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Obijective: This study explored a novel therapy for spinal cord injury (SCI) using cationic liposomes to deliver the anti-apoptotic Bcl-
2 gene into rat bone marrow mesenchymal stem cells (BMSCs), followed by transplantation into a rat SCI model to evaluate its
potential in promoting neural regeneration and enhancing SCI therapy.

Methods: BMSCs were isolated and characterized for surface markers and differentiation potential, and transfected with Bcl-2 via
cationic liposomes. A rat SCI model was established to assess the therapeutic effects of BMSCs and Bcl-2-BMSCs. Functional
recovery was evaluated using the Basso, Beattie, and Bresnahan (BBB) scale and inclined plate test, while histopathology, Western
blot, and real-time polymerase chain reaction (RT-PCR) analyses were performed to assess neural recovery. Nissl and myelin staining
were used to evaluate neuronal and myelin recovery.

Results: Following successful characterization of BMSCs and the spherical cationic liposomes (105 + 1.3 nm, 18.65 + 1.37 mV zeta
potential), optimal transfection conditions were identified. Bcl-2-transfected BMSCs expressed high levels of Bcl-2 with low toxicity.
In addition, the SCI results showed significant improvements in the BBB and inclined plate scores of rats in the BMSCs and Bcl-
2-BMSCs groups compared to the model group (p< 0.01). HE-stained samples demonstrated that the secretion of Bel-2 and BMSCs
plays a crucial role in SC repair. Western blot results revealed an upregulation of proteins associated with neural recovery (Bcl-2, -
tubulin3, MAP2, NF-200, MBP) and a downregulation of the glial scar-associated protein GFAP in both the BMSCs and Bcl-
2-BMSCs groups. Furthermore, Nissl staining and myelin staining showed that both the BMSCs and Bcl-2-BMSCs groups exhibited
enhanced neuronal survival, inhibition of demyelination, and significant myelin regeneration.

Conclusion: Transplantation of Bcl-2-transfected BMSCs represents a highly promising strategy that effectively promotes neural
regeneration, inhibits scar formation, reduces demyelination, and enhances functional recovery, highlighting its potential for clinical
translation.
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Introduction

Spinal cord (SC) injury (SCI) is caused by vertebral fractures or dislocations resulting in damage to the SC or cauda
equina nerve. Central nervous system disorders can lead to severe disabilities or motor dysfunctions. SCI can also be
triggered by secondary damage due to physical trauma, tumors, infections, or degenerative disc diseases.! The patho-
logical process of traumatic SCI is complex with high rates of disability and mortality.>* SCI involves both primary and

secondary injuries, including neuronal function inhibition due to neuronal tissue loss,” suppression of neural development
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by glial scar formation,®” and restricted SCI recovery because of the upregulation of inhibitory molecules.® To prevent
further damage to the SC, therapeutic strategies currently employed by physicians for SCI treatment include early
surgical intervention and methylprednisolone sodium succinate at high-dose.”'® Despite these therapeutic options, the
recovery of neural function is still limited, with a significant impact on patients’ daily lives, thereby making it imperative
to find more effective treatments for SCI.

Cell transplantation is a promising treatment option for SCL."' Within the broader landscape of regenerative strategies
for SCI, several emerging approaches are under active investigation. These include cell-derived exosomes, which
mediate therapeutic effects via paracrine signaling but pose challenges for standardized production and controlled
delivery;'? biomaterial scaffolds that provide structural support yet may provoke foreign body responses or lack

sufficient bioactivity;'?

and CRISPR-based gene editing, which enables precise genetic modification but is hampered
by delivery inefficiency and safety concerns.'® In contrast, non-viral vector-mediated gene delivery, particularly employ-
ing cationic liposomes, offers a compelling alternative due to its well-established safety profile, high transfection
efficiency, and relative ease of large-scale production.' Transplantation of mesenchymal stem cells (MSCs) into SCI
models has been shown to promote neuron survival and support axonal regeneration. However, the extent of integration
and neuronal differentiation of transplanted cells remains a topic of ongoing investigation. Recent studies have provided
evidence that while MSCs may not directly differentiate into neurons, they contribute to SCI repair through paracrine
signaling, which supports neuronal survival and regeneration.'® Tissue engineering research generally involves three key
components: 1) stem cells, 2) growth factors necessary for cell survival, and 3) scaffold materials.'” Stem cells represent
a unique class of therapeutic agents.'® For example, in 2011, Hearticellgram-AMI, a stem cell-based therapeutic drug,
was officially approved in South Korea for the treatment of acute myocardial infarction.'” In 2012, Prochymal, a stem
cell drug, was approved for use in Canada.’’ In September 2016, an injectable solution of human dental pulp
mesenchymal stem cells was the first dental-derived stem cell drug accepted for registration in China.?"*?

Mesenchymal stem cells (MSCs) are adult cells that can differentiate into cartilage, bone, fat, tendon, ligament, and
other tissues.”>* In view of their ability to highly proliferate, potentially differentiate in a multilineage fashion, exhibit
paracrine effects, and have low immunogenicity, scientists usually utilize MSCs as seed cells in tissue engineering.”> 2
Currently, MSCs are derived from bone marrow, bone, dental pulp, fat, and umbilical cords.?’*! Bone marrow stromal
cells (BMSCs), derived from the bone marrow tissue, are the most common source of MSCs.>?> MSCs are widely
investigated for neural repair owing to their trophic, immunomodulatory, and pro-regenerative propertiecs. BMSCs are
multipotent mesenchymal stromal cells with multilineage differentiation capacity, classically along the osteogenic,
chondrogenic, and adipogenic lineages.>* ¢ As seed cells, BMSCs exhibit diverse differentiation abilities including
osteogenesis, chondrogenesis, adipogenesis, and myogenesis.’’** However, challenges remain regarding the low rates of
survival and differentiation of BMSCs into neural cells after cell transplantation.** Moreover, it remains unclear whether
BMSCs directly promote axonal regeneration or not. Therefore, these issues limit the application of BMSCs in SCI
treatment.

The anti-apoptotic protein B-cell lymphoma-2 (Bcl-2) belongs to the integrin membrane protein family and has
a molecular weight of 26 kDa.***! Bcl-2 is localized in the mitochondria, endoplasmic reticulum, and nuclear membrane
via its C-terminal transmembrane domain.*> The mitochondrial apoptotic pathway is regulated primarily by the Bcl-2
protein family.**** Bcl-2 binds to pro-apoptotic proteins and inhibits outer membrane permeability in mitochondria,
thereby preventing cytochrome c release into the cytoplasm and inhibiting apoptosis.** In addition, Bcl-2 is involved in
regulating neuronal differentiation,*> which can be promoted by the overexpression of Bcl-2.***” Through family of Bcl-
2 protein, the neuronal cells regulate cell death and axonal degeneration.*® Studies in rat brain ischemia models have
shown that Bcl-2 overexpression promotes cortical neuron survival and substantially enhances the differentiation of

transplanted stem cells from embryos into neurons,'>**~°

thereby resulting in improved functional recovery. In addition
to facilitating the regeneration of axons via the Ca>*-ERK/CREB pathway, the anti-apoptotic protein Bcl-2 promotes the
survival and differentiation of neural cells.*®>' In addition, the overexpression of Bcl-2 is closely linked to the
functionality of BMSCs.'> Secondary injury in SCI is characterized by widespread apoptosis of host neurons and glia
as well as poor survival of transplanted cells. Bcl-2 is a canonical anti-apoptotic regulator; transient overexpression can

increase cell survival and preserve tissue integrity in acute CNS injury models. We therefore selected Bcl-2 to enhance
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the survival and therapeutic activity of transplanted BMSCs. Prior reports similarly describe improved graft survival and
functional benefit with Bcl-2-overexpressing stem cells in CNS contexts. >

