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Purpose: Erectile dysfunction (ED) frequently arises as a complication of pelvic surgeries, including rectal and prostate surgery, and
has no definitive cure. This study explored whether mitochondria-rich microvesicles (MVs) can be used to treat ED stemming from
cavernous nerve injury (CNI) and investigated its potential mechanisms.

Methods: We isolated MVs and mitochondria (MT) from PC12. The apoptosis rate, mitochondrial membrane potential (MMP),
reactive oxygen species (ROS), mitochondrial derived reactive oxygen species (mtROS), iron content, malondialdehyde (MDA)
content and endogenous antioxidant system activity of corpus cavernosum smooth muscle cells (CCSMCs) cultured with MVs and MT
were detected in vitro. In vivo, twenty-four male Sprague Dawley rats were randomly divided into four groups: sham operation group
and CNI group were injected with PBS, MVs and MT respectively. After fourteen days of treatment, the erectile function was
measured and penile tissues were collected for histological analysis. Subsequently, inhibition of mitochondria in MV was performed to
explore the mechanism of the rescue experiment.

Results: The CCSMCs, PC12-MVs and PC12-MT were successfully isolated and identified. After MVs culture, apoptosis rate, ROS,
mtROS, iron content and MDA content of CCSMCs were significantly decreased, while MMP and the activities of endogenous
antioxidant system were increased. MVs transplantation can significantly restore erectile function and smooth muscle content in
CNIED rats. The rescue experiment suggested that MVs exerted the above therapeutic effect by transferring mitochondria within it.
Conclusion: MVs transplantation significantly improve erectile function in CNI ED rats. MVs may play a role in anti-OS and anti-
ferroptosis at the transplant site through efficient transfer of mitochondria, providing a potential treatment vehicle for CNI ED.
Keywords: cavernous nerve injury, erectile dysfunction, microvesicles, oxidative stress, ferroptosis

Introduction
Erectile dysfunction (ED) is characterized by an inability to attain and maintain an erection suitable for satisfactory
sexual intercourse.” One specific type of ED is cavernous nerve injury (CNI)-related ED, which typically occurs after
pelvic surgeries such as radical resection of rectal cancer.” Although surgical methods based on protecting nerve
function have been proposed, patients still suffer from CNI ED, which is a common symptom after surgery.* Currently,
oral phosphodiesterase type 5 inhibitor (PEDS5i) drugs, vacuum erection devices, drug injections, and other treatment
methods are available for CNI ED, but none of them achieve the desired effect.®” Therefore, there is an urgent need to
develop novel therapeutic approaches.

Extracellular vesicles (EVs) have attracted widespread attention as novel agents for treating diseases.®'* These
vesicles can be categorized into exosomes (Exos) and microvesicles (MVs) based on their size and can be effectively
isolated using methods such as filtration and gradient centrifugation.'"'* Some studies have found that MVs may contain
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intact mitochondria or mitochondrial components, which is one of the mechanisms through which they exert therapeutic
effects.'®'* Currently, researchers are using MVs to repair damaged cardiomyocytes and restore energy supply to
cardiomyocytes.'>'® However, the therapeutic effects of these MVs on CNI ED remain unexplored.

PCI12 is a rat adrenal pheochromocytoma cell line that can differentiate into sympathetic ganglion neurons under the
induction of nerve growth factor (NGF) and is widely used in neuroscience research.'” Nerve cells are among the most
energy-intensive cell types in humans owing to their crucial role in the transmission of electrical signals, which results in
a large number of mitochondria that provide ATP.'"® PC12-derived exosomes and mitochondria (MT) have shown promising
therapeutic effects against various diseases.'*° In addition, after CNI, the ability of the corpus cavernosum (CC) to respond
to signals from various neural pathways was significantly weakened, and neurotrophic loss occurred. Being in this state for an
extended period inevitably leads to ED.?' This may allow MVs derived from nerve cells to play a role in treatment. However,
to the best of our knowledge, the use of PC12 cell-derived M Vs as a therapeutic modality for CNI ED has rarely been studied.

