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Background: Neurogenic erectile dysfunction (ED) is a prevalent complication following radical prosta-
tectomy in elderly patients, primarily resulting from the apoptosis of corpus cavernosum smooth muscle
cells (CCSMCs) and the subsequent excessive fibrosis of the corpus cavernosum.
Aim: This study aimed to compare the therapeutic effects of exosomes derived from lentivirus-
transfected miR-145 bone marrow mesenchymal stem cells (Exo-145) and unmodified BMSCs-derived
exosomes (Exo) in aged rats with bilateral cavernous nerve injury (BCNI) and investigate the underly-
ing mechanisms.
Methods: Twenty-four-month-old male rats were assigned to four groups, namely Sham, BCNI, Exo, and
Exo-145. Three weeks after treatment, erectile function was assessed by measuring the maximal intra-
cavernosal pressure to mean arterial pressure (ICP/MAP) ratio. Apoptosis and fibrosis were semi-
quantitatively analyzed using TUNEL and Masson's trichrome staining, respectively. In vitro, CCSMCs
were subjected to H2O2-induced oxidative stress, and the protective effects of Exo-145 were evaluated
through flow cytometry and Western blot. Lastly, the targets and mechanisms of miR-145 were further
validated using dual-luciferase reporter assays and rescue experiments.
Results: Exo-145 significantly outperformed Exo in restoring erectile function in aged BCNI rats, as
evidenced by the significantly higher maximal ICP/MAP ratio, a marked reduction in TUNEL-positive cell
count, and marked suppression of fibrosis in cavernous tissue. Moreover, Masson's trichrome staining
displayed a substantial decrease in collagen deposition. In vitro, Exo-145 alleviated H2O2-induced
apoptosis in CCSMCs by downregulating Cleaved Caspase-3 expression and Bax while concurrently
upregulating Bcl-2 expression. TGFBR2 was identified as a direct target of miR-145 through dual-
luciferase reporter assays, with its overexpression partially reversing the protective effects of Exo-145.
Conclusion: Exo-145 demonstrates superior efficacy compared to Exo in treating aged neurogenic ED by
targeting TGFBR2 to alleviate apoptosis and fibrosis. It may represent a promising cell-free therapeutic
option for neurogenic erectile dysfunction in elderly patients and could offer new perspectives for
improving their prognosis.

© 2025 The Author(s). Published by Elsevier BV on behalf of The Japanese Society for Regenerative
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1. Introduction

Erectile dysfunction (ED), prevalent amongmen over 40 years, is
defined as the persistent inability to achieve or maintain an erec-
tion sufficient for satisfactory sexual performance [1]. Neurogenic
ED, resulting from the disruption of cavernous nerve signaling,
constitutes a significant proportion of ED cases [2] and is
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particularly common among older patients following surgical in-
terventions such as radical prostatectomy [3].

Despite significant research into ED treatment, oral phospho-
diesterase type 5 inhibitors (PDE-5i) remain the primary treatment
option [4]. However, their side effects and the inconsistent re-
sponses in a proportion of patients [5,6], highlight the need for
more effective alternatives. Recently, mesenchymal stem cell-based
therapies have garnered extensive attention within the field of
regenerative medicine, including for the management of ED [7,8].
However, studies suggest their therapeutic effects are largely
paracrine, not from direct cell replacement [9,10]. Exosomes, small
extracellular vesicles mediating stem cell signaling via bioactive
molecule transfer [11,12], offer a promising, innovative alternative
to traditional cell-based therapies due to their capacity to promote
tissue repair [13,14].

Prior studies have established that overexpressing miR-145 in
bone mesenchymal stem cells (BMSCs) significantly alleviates age-
related ED [15]. However, the underlying mechanisms of age-
related ED and the precise role of miR-145 in neurogenic ED asso-
ciated with aging remain elusive. Furthermore, clinical translation
of miRNA therapies is hindered by RNase degradation and in vivo
instability [16]. BMSC-derived exosomes offer a cell-free approach
to address these limitations. Therefore, this study aims to investi-
gate exosomes as miR-145 delivery vehicles, combining exosome
therapy with miR-145 gene regulation.

