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Spinal cord injury (SCI) can lead to permanent disability in affected patients. Previous studies have indicated that
mesenchymal stem cells (MSCs) hold potential as therapeutic tools for treating SCI, but the specific mechanisms underlying
their effectiveness have yet to be determined. This study aimed to evaluate the functional significance of exosomes produced
from bone marrow mesenchymal stem cells (BMSCs) in treating SCI, explicitly focusing on the regulatory mechanism
involving miR-133b and NLRP3. SCI rats received intravenous tail-vein injections of BMSC exosomes (control or miR-133b
exosomes). The spinal tissue levels of miR-133b in SCI rats were determined by gPCR. Hind-limb motor function was assessed
using Basso Beattie Bresnahan (BBB) scores and Western blot was utilized for analysis of NLRP3 protein levels. Damage and
regeneration of spinal neurons were assessed using Nissl, immunofluorescent staining, and immunohistochemistry. Exosomes
were successfully harvested from BMSCs following miR-133b transfection, and acute improvements in SCI recovery were
observed following the exosomal delivery of miR-133b, as evidenced by short-term improvements in the survival of neurons
and associated functional recovery. These miR-133b-containing exosomes were also able to mitigate neuroinflammatory
activity by suppressing astrocyte and microglia activation. MiR-133b, at the molecular level, can decrease the production of
NLRP3 mRNA by binding to its 3’-untranslated region. As a result, it inhibits the activation of the NLRP3 inflammasome,
which is a crucial factor in the neuroinflammatory activity and neuronal damage associated with SCI. The results presented here
provide compelling evidence that exosomes isolated from bone marrow-derived microglia overexpressing miR-133b can, at
least partially, mitigate the severity of spinal cord injury by targeting the miR-133b/NLRP3 axis in the acute phase. However,
due to the short survival time of the subjects, the long-term effects remain unclear, necessitating further investigation of this
treatment approach.
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Spinal cord injuries (SCIs) are incredibly severe and
affected patients often become permanently disabled'.
Symptoms that can arise following SCI include loss of
sensation, reduced motor function, and even paralysis’.
SCIs are associated with both primary and secondary
damage. These mechanisms include the direct physical
damage that causes the disorder, as well as related
issues such as reduced blood flow, increased oxidative
stress, and inflammatory activity’. The direct physical
damage leads to disruption of axonal integrity and
neuronal cell death. Reduced blood flow results in
hypoxia and nutrient deprivation, further exacerbating
the neuronal damage. Increases in oxidative stress
induce peroxidation of lipids and damage to DNA,
while increased inflammation leads to activation of
astrocytes, microglia, and immune cell infiltration,
accompanied by the production of pro-inflammatory
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factors*’. Despite substantial progress in treating many
medical problems, there is still a shortage of effective
methods for managing SCI, highlighting the necessity
of developing innovative therapeutic techniques.
Researchers have recently identified exosomes,
which are small membrane-enclosed vesicles
produced by stem cells and most other cells, as
potentially effective tools for use in treating SCI®.
Importantly, exosomes can transport large molecules
such as microRNAs (miRNAs), which can be taken
up by recipient cells, leading to biological alterations
in local or distant cells’. In SCI and other neurological
diseases, exosomes have been demonstrated to exhibit
neuroprotective activity’’. For example, it was
determined that exosomes derived from bone marrow
mesenchymal stem cells (BMSCs) were able to
suppress the activation of astrocytes and to
support tissue repair following traumatic SCI'’. The
neuroprotective effects of exosomes may be attributed to
their ability to transfer various bioactive molecules,
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such as miRNAs, proteins, and lipids. The transferred
miRNAs can regulate gene expression in recipient
cells, potentially modulating neuroprotective cellular
processes. For instance, miRNAs may target genes
related to inflammation, apoptosis, or axonal
regeneration, thereby influencing the outcome of SCI.
Further research highlighted the ability of exosomes
to modulate antioxidant enzyme and cytokine
expression levels within damaged spinal cord tissue'’,
thus mitigating oxidative and inflammatory stress.
Exosomes harvested from BMSCs have further been
shown to support axonal regrowth and associated
functional improvements following SCI'>. Further
research confirmed that exosomes can enhance the
process of myelination and the formation of neurites
by transporting growth factors to damaged neurons'.
These previous findings emphasize the potential
usefulness of exosomes for treating SCI. However,
the exact methods by which exosomes produced from
BMSCs work in this therapeutic environment have yet
to be determined.