Oxidative stress (OS) is a key part of the pathogenesis of many diseases, including atherosclerosis, chronic
blocking lung disease, and spinal cord injury.”* This process involves the disruption of the balance between
oxidants and antioxidants, leading to the accumulation of excessive reactive oxygen species (ROS) or other free
radicals. Consequently, this imbalance triggers apoptosis, tissue damage, and other detrimental outcomes.?
A study has demonstrated that the reduction of OS can restore erectile function in rats with diabetic ED.**
Additionally, OS and apoptosis have been observed within the cavernosum of CNI ED rats.”> However, the
question of whether MVs can decrease the level of OS and apoptosis in CNI ED remains unanswered.

Ferroptosis represents a distinct mode of OS, characterized by a core mechanism that entails lipid peroxidation.?® This
process ultimately results in the destruction of cell membranes and the induction of cell death. Ferroptosis has been
linked to numerous diseases, including degenerative disorders and ischemia-reperfusion injury.*?’ Recently, ferroptosis
was also observed in the cavernosal smooth muscle in rat models of diabetic ED and CNI ED.?®*° However, whether
MVs can improve the efficacy of CNI ED by inhibiting ferroptosis remains unclear.

Currently, there is no literature on the effects of MVs on OS, apoptosis or ferroptosis. We isolated MT and MVs from
PC12 cells and they were implanted into CNI ED rat models to compare their therapeutic effects on CNI ED and their
possible therapeutic mechanisms were further explored.

Materials and Methods

Cells Cultures and Characterization
The PC12 were purchased from the ATCC, whereas the corpus cavernosum smooth muscle cells (CCSMCs) were
derived from the cell bank in our laboratory which were extracted primary smooth muscle cells from the cavernosum of
rats.>! All experiments in this search have allowed by the Ethics Committee of Experimental Animals at South China
Agricultural University (2024D018). All liquids used to culture cells are filtered with 0.22 pm filter to remove MVs that
may be present in them. CCSMCs were cultured in high-glucose DMEM (Gibco, USA), containing 10% MV-free fetal
bovine serum (FBS) (Gibco, USA) and 1% penicillin-streptomycin (Gibco, USA), and cultured in a 5% CO, incubator at
37 °C. The CCSMCs were identified via immunofluorescence staining (See 2.12 for details). CCSMCs were cultured in
serum-free high-glucose DMEM containing varying concentrations of H,O, (Aladdin, China) ranging from 0 to
1000 uM, for 4 h to establish in vitro models of OS in CCSMCs. Similarly, the cells were cultured in serum-free high-
glucose DMEM containing varying concentrations of RSL3 (MCE, USA), ranging from 0 to 2 puM, for 24 h to establish
in vitro models of ferroptosis in CCSMCs.

To induce well differentiation of PC12, cells were cultured in high-glucose DMEM containing 50 pM nerve growth
factor (NGF) (PeproTech, USA), supplemented with 10% MVs-free FBS and 1% penicillin-streptomycin at 37 °C and
5% CO,.'" PC12 cells were identified using immunofluorescence (See 2.12 for details).

Cell Proliferation Assays
Cell viability was assessed using the CCK8 assay (Biosharp, China). CCSMCs were seeded with 3000 cells per well in
96-well culture plates and incubated overnight, the medium was changed to conduct the corresponding models as
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described before, and 10% CCKS solution was added after the processing time. After 1 h, the absorbance at 450 nm was
measured using a microplate reader (BioTek Eon, USA).

Isolation and Identification of PC|2-MVs and MT

PC12 cells were used for mitochondrial isolation following the instructions provided with a mitochondrial isolation kit
(Beyotime, China). MVs were isolated through multistep centrifugation according to described methods described.*
When the PC12 cells reached 80% confluence, the media were removed and centrifuged to collect the MVs. Dead cells
were eliminated using centrifugation at 800 xg for 10 min and 2500 xg for 15 min. The supernatant was centrifuged at
10,000 xg for 30 min, resuspended in PBS, and used for subsequent experiments. All the above centrifugation steps were
performed at 4 °C.