In this study, an aged rat model of neurogenic ED induced by
bilateral cavernous nerve injury (BCNI) was utilized to evaluate the
therapeutic effects of exosomes derived from lentivirus-transfected
miR-145 BMSCs (Exo-145) on erectile function. We hypothesize
that Exo-145 alleviates ED by targeting key molecular regulators
involved in fibrosis and apoptosis in cavernous tissue.

2. Materials and methods

2.1. Animals and grouping

Male Sprague-Dawley (SD) rats were acquired from the Labo-
ratory Animal Center at Sun Yat-sen University and used in accor-
dance with the guidelines of the Ethics Committee of Guangzhou
Seyotin Biotechnology Co., Ltd. (Approval No. SYT2024082).

For this animal study, to ensure adequate statistical power, we
determined the experimental sample size through a priori power
analysis using themaximum intracavernous pressure/mean arterial
pressure ratio (Max ICP/MAP) as the primary functional endpoint.
The analysis was based on pooled data from our previous neuro-
genic erectile dysfunction (ED) studies conducted in our laboratory
[15,17e19], which demonstrated meanMax ICP/MAP ratios ranging
from 0.257 to 0.79 with standard deviations (SD) between 0.01 and
0.071. Based on the observed mean differences in Max ICP/MAP
ratios from these comparable studies, we adopted a conservative
approach by selecting the smallest detectable effect size for our
calculations. Power analysis was performed using PASS software
(version 15.0.5, NCSS LLC, USA) with a two-tailed significance level
(a) of 0.05 and statistical power (1-b) set at 90 %. Power analysis
indicated that a minimum sample size of four rats per group would
be statistically sufficient to achieve the desired power. To enhance
the robustness of our study and account for potential experimental
variability or animal attrition, we conservatively chose to use six
animals per group. This sample size is consistent with established
sample sizes in similar preclinical investigations of neurogenic ED.

Subsequently, to evaluate the therapeutic efficacy of different
treatments for neurogenic erectile dysfunction, twenty-four-
month-old male rats with confirmed normal erectile function
were randomized into four groups. The Sham group underwent
sham surgery, involving exposure of the cavernous nerve without
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compression, and received intracavernosal injection of 200 mL
phosphate-buffered saline (PBS). The BCNI group underwent
bilateral cavernous nerve injury (BCNI) surgery to induce neuro-
genic erectile dysfunction, followed by intracavernosal injection of
200 mL PBS as a vehicle control. The Exo group received BCNI sur-
gery and intracavernosal injections of 200 mg unmodified bone
marrow-derived mesenchymal stem cell exosomes (Exo) dissolved
in 200 mL PBS. Finally, the Exo-145 group received BCNI surgery and
intracavernosal injections of 200 mg exosomes enriched with miR-
145 (Exo-145), also dissolved in 200 mL PBS. Bilateral cavernous
nerve injury (BCNI) surgery was performed as previously described
[18]; briefly, the major pelvic ganglion (MPG) and cavernous nerve
(CN) were identified based on anatomical landmarks, and the
bilateral cavernous nerves were compressed using a vascular clamp
for 2 min per side. In contrast, the Sham group underwent only
nerve exposure without compression. Following surgery and fore-
skin retraction to expose the penis, intracavernosal injections were
administered to all groups according to their assigned treatment
regimen.

2.2. Erectile function assessment

Three weeks post-BCNI and the administration of either exo-
some or PBS, erectile function was evaluated as outlined in a pre-
vious study [18]. Under anesthesia, the right carotid artery and
femoral trunk, along with the exposed bilateral CN, were exposed.
Next, two 25-gauge catheters connected to pressure transducers
(BL-420F, Techman Soft, China) were inserted into the carotid ar-
tery and the crus of the penis to simultaneously measure mean
arterial pressure (MAP) and intracavernosal pressure (ICP). One
catheter, inserted into the femoral trunk, was filled with a 250 U/mL
heparin solution, while the other, inserted into the right carotid
artery, contained a 25 U/mL heparin solution. Erectile function was
assessed by calculating the ratio of maximal ICP to MAP.