As small RNAs lack coding activity, miRNAs
primarily exert their biological effects by binding target
mRNAs through complementary 3’-untranslated region
(UTR) sequences. Specific miRNAs have been
demonstrated to shape essential processes such as
proliferative activity, differentiation, and apoptotic cell
death'. Several miRNAs have been identified
as effective mediators of SCI, making them
potential targets for therapeutic intervention. miR-133b
has been found to modulate neuronal survival
and differentiation'>'°. The multi-protein NLRP3
inflammasome serves as a central coordinator of many
inflammatory and immunological responses'’, with its
activation having been tentatively linked to SCI
pathophysiology such that inhibiting NLRP3
inflammasome activity offers beneficial efficacy when
employed as a treatment for affected patients'". miR-
133b may regulate the NLRP3 inflammasome by
binding directly to its 3’-untranslated region,
suppressing the production of NLRP3 mRNA and
subsequent protein synthesis. This inhibition of the
NLRP3 inflammasome can reduce the production of
pro-inflammatory factors, such as the cytokine
interleukin-1f  (IL-1p), and caspase-1 activation,
thereby mitigating the neuroinflammatory response and
protecting neurons from damage®. Additionally, the
regulation of NLRP3 by miR-133b may also influence
other cellular processes related to SCI, such as
autophagy and mitochondrial function.

This study investigated the impact of exosomes
produced from BMSCson the development of SCI,
with a specific emphasis on the miR-133b/NLRP3
pathway. The experiments were conducted with the
assumption that miR-133b would have therapeutic
effects on SCI by promoting neuron survival and
functional recovery. This would be achieved by
suppressing NLRP3, which would, in turn, reduce
neuroinflammatory activity. The present investigation
finally demonstrated that the use of miR-133b-
transfected exosomes obtained from BMSCs
effectively reduld the expression of NLRP3 and
provided protection against SCI. These findings
highlight the potential therapeutic utility of utilizing
miR-133b-loaded exosomes as a therapy option for
patients with SCI.

Materials and Methods

Animals

Male Sprague-Dawley rats (230-250 g, n=40, age=3
months) were obtained from lJiesijie Experimental
Animal Company (Shanghai, China).The study was
approved by Institutional Review Board (IRB) of the
Guizhou Province Osteological Hospital ethics
committee in Guiyang, China (Approval number:
20210705).

BMSC Isolation

Femurs and tibiac were harvested from 3-week-old
SD rats, after which PBS was used to flush out the
bone marrow. The isolated cells were added to
DMEM with 10% FBS and 1% penicillin-
streptomycin (Gibco, NY, USA), followed by transfer
into a 25 cm’® culture flask for culture in a standard
humidified 37°C incubator under 5% CO,. PBS was
employed to wash these cells after 24 h in order to
remove any non-adherent cells. Subsequently, the
media was replaced every three days. The cells were
collected using a solution of 0.25% trypsin-EDTA
when they reached 80% confluence, and were
re-plated in culture dishes at 1 x 10* cells/cm®. The
identities of isolated BMSCs were confirmed using a
FACS can flow cytometer (BD Biosciences). This
was performed by staining the cells with antibodies
that recognize CD34, CD45, CD44, and CD90
(Invitrogen, CA, USA). Experiments were conducted
using BMSCs from passages 3-5.

BMSC transfection and exosome collection
The transfection of BMSCs with miR-133b mimic
and negative control constructs was performed using
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Lipofectamine 3000 (Invitrogen, USA) in serum-free
medium, following the provided protocols from
Genechem (Shanghai, China). Media was exchanged
after 24 h, followed by culture for a further 48 h.
Exosomes were harvested from these cells with an
Exo Quick-TC kit (SBI, USA) based on the provided
directions. Then, a Libra 120 transmission electron
microscope (Zeiss, Germany) was used for
ultrastructural examination. In contrast, Western
immunoblotting was utilized to analyze the exosomal
markers CD9, CD63, and CD81 using antibodies
purchased from Abcam (UK).