In this study, Bcl-2 expression was achieved via non-viral plasmid transfection, minimizing integration risk. We used
cationic liposomes, a non-viral platform that complexes DNA through electrostatic interactions. Compared with viral
vectors, cationic liposomes offer straightforward preparation, low immunogenicity, and flexible dosing, while achieving
practical transfection efficiency in MSCs with low cytotoxicity under optimized conditions. This approach balances
efficacy and safety, aligning with our goal of transiently augmenting BMSC survival and function after SCI. Prior studies
have reported that Bcl-2—overexpressing stem cells show improved survival and functional benefit in CNS injury
models, 15:47:50.54

This study aimed to investigate the effect of Bcl-2 overexpression on cell viability and analyze the impact of Bcel-
2-overexpressing BMSCs on SCI repair in rats. This study aimed to provide new insights into optimizing BMSC

transplantation strategies for SCI repair and offering theoretical and technical guidance for clinical SCI treatment.

Materials and Methods

Materials

Ethanol was supplied by Sinopharm Chemical Reagent Co. Ltd. Beijing Solarbio Science and Technology. Co., Ltd.
provided kits for bicinchoninic acid (BCA) assay, cholesterol, hematoxylin-eosin staining, 3-(4, 5-dimethyl-thiazolyl-2)-
2, 5-diphenyl-tetrazolium bromide (MTT) assay, phosphate-buffered saline (PBS), formaldehyde, and 3% phosphotungs-
tic acid solution. The Nissl staining kit, Sirius Red staining solution, Oil Red O staining, and Luxol Fast Blue Myelin
Staining Kit were obtained from Shanghai Zeyebio Biotechnology Co., Ltd. Fetal bovine serum (FBS), Dulbecco’s
modified Eagle medium (DMEM), and trypsin were purchased from Gibco. Antibodies against CD29 (11-0291-82),
CD34 (11-0341-82) and CD90 (14—0909-82) were purchased from Thermo Fisher Scientific (USA). Antibodies against
Bcl-2 (ab196495), B-tubulin 3 (ab18207), microtubule-associated protein-2 (MAP2, ab5392), glial fibrillary acidic
protein (GFAP, ab7260), nestin (ab221660), myelin basic protein (MBP, ab7349) and B-actin (ab8226) were purchased
from Abcam (USA). Anti-neurofilament (NF-200, #55453) antibody was purchased from CST (USA). The pre-stained
colored protein marker (BP107) was purchased from Bio-Platform (Guangzhou, China). The NH OsteoDiff Medium was
purchased from Miltenyi Biotec (Germany).

Isolation and ldentification of Rat BMSCs

Sprague-Dawley (SD) rats with a mean weight of approximately 250 g were purchased from Charles River (Beijing,
China). All animal procedures were performed in accordance with a protocol approved by the Ethics Committee of
Xishan People’s Hospital Of Wuxi City (approval number: xs2020ky015). In addition, we strictly adhered to the ethical
guidelines outlined in the Guide for the Care and Use of Laboratory Animals to ensure proper animal welfare throughout
the study. After ensuring proper care of the rats in conducive laboratory environments, they were anesthetized and
sacrificed via dislocation of the cervical spine before their skin was disinfected with 75% ethanol, as reported in other

studies,”>>¢

with some modifications. The skin and muscles around the femurs and tibias were quickly cut open under
sterile conditions, and bones were extracted and soaked in PBS. The bones were disinfected under ultraviolet light for
30 min and washed thrice with PBS containing penicillin and streptomycin. Both ends of the bone were removed to
expose the bone marrow cavity. Under aseptic conditions, a 5-mL sterile syringe fitted with an 18-gauge (18G) needle
was used to inject 5 mL of growth medium through one end of the bone to flush the marrow, which was collected in
a sterile Petri dish.

The cell suspension was aspirated and resuspended to disperse the cells, and then collected in a 15 mL centrifuge
tube. The sample was centrifuged at 1000 rpm for 5 min at room temperature. The supernatant was discarded, and the
pellet was resuspended in 6 mL of complete medium. The single-cell suspension was transferred to a culture dish and
incubated. After 24 h, the cells were observed under a microscope; most were spherical and composed of red blood cells.
The medium was then replaced to remove floating blood cells. Subsequently, the medium was changed every 2—-3 days
until the cells reached 80—90% confluency, at which point they were passaged.
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BMSC identification was performed according to the available protocol with slight modifications.>® The third passage
(P3) of BMSCs was harvested by trypsinization. Cells were resuspended in PBS at a concentration of 1 X 10%/mL. Flow
cytometry was performed using antibodies against CD29, CD34, and CD90, with three parallel samples for each
antibody, every single sample represents an independent experimental case. Immunofluorescence staining was performed
using the anti-CD29, anti-CD34, and anti-CD90 antibodies. For qualitative marker assessment only, COL2A1 immuno-
fluorescence was carried out on baseline cultures (no induction) using anti-type II collagen antibody. Before blocking the
membranes with goat serum and permeabilization with 0.1% Triton X-100, cells were fixed for 15 min in paraformalde-
hyde (PFA, 4%). The samples were incubated with primary antibodies overnight at 4 °C, and with fluorescent secondary
antibodies at room temperature for 30 min. Fluorescence microscopy was used to observe the protein expression levels.

To assess differentiation potential, cells were induced to differentiate into osteoblasts and adipocytes, as described
previously.”” For osteogenic differentiation, cells were seeded in 6-well plates at a density of 5x10% cells/well and
cultured in osteogenic induction medium. After 10 days, the cells were fixed with 95% ethanol and stained with Alizarin
Red. For adipogenic differentiation, cells were induced with high-glucose medium containing 5 pg/mL insulin,
0.5 mmol/L IBMX (3-isobutyl-1-methylxanthine), and dexamethasone (1 umol/L). After 4 days, Oil Red O staining
was performed to visualize lipid droplets. For chondrogenic differentiation, cells were centrifuged to form micromasses
at a density of 2.5x10° cells/tube and cultured in chondrogenic induction medium containing 1% ITS+ Supplement,
50 pg/mL ascorbic acid, 100 nM dexamethasone, and 10 ng/mL TGF-B3. After 21 days, the chondrogenic pellets were
fixed with 4% paraformaldehyde and stained with Toluidine blue to detect proteoglycan synthesis.

Preparation of Bcl-2 Gene-Loaded Cationic Liposomes

Preparation of Blank Cationic Liposomes

Based on Bangham method,® a mixture of DSPC (80 pL, 1.0 mmol/L), DSPE-PEG (80 uL, 1.0 mmol/L), and cholesterol
(25 pL, 1.0 mmol/L) was dissolved in 3 mL of chloroform. The solvent was evaporated under reduced pressure using
a rotary evaporator to form a thin lipid film. The film was resuspended in 2 mL of either water or PBS and then extruded
20 times through a 0.45 um polycarbonate membrane to obtain uniformly sized cationic liposomes.