2.3. Masson and immunohistochemical (IHC) staining

Mid-segment CC tissues were sequentially fixed in 4 % para-
formaldehyde, dehydrated, and embedded in paraffin. Five-micron
serial sections were then prepared for Masson's trichrome staining
and IHC. Masson's trichrome staining was performed using a
commercial kit (G1006, Servicebio). For IHC, tissue sections were
dewaxed, rehydrated, and antigen-retrieved. They were then
blocked with 5 % BSA (B265993, Aladdin) and incubated overnight
at 4 �C with anti-a-SMA antibody (1:1000, 14395-1-AP, Pro-
teintech). After incubation with secondary Ab, DAB staining was
carried out, and the sections were visualized under a microscope.

2.4. TUNEL staining

Apoptotic cells in CC tissuewere detected using the TUNEL assay
(C1088, Beyotime) in accordance with the manufacturer's guide-
lines. Paraffin sections were dewaxed, exposed to proteinase K, and
then cultivated in the presence of the TUNEL reaction mixture at
37 �C for 60 min. Sections were co-stained with DAPI and the ex-
amination was carried out using a fluorescence microscope.

2.5. Culture and transfection of miR-145-overexpressing BMSCs

Rat primary BMSCs (Cyagen Biosciences, Guangzhou, China)
were cultured in Dulbecco's Modified Eagle's Medium
(C11995500BT, Gibco) supplemented with 10 % fetal bovine serum
(A3160801, Gibco) and 1 % penicillin/streptomycin (15140122,
Gibco). Lentiviral vectors carrying miR-145 in combination with
green fluorescent protein (GFP), along with a control GFP vector,



Table 1
Primer sequences for RT-qPCR.

Gene Sequence

miR145 Forward:50-GCGGTCCAGTTTTCCCAGGA-30

Reverse:50-ATCCAGTGCAGGGTCCGAG-30

TGFBR2 Forward:50-CGACGTGACACTGTCCACTT-30

Reverse:50-AACTTGGGGTCGTGGCAAAC-30

U6 Forward:50-CTCGCTTCGGCAGCACA-30

Reverse:50-AACGCTTCACGAATTTGCGT-30

GAPDH Forward:50-CAAGTTCAACGGCACAGTCAA-30

Reverse:50-TGGTGAAGACGCCAGTAGACTC-30
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were synthesized by Hanbio Biotechnology (Shanghai, China).
BMSCs were seeded into 6-well plates at a density of 5 � 105 cells
per well and incubated overnight. The culture medium was then
replaced with lentiviral particles (2.5 � 107 TU/mL, 1 mL) con-
taining Polybrene (5 mg/mL). Following 4-h incubation at 37 �C,
1 mL of fresh complete medium was added. After 48 h, stably
transfected cells were selected using complete medium containing
puromycin (1 mg/mL) to establish miR-145-overexpressing BMSCs.

2.6. Exosome isolation and characterization

Exosomes were extracted from both BMSCs and miR-145-
transfected BMSCs at approximately 70 % confluence. The cells
were subsequently cultured for 48 h in a medium supplemented
with 10 % exosome-depleted FBS. The exosome isolation protocol
was performed as follows: Supernatants were sequentially centri-
fuged at 300�g and 2000�g for 10 min each to eliminate dead cells
and debris. They were then further centrifuged at 10,000�g for
30 min. Exosomes were ultimately pelleted through two rounds of
ultracentrifugation at 100,000�g for 70 min at 4 �C. The resulting
pellet containing exosomes was resuspended and preserved
at �80 �C.

To assess the morphology of the isolated exosomes, Trans-
mission Electron Microscopy (TEM, FEI Tecnai G2 Spirit T12,
Thermo Fisher Scientific, USA) was performed. For the identifica-
tion of specific exosomal markers, Western blotting was carried out
using antibodies against CD9 (1:1000; ab236630, Abcam), CD81
(1:1000; ab109201, Abcam), and TSG101 (1:1000; ab125011,
Abcam). In addition, nanoparticle tracking analysis (NTA, ZetaView,
Particle Metrix, Germany) was employed to determine the size
distribution and concentration of the exosomes.