Transmission electron microscopy (TEM) was used to examine the ultrastructure and morphological characteristics of
the isolated PC12-MT and MVs. The mitochondrial protein markers COX IV (1:1000; Proteintech) and VDACI (1:1000;
Proteintech) were identified and quantified by Western blotting. The size distribution of the MVs was determined using
ZetaView PMX120 (ParticleMetrix, Germany).

PCI12-MVs and MT Uptake in vitro and in vivo

In vitro, CCSMCs were incubated with labeled MT (100 pg/mL) or MVs (50 pg/mL) at 37 °C for 24 h. The CCSMCs
were then immunostained with phalloidin (Servicebio, China), and the nuclei were stained with DAPI (Biosharp, China).
In vivo, after CNI, the labeled MT (400 pg/mL) or MVs (200 ug/mL) were injected into the CC instantly, and the CC
were collected 24 h after injection to prepare frozen sections. Smooth muscle was immunostained with a-smooth muscle
actin (SMA) antibody (1:200; Cell Signaling Technology) and the nuclei were stained with DAPI. The resulting
fluorescence signals were evaluated using a fluorescence microscope (Nikon, Japan).

Detection of Cellular ATP Content

To determine the optimal therapeutic dose of M Vs, we used increasing doses of M Vs to pretreat CCSMCs for 24 h before
injury, as described previously. Subsequently, an ATP detection kit (Beyotime, China) was used to determine the ATP
content of the cells in each group.

Apoptosis Assays
Cell apoptosis was assessed using the Annexin V-FITC/PI Apoptosis Detection Kit (KeyGEN Biotech, China) according
to the manufacturer’s instructions. Apoptosis was detected using flow cytometry (BD FACSCanto, USA).

Detection of MMP, ROS, and mtROS

The specific assay kits were employed to determine the intracellular levels of mitochondrial membrane potential (MMP),
ROS, and mitochondria derived active oxygen species (mtROS). (MMP Assay kit with TMRE, ROS Assay Kkit,
Beyotime; MitoSOX™ Red mitochondrial superoxide indicator, Invitrogen).

Iron, MDA, GSSG, and GSH Content Detection

The levels of intracellular malondialdehyde (MDA) and oxidized glutathione (GSSG) represent oxidative capacity,
whereas glutathione (GSH) levels represent antioxidant capacity. The MDA, GSSG, and GSH contents in CCSMCs
and CC were detected using an MDA assay kit (Beyotime, China) and a GSH assay kit (Beyotime, China) according to
the manufacturer’s protocols. The iron content in CCSMCs was assessed using an iron assay kit (Solarbio, China),
whereas the iron content in CC was assessed using an iron assay kit (Nanjing Jiancheng, China). The absorbance was
measured using a microplate reader.

Inhibition of Mitochondrial Function Within MVs
To verify whether mitochondria within MVs play a major therapeutic role, we inhibited mitochondrial function within
MVs, as described previously.'> After MVs were exposed to 10 mm 1-methyl-4-phenylpyrindinium (MPP+, Bidepharm,

International Journal of Nanomedicine 2024:19 hetps: 11747
ove!


https://www.dovepress.com
https://www.dovepress.com

Liang et al Dove

China) for 90 min, they were centrifuged at 10,000 xg for 30 min at 4 °C, then resuspended in PBS and used for
subsequent experiments.

Animals and Experimental Design

A total of 48 male SD rats (8-week-old) were purchased from Sun Yat-sen University and housed in the Animal
Experimental Center of South China Agricultural University. Animal experiments were approved by the Ethics
Committee of Experimental Animals at South China Agricultural University (2024D018), and follow the animal
experiment standard GB/T 42011-2022.

Rats were anesthetized by sevoflurane inhalation. The median incision of the abdomen was approximately 3 cm, and
the CN, located in the lateral part of the dorsal lobe of the prostate, was crushed for 2 min to establish a CNI ED model in
SD rats.”’

A total of 24 male SD rats were randomly divided into four groups (n = 6 per group). The Sham group underwent
laparotomy only, whereas the remaining three groups received BCNI followed by intracavernous injection (IC) of PBS
(100 uL; PBS group), MVs (1x10° MVs; MV group), or MT (100 pg MT; MT group).