Preparation of Bcl-2 Plasmid-Loaded Cationic Liposomes

Expression plasmid. We used a Bcl-2 expression plasmid comprising the rat Bcl-2 ORF cloned into pcDNA3.1 under the
CMYV immediate-early promoter (Kozak consensus upstream of ATG; vector-encoded 3’ polyadenylation signal). The
coding sequence corresponds to GenBank: 114680.1. The plasmid was constructed and synthesized by GenScript
(Nanjing, China), amplified in E. coli, and purified using an endotoxin-free maxiprep; insert identity and orientation
were confirmed by Sanger sequencing.

Lipoplex formation. For transfection,””*® 1 ug of the Bcl-2 expression plasmid was mixed with the cationic liposome
formulation in serum-free medium to form DNA-lipid complexes (lipoplexes) at the indicated N/P ratio = 10:1. The
mixture was gently combined and allowed to complex at room temperature before application to cells as described in
Effect of Bcl-2 Plasmid-Loaded Cationic Liposomes on BMSCs Differentiation.

Characterization of Blank and Bcl-2 Plasmid-Loaded Cationic Liposomes

The cationic liposomes were diluted with water to a final volume of 10 mL. The diluted solution was added to the sample
chamber for measurement, wherein the particle number served as the basis for determining particle size and zeta
potential. Each sample was measured six times, and the average value was calculated, with each measurement taking
20s. In this study, each sample is the result of an individual and independent experiment. To determine the morphology,
a particular quantity of cationic liposomes was diluted as described above, before an appropriate volume of the diluted
solution was transferred to a small beaker. After allowing it to stand for 10 min, 3% phosphotungstic acid was added to
ensure negative staining. The negative staining solution was then aspirated and dropped onto a copper grid, and excess
staining solution was removed using filter paper. The sample was allowed to stand for 30 min to enable the particle
deposition on the Cu grid. The size and morphology of the particles were observed by transmission electron microscopy
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(TEM). All measurements were conducted at 25°C. Dynamic Light Scattering (DLS) was used to assess liposomal size,
polydispersity index (PDI), and zeta potential of the formulation.

Effect of Bcl-2 Plasmid-Loaded Cationic Liposomes on BMSCs Differentiation
BMSCs (seeded at 1x10° cells/well in 6-well plates, 70% confluent) were exposed to 100 pg/mL Bcl-2-liposomes for 4 h,
followed by medium replacement and further cultivation. The effect of transfection on cell viability was measured using
the MTT assay.®’ BMSCs were incubated with varying concentrations of Blank-liposome and Bcl-2-liposome solutions
(1, 5, 10, 50, 100, and 200 pg/mL). After 3 days of incubation, the MTT solution was added, and the absorbance was
measured at 490 nm to calculate cell viability. Cell Viability (%) = (ODgxperimental Group/ODNegative Control Group)* 100.
Bcl-2 expression was measured using an enzyme-linked immunosorbent assay kit (ELISA; Mlbio, Shanghai, China),
and protein expression was detected by Western blotting. Protein samples were extracted from the cells and quantified
using a BCA assay. Normality was assessed by Shapiro—Wilk and variance homogeneity by Levene’s test. Because
variances were unequal (Levene p=0.004), group differences in Bcl-2 expression were analyzed using Welch’s one-way
ANOVA, followed by Welch #-tests for pairwise comparisons with Bonferroni adjustment. We report two-sided exact
p values. Effect sizes are > for the omnibus test and Hedges® g for pairwise comparisons, each with 95% CIs.
Further, Proteins were separated by SDS-PAGE, transferred to a PVDF membrane, blocked with 5% non-fat milk,
and incubated with anti-Bcl-2 primary antibody (1:100) at 4 °C overnight. After washing, the membrane was incubated
with secondary antibody at room temperature for 60 min. Protein bands were visualized using ECL detection, and the
relative expression levels were analyzed.

Cellular Uptake of Rhodamine B-Loaded Cationic Liposomes
Cationic liposomes were prepared by thin-film hydration as in Preparation of Bcl-2 Gene-Loaded Cationic Liposomes.
Briefly, the dried lipid film was hydrated with PBS (pH 7.4) containing Rhodamine B (10 pg/mL), vortexed, and briefly
sonicated. Liposomes were extruded sequentially through 0.45 um and 0.20 pm polycarbonate membranes to obtain
a uniform suspension. All steps involving dye were performed under low light. To eliminate unencapsulated Rhodamine
B, the suspension was subjected to gel-filtration using Sephadex G-50, and the final retentate was brought to the desired
lipid concentration. The absence of free dye was verified by measuring fluorescence in the filtrate versus the retentate.
MSCs were seeded at 5x10° cells/mL (2 mL/dish) in glass-bottom confocal dishes and cultured 24 h to ~60-70%
confluence. Cells were then incubated with Rhodamine B-loaded liposomes (final 10 pg/mL, lipid-equivalent) in
complete medium at 37 °C. Prior to imaging, cells were washed 3% with PBS to remove non-internalized material.
Uptake was assessed by fluorescence microscopy at 24 h and 48 h using identical exposure/gain settings across all groups
(Rhodamine B ex/em ~540/625 nm). Nuclei were counterstained with DAPI where indicated.

Effects of Bcl-2 Plasmid-Loaded Cationic Liposomes on Rats with SCI

Construction of Rat Model of SCI

The night before surgery, rats were fasted, and water was withheld on the day of surgery. Using 7% chloral hydrate, rats
were anesthetized via intraperitoneal injection before their skin was disinfected. The rats were then placed on a sterile
surgical table and the T12 vertebra (located at the highest point of the spinous process) was identified. Subsequently, we
incised the lower back of the rats in the midline, prior to separating the muscles and vertebrae layer-by-layer. The T10-11
SC was completely transected using a blade to induce SCIL.

Groupings and Administration

Rats were randomly assigned into six groups (n=6 per group) using a computer-generated random number table to ensure
unbiased group distribution: (a) sham-operated, (b) model, (c) low-dose BMSCs treatment (2 x 10* cells/uL), (d) high-
dose BMSCs treatment (5 x 10* cells/uL), (e) low-dose Bcl-2-BMSCs treatment (2 x 10* cells/uL), and (f) high-dose
Bcl-2-BMSCs treatment groups (5 x 10* cells/uL). The sample size of n=6 per group was chosen based on standard
practice in spinal cord injury models and previous studies, ensuring sufficient statistical power for detecting meaningful
differences in early recovery outcomes while adhering to ethical considerations regarding animal use.*> On the first
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postoperative day, BMSCs were transplanted in situ in each group. The rats were re-anesthetized and the injured spinal
site was re-exposed using the same surgical approach. A cell suspension was prepared at concentrations of 2x10* cells/
uL and 5 x 10%cells/uL for each group, and PBS was used as a blank control. A microinjection syringe was used to inject
5 uL of the BMSCs suspension or PBS into the ventral horn of the SC at the site of injury. The syringe needle was
inserted 1.5 mm deep, and after injecting the suspension slowly, the needle was withdrawn slowly prior to keeping it
steady for 5 min. The skin and muscles were then sutured in layers. Postoperative care was provided, as described in this
study.

