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Melatonin-pretreated mesenchymal stem cell-
derived exosomes alleviate cavernous fibrosis
in a rat model of nerve injury-induced erectile
dysfunction via miR-145-5p/TGF-/Smad axis

Xiaolin Zhang'", Mengbo Yang'", Xinda Chen', Ming Zhang', Yiliang Peng' and Mujun Lu™

Abstract

Background Cavernous nerve injury-induced erectile dysfunction (CNI-ED) is a common complication after radical
prostatectomy. Conventional treatment approaches have had little success in treating the severe cavernous fibrosis
which is a consequence of CNI-ED.

Methods Pre-treatment of adipose-derived stem cells with melatonin allows for the extraction of active exosomes
(MT-hASC-EVs) from the conditioned medium. The therapeutic effects of MT-hASC-EVs were assessed in a rat model
of CNI-ED, and the anti-fibrotic properties were evaluated. MicroRNA sequencing was used to identify specific
microRNAs highly expressed in MT-hASC-EVs, and differential microRNAs were screened for regulatory pathways
through target gene enrichment analysis. Finally, the conclusions from bioinformatics analysis were validated through
in vitro experiments.

Results Intracavernous injection of MT-hASC-EVs significantly restored erectile function and reduced the extent of
corpus cavernosum fibrosis in the CNI-ED rat model. MT-hASC-EVs promoted the proliferation and anti-apoptotic
effects of corpus cavernosum smooth muscle cells (CCSMCs) in vitro. Mechanistically, MT-hASC-EVs inhibit fibrosis by
delivering miR-145-5p, which targets TGF-32/Smad3 axis.

Conclusions MT-hASCs-EVs can inhibit cavernous fibrosis and improve erectile function in a rat model of CNI-ED by
targeting the miR-145-5p/TGF-3/Smad axis.
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Introduction

Erectile dysfunction (ED) refers to the persistent or
recurrent inability to achieve and maintain sufficient
penile erection for satisfactory sexual intercourse [1]. The
etiology of ED is complex, and cavernous nerve injury
(CNI) is a significant contributing factor, commonly
associated with pelvic surgery, pelvic fractures, and post-
urethral injury surgeries [2]. CNI-induced ED following
radical prostatectomy has an incidence rate as high as
63-94%, despite the use of nerve-sparing techniques [3].
During radical prostatectomy, unavoidable traction, com-
pression, and vascular damage to the cavernous nerves
lead to impairment and neurotrophic loss which results
in reduced penile blood flow perfusion, leading to sus-
tained hypoxia in the corpus cavernosum [3]. Subsequent
smooth muscle atrophy occurs along with activation of
TGF-B/Smad and RhoA/Rock pathways which lead to
cavernous fibrosis [2, 4]. Traditional phosphodiesterase 5
inhibitors (PDES5i, e.g., tadalafil and sildenafil) have lim-
ited efficacy in treating CNI- ED due to insensitivity of
corpora cavernosa tissue to nitric oxide (NO) resulting
from smooth muscle cell loss and cavernous fibrosis [5,
6]. It is worth noting that while regeneration of cavern-
ous nerves could be observed 28 days after CNI in a rat
model, subsequent loss of smooth muscle cells and cav-
ernous fibrosis were irreversible [7]. Therefore, preven-
tion, alleviation, or even reversal of cavernous fibrosis
represents an important therapeutic direction for manag-
ing CNI-ED.

In recent years, stem cells and their derivatives have
become new treatment options for ED [8-10], among
which extracellular vesicles (EVs) have gained favor
among researchers due to their simplicity, convenience,
and suitability for industrial production [11]. EVs are
sac-like structures that cells release into the extracellular
space [12—14]. Based on diameter and source, they can
be divided into exosomes (50—100 nm) and microvesicles
(100-1000 nm). As a carrier, EVs transport signal pro-
teins, lipids, and nucleic acids, which can be endocytosed
by distant target cells, thereby changing the biological
behavior of the target cells and serving as a key factor
in cell-to-cell signal communication [15]. Many reports
have suggested that mesenchymal stem cell-derived EVs
have a certain therapeutic effect on CNI-ED [16-19].

Melatonin is a hormone secreted by the pineal gland,
primarily responsible for regulating biological rhythms
and sleep-wake cycles [20]. In addition, melatonin has
been found to have therapeutic effects on several fibrotic
diseases including liver fibrosis [21], pulmonary fibro-
sis [22], and renal fibrosis [23], indicating its potential
in counteracting cavernous fibrosis caused by CNI-ED.
Furthermore, melatonin exhibits the ability to promote
nerve regeneration [24], thereby improving erectile func-
tion through the protection and promotion of repair of
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cavernous nerves [25, 26]. Melatonin can regulate the
behavior of MSCs and significantly enhance the thera-
peutic effects of MSCs-derived EVs in certain diseases.
For example, melatonin-pretreated MSCs-derived EVs
shows better protective effects against rat renal isch-
emia-reperfusion injury [27]; they also show stronger
therapeutic effects in diabetic wound healing [28]. How-
ever, it is still unclear whether melatonin-pretreated
MSCs-derived EVs can play a therapeutic role in fibrotic
diseases.

In this study, we found that exosomes derived from
melatonin-pretreated adipose mesenchymal stem cells
(MT-hASC-EVs) exhibit high expression of miR-145-5p
through which they can target the TGF-f2/Smad3 axis,
inhibit corpus cavernosum fibrosis in the CNI-ED rat
model, and subsequently promote the recovery of erec-
tile function. This may represent a potential therapeutic
approach for CNI-ED.

Materials and methods

Cell isolation, culture and identification

Human adipose stem cells (hASCs) were isolated from
abdominal adipose tissues from healthy female liposuc-
tion as previously reported [29]. hASCs were resus-
pended in Minimum Essential Medium Alpha (a-MEM,
Gibco, USA) supplemented with 10% fetal bovine serum
(New Zealand Characterized Fetal Bovine Serum,
Hyclone, SH30406.05) and 1% penicillin-streptomycin
(Beyotime, CNH) and cultured at 37 ° C in a 5% CO,
incubator. The medium was changed every 3 days. Cells
were passaged when they reached 80% confluence. All
cells used in the experiments were at passages 3 to 5. The
differentiation properties and stem cell markers of hASCs
have been identified in our previous reports [29].

The isolation of corpus cavernous smooth muscle cells
(CCSMCs) was conducted as described previously [29].
In brief, after anesthesia by intraperitoneal injection of
pentobarbital sodium (35 mg/kg), Sprague Dawley (SD)
rats were euthanized by excess carbon dioxide. The hair
from the lower abdomen to the perineal area was shaved.
The surgical area was then adequately disinfected with
iodophor. The foreskin and dorsal penile vessels were
removed to obtain penile corpus cavernosum tissue. The
corpus cavernosum tissue was washed in PBS and cut
into small pieces of 1 to 2 mm. Segments were placed
on 10-cm cell culture dishes (Corning, USA) contain-
ing a minimal volume of Dulbecco’s minimum essential
medium (DMEM, Gibco, USA) supplemented with 20%
FBS and cultured at 37 ° C in a humidified atmosphere of
95% air and 5% CO2. After the explants were attached,
more DMEM containing 10% FBS was added and tissue
segments that had fallen off from the culture dish were
removed. The cells were cultured in high-glucose DMEM
(Gibco, USA), supplemented with 10% FBS (Hyclone,
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SH30406.05, USA), 1% penicillin-streptomycin (Beyo-
time Biotechnology, China) at 37 °C and 5% CO2. The
cells were frozen or passaged once 80-90% confluence
was achieved. All cells used in the experiments were at
passages 3 to 8.