Another 24 male SD rats were randomly distributed into four groups (n = 6 per group). The Sham group underwent
laparotomy alone, whereas the remaining three groups underwent BCNI and were subsequently injected with PBS
(100 puL; PBS group), MPP+ MVs (1x10% MPP+ MVs; MPP+ group), or MVs (1x10° MVs; MV group).

Erectile Function Assessment

Two weeks after surgery, the intracavernous pressure (ICP) and mean arterial pressure (MAP) of the animals were
recorded to assess erectile function. Following anesthesia, the unilateral carotid artery was isolated and a heparinized 24-
G cannula was inserted to record the MAP. The CC was dissected, and a heparinized 25-G butterfly needle was inserted
into the root of the penis for ICP measurement. Subsequently, the rat CN was accessed via a ventral median incision. The
proximal segment was chosen as the stimulation site, and the parameters were set at 1.5 mA, 20 hz, and 50s to elicit
penile erection. All data were recorded using the BL-420S Biological Function System (Chengdu Taimeng Technology
Ltd., China). Following the experiments, the penile tissue was collected for further histological evaluation and Western
Blot analysis.

Fluorescence and Masson’s Trichrome Staining
To label MVs and MT, PC12 cells were incubated with 200 nM Mitotracker Red CMXRos (MTRC) (Invitrogen, USA)
before MT and MVs were isolated.

In accordance with the manufacturer’s instructions, the levels of OS and mitochondrial superoxide in the CC were
measured using ROS and MitoSOX assays. DAPI was used to stain cell nuclei.

To perform immunohistochemical staining, sections of penile tissue were prepared at a thickness of 4 pm. Penile sections
were incubated with primary antibodies against a-SMA (1:200; Cell Signaling Technology). CCSMCs were incubated with
primary antibodies against a-smooth muscle actin (SMA) antibody (1:200; Cell Signaling Technology), Calponin antibody
(1:200; Santa Cruz Biotechnology), GPX4 (1:200; affinity) and ACSL4 (1:200; affinity). PC12 were incubated with primary
antibodies against microtubule-associated protein 2 (MAP2) antibody (1:200; Proteintech). Goat anti-rabbit IgG (CY3
conjugated) (1:500; Affinity), FITC-labeled goat anti-rabbit IgG (1:500; Biosharp), and FITC-conjugated goat anti-mouse
IgG (1:1000; Proteintech) were used as secondary antibodies. Nuclei were stained with DAPIL.

Masson’s trichrome staining revealed that the smooth muscle appeared red, and the collagen fibers appeared blue.
This allowed the smooth-muscle-to-collagen ratio in the CC to be determined and used to assess the degree of fibrosis.
ImageJ 1.46 (National Institutes of Health, Bethesda, MD, USA) was used for the quantitative analysis of the images.

Western Blotting

In accordance with the manufacturer’s instructions, proteins were extracted using a protein extraction reagent containing
RIPA buffer (Beyotime, China) and protease inhibitors (Beyotime, China). Protein concentration was detected using
a BCA Kit (Bestbio, China), and 30 pg of proteins were added to each lane to electrophoresis. After electrophoresis,
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proteins were transferred onto polyvinylidene fluoride membranes and blocked with tris-buffered saline-Tween (5% skim
milk powder). The membranes were then incubated overnight at 4 °C with the following primary antibodies: a-SMA
(1:1000, Cell Signaling Technology), GPX4 (1:1000, Affinity), ACSL4(1:1000, Affinity), GAPDH (1:10,000, ABclonal).

Statistical Analysis

The data were expressed as the mean + standard error of mean. All data collected in this study were analyzed using
GraphPad Prism version 9.4 (GraphPad, USA). Differences among groups were compared using one-way analysis of
variance (ANOVA), followed by Tukey’s post-hoc analysis. Statistical significance was set at P < 0.05.