Rat SCI Model Establishment

Following anesthetization using 1% sodium
pentobarbital (50 mg/kg, i.p.), the surface skin was
disinfected, and a 2-3 cm incision was made in the
midline proximal to the TI10 spinous process,
followed by muscle dissection to expose the vertebrae
and extraction of the lamina and spinous processes
enabling full exposure of the T10 spinal cord. The
NYU/MASCIS modified Allen device (Chinese
Academy of Medical Sciences/Peking Union Medical
College, Beijing, China) was used (10 g/cm, impact or
pestle diameter: 2 mm), dropping the impact or pestle
onto the spinal cord from a height of 70 mm.
Following that, the incision site was cleansed with a
saline solution containing penicillin, then sealed, and
the rats were given time to recover. SCI modeling was
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considered successful if rapid hemostasis in the spinal
cord and lower limb tremors were evident in these
animals. Sham-operated control rats underwent all the
same operative procedures except for the application
of the impactor device.

Experimental Grouping

Rats were randomly assigned into four groups
(n=10 each), including a sham control group, a SCI
model group in which rats were administered PBS, a
control exosome treatment group in which rats were
administered exosomes from miR-con-transfected
BMSCs, and a miR-133b exosome group in which
rats were administered exosomes from miR-133b-
transfected BMSCs. The exosomes were delivered
intravenously through the tail vein (200 pg/mL,
200 pL) one hour after establishing the spinal cord
injury model. A total of three injections were
provided to each rat, with a one-day interval between
each round of injections. Rats were additionally
administered penicillin (2x10° U/kg) daily for three
days, with manual expulsion of urine three times daily
until the rats had resumed active urination’. The
experimental progress of this study is shown in (Fig. 1).

Behavioral analysis
Locomotion was evaluated in the rats with Basso-

Beattie-Bresnahan (BBB) scores®. These scores range
from O (paralysis) to 21 (normal locomotion). Two

Fig. 1 — Flow diagram of outcome showing the experimental progress
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investigators familiar with the assessment procedures
and blinded to the groupings independently assessed
locomotory function. The scores provided by the
investigators were averaged to yield the final score for
the individual rats.

Histological analysis

Following the BBB assessment on day 14, the rats
were anesthetized and 10 mM segments of the spinal
cord including the injury site were removed. Frozen
sections (20 uM) were cut with a Superfrost Plus
cryomicrotome (Thermo Fisher). White matter was
assessed in serial sections cut at 1 mm intervals along
the spinal cord. Sections of tissue collected 1-2 mm
from the injury epicenter in the caudal and rostral
directions were stained with Luxol Fast Blue (LFB)
for evaluation of myelination. The sections were
evaluated under light microscopy (Olympus, Japan).

Nissl staining

Spinal cord tissues were fixed with 4% methyl
alcohol, paraffin-embedded, and cut into sections. The
sections were then deparaffinized and treated
overnight with a 1:1 mixture of pure ethanol and
chloroform at room temperature. This was followed
by rehydration by successive immersion in 100%
ethanol, 95% ethanol, and dH,O and staining for 10
min with Tar purple (0.1%, pH=3) at 37°C. The
sections were then rinsed with dH,0, followed by
differentiation with 95% ethanol for 5 min,
dehydration for 5 min with 100% ethanol and xylene,
mounting, and imaging with a microscope (Olympus).
Surviving neurons showed blue-stained Nissl bodies
and were counted by two blinded investigators within
a 500 puM diameter of the injury epicenter. The
observers judged whether the surviving neurons after
Nissl staining should be counted based on cell
morphology (with typical neuronal characteristics
such as multipolar shape, obvious cell body, and
protrusions), staining characteristics (showing specific
Nissl staining in the distribution of dark blue Nissl
bodies), cell integrity (excluding obviously damaged
or abnormally shaped cells), and location
characteristics (within the expected tissue area).

qPCR

The RNA extraction from cells, exosomes, and
spinal cord tissue samples was performed using
TRIzol (Invitrogen) following the given instructions.
Subsequently, cDNA was prepared using the
Prime-Script RT kit (TaKaRa, Japan). A miScript

SYBR Green PCR kit (QIAGEN, Germany) was then
employed to conduct qPCR analyses with appropriate
primers (miR-133b, forward, 5'-GCG GCG GAG
GTC AGT GC-3', reverse, 5'-GTG CAG GGT CCG
AGG T-3'; U6, forward, 5'-GCT TCG GCA GCA
CAT ATA CTA AAA T-3', reverse, 5'-CGC TTC
ACG AAT TTG CGT GTC AT-3'"). U6 served as a
control for normalization purposes, and the 24T
method was used when computing relative RNA
levels.