2.7. Isolation, culture, and lentiviral overexpression of TGFBR2 in
CCSMCs

CCSMCs were isolated and cultured following a previously
described method [19]. Briefly, the penises of 24-month-old rats
were carefully collected. After removing tissues other than the CC,
the remaining tissue was precisely sliced into 1e2 mm3 segments.
These segments were then evenly distributed on the bottom of a
sterile 25 cm2 culture flask (3289, Corning) and were maintained
in high-glucose DMEM at 37 �C in a humidified atmosphere
containing 5 % CO2 until primary cells migrated from tissue ex-
plants and reached approximately 80 % confluence. CCSMCs were
purified via differential adhesion. During passaging, non-
adherent cells, which were CCSMCs, were removed by trans-
ferring the medium to new flasks within 30 min. This process was
repeated twice to ensure purity. Third-generation CCSMCs were
identified through immunofluorescence staining for desmin
(1:200, 16520-1-AP, Proteintech) and a-smooth muscle actin
(1:200, 14395-1-AP, Proteintech). For TGFBR2 overexpression,
lentiviral vectors encoding TGFBR2 were transduced into CCSMCs
following the protocol previously described for miR-145 mimic
transfection.

2.8. Fluorescent labeling and exosomes internalization

Exosomes were stainedwith PKH67 (green) using the PKH67 Kit
(UR52303, Umibio). Briefly, 80 mg of exosomes in 80 mL PBS were
mixed with 1 mL PKH67 linker, diluted in 9 mL Diluent C, and
thoroughly vortexed for 1 min. Thereafter, the mixture was incu-
bated in the dark for 10 min. Subsequently, 35 mL PBS was added,
following which the solutionwas centrifuged twice at 10,000�g for
70 min at 4 �C. The resulting pellet was resuspended with PBS.
CCSMCs were then exposed to 20 mg/mL labeled exosomes for 24 h.
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DAPI staining was performed to visualize nuclei, and exosome
internalization was observed through fluorescence microscopy
(Nikon, Japan).

2.9. Apoptosis induction and cell viability assay

CCSMCs were plated in 96-well plates at a density of 5000 cells
per well and cultured for 24 h. Oxidative stress was induced by
exposing cells to 200e1000 mM H2O2 (CS7730, G-clone) for 4 h.
Cell viability was assessed using a CCK-8 assay (CK04, DOJINDO),
with absorbance measured at 450 nm (Spark 10 M, Tecan,
Austria).

To investigate the protective properties of exosomes, CCSMCs
were pretreated with various concentrations of exosomes for 24 h
prior to H2O2 exposure. Apoptosis was evaluated via flow
cytometry following Annexin V-FITC and PI double staining (BD
FACSCanto™, USA), and FlowJo software was used for data
analysis.

2.10. Quantitative real-time PCR (qRT-PCR)

Total RNA was isolated from samples using TRIzol Reagent
(Invitrogen, 15596-026) and quantified with a Nanodrop One
spectrophotometer (Thermo Fisher Scientific, USA). cDNA was
synthesized using the cDNA Synthesis Kit (Vazyme, R323 for mRNA
and MR101 for miRNA) according to the manufacturer's in-
structions. qRT-PCR was conducted with the SYBR Green PCR Kit
(Vazyme, Q312 for mRNA andMQ102 for miRNA) on a LightCycler®
480 System (Roche, Switzerland). Gene expression levels were
normalized to GAPDH for mRNA and U6 for miRNA. The sequences
of primers used in this study are listed in Table 1.

2.11. Western blotting analysis

Proteins were extracted from CC tissues and CCSMCs using
RIPA buffer supplemented with a protease inhibitor cocktail
(KGB5101, KeyGEN). Protein concentrations were determined us-
ing a BCA kit (KGB2101, KeyGEN). The extracted proteins were
separated by SDS-PAGE and transferred to PVDF membranes
(IPVH00010, Millipore). Afterward, the membranes were blocked
and then incubated overnight at 4 �C with primary antibodies
against Cleaved Caspase 3 (1:10,000; 68773-1-Ig, Proteintech),
Bax (1:10,000; 60267-1-Ig, Proteintech), Bcl-2 (1:1500; 26593-1-
AP, Proteintech), TGFBR2 (1:10,000; 66636-1-Ig, Proteintech), and
GAPDH (1:50,000; 60004-1-Ig, Proteintech). Protein bands were
visualized using enhanced chemiluminescence (P10100, NCM
Biotech) and captured using an imaging system (Tanon, China).
For normalization, GAPDH served as the loading control. Band
intensities of target proteins were quantified using ImageJ soft-
ware and normalized to the band intensity of GAPDH in the same
lane. The normalized protein expression levels were then used for
statistical analysis.
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2.12. Dual-luciferase reporter gene assay

The 30UTR of TGFBR2 containing wild-type or mutated miR-145
binding sites was cloned into the psiCHECK-2 reporter vector
(HanBio, Shanghai, China). Reporter constructs and miR-145
mimics or negative control were co-transfected into HEK-293T
cells using Lipofectamine 3000 (L3000008, Invitrogen). After
48 h, luciferase activity was quantified using the Dual-Luciferase
Reporter Gene Assay Kit (RG027, Beyotime).