Basso, Beattie and Bresnahan (BBB) Score
Based on the existing BBB score,®” we evaluated open-field motor function on days 0, 3, 14, 21, and 28 post-injuries.
Two blind observers, blinded to the group assignments, independently evaluated the locomotor function of each rat.
Simultaneous video recordings were made to allow for subsequent verification if needed. To assess the recovery of
function after injury and treatment, we employed a BBB score ranging from 0 (no movement of the hind limb) to 21
(normal gait cycle). In addition, the potential of the materials to induce early damage to the normal function of the motor
system was determined by conducting BBB testing in animals that were not injured.

Slope tests were performed using a testing apparatus on Days 0, 3, 14, 21, and 28. For each animal, we obtained
a single score by averaging the recorded value of the maximal angle at which the rat could maintain its posture without
falling for 5 s. All samples were part of separate and independent experiments.

Behavioral Studies

After sciatic nerve injury,®’ several behavioral analyses were conducted on rats, as reported in our earlier study.
Evidently, when regeneration of sciatic nerve function was sufficient, we considered this to be the recovery of motor
activity in the left hind limb. As described in previous studies,***** locomotion in rats was tracked by analyzing the
walking patterns of freely moving rats. During this test, we placed the rats on a track that was 100 mm wide and 500 mm
long, while the bottom was covered with white paper, thereby leading to a dark box at the end, and their hind paws were
coated with dark dye. The rats were allowed to walk freely, and their gait and locomotion recovery were analyzed.

Histological Observation

Sodium pentobarbital (4 mg/100 g per body weight) was utilized to anesthetize the animals via intra-peritoneal injection
after 28 days, which was followed by perfusion with sodium chloride solution (0.9%) and PFA (4%) PBS (0.01M,
pH=7.4). Later, we harvested the T8-T10 segments of SC and preserved them in PFA (4%) before embedding them in
paraffin. Histopathological evaluations (HE, Nissl, and myelin staining) and subsequent analyses were performed by
investigators who were blinded to the experimental groups.

Western Blot Detection of Protein Expression

Using Western blotting, we detected the relative expression of B-tubulin3, MAP2, GFAP, nestin, NF-200, and MBP at
protein levels. Proteins were extracted from the SC tissues of the experimental groups using RIPA lysis buffer (Beyotime,
Beijing, China). Protein quantification was performed using the BCA protein assay kit according to the manufacturer’s
instructions and based on the number of standards and samples. Subsequent experimental procedures followed the WB
detection method outlined in Effect of Bcl-2 Plasmid-Loaded Cationic Liposomes on BMSCs Differentiation.

Statistical Analysis

All analyses were conducted in GraphPad Prism v8 and R v4.4.1. For each endpoint, we assessed normality of model
residuals using the Shapiro—Wilk test and Q-Q plots, and homogeneity of variances using Levene’s/Brown—Forsythe
tests. When variance heterogeneity was detected, we used Welch’s procedures (Welch one-way ANOVA or Welch
¢ tests); when normality was doubtful, we used nonparametric alternatives (Mann—Whitney U for two groups; Kruskal—
Wallis with Dunn’s post-hoc and multiplicity adjustment for >3 groups). For the day-28 behavioral outcomes (BBB and
inclined plane), we fit a two-way ANOVA with factors Construct (BMSC vs Bcl-2-BMSC) and Dose (Low vs High),
including the interaction; planned simple-effects (Construct within each Dose) were Bonferroni-adjusted. We report two-
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sided exact p values (to three decimals; p<0.001 when smaller) and effect sizes with 95% Cls: Hedges’ g (small-sample
corrected) for pairwise comparisons and n*/partial n* for omnibus effects (95% CIs for partial n* obtained in R). Data are
shown as mean + SD. Diagnostic outputs (Shapiro—Wilk, Levene/Brown-Forsythe, Q-Q plots) are provided in
Supplementary Figure S1-S2.

Results

Identification of BMSCs

As shown in Figure 1A, third (P3), fourth (P4), and fifth (P5) generations of BMSCs exhibited good growth and were
distributed along the bottom of the culture flask. The cells were large and elongated, with bright cytoplasm and good
refractive properties, thereby showing minimal variation among them. As shown in Figure 1B, the fluorescent expression
of CD34 protein in BMSCs was nearly undetectable, suggesting the minimal presence of CD34 protein in these cells. As
illustrated in Figures 1C and D, fluorescence staining revealed high expression levels of CD29 and CD90 in the BMSCs.
BMSC identity was confirmed using complementary assays targeting CD29, CD90, and CD34. Flow cytometry
demonstrated uniformly high expression of CD29 and CD90 in nearly all cells (=<100% positivity) with minimal CD34
signal (=1%), consistent with a mesenchymal profile (Figure 1E). Immunofluorescence micrographs showed strong
membrane/cytoplasmic staining for CD29 and CD90 and background-level signal in the CD34 channel, while preserving
the typical spindle-shaped morphology of cultured BMSCs (Figure 1B-D). The concordance between the quantitative
distribution (flow cytometry) and the spatial localization (immunostaining) provided evidence that the isolated cells meet
expected MSC marker criteria. Type II collagen (COL2A1) immunostaining was detectable in a subset of baseline (non-
induced) cultures (Figure 1F), consistent with chondrogenic marker expression. As shown in Figure 1G, Alizarin Red
S staining revealed numerous calcified nodules, which confirmed the differentiation of BMSCs into osteoblasts.

P4 ~ps E cpy CD29 CDY0

COL2A1

Alizarin Red H Inducing I Inducing
chondrogenesis

Figure | Phenotypic characterization of rat bone marrow mesenchymal stem cells (BMSCs). (A) Microscopic images of the cells. (B) Fluorescent expression of CD34
protein. (C) Fluorescent expression of CD29 protein. (D) Fluorescent expression of CD90 protein. (E) Flow cytometry results for CD29, CD34, and CD90. (F)
Immunofluorescence for type Il collagen (COL2AI) in baseline culture without chondrogenic induction, shown as a qualitative marker of chondrogenic potential. (G)
Alizarin Red staining results. (H) Oil Red O staining results. (I) Toluidine blue staining results. Scale bars: (B-D, F) 50 um; (G-I) 100 pm.
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Additionally, Figure 1H shows the accumulation of lipid droplets within cells, indicating adipocyte induction.
Furthermore, as presented in Figure 11, Toluidine blue staining displayed abundant proteoglycan deposition, confirming
the chondrogenic differentiation of the cells. Collectively, these results confirmed that the cultured cells were BMSCs.

Characterization of Bcl-2 Liposomes

Based on the results in Figures 2A and B, the particle sizes of Blank-liposomes and Bcl-2 liposomes were measured to be
105 £ 1.28 nm and 117 £ 1.75 nm, respectively, with respective PDI of 0.201 £ 0.015 and 0.209 + 0.017. The zeta
potentials were respectively +18.65 = 1.37 mV and +15.53 + 1.12 mV. Figures 2C and D illustrate that the TEM results
for blank liposomes and Bcl-2 liposomes were consistent with those obtained using the DLS technique, which indicated
an average particle size of approximately 100 nm. The liposomes exhibited near-spherical and uniform shapes, with
discernible bilayer structures. As depicted in Figure 2E, the content of Rhodamine B in the cells was significantly higher
at both 24 and 48 h, which suggests that the cationic liposomes were effectively taken up by BMSCs.

