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Exosomal miR-34b-5p from Bone Marrow Mesenchymal
Stem Cells Attenuates Spinal Cord Injury via MAPK/PI3K/

AKT Pathway Modulation
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ABSTRACT

Introduction: Bone Marrow Mesenchymal Stem Cells (BMMSCs) promote Spinal Cord Injury
(SCI) recovery via exosomes containing bioactive molecules. This study examined the role and
mechanisms of BMMSC-derived exosomes overexpressing microRNA-34b-5p (miR-34b-5p) in
neuronal repair after SCI. Materials and Methods: BMMSCs were isolated from four 4-week-
old Sprague-Dawley rats and introduced to miR-34b-5p mimics or Negative Controls (NC),
after which exosomes were extracted and characterized. Twenty-four six-week-old SD rats
were assigned to four groups, with 6 rats in each group: Sham, SCI, SCI+NC mimics Exos, and
SCl+miR-34b-5p mimics Exos groups. SCI was induced, and exosomes were administered.
Histological analysis (HE and Nissl staining), motor function tests (BBB score and horizontal
ladder), TUNEL assay, immunofluorescence, ELISA, and Western blotting were performed to
evaluate neuronal repair, inflammation, oxidative stress, apoptosis, and signaling pathways.
Results: SCI resulted in neuronal degeneration, impaired growth, increased apoptosis, and
inflammation. BMMSC-derived exosomes overexpressing miR-34b-5p significantly improved
neuronal survival (p<0.01), reduced apoptosis (p<0.01), and mitigated inflammation and
oxidative stress (p<0.05) compared to controls. Enhanced M2 polarization of microglia was
observed (p<0.01), alongside inhibition of the MAPK pathway and activation of the PI3K/Akt
pathway (p<0.01). Conclusion: BMMSC-derived exosomes overexpressing miR-34b-5p regulate
MAPK and PI3K/Akt pathways, promoting M2 microglial polarization, reducing inflammation and
lipid peroxidation, and protecting against neuronal apoptosis in SCI. The findings underscore
their efficacy as a therapeutic strategy for SCI.

Keywords: Bone marrow mesenchymal stem cells, Exosome, MiR-34b-5p, Spinal cord injury,
MAPK/PI3K/Akt pathway.
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Spinal Cord Injury (SCI) is a challenging and often debilitating
condition arising from traumatic or non-traumatic spinal cord
damage, typically involving bleeding and ischemia at the affected
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site, along with movement limitations or potential disability.! SCI
frequently leads to lifelong impairment and imposes a substantial
healthcare burden on patients.> Based on pathophysiology,
SCI is classified into primary and secondary injuries.’ Primary
injury is the immediate trauma to neurons, glial cells, as well
as adjacent vasculature, resulting from compression, shearing,
or stretching forces.* Secondary injury includes a cascade of
detrimental processes, such as neuronal apoptosis, glial scar
formation, excitotoxicity, pathological inflammation, ischemia,
and localized edema, which worsen neurological function
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and extend tissue damage.>® The primary objective in SCI
treatment is to preserve remaining core function and restore
impaired function. Common interventions include surgery,
anti-inflammatory medications, blood pressure management,
neuroprotective strategies, and supportive care.! Despite these
options, the complex pathophysiology of SCI has significantly
limited progress in effective treatment development.

Bone Marrow Mesenchymal Stem Cells (BMMSCs) have
demonstrated considerable efficacy as a treatment for SCIL
However, introducing MSCs directly can lead to adverse reactions,
such as immune responses,” embolism,® secondary infections,’
and cancer risks.'* Moreover, most transplanted MSCs gather in
organs like the liver, spleen, and lungs, with only a small amount
reaching the injury site."" Although MSCs are quickly eliminated
from the body after systemic administration, the therapeutic
effects often remain,”” suggesting that MSC secretions,
particularly exosomes, may drive these effects.'>'* Recent studies
highlight the therapeutic value of MSC-derived exosomes
across various neurodegenerative models, including Alzheimer’s
disease, multiple sclerosis, stroke, neuroinflammation, traumatic
brain injury, and SCIL." Exosome therapy has shown promise
in reducing cell death in SCI models." Additionally, previous
findings indicate that exosomes help preserve neurons, offering
protection and supporting regeneration of neurons, dendrites,
and myelin."” Exosomes are also instrumental in limiting scar
tissue formation, aiding the regeneration process after SCL.'