2.13. Statistical analysis

Experiments were performed in triplicate for in vitro experi-
ments. Statistical analysis was performed, and results are expressed
as mean ± SEM. Statistical significance was determined using one-
way ANOVA or Student's t-test. Statistical significance was set at
P < 0.05.

3. Results

3.1. Characterization of BMSC-derived exosomes and miR-145
expression

Exosomes were successfully isolated and characterized. TEM
revealed a round-shaped morphology (Fig. 1A), and NTA deter-
mined an average size of approximately 100 nm (Fig. 1B). Western
blot analysis confirmed the presence of exosomal markers CD9,
CD81, and TSG101 in exosomes, with lower expression observed in
BMSCs and miR-145 mimic-transfected BMSCs (Fig. 1C). RT-qPCR
demonstrated significantly higher miR-145 levels in BMSCs trans-
fected with miR-145 mimic compared to the control and miR-145
NC groups (Fig. 1D). Correspondingly, exosomes from these
Fig. 1. Characterization of exosomes. (A) Transmission electron microscopy analysis of e
nanoparticle tracking analysis. (C) Western blot analysis of exosomal markers CD9, CD81,
transfected BMSCs compared to control and miR-nc groups (n ¼ 3). (E) RT-qPCR of miR-
transfected BMSCs and Exo-145 group compared to controls. Data are presented as mean ±
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BMSCs also displayed higher miR-145 levels (Fig. 1E), validating
successful miR-145 enrichment in both BMSCs and their exosomes.

3.2. Characterization of CCSMCs and their interaction with BMSC-
derived exosomes

Primary CCSMCs exhibited a spindle-shaped morphology after
migrating from CC tissue explants (Fig. 2A). Differential adhesion
effectively purified CCSMCs, as confirmed by immunofluorescence
staining for a-SMA and Desmin (Fig. 2B). PKH67-labeled exosomes
were successfully internalized by CCSMCs, as evidenced by green
fluorescence within the cytoplasm (Fig. 2C). Additionally, co-
culture with BMSC-derived exosomes resulted in a significant in-
crease in miR-145 levels in CCSMCs (Fig. 2D).

3.3. Effect of exosomes on Erectile Function Recovery in BCNI SD
rats

Erectile function, assessed by the ICP/MAP ratio, was signifi-
cantly impaired in BCNI rats. However, treatmentwith Exo and Exo-
145 markedly improved this ratio compared to the BCNI group,
with Exo-145 exhibiting a more pronounced effect. (Fig. 3A and B).

3.4. Exosomes alleviate penile fibrosis and apoptosis in BCNI rats

Penile fibrosis was evaluated using Masson's trichrome staining
and IHC for a-SMA. Masson's trichrome staining revealed that
treatment with exosomes, particularly Exo-145, attenuated the loss
of smooth muscle in cavernous tissue following CN injury, indica-
tive of reduced fibrosis (Fig. 4A and B). Meanwhile, IHC analysis
uncovered that the expression level of a-SMA was higher in the
Exo-145 group compared to the Exo and BCNI groups, reflecting
xosomes (scale bar ¼ 100 nm). (B) Size distribution of exosomes as determined by
and TSG101 in BMSCs and exosomes. (D) Elevated miR-145 levels in miR-145 mimic-
145 levels in exosomes (n ¼ 3), showing significant enrichment in miR-145 mimic-
SEM. ***p < 0.001.



Fig. 2. Characterization of CCSMCs and their interaction with exosomes. (A) Primary CCSMCs migrating from cavernous tissue explants. (B) Immunofluorescence staining with
anti-a-SMA and anti-Desmin antibodies confirming the identity of CCSMCs. (C) Internalization of PKH67-labeled Exo and Exo-145 by CCSMCs, showing green fluorescence within
the cytoplasm. (D) Elevated miR-145 expression levels in CCSMCs after co-culture with Exo or Exo-145. Data are presented as mean ± SEM. ***p < 0.001, ns: no significant
difference.