Isolation and characterization of extracellular vesicles

An EV-free FBS was prepared by ultracentrifugation at
100 000 x g for 2 h at 4 °C and filtered with a 0.22 pm
filter. When the ADSC at passage 3 to 5 reached an 80%
density, cells were washed with PBS and cultured in cul-
ture medium supplemented with EV-free FBS for 48 h,
while MT-hASCs were incubated with 10uM melato-
nin. The media were then collected, and exosomes were
isolated through a multistep centrifugation. Dead cells,
cell debris and microvesicles were removed at 300 g for
5 min, 3000 g for 10 min and 10,000 g for 30 min, respec-
tively. The supernatant was then ultracentrifuged at 100
000 x g for 2 h (XP-90, Beckman Coulter, USA). The
pellets were washed for three times and resuspended
with PBS to obtain a suspension of hASC-EVs or MT-
hASC-EVs. The total protein concentration of the MT-
hASC-EVs and hASC-EVs was quantified using a micro
bicinchoninic acid protein assay kit (Beyotime, CHN).
In the in vitro cell experiments, both MT-hASC-EVs
and hASC-EVs were treated at a concentration of 25 pg/
mL. In the in vivo experiments, each rat in the treatment
group (weighing~250 g) were injected with 100ug of
MT-hASC-EVs or hASC-EVs in 0.1mL PBS.

For EV characterization, the EV-positive markers
CDS81 (Abclonal, A5270, 1:1000), CD9 (Abclonal, A1703,
1:1000), and TSG101 (Abclonal, A2216, 1:1000), and
the EV-negative marker, Calnexin (Abclonal, A15631,
1:1000), were identified by western blotting analysis. The
size distribution of the EVs was determined using the
NanoSight NS300 (Malvern, UK), according to the manu-
facturer’s instructions. The ultrastructure and morphol-
ogy of the EVs prepared by the Exosome-TEM-easy kit
(101Bio, USA) were observed using transmission elec-
tron microscopy (TEM; Hitachi, JP).

In vivo experimental design
The work has been reported in line with the ARRIVE
guidelines 2.0.

Generally, forty 8-week-old Sprague Dawley (SD) rats
(males, weighing 250 g each) were used in this study.
All rats were maintained on a 12 h light/12 h dark cycle
and were acclimatized for at least 1 week before sur-
gery and allowed free access to standard food and water.
Operations and welfare in this study complied with inter-
national and Chinese local legislations and National
Institutes of Health guide for the care and were guaran-
teed under the supervision of the Experimental Animal
Ethical Committee of Ren Ji Hospital (KY2022-180-B).
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Bilateral CNI was performed in 30 rats (CNI group),
and the other 10 rats were subjected to only laparotomy
(Sham group). The construction of the CNI-ED animal
model was conducted as previously described [30]. After
anesthesia by intraperitoneal injection of pentobarbital
sodium (35 mg/kg), the rats were placed on an isother-
mal thermal pad. Hair above the abdomen and perineum
was shaved with a hair clipper for better visualization.
After disinfection with iodophor, a 2.5-cm midline lower
abdominal incision was made to expose the pelvic gangli-
ons (MPGQG) and cavernous nerves (CNs) on the surface of
both sides of prostate. The CNs were isolated bilaterally
and crushed 5 mm distal to the MPG of 90s using micro-
forceps (Storz, Germany). Then, the CNI group was ran-
domly divided into three groups of 10 rats each, which
respectively received intracavernous injection of (1) PBS
(0.1mL); (2) hASCs-EVs (100 pg in PBS 0.1 ml); (3) MT-
hASC-EVs (100 pg in PBS 0.1 ml). The intracavernous
injection method was performed as previously described
[9]. In brief, the penis was exposed locally and a rubber
tourniquet was applied at the base. After injection of
0.1 ml solution into the corpus cavernosum, the tourni-
quet was removed after 1 min and the penis was restored.
Four weeks after the injection, the erectile function of the
rats in each group was evaluated.

Erectile function evaluation

Penile erection is achieved by congestion of the corpus
cavernosum, during which the intracavernous pressure
(ICP) increases significantly. So the erectile function of
rats can be objectively evaluated by detecting changes
of ICP. However, ICP levels can be influenced by arte-
rial pressure, hence it is necessary to simultaneously
measure mean arterial pressure (MAP) and calculate the
ratio between the two for standardization. The maximal
ICP and real-time arterial pressure were recorded as pre-
viously described [29, 30]. 4 weeks after intracavernous
injection, SD rats were anesthetized by intraperitoneal
injection of pentobarbital sodium (35 mg/kg). A 26-gauge
needle connected to a catheter inserted into one side of
corpus cavernosum to measure the ICP while the other
end of the catheter was connected to a data collection
device (BL-420s, Chengdu Taimeng Software Co.Ltd.,
China) using a pressure transducer. After exposing the
carotid artery of the other side, a 20-gauge cannula filled
with heparin saline was punctured in the artery to mea-
sure the MAP, with the other end of the cannula con-
nected to the BL-420s using a pressure transducer. The
cavernous nerve of the other side was dissected and sepa-
rated in the same way described above, and the CN was
stimulated with electrodes with stimulus parameters set
at 5V, 25 Hz and 60 s duration. The ratio of maximal ICP
to MAP during the process was considered as the objec-
tive measure of erectile function. At the end, the penis
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was excised for further testing, and then the rats were
euthanized with carbon dioxide.

Fluorescent labeling and in vitro tracing of EVs

hASC-EVs and MT-hASC-EVs were labeled with PKH67
dye (Maokang Biotechnology, China) according to the
manufacturer’s instructions. CCSMCs were incubated
with PKH67-labeled EVs for 12 h at 37°C. Following
fixation with 4% paraformaldehyde and stained with 40,
6-diamidino-2-phenylindole (DAPI, Invitrogen, USA),
the cells were observed under the confocal laser scanning
microscope (FV3000, Olympus, Japan).

CCSMC viability and proliferation

For cell viability evaluation, CCSMCs were seeded in
a 96-well plate with a density of 2000 cells per well and
incubated with hASC-EVs or MT-hASC-EVs. 24-48 h
later, Cell Counting Kit-8 (Beyotime, China) was added
to the medium and incubated at 37°C for 2 h. Cell viabil-
ity was assessed by OD value of each well using a micro-
plate reader (Biotek, USA).

For EdU cell proliferation staining, CCSMCs were
seeded in a six-well plate and pre-treated with hASC-EVs
or MT-hASC-EVs for 24 h. Then, EdU cell proliferation
staining was performed using an EdU kit (BeyoClick™
EdU Cell Proliferation Kit with Alexa Fluor 488, Beyo-
time, China) according to the manufacturer’s instructions
and nuclei were stained using DAPI(Beyotime, China).
The fluorescence was detected using the fluorescence
microscope (Olympus, Japan) and the cells in the prolif-
erative phase were counted using Image ] software.