MicroRNAs  (miRNAs) are
single-stranded RNAs, comprising 22 nucleotides, recognized
as key biomarkers for diagnosis, prognosis, and therapy. They

endogenous, non-coding,

can impact signaling pathways associated with pathological
SCL” MiRNA-34b-5p (miR-34b-5p) has
been linked to biological processes including angiogenesis,*

responses after
astrocyte apoptosis,”’ and organ damage.”? Studies show that
silencing miR-34b-5p can alleviate acute lung injury by reducing
inflammation and apoptosis.”® Nonetheless, the precise function
of miR-34b-5p in SCI s still not fully defined. Research indicates
that exosomes can transport miRNAs, suggesting that BMMSCs
may deliver miR-34b-5p via exosomes to aid in SCI treatment.
Currently, no studies have explored this specific mechanism.
Thus, this study aimed to investigate how exosomes derived from
BMMSCs, overexpressing miR-34b-5p, might influence the SCI
recovery process.

This study reveals that miR-34b-5p achieves M2 microglial
polarization and powerful inhibition of inflammation and
oxidative stress by coordinating a dual therapeutic cascade,
simultaneously suppressing the pro-inflammatory MAPK
pathway and activating the neuroprotective PI3K/Akt axis. This
discovery provides an irreplaceable molecular target for the
development of miR-34b-5p-based precise intervention diagnosis
and treatment strategies.
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MATERIALS AND METHODS

Experimental animals

All male Sprague-Dawley rats, aged 4 weeks, were sourced from
Chengdu Dashuo Biotechnology Co. Ltd., (Chengdu, China)
(License No. SYXK (Sichuan) 2019-0189). Our study was
approved by the Experimental Animal Ethics Committee of West
China Hospital of Sichuan University (Chengdu, China), Ethics
No. 20220713001, and all animal experiments were performed
following the Guidelines for the Care and Use of Laboratory
Animals. All animals were maintained under standard housing
conditions, including 12 hr of alternating light and darkness,
humidity controlled between 40% and 60%, a temperature set at
22°C, and unrestricted availability of food and water. Following
a week of adaptive feeding, the rats were used for follow-up
investigations.

SCIl model

Based on a previous study of induced SCI in rat models,*
these animals were anesthetized by intraperitoneal injection of
1% (w/v) pentobarbital sodium at a dosage of 40 mg/kg. The
skin and muscle on the back were incised to expose the spine,
followed by removal of the T10 lamina. The surface of the dorsal
spinal cord was then fully exposed and subjected to an impact
from a stick with a diameter of 2.5 mm and a weight of 10 g,
falling from a height of 12.5 mm. Subsequently, the muscles
and skin were sutured. To prevent urine from accumulating in
the bladder, the rats were manually assisted with urination three
times a day until their bladder function was restored to normal
levels. The main feature of this sham surgery is that only spinal
canal decompression is performed, with no instruments directly
touching the dorsal surface of the spinal cord.

All rats were allocated to the Sham group, the SCI group,
the SCI+mimics NC Exos group, and the SCI+miR-34b-5p
mimics Exos group. For the Sham and SCI groups, the rats
were administered a 50 pL injection of PBS into the joint cavity
immediately after surgery, as well as on days 3and 7 post-operation.
For the SCI+mimics NC Exos group and the SCI+miR-34b-5p
mimics Exos group, equal volumes of BMMSC-Exos (at a
concentration of 10" particles/mL) and BMSC-Exos mimic
(also at 10" particles/mL) were administered immediately after
surgery, and on days 3 and 7 post-surgery. Prior to each injection,
the rat’s knee joint was flexed at 90° to create additional joint
space, and the procedure was carried out along the midline of the
patellar tendon to prevent injury to the ligaments within the joint.

Isolation and Characterization of BMSCs

Bone marrow mesenchymal stem cells were isolated following
previous studies.® In brief, 4-week-old male Sprague-Dawley
rats were flushed with DMEM/F12 to collect their bone marrow,
which was then separated by centrifugation at 800xg for 5 min.
The resulting pellets were collected and plated at a density
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of 1x10° cells/cm* in DMEM/F12 supplemented with 10%
heat-inactivated FBS (Sigma-Aldrich, St. Louis, MO, USA), along
with 100 U/mL penicillin as well as 100 pg/mL streptomycin
(Invitrogen, Carlsbad, CA, USA). The cells were cultured in a
controlled environment with humidity, maintained at 37°C and
5% CO,. Three to four days after the initial plating, the culture
medium was changed. Once the cells reached approximately
80-90% confluence, they were subcultured for further growth.