Detection of Cell Viability and Bcl-2 Expression After Transfection of BMSCs

With an increase in the concentrations of Blank-liposome and Bcl-2-liposome, cell viability also decreased gradually
(Figure 3A). At a concentration of 100 pg/mL for both Blank-liposome and Bcl-2-liposome, the viability of BMSCs
remained above 90%. This level of viability was sufficient to conduct related experiments. Therefore, 100 pg/mL Bcl-
2-liposome were chosen for transfection in the subsequent experiments. As shown in Figure 3B, the ELISA results
indicated that Bcl-2 protein levels in the control and blank-liposome groups were essentially equivalent, whereas the Bel-
2 protein levels in the Bcl-2-liposome group showed a significant increase compared to the control (p< 0.01). This
suggests that Bcl-2-liposome effectively facilitated the transfection of Bcl-2 into BMSCs. Similarly, as displayed in
Figures 3C and D, Western blot detection results exhibited a trend consistent with those of the ELISA, which further
confirms that Bcl-2-liposome efficiently transfected Bcl-2 into BMSCs.

A B
o= ) —_
90/ 90 1 2
80/ 80 |
701 701
601 / 60 1
501 50 1
401 / 40 |
301 30 |
201 20 |
10| 10 |
| 10.00 100.00 1.0e+3| | 10.00 100.00 1.0e+3 |
Diameter (nm) Diameter (nm)
E DAPI Rhodamine B Merge

24h

48h

Figure 2 Characterization of Bcl-2 liposomes. (A) Particle size of blank liposomes. (B) Particle size of Bcl-2 liposomes. (C) Transmission electron microscopy (TEM) image
of blank liposomes. (D) TEM image of Bcl-2 liposomes. (E) Results of the uptake capacity analysis of cationic liposomes Scale bars: (C-D) 200 nm; (E) 50 pum.
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Figure 3 Detection of activity and Bcl-2 expression in transfected rat bone marrow mesenchymal stem cells (BMSCs). (A) Activity detection results of BMSCs post-
transfection (n=6). (B) ELISA for Bcl-2 protein (mean % SD, n=6). Welch ANOVA: F(2, 9.198)=795.192, p<0.001; fixed-effects n>=0.995 (95% Cl [0.988, 0.997]). Welch
pairwise comparisons (Bonferroni-adjusted): Control vs Blank-Liposome p=1.000 (g=—0.10 [-1.15, 0.94]); Control vs Bcl-2-Liposome p<0.001 (g=—21.51 [-30.99, —12.02]);
Blank-Liposome vs Bcl-2-Liposome p<0.001 (g=—21.22 [-30.58, —11.86]). Two-sided tests. (C) Western blot results for Bcl-2 expression. (D) Statistical results of Bcl-2
expression from Western blot (mean * SD, n=3). B-actin was used as an internal control. One-way ANOVA: F>6=28.339, p<0.001; 1%=0.904 (95% CI [0.860, 0.998]).
Pairwise t-tests (Bonferroni-adjusted): Bcl-2-Liposome vs Control t*=5.791, Padgi=0.013 (g=3.78, 95% CI [0.87, 6.70]); Bcl-2-Liposome vs Blank-Lipsome t*=5.941, Pagi=0.012
(g=3.88, 95% CI [0.90, 6.86]). Two-sided tests.

Effects of Bcl-2 Liposomes on Behavioral and Histopathological Outcomes in Rats with
SCI

As illustrated in Figure 4A, the BBB score of all rat groups prior to surgery was approximately 20. Following surgery, the
scores for the surgical groups dropped to approximately 3 points; however, in the sham-operated group, the scores only
decreased to approximately 19 points and quickly recovered. From postoperative weeks 1 to 4, the BBB scores in the SCI
group (Group B) remained relatively stable at approximately 3 points, indicating no significant recovery of hind limb
motor function. In contrast, the BBB scores of the four treatment groups gradually increased, with the scores for both the
high-and low- dose Bcl-2-BMSCs groups exceeding those of the high- and low-dose BMSCs groups (p< 0.01). Notably,
the BBB score in the high-dose Bcl-2-BMSCs group (Group F) showed the most significant recovery. This score reached
approximately 12 points, which was significantly higher than that of the other groups (p < 0.01), indicating a marked
improvement in mobility. Day-28 BBB scores were analyzed with a two-way ANOVA (Construct: Bcl-2-BMSC vs
BMSC; Dose: High vs Low). There was a main effect of Construct favoring Bcl-2-BMSCs (F(; 20=4.99, p=0.037; partial
1?=0.20, 95% CI [0.01, 0.55]), whereas the main effect of Dose and the interaction were not significant (Dose: F(; 20y
=2.06, p=0.167, partial n°=0.09; ConstructxDose: F(1,20=0.10, p=0.753, partial 1?=0.01). Planned simple-effects showed
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Figure 4 lllustration of the behavioral and pathological examination results of spinal cord (SC) injury (SCI) rats (n=6): (A) BBB scores. Two-way ANOVA (Construct: Bcl-
2-BMSC vs BMSC; Dose: High vs Low) showed a Construct main effect (F'*°=4.99, p=0.037; partial 12=0.20, 95% CI [0.01, 0.55]); Dose (F'*°=2.06, p=0.167; partial
n2=0.09) and ConstructXDose (F"2°=0.I0, p=0.753; partial n2=0.0l) were not significant. Planned simple-effects (Bonferroni) favored Bcl-2-BMSCs within each dose but did
not reach adjusted significance (Low p,¢;=0.234; High p.g; =0.310; g and 95% Cls reported in text). (B) Inclined plane test scores. Two-way ANOVA showed a Construct
main effect (F'?°=11.16, p=0.003; partial 1?=0.36, 95% CI [0.17, 0.64]); Dose (F'?°=3.57, p=0.074; partial 1>=0.15) and ConstructxDose (F'**°=0.53, p=0.476; partial
17=0.03) were not significant. Planned simple-effects (Bonferroni) favored Bcl-2-BMSCs at both doses, reaching borderline adjusted significance at Low dose (pagj =0.052;
g=1.40, 95% CI [0.75, 2.86]) and trending at High dose (p.q; =0.130; g=1.11, 95% CI [0.21, 2.81]). All tests are two-sided. (C) Gait analysis. Representative footprint patterns
combined with quantitative measurements of stride length and stride width (cm). Quantitative footprint metrics at day 28. Stride length ANOVA (Construct x Dose):
F'$=419.59, p<0.001, partial 1>=0.98; Dose: F'®=30.41, p=0.001, partial n*>=0.79; interaction: F'®=4.41, p=0.069. Stride width ANOVA: Construct: F'®=144.09, p<0.001,
partial 12=0.95; Dose: F'®=62.41, p<0.001, partial n2=0.89; interaction: F'®=0.01, p=0.921. Planned simple-effects (Bcl-2-BMSC vs BMSC): length-Low g=7.42, High g=12.56;
width-Low g=—4.61, High g=—7.58 (all p=0.002); 95% Cls reported in text. (D) HE staining results (scale bar: 100 um). a: sham-operated, b: model, c: low-dose BMSCs
treatment (2 x 10* cells/uL), d: high-dose BMSCs treatment (5 % 10* cells/uL), e: low-dose Bcl-2-BMSCs treatment (2 % 10* cells/uL), f: high-dose Bcl-2-BMSCs treatment
groups (5 x 10* cells/uL).

higher means for Bcl-2-BMSCs within each dose but did not remain significant after adjustment (Low: t(10y=1.72, pagj
=0.234; g=0.92, 95% CI [0.00, 2.26]. High: t19)=1.54, paqj=0.310; g=0.82, 95% CI [-0.16, 2.40]).

