337/db17-1238
https://doi.org/10.1016/j.jbiotec.2013.03.013
https://doi.org/10.1016/j.jbiotec.2013.03.013
https://doi.org/10.1016/j.mser.2017.07.001
https://doi.org/10.1002/adhm.201200197
https://doi.org/10.1002/adhm.201200197
https://doi.org/10.5966/sctm.2016-0275
https://doi.org/10.1016/j.msec.2019.01.122

Molecular Neurobiology (2023) 60:447-459

459

69.

70.

71.

Wang C, Wang M, Xu T, Zhang X, Lin C, Gao W, Xu H, Lei
B et al (2019) Engineering bioactive self-healing antibacterial
exosomes hydrogel for promoting chronic diabetic wound healing
and complete skin regeneration. Theranostics 9(1):65-76. https://
doi.org/10.7150/thno.29766

Liu WZ, Ma ZJ, Li JR, Kang XW (2021) Mesenchymal stem
cell-derived exosomes: therapeutic opportunities and challenges
for spinal cord injury. Stem Cell Res Ther 12(1):102. https://doi.
org/10.1186/s13287-021-02153-8

Sun M, Yu H, Zhang Y, Li Z, Gao W (2015) MicroRNA-214
Mediates isoproterenol-induced proliferation and collagen syn-
thesis in cardiac fibroblasts. Sci Rep 5:18351. https://doi.org/10.
1038/srep18351

72.

73.

Dong H, Dong S, Zhang L, Gao X, Lv G, Chen W, Shao S (2016)
MicroRNA-214 exerts a cardio-protective effect by inhibition of
fibrosis. Anat Rec (Hoboken) 299(10):1348-1357. https://doi.org/
10.1002/ar.23396

Bari E, Perteghella S, Di Silvestre D, Sorlini M, Catenacci L,
Sorrenti M, Marrubini G, Rossi R et al (2018) Pilot production of
mesenchymal stem/stromal freeze-dried secretome for cell-free
regenerative nanomedicine: a validated GMP-compliant process.
Cells-Basel 7(11). https://doi.org/10.3390/cells7110190

Publisher's Note Springer Nature remains neutral with regard to

jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.7150/thno.29766
https://doi.org/10.7150/thno.29766
https://doi.org/10.1186/s13287-021-02153-8
https://doi.org/10.1186/s13287-021-02153-8
https://doi.org/10.1038/srep18351
https://doi.org/10.1038/srep18351
https://doi.org/10.1002/ar.23396
https://doi.org/10.1002/ar.23396
https://doi.org/10.3390/cells7110190

	The Importance of Using Exosome-Loaded miRNA for the Treatment of Spinal Cord Injury
	Abstract
	Introduction
	Exosome Biogenesis
	Exosome Functions
	Biogenesis and Loading of miRNAs in Exosomes
	Reasons for Using Exosomes as miRNA Carriers in SCI
	Exosomes as miRNA Carriers for Exploring Potential Mechanisms of SCI
	Exosomal miRNAs Secreted by BMMSCs Used to Explore the Mechanisms of SCI
	miR-125 and miR-124-3p
	miR-21 and miR-19b
	miR-216a-5p and miR-181c
	miR-388-5p and miR-126

	Exosomal miRNAs Secreted by Other MSCs Used to Explore the Mechanisms of SCI
	miR-199a-3p and miR-145-5p
	miR-133b and miR-219a-2-sp


	The Role of Exosome-loaded miRNAs in the Pathophysiology of SCI
	The Role of Nerve Recovery in SCI
	Neuronal Regeneration
	Apoptosis Inhibition and Axonal Regeneration

	The Role of Inflammation Regulation in SCI
	Inflammatory Regulation by Microglia, Astrocytes, and Macrophages
	Downregulation of Pro-inflammatory Factors

	The Role of Angiogenesis in SCI

	Perspectives
	Exploring the Synergistic Effects of Multiple Types of Exosome-Loaded miRNAs
	Exploring the Synergistic Effect of Exosome-Loaded miRNAs with Hydrogels for SCI Treatment
	Challenges of Exosome-Loaded miRNAs for SCI Treatment
	Future Directions of Exosome-Loaded miRNAs for SCI Treatment

	Conclusions
	Acknowledgements 
	References