The traditional biomarkers of BMSCs were analyzed using flow
cytometry. In summary, we conducted flow cytometric analysis
using the following antibodies conjugated with Fluorescein
Isothiocyanate (FITC) or Phycoerythrin (PE): CD29, CD90, and
CD45 (BioLegend, San Jose, CA, USA). Isotype controls consisted
of FITC-IgG, APC-IgG, and PE-IgG immunoglobulins. Following
incubation, the cells were rinsed twice and resuspended in FACS
buffer for analysis via flow cytometry (BD Biosciences).

Isolation and characterization of exosomes

Extreme centrifugation was used to separate the exosomes.
To summarize, we collected the culture supernatant after 48
hr of incubation in FBS-free medium. The culture was then
centrifuged at 200 xg for 10 min at 4°C to eliminate dead cells, at
2000 xg for 30 min at 4°C to eliminate cell debris, and at 10,000
xg for 45 min at 4°C to separate broken cells and organelles. The
resulting supernatant was filtered through a 0.45 um membrane
to eliminate larger particles. Subsequently, the exosomes were
collected by centrifugation at 110,000 xg for 70 min at 4°C.
After centrifugation, the sample was rinsed with PBS and the
above centrifugation steps were repeated. Finally, the separated
exosomes were resuspended in PBS buffer solution for further
analysis.

Transmission Electron Microscopy (TEM) was utilized to assess
the morphology and size of the exosomes. In summary, the
exosome sample was collected and placed on a carbon-coated
copper mesh for 5 min. Any excess liquid was then removed
with filter paper. The specimen was treated with a 2% solution of
phosphotungstic acid for 2 min. Pictures of the exosomes were
subsequently obtained using TEM, and the particle size as well
as dispersion were analyzed by Nanoparticle Tracking Analysis
(NTA). Exosome-specific markers CD9, CD63, as well as CD81
were detected using Western blot analysis. To quantify the
exosomes, the Bicinchoninic Acid (BCA) method was utilized
for total protein measurement.

MiRNA Mimics Transfection

MiR-34b-5p mimics (GeneChem, Shanghai, China) were
transfected into BMSCs using Lipofectamine 3000 (Thermo
Fisher Scientific, USA) according to the protocol. The miR-34b-5p
mimics were combined with Lipofectamine 3000 for 20 min
before being added to BMSCs for 6 hr. The transfection culture

338

medium was discarded, and entire culture medium was added.
The cells were collected after 48 hr.

Real-Time RT-PCR Analysis

RNA was isolated from exosomes with TRIzol reagent (Invitrogen,
Carlsbad, CA) as per the instructions. To detect miRNA, we
utilized a MiScript reverse transcription kit for the reverse
transcription process and applied the miScript SYBR Green
(QIAGEN, Hilden, Germany) PCR Kit to quantify the miRNA
levels, following the specified volumes and procedures. The
reaction mixture, totaling 20 pl, included 10 ul of 2x QuantiTect
SYBR Green PCR Master Mix, 0.8 ul of 5M Bulge-Loop™ Reverse
Primer, 0.8 pl of 5M Bulge-Loop™ miRNA Forward Primer, 2
ul of cDNA templates (Vazyme, Nanjing, China), and 6.4 pl of
RNase-free H,O. The thermal cycling protocols were set to: 10
min at 95°C, then 45 cycles consisting of 2 seconds at 95°C, 20
sec at 60°C, as well as 10 sec at 70°C. U6 served as the internal
reference for miRNA analysis. Data analysis was performed using
the 2724 method. MiR-34b-5p is synthesized by Ribo Bio-Tech
Co., Ltd. with product number C10211-1.

Functional behaviour evaluation

The locomotor ability was evaluated using the Bresnahan
(BBB) scale on days 0, 1, 3, and 7 following SCI. The BBB scale
spanned from 0, indicating total paralysis of the hind limbs, to
21, representing normal mobility.*® To evaluate the stepping and
coordination of the forelimbs and hindlimbs, the horizontal step
walking test and foot motor function score were performed on
rats on the 7" day after SCI, as described in previous studies.?”