Fig. 3. Impact of Exosomes on Erectile Function Recovery in BCNI SD Rats. (A) Representative tracings of ICP and arterial pressure responses during cavernous nerve electrical
stimulation three weeks post-surgery. (B) Maximal ICP/MAP ratio among the sham, BCNI, Exo, and Exo-145 groups (n ¼ 6). Data are presented as mean ± SEM. *p < 0.05, **p < 0.01.
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Fig. 4. Effects of exosome treatment on penile fibrosis and apoptosis in aged BCNI rats. (A) Masson's trichrome staining (red: smooth muscle; blue: collagen) and a-SMA
immunohistochemical staining of cavernous tissue. (B) Smooth muscle-to-collagen ratio in cavernous tissue (n ¼ 6). (C) Quantification of a-SMA-positive areas in cavernous tissue
(n ¼ 6). (D) TUNEL staining (green: TUNEL; blue: DAPI) showing apoptosis. (E) Percentage of TUNEL-positive cells (n ¼ 6). Data are presented as mean ± SEM. *p < 0.05, **p < 0.01.
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enhanced smooth muscle content and reduced fibrosis (Fig. 4A and
C). Additionally, TUNEL staining demonstrated increased apoptosis
in CC tissue following BCNI, while exosome treatment, especially
Exo-145, significantly alleviated apoptosis (Fig. 4D and E).

3.5. Exosome-mediated protection against H2O2-induced CCSMC
apoptosis in vitro

CCSMCs treated with H2O2 exhibited reduced viability. Ac-
cording to the results of the CCK-8 assay, cell viability significantly
decreased at 800 mM H2O2 (Fig. 5A). Thus, this concentration was
selected to evaluate the protective effects of exosomes. Co-
incubation of CCSMCs with 20 mg/mL exosomes for 24 h signifi-
cantly attenuated H2O2-induced inhibition of cell viability, with
Exo-145 exerting a more pronounced protective effect compared
to standard exosomes. Notably, concentrations higher than 20 mg/
460
mL did not lead to further improvement in cell viability. Conse-
quently, 20 mg/mL Exo or Exo-145 was selected for the ensuing
experiments (Fig. 5B). Flow cytometry validated that Exo-145
significantly reduced H2O2-induced apoptosis in CCSMCs (Fig. 5C
and D), and Western blot analysis further corroborated these
findings, showing that Exo-145 treatment decreased the expres-
sion level of pro-apoptotic proteins Cleaved Caspase-3 and Bax
while increasing that of the anti-apoptotic protein Bcl-2
(Fig. 5EeH).

3.6. miR-145-enriched exosomes attenuate CCSMC apoptosis via
TGFBR2 regulation

To investigate the molecular mechanism underlying the pro-
tective effect of Exo-145, TargetScan [20], miRWalk [21], and
miRDB [22] were used to predict the potential target genes of miR-



Fig. 5. Exosome-mediated protection against H2O2-induced CCSMC apoptosis in vitro. (A) CCK-8 assay showing CCSMC viability after treatment with various concentrations of
H2O2 (0, 200, 400, 600, 800, and 1000 mM) for 4 h. (B) CCK-8 assay of CCSMC viability after pretreatment with 5, 10, 15, 20, or 25 mg/mL Exo or Exo-145 for 24 h, followed by
800 mM H2O2 treatment for 4 h. (C) Flow cytometry analysis of apoptosis in CCSMCs treated with PBS (Control), H2O2 alone, Exo þ H2O2, or Exo-145 þ H2O2. (D) Quantification of
apoptotic cells from flow cytometry data. (EeH) Expression levels of Cleaved Caspase-3, Bax, and Bcl-2 analyzed byWestern blot in CCSMCs. GAPDH was used as an internal/loading
control. Data are presented as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ns: no significant difference.
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145. Bioinformatic analysis yielded nine candidate targets, among
which TGFBR2, PDCD4, and KLF4 were prioritized for experi-
mental validation. qRT-PCR validation identified TGFBR2 as the
most probable direct target, showing the most significant
expression modulation (Fig. 6A and Fig. S1). Notably, pre-
treatment with Exo-145 substantially attenuated H2O2-induced
TGFBR2 upregulation in CCSMCs (Fig. 6B), suggesting miR-145-
mediated transcriptional regulation. This interaction was further
confirmed by luciferase reporter assays, wherein mutation of the
predicted miR-145 binding site completely abrogated the regu-
latory effect (Fig. 6C).