Cell apoptosis assay

Annexin V-FITC/PI cell apoptosis detection kit (Yeasen
Biology, China) was used to detect the level of apop-
tosis under different conditions. CCSMCs seeded in a
six-well plate (Costar, United States) were pre-treated
with hASC-EVs or MT-hASC-EVs for 24 h and then
stimulated under hypoxia for 24 h in anaerobic jars with
Anaerobic cultivation sets (AnaeroPack™, MGC, Japan).
Subsequently, the cells were collected and stained with
Annexin V-FITC and PI probe solution at room tempera-
ture for 15 min. The apoptosis rate was detected by Cyto-
flex (Beckman Coulter, United States).

The miRNA library construction and sequencing

Total RNA of hASC-EVs and MT-hASC-EVs was
extracted by the MagZol (Magen, China) according to
the manufacturer’s protocol. The quantity and integrity of
RNA vyield was assessed by using the Qubit®2.0 (Invitvo-
gen, USA) and Agilent 2200 TapeStation (Agilent Tech-
nologies, USA) separately. Briefly, RNAs were ligated
with 3’ RNA adapter, and followed by 5’ adapter ligation.
Subsequently, the adapter-ligated RNAs were subjected
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to RT-PCR and amplified with a low-cycle. Then the
PCR products were size selected by PAGE gel accord-
ing to instructions of NEBNext® Multiplex Small RNA
Library Prep Set for Illumina® (Illumina, USA). The puri-
fied library products were evaluated using the Agilent
2200 TapeStation, The libraries were sequenced by HiSeq
2500(Illumina, USA) with single-end 50 bp at Ribobio
Co. Ltd (Ribobio, China).

The raw reads were processed by filtering out con-
taining adapter, poly ’ N, low quality, smaller than 17nt
reads by FASTQC to get clean reads. Mapping reads were
obtained by mapping clean reads to reference genome of
by BWA. miRDeep2 was used to identify known mature
miRNA based on miRBase2l (www.miRBase.org) and
predict novel miRNA. The expression levels were nor-
malized by RPM, RPM is equal to (number of reads map-
ping to miRNA/number of reads in Clean data)x10°.
Differential expression between two sets of samples was
calculated by edgeR algorithm according to the criteria
of]|log2(Fold Change)|>1 and p-value <0.05. TargetScan,
miRDB, miRTarBase and miRWalk were used to predict
targets gene of selected miRNA. R 4.3.1 and miRPath
v.3  (https://dianalab.e-ce.uth.gr/html/mirpathv3/index
.php?r=mirpath) [31] were used for further Gene Ontol
ogy (GO) and KEGG (Kyoto Encyclopedia of Genes and
Genomes) pathway analysis.

Immunocytochemistry (ICC)

CCSMCs were seeded in 35 mm confocal dishes
(Bioshark, China) and induced using 10ng/mL recombi-
nant human TGF-B2 (Proeintech, HZ-1092, USA), while
hASC-EVs or MT-hASC-EVs were co-incubated. After
48 h, CCSMCs were fixed with 4% paraformaldehyde
(PFA) and permeabilized with 0.1% Triton X-100 (Sigma,
USA). Blocking was performed with goat serum for 1 h,
followed by incubation with TGF-B2 specific antibody
(Ptoteintech, 19999-1-AP, 1:100) overnight. Then, the
cells were incubated with green fluorescent secondary
antibody (Proteintech, RGAR002, 1:200) for 1 h at room
temperature. Nuclei were stained using DAPI (Invitro-
gen, USA). CCSMCs were observed under the confocal
laser scanning microscope (Olympus, Japan) and the flu-
orescent intensity was valued by Image ] software.

Transfection
Cell transfection was performed using Lipofectamine
3000 (Invitrogen, USA), according to the manufacturer’s
protocol. The miR-145-5p inhibitor and NC inhibitor,
miR-145-5p mimics and NC mimics were obtained from
Genomeditech (Shanghai, China), and their sequences
were shown in Supplementary Table 2.

Extracellular vesicle transfection of miR-145-5p
mimics or miR-145-5p inhibitor was performed using
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Extracellular Vesicle RNA Loading Kit (Echo Biotech,
China), according to the manufacturer’s instructions.

Dual-luciferase reporter assay

The entire 3-UTR fragments of Tgfb2 and Smad3 and the
mutant form in which the potential miR-145-5p binding
sites were mutated were inserted into PGL3-CMV-LUC
vector, namely Rat_Tgfb2 WT, Rat_Tgfb2 mut, Rat_
Smad3 WT and Rat_Smad3 mut, respectively. Plasmid
profiles as well as sequences are shown in Supplementary
Fig. 13 and Supplementary Table 5. These plasmids were
respectively, co-transfected with miR-145-5p mimics or
mimics NC into HEK293 cells. After 48 h, cells were col-
lected and luciferase activity was measured using Dual-
Luciferase Reporter Assay System (E1910, Promega,
Madison, W1, USA).

Biological safety analysis
Biosafety analysis included both short-term (2 days) and
long-term (3 weeks) assessments.

For the short-term assessment, 9 male SD rats weigh-
ing approximately 250 g were randomly divided into
three groups (n=3) and injected intracavernously with
0.1mL of PBS, hASC-EVs (100 pg in 0.lmL PBS) or
MT-hASC-EVs (100 pg in 0.1mL PBS). Two days post-
injection, blood was drawn from the rats’ jugular veins
to measure white blood cell (WBC) using a Blood Cell
analyzer (TEK-VET3, TECOM, China). The rats were
anesthetized with pentobarbital sodium (35 mg/kg) and
euthanized with excess carbon dioxide, after which the
corpus cavernosum tissue was isolated and assessed for
Hematoxylin-Eosin (HE) staining.

For the long-term assessment, 9 male SD rats weigh-
ing approximately 250 g were randomly divided into
three groups (n=3) and injected intracavernously with
0.1mL of PBS, hASC-EVs (100 pg in 0.1mL PBS) or MT-
hASC-EVs (100 pg in 0.1mL PBS) on the first day of each
week. Three weeks after the initial injection (a total of
three injections were given), blood was drawn from the
rats’” jugular veins to test for Aspartate aminotransferase
(AST), Alanine aminotransferase (ALT), Creatinine (CR)
and Blood urea nitrogen (BUN) using a Blood biochem-
istry analyzer (BK-280, BIOBASE, China). The rats were
anesthetized with pentobarbital sodium (35 mg/kg) and
euthanized with excess carbon dioxide, after which the
corpus cavernosum and major organs (heart, liver, kid-
neys, lungs, and spleen) were isolated and assessed for
pathological changes using HE staining.

Histological and immunohistochemical analysis

For Hematoxylin-Eosin (HE) staining and Masson’s tri-
chrome staining, the tissues were fixed in 4% paraformal-
dehyde overnight, which were subsequently dehydrated
and embedded in paraffin. Next, the paraffin-embedded
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tissue was cut into 4-micron sections for staining. After
gradient dehydration with xylene, the sections were
stained with an HE staining kit (Solarbio, China) or a
Masson trichrome staining kit (Solarbio, China). Stained
sections were observed under microscope. To assess the
degree of cavernous fibrosis indicated by Masson tri-
chrome staining, the red area representing smooth mus-
cle fibers and the blue area representing collagen fibers
were calculated separately by Image ] software. The ratio
of smooth muscle fiber area to collagen fiber area was
considered as an index negatively correlated with the
degree of cavernous fibrosis.