Western blot analysis

RIPA buffer was used to extract total protein from exosomes
and tissue samples. Identical quantities of protein extracts (30
ug) were placed into each well and separated using SDS-PAGE.
The polypeptides were then moved onto PVDF membranes.
After blocking the membranes, rabbit anti-B-actin (1:50,000,
Abclonal), rabbit anti-AKT, ERK1/2, JNK1/2, p-AKT, p-ERK1/2,
p-JNK1/2 (1:2,000, Abclonal), and rabbit anti-p38 and p-p38
(1:2,000, Bioss) antibodies were added, and the membranes
were incubated overnight. Following three rinses with TBST,
the membranes were incubated with an HRP-conjugated
secondary antibody (Beyotime, 1:5,000) at room temperature for
2 hr. Ultimately, protein expression levels were detected using an
enhanced chemiluminescence kit (Millipore). Protein bands were
normalized to B-actin as an internal control, and their optical
densities were measured, with the ratios calculated.

Evaluation of Spinal Histological Pathology

Morphological detection of the longitudinal section of injured
spinal cord using hematoxylin and eosin staining (Richard-Allan
Scientific, Kalamazoo, MI, USA) (n=6). Transverse sections
were subjected to Nissl staining (cresyl violet, Solarbio) for the
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purpose of counting neurons following injury (n=6 per group).
The sections underwent standard procedures of deparaffinization,
rehydration, and washing. Subsequently, H&E and Nissl
staining were executed following the guidelines provided by
the manufacturer. In the final step, the sections are dehydrated,
fixed, and then mounted on slides with neutral gum. Images were
obtained with a Ni-E (Nikon, Tokyo, Japan). The quantity of Nissl
bodies was assessed using Nikon NIS Analysis software version
4.54.

Biochemical kit and Enzyme-Linked Immunosorbent
Assay (ELISA) detection

The activities of SOD, MDA, CAT, as well as MPO in serum and
spinal cord tissues were assessed using biochemical kits, while the
levels of TNF-q, IL-1pB, and IL-6 in serum and spinal cord tissues
were quantified using ELISA kits (Abcam, Cambridge, UK).

TUNEL staining

The TUNEL assay reagent was sourced from Merck KGaA
(Darmstadt, Germany). Following the guidelines provided
with the kit, TUNEL-positive cells in spinal cord tissues were
examined using a microscope. The apoptosis rate is evaluated as
follows: TUNEL-positive cell number/total cell number)x100%.

Immunofluorescence

Axon regeneration, neurofilament generation, spinal cord
oxidative stress injury and microglia polarization were detected
by immunofluorescence assay. Spinal cord tissue was processed
as previously outlined and cut into sections of 2.5 um thickness
in either the longitudinal or transverse plane using a Microtome
(Leica). After dewaxing, rehydration, and further processing
of the sections, the antigens were extracted using citrate buffer
(Beyotime, Shanghai, China), and the sections were incubated
utilizing 10% goat serum (Solarbio) for blocking. The sample
was incubated with these primary antibodies at 4°C overnight:
Glial Fibrillary Acidic Protein (GFAP), neurofilament protein

miRDB TargetScanHuman

A B

MET

MAPK1

Genecard

(NF), 8-hydroxy-2 deoxyguanosine (8-OHdG), Mitosox, CD16,
IBA-a and CD206 (all from Proteintech, Wuhan, Hubei Province,
China). After being cleaned, the sections were incubated with the
Fluorescein Isothiocyanate (FITC)-conjugated and Tetramethyl
Rhodamine Isothiocyanate (TRITC)-conjugated secondary
antibodies (Proteintech) for 1 hr at 37°C. DAPI staining was used
to observe the nuclei. The microscope (Nikon) was used to take
the pictures. Nikon NIS Analysis software, version 4.54, was used
to measure the intensity.

miRNA target prediction

First, obtain the targets related to miR-34b-5p from the miRDB
and TargetScanHuman databases, and screen the targets related
to sci from the Genecard database. Obtain the potential targets
by taking the intersection through a Venn diagram. Use the
STRING database to construct a Protein-Protein Interaction
(PPI) network, and analyze and screen the core targets in the
Cytoscape software.

Statistical analysis

IBM SPSS Statistics version 21.0 (IBM Corp.) was used for all
statistical analyses. Quantitative results are presented as the
Mean+Standard Deviation (SD) derived from a minimum of
three experiments. The distinctions among the two groups were
evaluated using Student's t-test, whereas variations across several
groups were evaluated through One-Way Analysis of Variance
(ANOVA). A p-value of less than 0.05 was considered statistically
significant.