Western immunoblotting

Protein extraction was performed by lysing
exosomes, cells, and spinal cord tissues. Protein
concentrations were determined with a BCA kit
(Beyotime Institute of Biotechnology, Jiangsu,
China). After 10% SDS-PAGE protein separation and
transfer to nitrocellulose membranes (Millipore, NH,
USA), the blots were blocked for 1 h using 5% skim
milk followed by incubation with antibodies against
CDS81 (1:500; Abcam), CD9 (1:500; Abcam), NLRP3
(1:1000; ProteinTech), CD63 (1:500; Abcam), and
GAPDH (1:2000; Abcam) at 4°C overnight. The
secondary antibody was anti-mouse HRP-conjugated
IgG (Promega; w402B, 1:20, 000). Afterward, a
protein detection system (ECL, Thermo Fisher) was
employed. Band densities were analyzed with ImageJ
(NIH, USA), with GAPDH as loading control.

Immunofluorescence

Harvested spinal cord sections were rinsed thrice
using PBST (10 min each), blocked (5% goat serum,
1 h), and stained at room temperature with rabbit
anti-CD68 or anti-GFAP (both 1:50; Abcam)
overnight. After three additional PBS washes, the
sections were stained for 1 h using goat anti-rabbit
IgG (Invitrogen). They were then counterstained for 2
minutes with DAPI and mounted with non-fluorescent
mounting medium (Dako, Glostrup, Denmark).
Finally, the sections were evaluated using a confocal
laser scanning microscope (Olympus). Five randomly
selected fields were analyzed from each section to
quantify the number of cells positive for GFAP or
CDe68.

Immunohistochemical staining

Spinal cord sections prepared as above were rinsed
with PBS following deparaffinization, treated for
10 min with boiling citrate buffer (pH 6.0), and then
treated using 3% H,O, for 15 min. The sections were
then blocked for 1 h using a solution of 10% BSA in
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PBS. They were subsequently probed overnight at
4°C with antibodies that specifically target NLRP3,
caspase-1, ASC, or IL-1p (at a concentration of 1:500;
ProteinTech, Wuhan, China). After rinsing, the
sections were probed for an additional 1 hwith HRP
goat anti-rabbit IgG. DAB was then used to develop
color, followed by hematoxylin counterstaining and
light microscope (Olympus) imaging. Imagel was
used for image analysis.

Cell culture and transfection

PCI12 cells (ATCC, VA, USA) were grown in
complete medium in a standard humidified 37°C
incubator under 5% CO,. Lipofectamine 3000
(Invitrogen) was used to transfect these cells with miR-
133b mimic or miR-133b inhibitor constructs or
appropriate negative controls (Genepharma, Shanghai,
China) based on provided instructions.

Luciferase assays

The TargetScan program was used to detect putative
miR-133b binding sites in the 3’-UTR of NLRP3.
Wild-type (WT) plasmids were prepared by amplifying
and cloning the NLRP3 3’-UTR into the pGL3
luciferase reporter vector (Promega, MWI, USA). At
the same time, a Directed Mutagenesis system
(Invitrogen) was utilized to generate a mutated (mut)
plasmid. After introducing these plasmids along with
miR-133b mimic, inhibitor, or control constructs into
PC12 cells using Lipofectamine 3000 (Invitrogen), the
cells were then cultured for 48 h. Subsequently, the
cells were ruptured, and Iuciferase activity was
quantified using a kit (Promega).

Statistical analysis

Statistical testing was performed using GraphPad
Prism v7.0 (GraphPad, CA, USA). The results are
presented as means + standard deviation (SD) and were
analyzed using t-tests or least significant difference
(LSD) ANOVAs. BBB score comparisons were made
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with Mann-Whitney U tests. P< 0.05 was the cut-off
used when defining statistical significance.