Result
Characterization of CCSMCs, PCI12, MVs, and MT

CCSMCs exhibited characteristic spindle and fibroblast-like morphologies, and these cells were positively identified
through the expression of a-SMA and calponin (Figure 1A and B). Poorly differentiated PC12 cells exhibited a polygonal
shape and tended to aggregate (Figure 1C). After 72 h induction by 50 pM NGF, poorly differentiated PC12 differ-
entiated into well differentiated form, with fusiform appearance, synaptic elongation, and increased expression of neural
marker MAP2 (Figure 1C). Furthermore, before isolating MVs and MT, the quality and quantity of mitochondria in PC12
cells were assessed. Upon staining with MitoTracker Red CMXRos (MTRC), PC12 displayed intense red fluorescence
(Figure 1D), which was indicative of substantial mitochondrial content within PC12.

MVs were isolated from the culture medium of PC12 cells, and MT were extracted directly from the cells. To
determine the size distribution of the M Vs, nanoparticle tracking analysis was performed, which revealed that the MVs
primarily ranged from 150-300 nm (Figure 1E). TEM indicated that the morphology of the MVs and MT was intact, and
that there was a membrane structure surrounding the MVs (Figure 1F). The expression of COX IV and VDAC 1
(mitochondrial marker proteins) was also observed in MVs and MT (Figure 1G). These results demonstrated that the
isolated MVs and MT were complete and purified.

MVs Transplantation Alleviated Oxidative Stress CCSMCs

To determine whether MVs and MT were transferred to CCSMCs, they were labeled with MTRC and incorporated into
the culture medium. After 2 h, cells were stained with phalloidin. The presence of MVs and MT in CCSMCs was
confirmed by the observation of red-fluorescent mitochondria embedded within the green cytoskeleton (Figure 2A).
CCSMCs were the main component of the penis and apoptosis of CCSMCs appeared after CNI; therefore, CCSMCs
were used for modeling.**** Many studies have shown that apoptosis and OS are found in the cavernosum after CNI, and
the proteins involved in OS are significantly changed,”~> so we treated CCSMCs with different concentrations of H,O,
to simulate the local oxidative stress damage after CNI. Compared with the blank group (OuM), after treatment with 200,
400, 600, 800, and 1000 uM for 4 h, the cell morphology was changed, and the cell viability was significantly reduced
when exposed to 600 uM (Figure 2B and C). Hence, 600 uM H,0, was selected for subsequent analyses. To determine
the optimal therapeutic dose of MVs, we used three doses: low (1x107), medium (5x107), and high (1x10%) and found
that the amount of ATP recovered was positively correlated with the therapeutic dose (Figure 2D). Next, we confirmed
that MT (10 pg protein) obtained the same amounts of mitochondrial proteins (VDACI and COX IV) in approximately
1x10® MVs (Figure 2E-G).

The transfer efficiency of the MVs and MT was determined by measuring the MMP of the CCSMCs. Flow cytometry
showed that the MMP was higher in the MV group than in the MT group (Figure 3A and B). The rate of apoptosis was
evaluated in each group. The apoptosis rate of the MV and MT groups decreased when exposed to H,O,, and the
decrease was more notable in the MV group (Figure 3C and D). When exposed to H,0O,, fluorescence microscopy
showed an increase in both cellular ROS and mtROS (Figure 3E-H). Compared to the control group, intracellular ROS
levels decreased significantly after pretreatment with MVs (Figure 3E and G). Analogously, pretreatment with MVs
exhibited the capability to diminish the generation of mtROS in CCSMCs (Figure 3F and H). These results suggest that
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Figure | (A, B) ldentification of CCSMCs using bright field and immunofluorescence with anti-a-SMA and anti-calponin antibody, scale bar, 50 um. (C) ldentification of
poorly and well differentiated PC12 using bright field and immunofluorescence with anti-MAP 2, scale bar, 100 um. (D) PCI12 were stained with a mitochondrial specific
indicator, Mitotracker Red CMXRos, scale bar; 50 um. (E) Particle size distribution of the MVs measured using nanoparticle tracking analysis. (F) Transmission electron
microscopy of MVs and MT, scale bar, 200nm. (G) Western blotting for MVs, MT and PCI2 against mitochondria markers (VDACI and COX [V).

both MVs and MT could restore cellular energy supply and reduce intracellular OS, thereby reducing apoptosis in
CCSMCs.