To establish the functional relevance of TGFBR2 in miR-145-
mediated cytoprotection, TGFBR2-overexpressing CCSMCs were
generated via lentiviral transduction. Successful overexpression
was verified at the mRNA level (Fig. 6D). As anticipated, TGFBR2
overexpression markedly compromised Exo-145's anti-apoptotic
efficacy, as evidenced by flow cytometric quantification of
apoptotic cells (Fig. 6E and F) and immunoblotting analysis of
apoptosis markers. Besides, the Exo-145-induced down-regulation
of Cleaved Caspase-3 and Bax, along with Bcl-2 upregulation, was
significantly reversed in TGFBR2-overexpressing cells following
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H2O2 challenge (Fig. 6GeJ). Extending these findings to an in vivo
context, age-associated elevation of TGFBR2 expression was
observed in the BCNI group, which was effectively normalized by
exosome treatment in aged ED rats (Fig. 6K-L).

Collectively, our multi-modal experimental approach demon-
strated that TGFBR2 is the predominant downstream effector of
miR-145, mechanistically linking exosomal miRNA delivery to both
apoptosis inhibition and functional recovery in age-related ED
complicated by BCNI.

4. Discussion

This study demonstrates the therapeutic efficacy of Exo-145 in
aged rats with neurogenic ED following cavernous nerve injury
(BCNI). Our prior work revealed a key age-related difference: while
young rats spontaneously recover corpus cavernosum smooth
muscle and erectile function post-BCNI within 8 weeks, aged rats
develop persistent ED due to impaired regeneration and sustained
cavernosal cell apoptosis [19]. The clinical significance of this age-
related difference is underscored by the convergence of global
population aging and rising prostate cancer incidence,



Fig. 6. Exo-145 modulates CCSMCs apoptosis via TGFBR2. (A) Schematic illustration of the predicted binding sites between miR-145 and the 30 untranslated region (UTR) of
TGFBR2. (B) qPCR analysis of TGFBR2 expression in CCSMCs after H2O2 stimulation following pretreatment with PBS, Exo, or Exo-145. (C) Luciferase activity assay in CCSMCs
transfected with wild-type or mutant TGFBR2 30 UTR and miR-145 mimics or negative control (nc). (D) qPCR results following transfection of TGFBR2 mimics in CCSMCs. (E-F) Flow
cytometry analysis of apoptosis in TGFBR2-overexpressing CCSMCs treated with Exo-145 and H2O2. (G-J) Western blot analysis of Bax, Bcl-2, and Cleaved Caspase-3 protein levels in
H2O2-induced CCSMCs co-incubated with exosomes, showing the impact of TGFBR2 overexpression on apoptotic regulation. (K-L) Western blot analysis of TGFBR2 protein levels in
cavernous tissue (n ¼ 3). In Western blot experiments, GAPDH was used as an internal/loading control. Data are presented as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ns: no
significant difference.
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synergistically driving an epidemic of postoperative neurogenic ED
[23,24]. Despite these challenges, therapeutic development re-
mains disproportionately focused on younger preclinical models.

To address this translational gap, a rigorously validated 24-
month-old rat model corresponding to the physiological state of
60-year-old humans and recapitulating the molecular constraints
of geriatric tissue repair was constructed [25]. In this
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pathophysiologically relevant system, Exo-145 administration
restored erectile function, as evidenced by normalized maximal
ICP/MAP ratios, while concurrently reversing hallmark pathological
features of ED progression, namely cavernosal apoptosis and
collagen deposition. Noteworthily, these therapeutic outcomes not
only validate our mechanistic targeting strategy but also demon-
strate age-specific efficacy, a vital aspect of clinical translation.