For immunohistochemical staining, penile tissue sec-
tions were rehydrated, and antigen retrieval was per-
formed. The sections were blocked with goat serum for
60 min, then incubated with anti-Desmin antibodies
(Proteintech, 16520-1-AP, 1:500) overnight. Then, Max-
Vision HRP-Polymer immunohistochemistry kit (Maxim,
China) was used and the sections were developed in
color with diaminobenzidine (DAB). Sections were then
counterstained with hematoxylin. Stained sections were
observed under microscope and analyzed using Image |
software.

Real-time PCR

The EZ-press RNA Purification Kit (EZB, USA) was
used to extract mRNA from the ASCs and CCSMCs.
Exosome RNA Purification Kit (EZB, USA) was used to
extract total RNA from EVs. TRIzol Reagent (Invetrogen,
USA) was used to extract mRNA from tissue. A reverse
transcription kit (TaKaRa, Japan) was used to synthe-
size complementary DNA from mRNA. An miRNA 1st
Strand c¢cDNA Synthesis Kit (by stem-loop) (Vazyme,
China) was used to synthesize complementary DNA
from microRNA. The ChamQ Universal SYBR qPCR
Master Mix (Vazyme, China) was used to and perform
quantitative real-time PCR, according to the manufac-
turer’s instructions. ACTB and U6 were used as inter-
nal controls. The LightCycler 480 real-time PCR system
(Roche Diagnostics, Indianapolis, IN, USA) was used for
detection. The primers used are listed in Supplementary
Table 1.

The Ct values of each gene in the samples were con-
verted to relative expression levels (with the control
group in each experiment set as 1) for statistical analysis.
The formula is as follows:

(1) ACt=Ct (gene of interest) — Ct (housekeeping gene);
(2) AACt = ACt (treated sample) — ACt (control sample);
(3)Relative expression level = 2" (-AACt).

Western blots
Proteins were extracted using RIPA Lysis Buffer
(Beyotime, China) according to the manufacturer’s
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instructions. Assays for RhoA activation were per-
formed by using Active GTPase Pull-Down and Detec-
tion Kits (ThermoFisher, USA).The protein concentration
was detected using a Bicinchoninic Acid Protein Assay
Kit (Beyotime, China). The Protein solution and SDS-
PAGE Protein Sample Loading Buffer (Beyotime, China)
were mixed and denatured by heating at 95 ° C. 10 pg
of proteins were used for electrophoresis per lane. After
electrophoresis, the proteins were transferred onto
polyvinylidene difluoride membranes. The membranes
were blocked with Tris-buffered saline-Tween (with 5%
skim milk) and incubated at 4 °C overnight with pri-
mary antibodies against B-actin (Proeintech, 66009-1-
Ig, 1:20000), TGE-B2(Proteinteech, 19999-1-AP, 1:1000),
Smad3 (Abclonal, A19115, 1:20000), p-Smad3 (Cell Sig-
naling Technology, #9520, 1:1000), COL1A1 (Abclonal,
A1352, 1:1000), COL3A1l (Abclonal, A3795, 1:2000),
RhoA (Proteintech, 10749-1-AP, 1:1000), Rockl (Pro-
teintech, 21850-1-AP, 1:5000), p-Rockl (ThermoFisher,
PA5-114634, 1:1000), ERK1/2 (Proteintech, 11257-1-AP,
1:2000), p-ERK1/2 (Proteintech, 28733-1-AP, 1:1000),
AKT (Proteintech, 10176-2-AP, 1:2000), p-AKT (Protein-
teck, 66444-1-Ig, 1:2000). After hybridization with the
secondary antibody (Proteinteh, 1:10000), bands were
observed with enhanced chemiluminescence substrates
(Millipore, MA) under a chemiluminescence imaging
system (Bio-Rad, USA). The grayscale values of the bands
were calculated using Image Lab software.

Statistical analysis

All quantitative data were expressed as the mean + stan-
dard deviation. Statistical analyses were performed
using GraphPad Prism v9.0 software. The normality of
data distribution was assessed by the Shapiro-Wilk test.
Homogeneity of variance was assessed by the F-test for
two-group comparisons and by the Brown-Forsythe test
for multiple group comparisons. Significant differences
were determined using two-tailed unpaired Student’s
t-tests for two-group comparisons and one- or two-way
analysis of variance (ANOVA) with the Sidak’s test for
multiple group comparisons. Details on the statistics
used can be found in the figure legends. Differences were
considered statistically significant at p <0.05.

Results

Isolation and characterization of melatonin-pretreated
adipose mesenchymal stem cell-derived EVs

Primary adipose mesenchymal stem cells were isolated
from human adipose tissue. After 48 h of treatment with
10uM Melatonin, the conditioned medium was collected,
from which MT-hASC-EVs were isolated (Fig. 1A). Both
hASCs and melatonin-pretreated hASCs showed typical
spindle and fibroblast-like morphologies (Fig. 1B). The
levels of growth factors secreted by hASCs were detected
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by RT-PCR (Fig. 1C). After Melatonin treatment, the
mRNA expression levels of various growth factors in
hASCs increased, among which the expression level of
SHH (Sonic Hedgehog) increased most significantly as
early as 2-4 h of Melatonin treatment. In addition, the
expression levels of PDGF, HGF and PGF were also sig-
nificantly increased after melatonin pretreatment.
hASC-EVs and MT-hASC-EVs were isolated from the
conditioned medium of hASCs and melatonin-treated
hASCs respectively. Western Blot revealed that hASC-
EVs and MT-hASC-EVs both highly expressed CD81,
CD9, and the endosomal marker TSG101, but rarely
expressed the endoplasmic reticulum marker Calnexin
(Fig. 1D), which is in line with the typical marker expres-
sion of exosomes. Nanoparticle Trafficking Analysis
(N'TA) detection showed that the particle sizes of hASC-
EVs and MT-hASC-EVs were mostly distributed in the
range of 50-200 nm, with a main peak at about 110 nm
(Fig. 1E). There was also no difference in mean par-
ticle size (Fig. 1F). Both hASC-EVs and MT-hASC-EVs
had a typical cup-like shape under transmission elec-
tron microscope (TEM) (Fig. 1G). These results proved
that EVs from hASCs and MT-hASCs were successfully
isolated and characterized, while the pretreatment of
melatonin had no significant effect on the markers, mor-
phology, and particle size distribution of hASC-EVs.