The results of the inclined-plane test are shown in Figure 4B. The preoperative angle for all groups was approxi-
mately 58°. Postoperatively, all surgical group angles decreased to approximately 20°, while the angle of the sham-
operated group showed minimal change. Furthermore, from week 1 to week 4 post-surgery, the SCI group (Group B)
maintained a test angle of approximately 22°, with no notable improvement. Conversely, the angles for the four treatment
groups gradually increased, with Bcl-2-BMSC groups again exceeding BMSC groups descriptively. Among them, the
high dose Bcl-2-BMSCs group (Group F) exhibited the greatest recovery, with the test angle reaching approximately 37°.
At day-28, inclined-plane angles showed a main effect of Construct (F(; 20y=11.16, p=0.003; partial 1?=0.36, 95% CI
[0.17, 0.64]), indicating Bcl-2-BMSCs outperformed BMSCs when averaging across doses. Dose and the interaction
were not significant (Dose: F(; 0y=3.57, p=0.074, partial n220.15; ConstructxDose: F(j20)=0.53, p=0.476, partial
17=0.03). Planned simple-effects favored Bcl-2-BMSCs within each dose, reaching borderline adjusted significance at
Low dose (t(10y=2.62, paqj=0.052; g=1.40, 95% CI [0.75, 2.86]) and trending at High dose (t10y=2.08, p,4=0.130; g=1.11,
95% CI1[0.21, 2.81)).

The footprint analysis results for rats are shown in Figure 4C. Footprints of the sham-operated group were normal,
with clear visibility of the toes, whereas the SCI group exhibited almost no footprints of the hind limbs. In contrast, the
four treatment groups showed varying degrees of recovery, with the dose Bcl-2-BMSCs group (Group F) demonstrating
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the most pronounced effect, as evidenced by clear hind limb footprints, suggesting a degree of restored mobility. Stride
length (cm). Two-way ANOVA (Construct X Dose, groups c-f) showed strong main effects of Construct and Dose, with
no significant interaction: Construct: F(; ¢=419.59, p<0.001, partial n2=0.98 (95% CI [0.98, 1.00]); Dose: F(; 4y=30.41,
p=0.001, partial 1°=0.79 (95% CI [0.72, 0.96]); ConstructxDose: Fa 8=4.41, p=0.069, partial 1%=0.36 (95% CI [0.07,
0.82]). Planned simple-effects (Bcl-2-BMSC vs BMSC within dose) were large: Low dose (e vs ¢): t4)=11.36, p<0.001,
g=7.42 (95% CI [5.91, 24.17]); High dose (f vs d): t4=19.23, p<0.001, g=12.56 (95% CI [11.10, 57.48]). Day-28 (cm):
¢ 3.13+0.25, d 3.57+0.15, e 5.47+0.25, f 6.43+0.21. (For reference: a 6.73+£0.25; b 2.27+0.31). Stride width (cm). Two-
way ANOVA (Construct x Dose, groups c-f) again showed strong main effects without interaction: Construct: F(; g
=144.09, p<0.001, partial 1°=0.95 (95% CI [0.93, 0.99]); Dose: F.8=02.41, p<0.001, partial 1?=0.89 (95% CI [0.85,
0.98]); ConstructxDose: F; 4y=0.01, p=0.921, partial 1%~0.00 (95% CI [0.00, 0.65]). Simple-effects favored Bcl-2-BMSC
(smaller, more normalized widths): Low dose (e vs ¢): t4==7.05, p=0.002, g=—4.61 (95% CI [-32.01, —3.76]); High
dose (f vs d): t4y=—11.60, p<0.001, g=—7.58 (95% CI [-36.58, —6.58]). Day-28 means+SD (cm): ¢ 6.60+0.46, d 5.30
+0.20, ¢ 4.63%0.15, £ 3.37+0.21. (For reference: a 2.87+0.12; b 6.13+0.12).

Furthermore, as depicted in Figure 4D, the SC tissue structure in the sham-operated group was compact with no signs
of damage. In the SCI model group, SC tissue exhibited significant destruction, with a disorganized structure, sparse
chromatin in neurons, fragmented nuclei in some neurons, cell body shrinkage, increased extracellular space, and
instances of nuclear disassociation. In the other four treatment groups, the SC tissue showed improvement, particularly
in Group F, where the structural integrity of the SC tissue was notably enhanced, with a return to a more normal
arrangement and a significant reduction in the extracellular space.

Results of Electron Contrast (EC) and Nissl Staining in SCI Rats

Similar to the insulating layer around electrical wires, the myelin sheath is regarded as a fatty coating that protects the
nerve fibers. Electrical impulses are rapidly transmitted between the nerve cells because of the coating. Thus, these
electrical signals can be interrupted or halted completely when the myelin is damaged. Demyelination is a common
pathological process observed in central nervous system diseases such as SCI; hence, regeneration of myelin around
axons is considered a potentially effective strategy to promote functional recovery. The myelin staining kit (modified
Page method) utilizes Luxol fast blue (LFB) myelin staining solution to reveal the extent of demyelination, necrosis, and
repair under pathological conditions. After staining the SCI sections with myelin, the myelin appeared blue, whereas the
demyelinated fibers remained unstained. As shown in Figure 5A, the sham-operated group exhibited a normal cellular
structure and precisely arranged neuronal fibers. In the SCI group, significant demyelination and cavitation were
observed, indicating myelin damage in the SC of the SCI rats. In all four treatment groups, light blue staining was
observed in the damaged areas, with the Bcl-2-BMSc high-dose group displaying the darkest coloration. This observation
suggests that Bcl-2-BMSc significantly inhibits white matter demyelination and promotes myelin regeneration.

Nissl staining was used to observe changes in Nissl bodies at the injury site in the SC, thereby assessing neuronal
recovery. Following Nissl staining, the neurons appeared purple. As illustrated in Figure 5B, the sham-operated group
displayed a distinct purple hue, indicating neurons with normal cellular structures and accurately arranged fibers. In the
SCI group, very few purple neurons were observed, accompanied by significant demyelination and cavitation, indicating
a high level of neuronal death in the SC of SCI rats. In the four treatment groups, a substantial number of purple neurons
were visible in the injured areas, with a significant increase in the neuronal count. Among these, the Bcl-2-BMSc high-
dose group exhibited the best results, thereby suggesting its potential to act as a “bridge” at the injury site by connecting
the upper and lower nerve fibers and enhancing neuronal survival.