Fig. 7. Mechanism by which Exo-145 alleviates erectile dysfunction following BCNI. Exo-145 delivers miR-145 to CCSMCs, targeting TGFBR2 to reduce apoptosis and fibrosis,
thereby improving erectile function.
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A crucial aspect of Exo-145's therapeutic efficacy is its function
as an efficient miRNA delivery system. Indeed, while miRNAs
possess potent regulatory capabilities, their effective in vivo
administration necessitates a stable and biocompatible carrier.
Exosomes serve as natural carriers that protect miRNAs from
RNase-mediated degradation, thereby enhancing their therapeutic
potential [26]. Owing to their high biocompatibility, efficient
cellular uptake, and intrinsic ability to transfer functional miRNAs,
these vesicles have emerged as an optimal platform for miRNA-
based therapies [27,28]. Our study confirms that miR-145 was
successfully enriched in BMSC-derived exosomes following lenti-
viral transfection, and these engineered exosomes (Exo-145) effi-
ciently transferred miR-145 into CCSMCs, as evidenced by RT-qPCR
analysis and fluorescently labeled exosome tracking experiments.
The direct uptake of Exo-145 by CCSMCs, along with the subse-
quent increase in intracellular miR-145 levels.

miR-145 is a master regulator of smooth muscle cell fate,
modulating apoptosis and fibrosis in various tissues [29]. However,
despite this general role, the effects of miR-145 can be context-
dependent and even paradoxical, varying across different organs
and pathological conditions. For example, while miR-145 exacer-
bates pulmonary fibrosis [30,31], it attenuates hepatic stellate cell-
mediated fibrosis [32]. Even within the same organ, miR-145 may
exert contrasting effects, such as impeding scar healing in the skin
while promoting fibrosis in recessive dystrophic epidermolysis
bullosa [33,34]. This functional versatility underscores the impor-
tance of cellular and pathological context in determining miR-145's
effects. However, our research demonstrates that miR-145 is
effective in improving erectile function in both senile ED [15,35]and
senile nerve-injury ED, suggesting a consistent benefit across
different etiologies of senile erectile dysfunction. Furthermore,
recent work by Xiaolin Zhang et al. provides additional support for
the pivotal role of miR-145 in ED treatment [36]. Their study
revealed that mesenchymal stem cell-derived exosomes pretreated
with melatonin mitigate cavernous fibrosis and improve erectile
function in nerve injury-induced ED by delivering miR-145-5p. This
independent validation further underscores the therapeutic sig-
nificance of miR-145 in EDmanagement and highlights its potential
as a key molecular target for future interventions.

A central innovation of this study lies in the identification of the
miR-145/TGFBR2 axis as the predominant mechanism underlying
the therapeutic effects of Exo-145. Database mining, qPCR valida-
tion, and dual-luciferase assays identified TGFBR2 as a direct miR-
145 target. As a pivotal TGF-b receptor, TGFBR2 drives fibrosis
and apoptosis via the SMAD-dependent signaling pathway [37,38].
Earlier studies concluded that TGFBR2 knockdown inhibits liver
fibrosis [39], while dominant-negative TbRII attenuates
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hypertrophic scarring [40]. Herein, miR-145 exerted anti-fibrotic
effects by suppressing TGFBR2, thereby minimizing collagen
deposition and CCSMC apoptosis post-injury.

Several limitations merit careful consideration. First, the
absence of a dedicated lentiviral empty vector control group rep-
resents a design consideration. Including such a control is essential
to distinguish non-specific effects resulting from lentiviral trans-
duction, thus strengthening the evidence that the observed out-
comes are specifically due to miR-145. Furthermore, while our
findings highlight the therapeutic potential of Exo-145, it is
important to recognize the physiological differences between ro-
dent models and humans, whichmay limit the direct translatability
of these results to clinical applications. Rigorous studies in larger
preclinical models are crucial to thoroughly assess long-term safety,
immunological effects, and potential off-target impacts. Addressing
these gaps is critical for advancing Exo-145 from basic research to
clinical application and ensuring its successful translation into
therapeutic practice.

5. Conclusion

In summary, our multi-faceted approach reveals that Exo-145
effectively treats BCNI-induced ED in aged rats by delivering miR-
145. This exosomal miRNA targets TGFBR2, leading to reduced
cavernous apoptosis and fibrosis, and ultimately restoring erectile
function (Fig. 7). These findings highlight the potential of exosome-
mediatedmiR-145 delivery as a cell-free therapy for neurogenic ED,
particularly in older populations, though further preclinical vali-
dation is essential.
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