Intracavernous injection of MT-hASC-EVs could restore
erectile function and reduce cavernous fibrosis in a rat
model of CNI-ED

In order to evaluate the therapeutic effects of MT-hASC-
EVs on CNI-ED, we utilized a rat model of CNI-ED estab-
lished through bilateral cavernous nerve crush, following
which both types of EVs were administered via intracav-
ernous injection. At 4 weeks post-treatment, the erectile
function was assessed by measuring intracavernous pres-
sure (ICP) and mean arterial pressure (MAP) (Fig. 2A and
B). There were no significant differences in MAP among
all groups. The successful establishment of CNI-ED
model was confirmed by a significant decrease of ICP/
MAP ratio in the PBS group compared with the sham
group. Intracavernous injection of hASC-EVs or MT-
hASC-EVs could restore the ICP/MARP ratio to a certain
extent. Notably, the therapeutic effects of MT-hASC-EVs
were more pronounced compared to that of hASC-EVs.
As a complement, we compared the effects of MT-hASC-
EVs with the classic therapeutic drug sildenafil (Supple-
mentary Fig. 1). In CNI-ED rats, the elevation of ICP/
MAP was not significant after oral administration of
sildenafil citrate 2 h before testing, which may be attrib-
uted to the decreased sensitivity to nitric oxide (NO) due
to cavernous fibrosis and reduced smooth muscle con-
tent. However, rats that received intracavernous injection
of MT-hASC-EVs showed a more pronounced recovery
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effect on ICP/MAP compared to sildenafil, suggesting
the great potential of MT-hASC-EVs.

Cavernous fibrosis is one of the most severe pathologi-
cal changes of CNI-ED, making it a major factor contrib-
uting to the refractory of the disease, so we focused on
the degree of cavernous fibrosis among all groups. The
Masson staining results showed. obvious collagen fiber
accumulation and a significant decrease in the ratio of
muscle fibers to collagen fibers in PBS group. hASC-EVs
and MT-hASC-EVs could alleviate such phenomenon to
some extent, with the therapeutic effect of MT-hASC-
EVs being more obvious, suggesting the stronger anti-
fibrotic effects of MT-hASC-EVs (Fig. 2C and D).
Immunohistochemistry was used to evaluate the con-
tent of cavernous smooth muscle, and the results were

consistent with the Masson staining results, with sig-
nificant loss of Desmin + muscle fiber in PBS group and
the highest smooth muscle level in MT-hASC-EV group
(Fig. 2E and F). Chronic hypoxia caused by long-term
low perfusion after CNI can activate the TGF-/Smad
pathway and induce cavernous nerve fibrosis. Therefore,
Western Blot was used to reveal that MT-hASC-EVs
could most significantly reduce the protein level of TGEF-
B2 and p-Smad3 in cavernous nerve tissue after CNI,
thereby reducing the expression of Collagen I (Fig. 2G
and H). Similarly, RT-PCR also revealed that MT-hASC-
EVs had a significant down-regulation effect on the
mRNA levels of Tgfb2 and Collal (Fig. 2I). These results
suggest that MT-hASC-EVs have good effects in relieving
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Fig.2 MT-hASC-EVs improved erectile function and alleviated cavernous fibrosis in CNI-ED rats. A) Changes of ICP and MAP curves after electrical stimu-
lation of the cavernous nerve in Sham group, PBS group, hASC-EVs group and MT-hASC-EVs group 28 days after CNI and administration. The green curves
show the duration of the electrical stimulation. B) Statistical analysis of the relative ratio of ICPmax to MAP in four groups (n=6, biological replicates).
C-D) Masson'’s trichrome staining of corpus cavernous tissue and the statistical analysis of the smooth muscle/collagen ratios of the four groups (n=6,
biological replicates). Scale bar =500 um for the upper row of images. Scale bar =100 um for the lower row of images. The region corresponding to the
images of the lower row is marked with a black box in the images of the upper row. E-F) Immunohistochemical (IHC) staining of Desmin in the corpus
cavernosum tissue of the four groups and the statistical analysis of the density of Desmin (n=6, biological replicates). Scale bar =1 mm for the upper row
of images. Scale bar =100 um for the lower row of images. The region corresponding to the images of the lower row is marked with a black box in the
images of the upper row. G-H) Western Blot analysis of the relative protein level of TGF-32, p-Smad3, Collagen | and Collagen Il in the corpus cavernosum
of four groups (n =3, biological replicates). Original Western Blot bands are presented in Supplementary Fig. 5. 1) RT-PCR analysis of the relative mRNA level
of Tgfb2 and Collal in the corpus cavernosum of four groups (n=3, biological replicates). Data are presented as the mean + SD. Statistical analyses are
performed by One-way ANOVA with the Sidak’s test for multiple group comparisons (B, D, F, H and I). *, p < 0.05; **, p < 0.01; ***, p <0.001; **** p<0.0001;

ns, no significance

CNI-induced cavernous fibrosis by downregulating the
TGEF-B/Smad pathway.

MT-hASC-EVs could promote the proliferation of CCSMCs
and reduce cell apoptosis in vitro

At the in vivo level, MT-hASC-EVs significantly
increased the content of cavernous smooth muscle. To
elucidate the mechanism, primary corpus cavernous
smooth muscle cells (CCSMCs) were isolated from rat
corpus cavernosum for the in vitro experiments. Both
PKH67-labeled hASC-EVs and MT-hASC-EVs added
to the culture supernatant were significantly up-taken
by CCSMCs after 12 h (Fig. 3A). After incubation for
24 h, both MT-hASC-EVs and hASC-EVs significantly
enhanced the cell viability of CCSMCs, with a stronger
effect observed for MT-hASC-EVs. The effect became
more pronounced after 48 h (Fig. 3B). When EdU was
added to the culture medium, a higher number of EAU-
positive cells was detected in CCSMCs after incubation
with MT-hASC-EVs (Fig. 3C and D), indicating that
MT-hASC-EV treatment promoted CCSMC prolifera-
tion. Furthermore, given that low oxygen-induced ROS
damage is a key factor in CNI-ED progression, we stim-
ulated CCSMCs with hypoixa and measured apoptosis
rates under different treatment conditions. After hypoxia
treatment, the apoptosis rate of CCSMCs significantly
increased, while both MT-ASC-EVs and ASC-EVs had a
certain inhibitory effect on CCSMC apoptosis, with the
former being more significant (Fig. 3E and F). Taking all
above account, CCSMCs can enhance cell proliferation
after uptaking MT-ASC-EVs, while reducing cell apopto-
sis induced by hypoxia.

High-throughput sequencing revealed that the microRNAs
in MT-hASC-EVs can target the TGF-B/Smad axis

EVs contain a large number of microRNAs, as one of
the most important effectors in EVs. EVs can target spe-
cific mRNAs by delivering microRNAs to target cells
and regulate protein expression specifically, thereby
achieving the regulation of cell functions. Therefore,
microRNAs specifically enriched in MT-hASC-EVs
were screened by high-throughput sequencing. Among

the co-expressed microRNAs, we selected those with
a|Log2(FoldChange)|>1 and p<0.05 as the screening
conditions to screen for differentially expressed microR-
NAs, ultimately obtaining 12 upregulated microRNAs
and 8 downregulated microRNAs, which were displayed
in the volcano plot (Fig. 4A) and heatmap (Fig. 4B).

microRNAs specifically target mRNAs to exert nega-
tive regulation, so we focused on the functional enrich-
ment of target genes of 12 up-regulated microRNA.
Using the prediction results from miRTarBase or the
common prediction results from miRDB, miRWalk,
and TargetScan as candidate target genes for the 12
upregulated microRNAs, a total of 4,928 target genes
were identified(Supplementary Table 3). Gene Ontol-
ogy (GO) enrichment analysis and Kyoto Encyclopedia
of Genes and Genomes (KEGG) enrichment analysis
were performed on these target genes. In the GO enrich-
ment analysis, several enriched terms were related to
“decreased oxygen levels’, suggesting significant regu-
latory roles in cellular responses to hypoxia of these
microRNAs, and it is worth noting the term “response
to transforming growth factor beta” was also enriched,
which is strongly related to hypoxia-induced cavernous
fibrosis(Fig. 4C). Consistent with that, these target genes
were enriched in the “TGF-beta signaling pathway” in
KEGG enrichment analysis (Fig. 4D). In summary, the
microRNA sequencing and target gene enrichment anal-
ysis suggest that the microRNAs enriched in MT-ASC-
EVs may have played a therapeutic role in CNI-ED by
targeting the TGF-beta pathway, which is consistent with
the observation of downregulation of TGF-beta pathway-
related proteins in the in vivo experiments.