Results

BMSC-derived exosomal analysis

Flow cytometry was initially used for confirmation
of isolated BMSCs from rats by analyzing their
CD34, CD44, CD45, and CD90 expression profiles
(Fig. 2). As expected, these cells were highly positive
for CD44 and CD90, whereas minimal CD34 or
CD45 positivity was evident. RNA was harvested
from BMSCs at 48 h post-transfection, and qPCR
confirmed that miR-133b transfection was associated
with higher miR-133b levels in these cells as
compared to miR-con-transfected cells (Fig. 3A).
Exosomes produced from these two groups of BMSCs
were confirmed to be ~100 nm in diameter and to
have the anticipated cup-shaped morphological
properties by TEM investigations (Fig. 3B). Western
immunoblotting  further confirmed that these
exosomes expressed the expected CD9, CD63, and
CDS81 surface proteins (Fig. 3C). BMSCs transfected
with miR-133b showed markedly increased levels of
this miRNA in isolated exosomes when compared to
cells transfected with miR-con (Fig. 3D). These
findings together verified the effective separation of
exosomes originating from BMSCs that are enriched
with miR-133b.

Exosomal delivery of miR-133b promotes post-SCI functional
recovery

In order to evaluate the efficacy of exosomal
miR-133b in reducing damage associated with SCI, a
rat model of SCI was created, and these animals were
administered the exosomes intravenously, which were
produced as described earlier. Initial qPCR analyses
confirmed that miR-133b levels at the site of injury
were markedly lower in SCI model rats compared with
the sham control rats. In contrast, these levels were
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Fig. 2— BMSC phenotypic verification.CD34, CD44, CD45, and CD90 in rat-derived BMSCs, shown by flow cytometry
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markedly higher in rats treated with miR-133b-
enriched exosomes relative to all other SCI model
groups (Fig. 4A). Hindlimb functional recovery was
was monitored using BBB scoring. BBB scores were
measured at 1, 3, 7, and 14 days postoperatively,
showing no significant differences in scores among the
groups at 1 and 3 days after SCI (P>0.05). However,
the differences in BBB scores were significantly
increased in miR-133b exosome-treated rats on day 7
(#P< 0.05) as well as on day 14 after SCI compared
with SCl-treated rats (# #P< 0.01). This demonstrated
that the miR-133b exosome group had considerably
better functional recovery compared to the other two
groups of rats in the SCI model (Fig. 4B).

LFB staining was performed to assess the condition
of myelin in the spared white matter, as well as
neuronal survival, which is another key factor in
motor recovery after SCI. The LFB staining data
showed that the miR-133b exosome group
significantly reduced myelin loss at 2 mm rostral and
caudal of the injury site and at the epicenter (Fig. 5A).
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Fig. 3 — Characterization of BMSC-derived exosomes. (A) gPCR
was used to assess miR-133b levels in BMSCs following miR-con
or miR-133b transfection. *P< 0.05 vs. control and miR-con.
(B) BMSC-derived exosomes from cells transfected as in (A)
were analyzed via TEM. Scale bar: 200 nm. (C) Western blots
showing levels of exosomal surface proteins (CD9, CD63, and
CD81) in BMSC and exosomal samples. (D) miR-133b levels
were analyzed via qPCR in exosomes from BMSCs transfected as
in (A). ¥*P< 0.05 vs. control

The spared white matter area was quantified using
Image J software. The results showed that the
miR-133b exosome group had a significantly larger
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area of spared white matter relative to the SCI model
and control exosome groups at the injury epicenter, at
both 1 mm and 2 mm in the rostral and caudal
directions (Fig. 5B).

Nissl staining and subsequent quantitative analysis
revealed that in the Sham group, the spinal gray
matter contained abundant Nissl bodies, low
chromatin contents, and normal neurons with obvious
nucleoli. In contrast, neurons in the SCI group
exhibited severe damage characterized by vacuolated
cytoplasm devoid of Nissl bodies. The control
exosome group showed mitigation of this damage to
some extent, while in the miR-133b exosome rats, the
morphology of the neuronal gray matter was
preserved with abundant Nissl bodies seen throughout
the cytoplasm (Fig. 6A). The number of Nissl-stained
neurons within the 500 pm diameter area was
markedly greater in the miR-133b exosome group
relative to the control exosome group (Fig. 6B).