RESULTS

miR-34b-5p target prediction

Through the miRDB and TargetScanHuman databases, 570
and 2473 miR-34b-5p targets were respectively screened out.
Meanwhile, 403 disease-related targets were selected using the

Genecard database. The Venn diagram (Figure 1A) analysis
results showed that there were 8 potential targets closely related
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Figure 1: miRNA target prediction. A. Venn diagram. B. PPI network. C. The target network map of miR-34b-5p.
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to miR-34b-5p and SCI diseases. Further, a PPI network (Figure
1B) was constructed, and the miR-34b-5p target network diagram
was generated with the help of relevant software (Figure 1C).

Production of miR-34b-5p-overexpressing
BMMSC-derived exosomes

Firstly, BMMSCs were isolated from the rat bone marrow cavity.
Under light microscopy, these cells appeared as elongated,
spindle-shaped fibrocyte-like adherent cells (Figure 2A).
Fluorescence-Activated Cell Sorting (FACS) revealed that
BMMSCs had negative CD45 expression but high levels of CD29
and CD90 (Figure 2B), confirming the successful isolation of
BMMSCs.

Next, exosomes were isolated and purified from the BMMSC
supernatant using ultracentrifugation and characterized through
Transmission Electron Microscopy (TEM), Nanoparticle Tracking
Analysis (NTA), and Western blotting. TEM analysis revealed
that the vesicles primarily exhibited a characteristic spherical
structure with a double membrane, measuring approximately
100 nm in diameter (Figure 2C). NTA analysis indicated a peak
size distribution at 141 nm (Figure 2D). Western blot analysis
demonstrated a significant increase in exosome marker proteins,
such as CD9, CD63, and CD81, in the Exos group than the
NC group (Figure 2E), confirming the successful extraction of
exosomes from BMMSCs.

Following BMMSC transfection, the miR-34b-5p level was
elevated in the miR-34b-5p mimics Exos group compared to the

CD29

P4{99.43%))

0 104 10°
CD28 PE-A

mimics NC Exos group, indicating the successful isolation of
exosomes from BMMSCs overexpressing miR-34b-5p (Figure
2F).

Overexpression of miR-34b-5p in BMMSCs-derived
exosomes can improve tissue repair and motor
function in SCI rats

HE staining was used to investigate pathological changes in
spinal cord tissue. In contrast to the Sham group, the SCI group
displayed more severe damage, including blurred morphology
and structure, extensive necrosis in both gray and white matter,
neuronal necrosis and dissolution, loose nerve fibers, cavernous
lesions, and microglial proliferation in necrotic areas. In contrast,
the SCI+miR-34b-5p mimics Exos group showed clearer
delineation between white and red myelin, a higher number of
neurons with larger cell bodies, normal cell morphology, and less
neuronal degeneration and necrosis, along with minimal glial cell
proliferation (Figure 3A).

Nissl staining indicated a marked decrease in neuron count in the
SCI group than the Sham group. The SCI+miR-34b-5p mimics
Exos group, however, displayed a substantial increase in neuron
numbers relative to the SCI+mimics NC Exos group (Figures 3B
and 3C) (p<0.01).

Regarding locomotor function, the hind limb placement score
in the SCI group was notably lower than in the Sham group
(p<0.01). The SCI+miR-34b-5p mimics Exos group showed an
increased hind limb placement score relative to the SCI+mimics
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Figure 2: Isolation and identification of BMMSCs and BMMSC-Exos. A. Photoscopic image of bone marrow mesenchymal stem cells (Scale bar:
200 um); B. The expressions of CD29, CD90 and CD45 were analyzed by flow cytometry; C. Transmission electron microscopy (TEM) image of
BMSC-Exos (Scale bar: 100 nm); D. NanoSight tracking analysis (NTA) for the diameters of BMSC-Exo; E. Western blot analysis of CD9, CD63, and
CD81; F. The expression of miR-34b-5p was analyzed by fluorescence quantitative PCR. Compared with mimics NC Exos group, *p<0.05.
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NC Exos group (Figure 3D) (p<0.05). Additionally, the BBB score
in the SCI group was reduced relative to the Sham group at days
1, 3, and 7 (p<0.01). By day 7, the SCI+miR-34b-5p mimics Exos
group exhibited a higher BBB score relative to the SCI+mimics
NC Exos group (Figure 3E) (p<0.05).