MT-hASC-EVs could reduce the fibrosis of CCSMCs in vitro
by inhibiting the TGF-f pathway

Subsequently, the results of microRNA sequencing and
bioinformatics analysis were validated through a series
of in vitro experiments. CCSMCs were treated with
TGE-B (10ng/mL) for 48 h to induce fibrosis, and hASC-
EVs or MT-ASC-EVs were simultaneously co-incubated.
RT-PCR detection indicated that the mRNA level of
Tgfb2 was significantly decreased after MT-ASC-EVs
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Fig. 5 MT-hASC-EVs could inhibit the activation of TGF-f pathway and fibrosis of CCSMCs in vitro. A) RT-PCR analysis showing relative mRNA levels of
Tgfb2, Tgfbr2, Smad3 and Collal of TGF-B-stimulated CCSMCs after incubation with hASC-EVs and MT-hASC-EVs.(n =3, biological replicates). B-C) Western
Blot analysis of protein levels of TGF-B2, phosphorylated Smad3, Collagen I/Collagen Il in CCSMCs (n=3, biological replicates). Original Western Blot
bands are presented in Supplementary Fig. 6. D-E) Immunofluorescence analysis of TGF-32 in TGF-3-stimulated CCSMCs incubated with hASC-EVs or MT-
hASC-EVs and statistical analysis of fluorescence intensity (n =3, biological replicates, scale bar =80 um). Data are presented as the mean + SD. Statistical
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treatment, while the effect of ASC-EVs was not obvious
(Fig. 5A). However, both of them could downregulate
the mRNA level of Collal and this may indicate both
of the EVs contain microRNAs targeting the mRNA of
Collal, rather than simply downregulating the expres-
sion of Collal through the TGF-p pathway. Western
Blot detection revealed that the levels of TGF-f2 and
phosphorylated Smad3 in CCSMCs were significantly
downregulated after MT-ASC-EVs treatment compared
with the TGF-B2 group and hASC-EVs group. As for the
evaluation index of fibrosis, Collagenl/CollagenIll, MT-
hASC-EVs also showed more excellent anti-CCSMCs
fibrosis effects (Fig. 5B and C). Consistent with that, in
the ICC experiment, lower TGF-B2 fluorescence sig-
nals were detected in CCSMCs after MT-hASC-EVs
treatment (Fig. 5D and E). It should also be noted that
after the activation of the TGF-p pathway, in addition
to stimulating canonical Smad-related pathways, it can
also cross-talk with RhoA/Rock, PI3K/AKT, MAPK, and
other pathways, collectively referred to as non-canonical
pathways [4, 32]. As a supplement, Western Blot analy-
sis revealed that MT-hASC-EVs significantly inhibit the
activation of RhoA/Rockl, AKT, and ERK1/2 induced
by TGE-pB in CCSMCs (Supplementary Fig. 2). Combin-
ing the above results, after MT-hASC-EVs treatment, the
activation level of the TGF-p pathway in CCSMCs was
significantly downregulated, which may be an important
mechanism for the anti-fibrosis effects of MT-hASC-EVs.

MT-hASC-EVs inhibit TGF-B2 and Smad3 expression
through miR-145-5p

To further identify the core microRNAs that play a pivotal
role among the differentially expressed miRNAs identified
in the microRNA sequencing analysis, KEGG enrichment
analysis was conducted on the upregulated miRNAs using
the miRPath v3.0 software, a tool that can show the cor-
respondence between enriched pathways and microRNAs
(Fig. 6A). The results indicated that, among all upregu-
lated miRNAs, miR-145-5p (targeting 12 genes), as well
as miR-23b-3p and miR-23a-3p (both targeting 15 genes),
were significantly enriched in the TGF-f signaling path-
way (Supplementary Table 4). To validate these results,
RT-PCR was first performed to assess the expression of
miR-145-5p, miR-23a-3p, and miR-23b-3p in hASCs. Fol-
lowing a 48-hour treatment with 10 uM melatonin, a sig-
nificant upregulation of these three miRNAs in hASCs
was observed (Fig. 6B). Similarly, MT-hASC- EVs exhib-
ited significantly higher expression levels of these three
miRNAs compared to hASC-EVs (Fig. 6C). Given that the
upregulation of miR-145-5p was particularly pronounced,
we chose to focus our subsequent validation efforts on
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this specific microRNA. After treating CCSMCs with both
types of EVs, RT-PCR analysis revealed that MT-hASC-
EVs significantly increased the expression level of miR-
145-5p (Fig. 6D).

TargetScan version 8.0 (https://www.targetscan.org/v
ert_80/) predicted binding sites for miR—145-5p within
the 3’ untranslated region (UTR) of rat Tgfb2 at a 7mer-
Al site and within rat Smad3 at an 8mer site which are
illustrated in Fig. 6E. Dual luciferase reporter assays
were performed to determine whether Tgfb2 and Smad3
serve as direct targets for regulation by miR-145-5p.
The results demonstrated that co-transfection with a
mimic for mir-145-5p led to a significant reduction in
luciferase activity from both Tgfb2 WT and Smad3 W'T
constructs, while no significant changes were observed
for Tgfb2 mut or Smad3 mut constructs ( Fig. 6F), which
confirmed the specific targeting. For further verification,
transfection with miR-145-5p mimics into TGEF-B-
stimulated CCSMCs resulted in marked down-regulation
of the protein level of TGF -2 and Smad3; conversely,
transfection with miR-145-5p inhibitor significantly
up-regulated TGF-B2 and Smad3 (Fig. 6G and H).

While miR-145-5p alone can indeed inhibit the TGF-p2/
Smad3 pathway, considering the complexity of the constit-
uents within extracellular vesicles, it is crucial to further
validate the specificity of miR-145-5p in the anti-fibrotic
effects of MT-hASC-EVs. Transfection of miR-145-5p
inhibitor into MT-hASC-EVs can significantly reduce their
inhibitory effects on the TGF-f2/Smad3 pathway and
fibrosis in CCSMCs (Fig. 61 and J). Similarly, transfection
of miR-145-5p mimics into hASC-EVs can significantly
enhance their inhibitory effects on the TGF-B2/Smad3
pathway and fibrosis (Supplementary Fig. 3). In summary,
miR-145-5p is indeed the specific core factor in MT-
hASC-EVs that plays a critical role in inhibiting the TGEF-
B2/Smad3 pathway and exerting anti-fibrotic effects.