MV Transplantation Repressed Ferroptosis Through GPX4/ACSL4 Pathway in
CCSMCs

Based on the assessment of cell morphology and viability, a concentration of 0.5 uM RSL3 was determined as the
optimal concentration for our experiments (Figure 4A and B). After stimulating RSL3 for 24 h, ferroptosis was
successfully induced in CCSMCs. MV and MT inhibited the increase in iron content caused by ferroptosis, down-
regulated MDA and GSSG levels, and increased GSH levels (Figure 4C—F). However, the MV group exhibited a more
robust resistance to ferroptosis than the MT group.
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fluorescence microscope (n=3). Blank, CCSMCs without any treatment. Control, CCSMCs treated with H,O, treatment. MV, CCSMCs pretreated with MVs before treating
with HyO, treatment. MT, CCSMCs pretreated with MT before treating with H,O, treatment. *P<0.05, **P<0.01, ****P<0.0001. MFI: mean fluorescence intensity.

We explored whether MVs resist ferroptosis in CCSMCs via the GPX4/ACSL4 pathway. Fluorescence analysis of
GPX4 and ACSL4 indicated that both the MV and MT groups had an inhibitory effect on RSL3-induced ferroptosis in
CCSMCs. However, the MV group exhibited significantly stronger inhibition of the ferroptosis pathway than the MT
group (Figure 4G-J). Similarly, both the MV and MT groups exhibited enhanced GPX4 expression and reduced
expression ACSL4 but MVs had a superior effect (Figure 4K—M). In summary, MV transplantation represses ferroptosis
through the GPX4/ACSL4 pathway in CCSMCs, and its suppressive effects are superior to those of MT.
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MV Transplantation Ameliorated ED in CNI ED Rats

As shown in the diagram, we established the CNI ED rat model and evaluated the therapeutic effects of MVs and MT
(Figure 5A). Twenty-four hours after injection, MVs- or MT-labeled red color was observed in the smooth muscle, which
stained green (Figure 5B). The erectile function of the rats was evaluated by determining the ratio of ICP to MAP
induced by electrical stimulation of the CN. The ratios of maximal ICP (ICP max) to MAP and total ICP (area under the
curve) to MAP decreased in the PBS group (Figure 5C, D, G and H) but increased in the MV and MT groups after
injection (Figure 5C-H). These findings demonstrate that both MVs and MT have the potential to alleviate ED in rats
with CNI ED. Notably, MVs exhibited superior therapeutic efficacy compared with MT.

PCI12-MV Transplantation Renewed Cavernosum Smooth Muscle Content

Atrophy of the CN is a key factor in ED. After measuring the erectile function, the CC was collected for subsequent
analysis. Immunofluorescent staining of SMA in the penis served as an indicator of smooth muscle content. Notably, the
PBS group displayed significantly reduced SMA expression compared to the sham group (Figure 6A and C). In contrast,
both the MV and MT groups displayed higher SMA expression levels than the PBS group, with the MV group
demonstrating superior improvement (Figure 6A and C). Masson’s trichrome staining revealed a lower smooth muscle
to collagen ratio in the PBS group than in the sham group (Figure 6B and D). Conversely, both the MV and MT groups
exhibited a notable increase in the ratio of smooth muscle to collagen; however, the MV group demonstrated a greater
increase in this ratio (Figure 6B and D). Similarly, the results of Western blotting were consistent with those of the SMA
fluorescence analysis and Masson’s trichrome staining. Both MVs and MT restored SMA expression, and MVs showed
a better recovery effect (Figure 6E—F).

MV Transplantation Therapy Attenuated Oxidative Stress and Ferroptosis in the CC
To investigate the extent of OS in CC following CNI, the fluorescence intensities of both cellular and mitochondrial
superoxide levels were examined. Analysis of cellular and mitochondrial superoxide fluorescence revealed that the PBS
group exhibited significantly elevated levels of ROS and mtROS in the CC compared to the sham group (Figure 7A-D).
However, following transplantation with MVs or MT, a notable decrease was observed in the expression of these OS
markers. MVs demonstrated superior improvement compared to MT (Figure 7A-D). These findings suggest that MVs
effectively inhibit OS in the CC.