These that from

miR-34b-5p-overexpressing BMMSCs improve tissue repair and

results suggest exosomes

locomotor function in rats with SCI.
Overexpressed miR-34b-5p BMMSCs exosomes
enhance neuroprotective effects on SCl rats

To evaluate the neuroprotective effects of the intervention on
rats with SCI, we assessed neuronal density in the anterior horn

of the damaged spinal cord using immunofluorescent staining

Sham SCl

SCl

Number of neurons

Foot tomography score
o ~nN k-3 (2]
’6 :l

for GFAP (an astrocyte marker) as well as NF (a neuronal
marker). Immunofluorescence results showed that, relative to
the Sham group, the SCI group exhibited a substantial reduction
in neuronal protein NF expression and a marked increase in
astrocyte marker GFAP levels (Figures 4A, 4B, and 4D) (p<0.01).
In the SCI+miR-34b-5p mimics Exos group, NF expression was
significantly upregulated, and GFAP expression was significantly

downregulated compared to the SCI+mimics NC Exos group.

Regarding apoptosis in spinal cord tissue, the SCI group displayed
a higher rate of TUNEL-positive cells than the Sham group.
However, the SCI+miR-34b-5p mimics Exos group displayed a
reduction in TUNEL-positive cells relative to the SCI+mimics

NC Exos group (Figures 4C and 4E) (p<0.01).
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Figure 3: Impact of miR-34b-5p-overexpressing BMMSCs exosomes on tissue injury and locomotor capacity. A. HE staining
was used to observe the pathological changes of spinal cord; B. Nissl staining was used to detect the number of surviving
neurons; C. Statistical results of the number of neuron cells; D. Horizontal ladder walking assessment score; E. BBB score.
Compared with sham operation group, **p<0.01; Compared with SCl+mimics NC Exos group: #p<0.05, p<0.05.
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Figure 4: Impact of miR-34b-5p-overexpressing BMSCs exosomes on Neuronogenesis and apoptosis. A. The expression of
GFAP was detected by immunofluorescence staining. B. The expression of NF was detected by immunofluorescence staining.
C. Apoptosis was detected by flow cytometry; D. Statistical results of immunofluorescence staining. E. Statistical results of
apoptosis. Compared with sham operation group, **p<0.01; Compared with SCl+mimics NC Exos group, #p<0.05, #p<0.01.
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Exosomes of BMMSCs overexpressing
miR-34b-5p alleviated oxidative stress in SCl rats,
regulated microglial polarization, and reduced
neuroinflammation

The immunofluorescence results demonstrated that, relative
to the Sham group, the expression of oxidative damage marker
8-OHdG as well as mitochondrial superoxide Mitosox were
significantly upregulated in the spinal cord tissue of the SCI
group (p<0.01). However, in the SCI+miR-34b-5p mimics Exos
group, the expression levels of 8-OHdAG as well as Mitosox were
markedly downregulated compared to the SCI+mimics NC Exos
group (Figures 5A, 5B, and 5E) (p<0.05).

Double immunofluorescent staining revealed that, relative to
the Sham group, the expression of CD16 and CD16/IBA-1 were
significantly increased, whereas the expression of CD206 and
CD206/IBA-1 were notably decreased in the spinal cord tissue
of the SCI group (p<0.01). In contrast to the SCI+mimics NC
Exos group, the SCI+miR-34b-5p mimics Exos group exhibited
significantly decreased expression of CD16 and CD16/IBA-1, and
significantly increased expression of CD206 and CD206/IBA-1
(Figures 5C-5F) (p<0.01).

ELISA analysis showed that, relative to the Sham group, the
concentrations of TNF-a, IL-6, IL-1B, MPO, as well as MDA were
elevated in both the serum and spinal cord tissues of the SCI
group, while the levels of SOD as well as CAT were decreased.
In contrast, the SCI+miR-34b-5p mimics Exos group exhibited
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reduced concentrations of TNF-a, IL-6, IL-1p, MPO, as well as
MDA, and increased levels of SOD as well as CAT in both serum
and spinal cord tissues relative to the SCI+mimics NC Exos group
(Figures 5G-51) (p<0.05).

Exosomes of BMMSCs overexpressing miR-34b-5p
inhibit the activation of the MAPK/PI3K/Akt pathway

Western blot analysis revealed that, compared to the Sham
group, the levels of p-JNK1/2, p-ERK1/2, and p-p38 were
significantly upregulated, whereas the level of p-AKT was
markedly downregulated in the SCI group (p<0.01). In contrast,
the SCI+miR-34b-5p mimics Exos group showed significantly
reduced levels of p-JNK1/2, p-ERK1/2, and p-p38, and a marked
increase in p-AKT relative to the SCI+mimics NC Exos group
(p<0.01) (Figure 6).