A

SClI+ control
exosomes

Sham

INDIAN J. BIOCHEM. BIOPHYS., VOL. 62, JUNE 2025

miR-133b-enriched exosomes suppress astrocyte and microglia
activation

Subsequently, immunofluorescence was utilized to
visualize spinal cord sections using markers specific
for astrocytes (GFAP) and microglia (CD68). This
analysis revealed notably elevated levels of activated
microglia and astrocytes in the model rats, shown by
greater numbers of CD68-positive (Fig. 7A-B) and
GFAP-positive (Fig. 7C-D) cells. When rats were
treated with miR-133b-enriched exosomes, however,
these changes were reversed, consistent with the
ability of exosome-derived miR-133b to suppress
neuroinflammatory activity in part via suppressing
astrocytic and microglial activation.

miR-133b directly targets NLRP3

Initial TargetScan analyses confirmed the presence
of a candidate miR-133b interaction site in the 3’-UTR
of NLRP3 (Fig. 8A). Consequently, PC12 cells were
transfected utilizing miR-133b mimic, inhibitor, or
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Fig. 6 — miR-133b treatment promotes neuronal survival after SCI. (A) Representative Nissl staining of model and sham rat tissues at
14 day. (B) Quantification of the numbers of Nissl-stained neurons. Scale bar = 100 um in the above lower-magnification pictures and 50 um
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negative control constructs and WT or mut NLRP3
3’-UTR reporter plasmids to examine the regulatory
function of miR-133b on NLRP3 directly. In
comparison to negative control constructions, miR-
133b mimics, and inhibitors decreased and increased
WT reporter luciferase activity accordingly without
affecting the activity of the mutant reporter
(Fig. 8B-C). NLRP3 expression was also significantly
downregulated in PCI12 cells following miR-133b
mimic transfection, whereas the opposite effect was
observed following miR-133b transfection (Fig. 8D).
The data indicated that miR-133b can directly attach to
the NLRP3 3'-UTR, hence regulating the expression of
this significant pro-inflammatory gene.

Exosome-derived miR-133b inhibits the activation of the
NLRP3 Inflammasome

In order to provide a more comprehensive
explanation of how exosomal miR-133b affects the
activity of the NLRP3 inflammasome associated with
SCI, samples of spinal cord tissue were examined using
immunohistochemistry labeling for NLRP3, active
caspase-1, ASC, and IL-1B. In the SCI model group,
the expression of all four of these proteins was
increased compared to the samples from sham rats.
However, treatment with exosomes enriched with miR-
133b dramatically decreased the levels of all four

proteins, as shown in (Fig. 9). This reduction is
consistent with the inhibition of NLRP3 inflammasome
activity.

Discussion

Traumatic spinal cord injury (SCI) is a devastating
condition that is often associated with significant loss
of function and/or permanent disability”. Although
the severity of this condition is significant, the
available treatment options for these patients are
mainly inadequate, highlighting a crucial lack of
appropriate medical solutions. Although MSCs have
been proposed as prospective therapeutic strategies
for treating SCI, the specific processes that explain
their effectiveness have yet to be fully understood.

This study investigated the roles of BMSC-derived
exosomes as regulators of damage associated with
stroke, explicitly focusing on the miR-133b/NLRP3
regulatory pathway. This approach revealed that
exosomal miR-133b delivery was sufficient to
enhance post-SCI functional recovery in line with
prior evidence emphasizing the neuroprotective
benefits of this miRNA in SCI and other neurological
disorders®**’. Exosomes have encouraging benefits
over alternative delivery methods, including direct
injection or the use of viral vectors, which makes
them an excellent choice for the delivery of
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Fig. 9 — The impact of miR-133b-enriched exosomes on the activation of the NLRP3 inflammasome. Immunohistochemical staining of
spinal cord tissues from the treatment groups to detect NLRP3 (A), caspase-1 (B), ASC (C), and IL-1B (D). Scale bar: 100 um. n=5/group.
*P<0.05, **P< 0.01 vs. sham. # P< 0.05, ## P< 0.01 vs. SCI. & P< 0.05 vs. control exosomes