MT-hASC-EVs showed good biological safety in both short-
term and long-term assessment

CNI-ED and cavernous fibrosis are a chronic process
and require long-term therapeutic follow-up, which
means the in vivo safety of MT-hASC-EVs is critical. In
the short-term safety evaluation, there was no significant
change in the WBC levels of rats two days after intra-
cavernous injection of hASC-EVs and MT-hASC-EVs
(Fig. 7A), and HE staining also indicated no significant
infiltration of immune cells in the corpus cavernosum tis-
sue (Fig. 7F). After weekly injections for three consecu-
tive weeks, there was no obvious change in liver function
(AST, ALT) and kidney function (CR, BUN) indicators
among all treatment groups (Fig. 7B-E). HE staining
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Fig. 6 MT-hASC-EVs could down-regulate TGF-32/Smad3 pathway through miR-145-5p. A) KEGG enrichment analysis of up-regulated miRNAs of MT-
hASC-EVs by miRPath v3.0. B) RT-PCR analysis showing the relative expression levels of miR-145-5p, miR-23a-3p and miR-23b-3p in hASCs after treatment
of melatonin (n=3, biological replicates). C) RT-PCR analysis showing the relative expression levels of miR-145-5p, miR-23a-3p and miR-23b-3p in hASC-
EVs and MT-hASC-EVs (n=3, biological replicates). D) RT-PCR analysis showing the relative expression levels of miR-145-5p in CCSMCs after incubation
with hASC-EVs and MT-hASC-EVs (n =3, biological replicates). E) Binding sites for miR—145-5p within the 3'untranslated region (UTR) of rat Tgfb2 and rat
Smad3 predicted by TargeScan v8.0. F) Luciferase reporter activities could be inhibited by miR-145-5p mimics in 293T which are transfected with wild
type Tgfb2 and Smad3 reporter genes, but not mutant 7gfb2 and Smad3 reporter genes (n=3, biological replicates). G-H) Western Blot analysis show-
ing the protein levels of TGF-(2, Smad 3 in CCSMCs after transfection with miR-145-5p mimics and inhibitor (n=3, biological replicates). The six lanes
are marked “a’, "b’", “c’, "d", " and “f" respectively in order to simply display in (H). Original Western Blot bands are presented in Supplementary Fig. 7. I-J)
Transfection of miR-145-5p inhibitors could impair the inhibitory effects of MT-hASC-EVs on TGF-B2/Smad3 pathway and fibrosis in CCSMCs. Western blot
analysis revealed the protein levels of TGF-32, p-Smad3, Collagen I and Collagen Il in CCSMCs (n=3, biological replicates). The five lanes are marked “@’,
'@,"®""@" and "®" respectively in order to simply display in (J). Original Western Blot bands are presented in Supplementary Fig. 8. Data are presented as
the mean + SD. Statistical analyses are performed by Student’s t test (D) and One-way (H and J) or Two-way (B, C and F) ANOVA with the Sidak's test for
multiple group comparisons. *, p <0.05; **, p<0.01; ***, p <0.001; *** p<0.0001; ns, no significance
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of rats after three weekly intracavernous injections of hASC-EVs or MT-hASC-EVs (n=3, biological replicates). Aspartate aminotransferase (AST) analysis
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hASC-EVs or MT-hASC-EVs (n =3, biological replicates). Creatinine (CR) analysis shown in (D). Blood urea nitrogen (BUN) analysis shown in (E). F) HE stain-
ing of corpus cavernosum tissue 2 days after intracavernous injection of hASC-EVs or MT-hASC-EVs. Scale bar =100 pum. IC, intracavernous injection. G)
HE staining of corpus cavernosum tissue after three weekly intracavernous injections of hASC-EVs or MT-hASC-EVs. Scale bar =100 um. H) HE staining of
major organs of rats after three weekly intracavernous injections of hASC-EVs or MT-hASC-EVs (scale bar = 100 um). Data are presented as the mean + SD.
Statistical analyses are performed by One-way (G) or Two-way (A, B, C, D and E) ANOVA with the Sidak's test for multiple group comparisons. *, p <0.05;

** p<0.01;***, p<0.001; **** p<0.0001; ns, no significance

analysis of corpus cavernosum (Fig. 7G) and key organs
(Fig. 7H) did not reveal any microscopic abnormalities
among the different treatment groups. In summary, MT-
hASC-EVs exhibit good biocompatibility, which implies
high potential for further research related to clinical
translation.

Discussion

Corpus cavernosum nerve injury is one of the important
causes of erectile dysfunction, commonly seen after pel-
vic surgery especially radical prostatectomy, with a post-
operative occurrence rate of ED as high as 63-94% in two
years [3]. Currently, perioperative penile rehabilitation
techniques have been adopted in clinical practice, includ-
ing vacuum negative pressure suction, intracavonous
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injection of vasoactive agent and oral phosphodiester-
ase 5 inhibitors, to restore erectile function in CNI-ED
patients [6]. However, about 50-75% of patients still can-
not recover to their preoperative erectile function sta-
tus, seriously affecting the postoperative quality of life
[5]. The refractoriness of CNI-ED is closely related to its
pathogenesis and development mechanism, especially
severe cavernous fibrosis after CNI-ED [2]. Chronic
hypoxia caused by long-term low blood flow perfusion
in the penis after CNI can lead to functional impairment
of corpus cavernosum smooth muscle cells through ROS
accumulation [33], resulting in severely reduced respon-
siveness of the corpus cavernosum to nitric oxide (NO)
[34]; on the other hand, hypoxia can also activate TGF-f/
Smad [35] and RhoA/Rock [36] pathways leading to cor-
poral fibrosis and impaired blood capacity and compli-
ance. Therefore, the response effect of traditional PDE5i
drugs on CNI-ED is often unsatisfactory. Thus it is urgent
to study new methods for effectively targeting cavernous
fibrosis in order to achieve better therapeutic effects for
CNI-ED.

In recent years, many animal and clinical studies have
confirmed that mesenchymal stem cells can promote
recovery of erectile function in CNI-ED [8-10]. However
clinically stem cell therapy for ED is still confronted with
constraints such as cumbersome processes for storage,
culture and proliferation; ethical issues; risk of immune
rejection; tumorigenicity; pathogen contamination etc
[37]. Besides, a recent study revealed that MSCs could be
maintained within the cavernous tissue for only 3 days
in CNI-ED rats with no obvious evidence for endothe-
lial and smooth muscle differentiation, indicating that
MSC differentiation does not play a major role in treat-
ment efficacy [38]. The paracrine function, especially
extracellular vesicles (EVs), is likely to be one of the main
mechanisms for the therapeutic effects of MSCs. MSC-
derived EVs exert therapeutic effects while avoiding risks
associated with stem cell therapy, making them suitable
for industrial preparation, thus having good prospects for
clinical translation [14, 39, 40]. Therefore, in this study,
we also selected EVs isolated and enriched from the con-
ditioned medium of hASCs for intracavernous injection,
in order to achieve better treatment efficiency.