DISCUSSION

SCI leads to a breakdown in neural connectivity, causing
significant and lasting neurological impairment. When SCI
occurs, cells in the affected area undergo apoptosis, degeneration,
and necrosis, disrupting synaptic connections between neurons
and leading to loss of conduction function. In response to the
injury, the body initiates self-repair mechanisms, resulting in the
proliferation of glial cells, including astrocytes. While these cells
play a protective role for neurons, their excessive accumulation
forms glial scars at the injury site. These glial scars obstruct the
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Figure 5: Impact of miR-34b-5p-overexpressing BMSCs exosomes on microglia polarization and oxidative stress. A. The expression of
8-OHdG was detected by immunofluorescence staining. B. The expression of Mitosox was detected by immunofluorescence staining.
C. Double immunofluorescence staining was used to detect the expression of CD16/IBA-1. D. Double immunofluorescence staining
was used to detect the expression of CD206/IBA-1. E. Statistical results of immunofluorescence staining; F. Statistical results of double
immunofluorescence staining. G. The levels of TNF-q, IL-6 and IL-1f in serum and spinal cord tissue were detected by Elisa; H. The activities
of MPO, MDA, SOD and CAT in serum were detected by Elisa; I. The activities of MPO, MDA, SOD and CAT in spinal tissue were detected by
Elisa. Compared with sham operation group, ‘p<0.05, “p<0.01; Compared with SCl+mimics NC Exos group, #p<0.05, *#p<0.01.
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growth of regenerating neurons as well as limit the extension of
axons, hindering repair and functional recovery following SCI.

Recent research has shown that miR-34b-5p contributes to the
progression of several diseases. For instance, overexpression of
miR-34b-5p has been demonstrated to inhibit oxidative stress
damage and reduce the proliferation as well as metastasis of breast
cancer cells.®** Nevertheless, the contribution of miR-34b-5p in
SCI is still underexplored. Our findings indicate that exosomes
derived from BMMSCs overexpressing miR-34b-5p can promote
neuronal growth and inhibit apoptosis in the spinal cord tissue
of SCI rats. Additionally, these exosomes prevent the excessive
proliferation of astrocytes, reducing glial scar formation and
enhancing motor function recovery in rats with SCL

Microglial polarization plays a crucial role in the secondary
inflammatory damage that follows SCL** During secondary
injury, factors such as Reactive Oxygen Species (ROS), lipid
peroxidation, as well as inflammation can lead to varying degrees
of nerve cell degeneration, apoptosis, and death.’*? Activated M1
microglia drive neuroinflammation, which results in neuronal
apoptosis and harm to the central nervous system.”” Promoting
the polarization of microglia to the M2 phenotype can reduce
inflammation and reverse secondary inflammatory damage.*
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The extent of inflammation following SCI notably impacts the
restoration of motor function due to neuronal loss.>>

Recent studies have demonstrated that minimizing apoptosis,
degeneration, and necrosis caused by secondary injury,
improving the local microenvironment, reducing the release of
harmful factors, and fostering favorable conditions for neuronal
axon regeneration are effective strategies for enhancing SCI
treatment outcomes. Our findings indicate that exosomes
from BMMSCs overexpressing miR-34b-5p can alleviate the
pathological reactions in the myelin sheath of SCI rats. These
exosomes suppress the secretion of pro-inflammatory factors
and the activity of lipid peroxidation factors in spinal cord
tissue, promote the polarization of microglia to the M2 type, and
ultimately prevent nerve cell degeneration and apoptosis.

Secondary damage following SCI involves significant
neuroinflammation and neuronal apoptosis, making these
processes key targets for treatment.””*8 However, most therapies
tend to address only one of these pathological processes. The
MAPK signaling pathway is a primary mechanism mediating
the inflammatory response.”® This pathway regulates the
expression of genes associated with inflammation, apoptosis,

and cell differentiation through the activation of JNKs, p38,
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and ERK cascades.” The activation of transcription factors
impacts the expression of related genes, influencing the
production of pro-inflammatory factors and contributing to
neuroinflammation.* The activation of MAPK is essential for the
synthesis of inflammatory cytokines, like IL-1p as well as IL-6.*
Inhibiting MAPK pathway can reduce microglia activation,
cytokine production, and secondary damage associated with
neuroinflammation.* Additionally, the MAPK signaling pathway
can inhibit neuronal apoptosis by facilitating the polarization
of anti-inflammatory M2 microglia.® Hence, a promising
therapeutic approach is to suppress neuronal inflammation and
apoptosis by deactivating MAPK signaling pathways.