miR-133b***". Additionally, exosomes are perfect for
application in this therapeutic context because they
can easily cross the blood-brain barrier and transport
miRNAs in a physiological state®. The results of
BBB score in this study showed that there was no
significant difference between the groups at 1 and
3 days after surgery, while at 7 and 14 days after
surgery, the scores of the miR-133b exosome group
were significantly higher than those of the other SCI
model groups, indicating a gradual recovery of motor
function. LFB staining showed that the miR-133b
exosome group significantly reduced the loss of
myelin around the injury site. Nissl staining showed
that the neurons in the SCI group were severely
damaged, while the morphology of neurons in the
miR-133b exosome group was preserved, and there
were abundant Nissl bodies in the cytoplasm. The
number of Nissl stained neurons was significantly
more than that of the control group, reflecting the
protective effect on neurons. Here, it was found that
miR-133b-enriched exosomes also inhibited the
activation of microglia (CD68+) and astrocytes
(GFAP+), hence reducing neuroinflammation, which
is crucial to the pathophysiology of SCI***°. The
immunofluorescence results of the present study
showed that the number of activated microglia
(CD68+) and astrocytes (GFAP+) was significantly

increased in the model rats. Activation of these cells
can lead to aggravated neuroinflammation in the
pathophysiology of spinal cord injury. However, miR-
133b-enriched exosomes inhibit their activation,
thereby reducing neuroinflammation and protecting
neurons.Using a rat SCI model®', it was observed that
exosomes from human mesenchymal stem cells
could alter the microglial response, reduce
neuroinflammation, and promote functional recovery.
Here, it was observed that the miR-133b exosomes
were effective in protecting rats from pathological
changes following SCI by enhancing the survival and
recovery of neurons, and blocking excessive activation
of astrocytes. These findings suggest that miR-133-b
exosomes significantly enhanced motor function
recovery in the hindlimbs and histological outcomes in
SCI rats.

It was discovered that miR-133b directly binds the
NLRP3 3'-UTR to inhibit the production of this gene at
the molecular level. TargetScan analysis showed that
there were miR-133b binding sites in the 3’-UTR of
NLRP3. Cell transfection experiments showed that the
binding of miR-133b to the 3'-UTR region of NLRP3
could reduce the WT reporter luciferase activity, and
down-regulate the expression of NLRP3 in PC12 cells,
affecting its gene expression and protein synthesis.
This regulation is critical in SCI because NLRP3 plays
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a key role in inflammatory activity and its inhibition
reduces neuroinflammation and protects neurons.
Immunohistochemical staining results showed that the
expression of NLRP3, active caspase-1, ASC, and IL-1
was increased in the SCI model group, while miR-133b-
enriched exosomes treatment significantly reduced the
levels of these proteins, indicating that the activation of
NLRP3 inflammasome was inhibited. =NLRP3
inflammasome activation is closely related to
neuroinflammation after spinal cord injury. Inhibition of
NLRP3 inflammasome can reduce neuroinflammation
and protect neurons. This is noteworthy since NLRP3
plays a pivotal role in inflammatory activity by
activating caspase-1 and producing related inflammatory
cytokines'’. The pathogenesis of SCI and other
neurological conditions is believed to be closely
related to such NLRP3 inflammasome activity'®".
Consequently, our results were in agreement with the
capacity of miR-133b-enriched exosomes to prevent
NLRP3 inflammasome activation, protecting neurons
from SCl-related neuroinflammatory activity and
damage.

Conclusion

In conclusion, the current findings demonstrated that
BMSC-derived exosomes transfected with miR-133b
might inhibit NLRP3 expression, mitigate the severity
of SCI by targeting the miR-133b/NLRP3 axis in the
acute phase, hence protecting SCI. These findings
provide more evidence in favor of using exosome-
based therapeutic approaches in the clinic to deliver
miR-133b and treat SCI. Nonetheless, there are certain
limitations to this study. First of all, the fact that these
findings were limited to a rat model system emphasizes
the necessity for additional human validation.
Secondly, due to the short survival time of the rats in
the original study, the long-term effects remain unclear.
Further long-term investigations of safety and efficacy
outcomes linked with exosomal therapy techniques are
necessary. Finally, additional clarification regarding
the mechanisms through which miR-133b can
modulate functional recovery and neuronal survival
will be essential.
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