Melatonin (MT) is an amine hormone mainly synthe-
sized and secreted by the pineal gland, which has been
proved to alleviate CNI-ED by promoting the repair of
cavernous nerve [25, 26]. However, it should be noted
that the cavernous nerve can be spontaneously repaired
after CNI, while downstream cavernous fibrosis is dif-
ficult to reverse [7]. Therefore, neuroprotection and
regeneration may not be the only mechanism by which
melatonin exerts its therapeutic effect on CNI-ED. Many
studies have demonstrated Melatonin’s anti-fibrotic
effects in various disease models, such as liver fibrosis
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[21], pulmonary fibrosis [22], renal fibrosis [23], etc. So
it is reasonable to infer that the anti-fibrotic effect of
Melatonin also plays a rather important role in the remis-
sion of CNI-ED, but this has not been elucidated before.
In addition, melatonin can also regulate MSCs behavior
and significantly enhance the therapeutic effect of EVs
derived from MSCs in certain diseases [27, 28]. It has
also been observed that exosomes isolated from melato-
nin-stimulated MSCs can to some extent alleviate renal
fibrosis in chronic kidney disease [41].

In order to verify the above conjecture and clarify its
intrinsic mechanism, in this study, we enriched exosomes
produced by hASCs after pretreatment with melato-
nin. On one hand, MT-hASC-EVs contain melatonin
absorbed by hASC during pretreatment which can exert
a certain therapeutic effect; on the other hand and more
importantly, melatonin can regulate the composition of
EVs derived from hASCs, thus enhancing the therapeu-
tic effect. Through in vivo experiments, we found that
intracavernous injection of MT-hASC-EVs could signifi-
cantly ameliorate the erectile function of CNI-ED rats,
meanwhile reduce collagen accumulation indicated by
Masson staining, and increase Desmin staining distribu-
tion in the cavernous tissue. They could also inhibit the
expression of TGF-B pathway-related molecules such as
TGE-B, phosphorylated-Smad3 and fibrosis marker Col-
lagen I. Excitingly, MT-hASC-EVs have shown a more
significant therapeutic effect on CNI-ED compared to
the classic ED medication sildenafil. Similarly, in vitro,
MT-hASC-EVs promoted the proliferation of CCSMCs,
reduced hypoxia-induced apoptosis, and inhibited TGF-
B2-induced fibrosis of CCSMCs by inhibiting the activa-
tion of TGF-P pathway. These experiments demonstrated
the excellent anti-fibrosis ability of MT-hASC-EVs in the
treatment of CNI-ED.

EVs exert regulatory effects by delivering their cargo
to target cells, among which microRNAs are important
components [42]. microRNAs can recognize the binding
sites on the 3’-UTR of target gene mRNAs through their
seed sequences (nucleotides 2—8 at the 5’ end), causing
the translation of mRNAs to be blocked or even degraded
[43]. Therefore, to explore the underlying mechanism of
the stronger therapeutic effects of MT-hASC-EVs com-
pared to hASC-EVs, we performed high-throughput
microRNA sequencing and comparison of the two types
of EVs and identified 20 microRNAs with significant
expression differences. Since microRNAs exert regulatory
effects by downregulating the expression of target genes
when they are highly expressed, the upregulated microR-
NAs in MT-hASC-EVs should play a more primary reg-
ulatory role, but not the down-regulated microRNAs.
Thus, enrichment analysis of the target genes of upreg-
ulated miRNAs in MT-hASC-EVs revealed significant
enrichment in “response to transforming growth factor
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beta” and “transforming growth factor beta signaling”
To identify the most crucial microRNAs, KEGG analysis
by miRPath v3 suggested that miR-145-5p, miR-23a-3p,
and miR-23b-3p are all related to the TGF-$ pathway.
Previous studies have reported the regulatory role of
miR-145 in various fibrotic diseases, such as myocardial
fibrosis (targeting SOX9) [44], scar hyperplasia (targeting
Smad?2/3) [45], liver fibrosis (targeting ADD3) [46], etc.,
so we chose miR-145-5p as the most likely effector mol-
ecule for further experimental design. The expression of
miR-145-5p in both MT-hASCs and MT-hASC-EVs can
be significantly upregulated by melatonin, confirming
the conclusion of high-throughput sequencing. To clarify
the downstream targets of miR-145-5p, we predicted the
possible target genes of miR-145-5p using TargetScan
v8.0 and sifted potential targets related to the TGF-f
pathway. We identified a 7mer-Al site for miR-145-5p
in the 3’'UTR of Tgfb2 and an 8mer site in the 3’'UTR of
Smad3, which were subsequently validated using dual
luciferase reporter gene assays. Finally, to verify the
specificity of miR-145-5p in the anti-fibrotic effects of

Melatonin o
w

‘//, B

miR-145-5p

MT-hASC-EVs

hASCs
(donor cell)
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MT-hASC-EVs, we blocked the function of miR-145-5p
by transfecting miR-145-5p inhibitor and observed a
reduction in the inhibitory effects of MT-hASC-EVs on
the TGF-P pathway and anti-fibrotic actions. Combining
the above results, we confirmed that MT-hASC-EVs can
inhibit the occurrence of fibrosis through miR-145-5p/
Tgtb2/Smad3 axis.

Excitingly, MT-hASC-EVs have demonstrated good
biocompatibility in biosafety testing. Multiple intracav-
ernous injections of MT-hASC-EVs do not elicit local or
systemic immune responses, nor do they adversely affect
the function and structure of vital organs (heart, liver,
spleen, lungs, and kidneys). As an excellent alternative to
stem cell therapy, MT-hASC-EVs hold strong potential
for clinical translation in the field of CNI-ED treatment.

However, our research still has some limitations worth
further exploration and improvement. First, MT-hASC-
EVs can promote the proliferation of CCSMCs and
inhibit apoptosis in vitro, and can also increase the con-
tent of Desmin at the in vivo level, but the mechanism
behind this is not yet clear. Additionally, we only focused

CCSMCs
(recipient cell)

—4

Collagen |

miR-145-5p

Fig. 8 MT-hASCs-EVs can significantly alleviate CNI-ED by inhibiting the occurrence of cavernous fibrosis through miR-145-5p/TGF-3/Smad axis
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on the changes in the microRNA expression profile of
MT-hASC-EVs, while proteins, lipids, and other mol-
ecules are also important regulatory molecules that EVs
can deliver to target cells, and the potential effector mol-
ecules among them are also worth further exploration.

Conclusions

In conclusion, the present study demonstrated that intra-
cavernous injection of MT-hASC-EVs could significantly
alleviate CNI-ED. MT-hASC-EVs could effectively alle-
viate the apoptosis and fibrosis of CCSMCs in vitro and
in vivo. Mechanistically, microRNA sequencing revealed
that miR-145-5p was significantly enriched in MT-
hASC-EVs and played a direct and negative regulatory
role on Tgfb2 and Smad3 mRNAs by being transferred
to CCSMCs. MT-hASCs-EVs can significantly alleviate
CNI-ED by inhibiting the occurrence of fibrosis through
miR-145-5p/TGF-p2/Smad3 axis (Fig. 8). All these sug-
gest that these extracellular vesicles may be potential
drugs and materials for CNI-ED treatment.
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