The PI3K/Akt signaling pathway plays a role in cell proliferation,
differentiation, survival, adhesion, and movement.* This pathway
is activated under various pathological or stress conditions, such
as inflammation, ischemia, hypoxia, and oxidative stress.*® Akt,
a key downstream regulator of PI3K, interacts with various
apoptosis-related regulators when activated, promoting cell
survival and inhibiting apoptosis.* Our findings indicate that
BMMSC-derived exosomes overexpressing miR-34b-5p can
suppress the activation of the MAPK signaling pathway while
enhancing Akt phosphorylation to activate the PI3K/Akt
signaling pathway, thus reducing apoptosis.

miR-34b-5p belongs to the miR-34 family and regulates gene
expression by binding to the 3'UTR of target mRNAs. Although
its core targets have been verified in apoptosis and cancer,
bioinformatics predictions (such as TargetScan and miRDB)
suggest that it may regulate hundreds of genes, indicating
extensive potential off-target effects. To reduce systemic exposure
and achieve tissue-specific delivery in future studies, targeted
carriers (such as tumor-specific exosomes or antibody-conjugated
nanoparticles) can be adopted. Alternatively, specificity can
be enhanced and binding to non-target genes can be reduced
through chemical modifications.

CONCLUSION

In summary, our findings showed that exosomes from BMMSCs
overexpressing miR-34b-5p can promote M2 microglial
polarization by modulating the MAPK and PI3K/Akt pathways.
This process helps reduce the secretion of inflammatory
mediators, prevents neuronal apoptosis, and alleviates oxidative
stress. As a result, these exosomes mitigate secondary injury
following SCI and support the recovery of motor function. To
further validate the therapeutic potential of miR-34b-5p-rich
exosomes, future research should expand preclinical testing
to larger animal models to better simulate human physiology.
Additionally, exploring combination therapies, optimizing drug
delivery methods, and evaluating long-term safety profiles are
crucial for enhancing the clinical translatability of spinal cord
injury treatment.
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ABBREVIATIONS

BMMSC: Bone Marrow Mesenchymal Stem Cell; Exos:
Exosomes; miR-34b-5p: MicroRNA-34b-5p; SCI: Spinal
Cord Injury; MAPK: Mitogen-Activated Protein Kinase;
PI3K: Phosphoinositide 3-Kinase; Akt: Protein Kinase
B; HE: Hematoxylin and Eosin; BBB: Basso, Beattie, and
Bresnahan Score; NC: Negative Control; TUNEL: Terminal
Deoxynucleotidyl Transferase dUTP Nick End Labeling; ELISA:
Enzyme-Linked Immunosorbent Assay; NTA: Nanoparticle
Tracking Analysis; TEM: Transmission Electron Microscopy;
SOD: Superoxide Dismutase; MDA: Malondialdehyde; CAT:
Catalase; MPO: Myeloperoxidase; GFAP: Glial Fibrillary Acidic
Protein; NF: Neurofilament Protein; 8-OHdG: 8-Hydroxy-
2'-Deoxyguanosine; ROS: Reactive Oxygen Species; DAPI:
4',6-Diamidino-2-Phenylindole; TBST: Tris-Buffered Saline
with Tween-20; FBS: Fetal Bovine Serum; DMEM: Dulbecco's
Modified Eagle Medium; SPSS: Statistical Package for the Social
Sciences.
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SUMMARY

This study investigates the therapeutic role of Bone Marrow
Mesenchymal Stem Cell (BMMSC)-derived exosomes enriched
with miR-34b-5p in SCI. Exosomes were extracted from BMMSCs
transfected with miR-34b-5p mimics and administered to a
rat model of SCI. The results demonstrate that these exosomes
significantly improve neuronal survival, reduce apoptosis, and
mitigate inflammation and oxidative stress by modulating
the MAPK and PI3K/Akt pathways. Enhanced M2 microglial
polarization and reduced glial scar formation were observed,
contributing to motor function recovery. These findings highlight
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the potential of miR-34b-5p-enriched exosomes as a promising
therapeutic strategy for SCI.
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