Western Blot Detection Results of SCI Rats

The results of the Western blot (WB) analysis are presented in Figure 6. Compared to the sham surgery group, the
relative expression levels of Bcl-2, B-tubulin 3, MAP2, nestin, NF-200, and MBP proteins in the SCI group were
significantly reduced, thus showing statistically significant differences. In contrast, the relative expression levels of Bcl-2,
B-tubulin 3, MAP2, nestin, NF-200, and MBP proteins increased significantly in all four treatment groups. Notably, the
Bcl-2-BMSc high-dose group exhibited the highest relative expression levels of Bcl-2, B-tubulin 3, MAP2, nestin, NF-
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Figure 5 Results of Electron contrast (EC) staining and Nissl staining. (A) EC staining results; (B) Nissl staining results (Scale bars: 50 um). a: sham-operated, b: model, c:
low-dose BMSCs treatment (2 x 10* cells/uL), d: high-dose BMSCs treatment (5 x 10 cells/uL), e: low-dose Bcl-2-BMSCs treatment (2 x 10* cells/uL), f: high-dose Bcl-
2-BMSCs treatment groups (5 x 10* cells/uL).

200, and MBP proteins, with significant differences compared with the other groups. Furthermore, the relative expression
level of GFAP increased substantially in the SCI group compared to that in the sham-operated group, which is an
indication of statistical significance. Conversely, the relative expression levels of GFAP decreased in all four treatment
groups, again demonstrating statistically significant differences, with the Bcl-2-BMSc high-dose group exhibiting the
lowest relative expression of GFAP.

For the Bcl-2 protein, statistical analysis showed a significant effect for the construct: F; §y=358.56, p<0.001; partial
17=0.98 (95% CI [0.97, 1.00]); Dose: F,8=11.01, p=0.011; partial 1%=0.58 (95% CI [0.47, 0.91]); ConstructxDose:
F,8=14.57, p=0.005; partial n2=0.65 (95% CI [0.49, 0.95]); Simple-eftects: Low g=5.38 (95% CI [4.49, 20.03]), t=4)
=8.24, p=0.001; High g=18.69 (95% CI [16.99, 104.94]), t(~4=28.61, p<0.001. For B-tubulin III (neuronal marker), the
construct effect was highly significant Construct: F(; 5y=1028.56, p<0.001; partial 17=0.99 (95% CI [0.99, 1.00]); Dose:
F(1,8=192.48, p<0.001; partial n2=0.96 (95% CI [0.95, 0.99]); ConstructxDose: F; =17.00, p=0.003; partial n2=0.68
(95% CI [0.55, 0.93]); Simple-effects: Low g=12.88 (95% CI [11.24, 39.42]), p<0.001; High g=16.76 (95% CI [15.21,
374.61]), p<0.001. For MAP2 (neuronal dendrites), the construct: F(; §y=453.96, p<0.001; partial n2=0.98 (95% C1[0.97,
1.00]); Dose: F;4=38.13, p<0.001; partial 1>=0.83 (95% CI [0.73, 0.98]); ConstructxDose: F(1,8=10.80, p=0.011;
partial n?=0.57 (95% CI [0.37, 0.89]); Simple-effects: Low g=8.26 (95% CI [7.10, 23.36]), p<0.001; High g=11.45 (95%
CI [9.99, 32.02]), p<0.001. GFAP (astroglial) analysis showed a significant construct effect: F; 3y=324.07, p<0.001;
partial 1>=0.98 (95% CI [0.96, 1.00]); Dose: F1,=10.85, p=0.011; partial 1=0.58 (95% CI [0.43, 0.92]);
ConstructxDose: F(; 5=14.98, p=0.005; partial 1?=0.65 (95% CI [0.54, 0.97]); Simple-effects: Low g=—6.54 (95% CI
[-44.48, —5.42]), p<0.001; High g=—10.08 (95% CI [-126.22, —8.36]), p<0.001. For NF-200 (axons), statistical
significance was found for the construct: F; §=288.20, p<0.001; partial 1?=0.97 (95% CI [0.96, 1.00]); Dose: Fa g
=52.67, p<0.001; partial 1°=0.87 (95% CI [0.80, 0.98]); ConstructxDose: F(1,8=17.95, p=0.003; partial 1%=0.69 (95% CI
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Figure 6 Relative expression levels of Bcl-2, B-tubulin 3, MAP2, GFAP, nestin, NF-200, and MBP proteins as detected by Western blot analysis. -actin was used as an
internal control. Two-way ANOVA (Construct * Dose) on treatment groups (c-f) showed a Construct main effect for all WB markers (partial 1220.95, all p<0.001), with
additional Dose effects and select interactions. Planned simple-effects favored Bcl-2-BMSC over BMSC within both doses for each marker (Hedges’ g large; 95% Cls
reported). For GFAP, effects were negative (lower in Bcl-2-BMSC), consistent with reduced astroglial activation. a: sham-operated, b: model, c: low-dose BMSCs treatment
(2 * 10* cells/uL), d: high-dose BMSCs treatment (5 x 10* cells/uL), e: low-dose Bcl-2-BMSCs treatment (2 x 10* cells/uL), f: high-dose Bcl-2-BMSCs treatment groups (5 %
10* cells/pL).

[0.55, 0.96]); Simple-effects: Low g=6.96 (95% CI [6.03, 24.91]), p<0.001; High g=8.65 (95% CI [7.41, 57.43)),
p<0.001. For MBP (myelin), the construct: F; 4y=838.01, p<0.001; partial 1%=0.99 (95% CI [0.99, 1.00]); Dose: Fi8
=147.66, p<0.001; partial 1°=0.95 (95% CI [0.95, 1.00]); ConstructxDose: F1,8=35.60, p<0.001; partial n?=0.82 (95%
CI [0.74, 0.99]); Simple-effects: Low g=14.82 (95% CI [12.69, 141.31]), p<0.001; High g=13.22 (95% CI [11.92,
321.21]), p<0.001. Finally, nestin (immature/neuroprogenitor marker) showed a highly significant effect for the con-
struct: F(; y=1192.91, p<0.001; partial 1?=0.99 (95% CI [0.99, 1.00]); Dose: F(1,8=607.00, p<0.001; partial 1?=0.99
(95% CI [0.98, 1.00]); ConstructxDose: F(; 8=385.00, p<0.001; partial 1?=0.98 (95% CI [0.98, 1.00]); Simple-effects:
Low g=26.98 (95% CI [24.15, 141.86]), p<0.001; High g=17.98 (95% CI [16.63, 356.52]), p<0.001.

Discussion

BMSCs not only possess the advantages of traditional stem cells but have also shown significant potential in areas such
as tissue and organ regeneration, studies on functional decline, and treatment of genetic diseases, making them ideal tools
for cell and gene therapy.'®%>° In this study, we employed density gradient centrifugation and adherence selection to
maximize the yield of high-purity cells, while ensuring cell viability. The available literature combines these two methods
to isolate and enrich BMSCs from rat bone marrow.”>®’ The obtained BMSCs were identified as high-purity BMSCs
using various techniques including immunofluorescence, flow cytometry, Alizarin Red staining, and Oil Red O staining.
These techniques have been combined to identify BMSCs in various studies because they are appropriate for the detailed
analysis of cell populations and visualization of specific surface markers, which are features of these cells.®®*” Using
both flow cytometry and immunofluorescence strengthens phenotypic validation from complementary angles: flow
cytometry quantified population-level marker prevalence with high sensitivity, whereas immunofluorescence confirmed
protein localization in the context of cell morphology. The close agreement between methods, including near-universal
CD29/CD90 positivity with negligible CD34, supported the assignment of our isolates as bone marrow-derived MSCs
and reduced the likelihood that the observed effects arose from hematopoietic contamination. This dual-modality
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approach improved internal validity of downstream comparisons by ensuring that treatment effects are evaluated in
a well-characterized MSC population.

Transplantation of BMSCs to treat SCI can effectively promote neural functional recovery; however, the ability of
BMSCs to directly facilitate axonal regeneration remains controversial.””’! Additionally, issues such as low survival and
differentiation rates of transplanted BMSCs into neural cells significantly limit their application in SCI.”%’*
Transplantation of BMSCs with elevated Bcl-2 expression yielded robust improvements across astrocytic injury markers,
spinal cord tissue pathology, and indices of axonal/synaptic growth,” with effects exceeding those observed in control
conditions. We implemented a transient, non-viral augmentation by delivering a Bcl-2 expression plasmid to BMSCs
using cationic liposome-DNA complexes prior to transplantation. To our knowledge, this is among the first reports that
lipoplex-mediated, integration-free Bcl-2 overexpression in BMSCs confers superior day-28 functional outcomes relative
to BMSCs alone (Construct main effect on BBB and inclined-plane measures), accompanied by increased Bcl-2 protein
and improvements in axonal/myelin readouts. The alignment between behavioral and tissue-level findings, together with
the short-term, non-integrating delivery, highlights a practical and scalable route to enhance BMSC therapy for SCI.
Given the exploratory sample size, these gains should be validated in larger, prospectively powered studies to refine dose-
response and durability, but the present data indicate a clear translational signal.

Construction of a cell vector for the overexpression of Bel-2 for the treatment of CNS injuries is not a novel approach.
As early as 2005, Wei et al transplanted embryonic stem cells (ES cells) overexpressing Bcl-2 into the cerebral cortex of
rats with severe focal ischemia.’® They observed that, after 1-8 weeks post-transplantation, the lesion cavities were filled
with cells derived from embryonic stem cells expressing markers for neurons, astrocytes, oligodendrocytes, and
endothelial cells.”* In this study, we adopted a similar approach to fabricate cationic liposomes loaded with Bcl-2 for
use in BMSC transplantation.

Cationic liposomes self-assemble from amphiphilic lipids and electrostatically complex plasmid DNA, enabling
straightforward, scalable preparation and integration-free, transient expression.”>”’® When appropriately formulated, they
exhibit low immunogenicity and acceptable cytotoxicity, and are internalized predominantly via endocytosis with
endosomal escape enabling cytosolic/nuclear access. Among non-viral methods (lipid-mediated delivery, electroporation,
microinjection, calcium phosphate),”’ cationic lipoplexes offer a practical balance of simplicity and transfection
performance across diverse cell types. We did not investigate intracellular trafficking or large-scale manufacturing in
this study; both are important for future translation. Beyond these methodological advantages, the present study
introduces a novel therapeutic concept by integrating stem cell transplantation with targeted anti-apoptotic gene delivery
using this non-viral liposomal system. While BMSCs have been widely investigated for SCI repair, their therapeutic
efficacy is often limited by poor survival after transplantation. To address this, we employed cationic liposomes to
overexpress Bcl-2 in BMSCs, thereby enhancing cell survival and neuroprotective effects. This dual strategy markedly
improved neuronal survival, reduced glial scar formation, and promoted functional recovery, providing a proof-of-
concept for a novel regenerative paradigm in SCI therapy. We did not investigate intracellular trafficking or large-scale
manufacturing in this study; both are important for future translation.

Our sample size affords adequate sensitivity for large effects at day 28 but limited precision for smaller effects, as
reflected by the wide 95% CIs around several estimates. Consequently, non-significant findings for Dose and
ConstructxDose should not be taken as evidence of no effect. Larger, prospectively powered studies are warranted to
refine these estimates, assess longer-term outcomes, and confirm the observed patterns.

Limitations include the exploratory sample size (n=6/group), which provided adequate sensitivity for large effects but
limited power for smaller dose or interaction effects; the focus on a single terminal time point (day 28), which precluded
assessment of durability; and a 4-week observation window that did not address long-term safety, although no neoplastic
changes were observed here. Quantitative gait was assessed by BBB and inclined plane; footprints were descriptive only.
Finally, while the non-viral, integration-free strategy is advantageous, transgene expression is transient, and the optimal
balance between expression duration, dose, and safety remains to be defined. Moreover, although our results indicate that
Bcl-2 overexpression augments BMSC-mediated repair, the precise molecular mechanisms remain incompletely under-
stood. In vivo tracking of transplanted cells was not performed, thereby limiting insights into their migratory patterns,
survival dynamics, and potential synaptic integration within host spinal cord tissue.
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Future work should prospectively power multi-dose studies to resolve dose-response and interactions, and extend
longitudinal follow-up for durability and safety (including biodistribution and immunogenicity of lipoplexes). We will
include mechanistic endpoints to link Bcl-2 expression to circuit repair, for example, apoptosis/survival assays in vivo,
electrophysiology, axon tract tracing. Also, combinatorial strategies will explored, for example, rehabilitation, and pro-
regenerative cues that might synergize with Bcl-2—augmented BMSCs. Furthermore, the pharmacokinetics, stability, and
large-scale manufacturing feasibility of cationic liposomes remain to be systematically characterized. Addressing these
aspects, along with the development of standardized protocols for large-scale Bcl-2-BMSC production and rigorous long-
term safety testing, will be essential for clinical translation. Additionally, demyelination is a common pathological
process observed in central nervous system diseases such as SCI. The myelin sheath, which acts as an insulating layer
around nerve fibers, plays a crucial role in the rapid transmission of electrical impulses between nerve cells. Damage to
the myelin sheath can lead to disruption or complete halt of these electrical signals. Therefore, regeneration of myelin
around axons is considered a potentially effective strategy for promoting functional recovery. This aspect of myelin
regeneration is important in the context of SCI repair and should be considered in future therapeutic strategies.

Taken together, our findings indicate a clear translational signal for transient, non-viral Bcl-2 augmentation as
a practical means to improve the therapeutic performance of BMSC grafts in SCI, with convergent functional and
histological benefits and a favorable short-term safety profile. These data motivate larger, longer-term studies to confirm
efficacy, define dosing, and establish durability, and determine whether this combined stem cell-gene therapy strategy
can ultimately be advanced as a viable intervention for SCI.

Conclusion

This study explored the application of BMSCs transfected with the Bcl-2 gene via nanogene engineering in the context of
SCI in rats, providing preclinical evidence for a potential regenerative strategy to repairing SC damage. The results
demonstrated that Bcl-2-transfected BMSCs significantly enhanced neural regeneration, promoted axonal growth, and
improved functional recovery compared with controls. These findings are encouraging but should be regarded as proof-of
-concept, not definitive evidence, particularly in light of the relatively small sample size and lack of long-term evaluation.
Bcl-2 overexpression appears to enhance cell survival and reduce apoptosis, thereby contributing to tissue repair and
regeneration in SCI. Nevertheless, further validation in larger animal models and systematic translational studies will be
essential. Collectively, this work offers important insights into the potential of combining stem cell therapy with targeted
anti-apoptotic gene delivery, while highlighting the need for continued investigation before clinical application.
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