We observed that the levels of iron, MDA, and GSSG in the PBS group were significantly higher than those in the sham
group (Figure 7E-G). Conversely, the GSH content in the PBS group was significantly lower than that in the sham group
(Figure 7H). Transplantation of MVs and MT resulted in a reduction in iron, MDA, and GSSG content, while concomitantly
increasing GSH content in the CC (Figure 7E-H). Meanwhile, the MV group showed further inhibition of iron, MDA, and
GSSG content, and a significant improvement in GSH content compared to the MT group (Figure 7E-H).

Subsequently, the expression of the key molecules involved in the ferroptosis regulatory pathway was investigated.
As shown by the Western blotting results, compared to the sham group, the expression of the negative regulator GPX4
was downregulated, whereas that of the positive regulator ACSL4 was upregulated in the PBS group (Figure 71-K).
Although both the MV and MT groups reversed these changes, the reversal effect in the MV group was significantly
greater than that in the MT group (Figure 7I-K). Based on the above results, we conclude that MV transplantation
enhances erectile function by attenuating OS and ferroptosis.

Therapeutic Effect Disappeared After Inhibiting the Mitochondrial Function Inside MVs
We performed rescue experiments to investigate whether MVs played a therapeutic role. To this end, mitochondria were
transformed within MVs and MPP+ was used to inhibit mitochondrial function. The results showed that the ability of
MVs to restore MMP decreased after MPP+ pretreatment (Figure 8A and B). Compared to the MV group, the apoptosis
rate of the MPP+ group increased significantly and was close to that of the control group (Figure 8C and D).
Furthermore, after treatment with MPP+, the levels of cellular and mitochondrial superoxide fluorescence intensity
were enhanced, whereas these results were decreased in the MV group (Figure 8E-H). Subsequently, we pretreated
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CCSMCs with MPP+ MVs for 24 h, then treated CCSMCs with 0.5 uM RSL3 for 24 h, and detected the above related
indicators. Iron, MDA, and GSSG contents increased in the MMP+ group, whereas GSH content decreased, which was
contrary to the effect observed in the MV group (Figure 9A—D). In terms of cellular fluorescence, GPX4 fluorescence
intensity was slightly enhanced in the MPP+ group, and ACSL4 fluorescence intensity was slightly decreased compared
to the control group (Figure 9E—H). Although there was some effect, there was no statistically significant difference
between the two groups (data not shown). Similarly, Western blotting showed that the expression of GPX4 decreased in
the MPP+ group, whereas that of ACSL4 increased, almost reaching the level of the control group (Figure 91-K). These
results indicated that MVs’ ability of MVs to enhance cellular resistance to OS and ferroptosis was significantly
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weakened after MPP+ inhibited its internal mitochondrial function, suggesting that MV transplantation works by
transferring its internal mitochondria.

The same rescue experiments were performed on rats. We evaluated the ratio of ICP to MAP in rats 14 days after
injection. The results in the MV group showed that ICPmax/MAP and total ICP/MAP were higher than those in the PBS
group (Figure 10A—C). However, after pretreatment of MVs with MPP+, these ratios decreased significantly in the MPP+
group (Figure 10A—C). Immunofluorescence and Masson’s trichrome staining results revealed that the expression of
SMA and the ratio of smooth muscle to collagen were increased in the MV group compared to the PBS group, as
mentioned above, whereas these results were significantly decreased in the MPP+ group compared to those in the MV
group (Figure 10D-G). Similarly, Western blotting showed that the ability of MVs to restore the expression of SMA was
significantly weakened after pretreatment with MPP+ (Figure 10H-I).
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To study OS and ferroptosis in CC, we performed the corresponding experiments. Although ROS and mtROS in the
CC were significantly downregulated in the MV group, ROS and mtROS in the CC in the MPP+ group were hardly
reduced (Figure 11A-D). This showed that MPP+MV had little effect on reducing OS in CC. As mentioned above,
compared with the PBS group, the MV group showed reduced iron, MDA, and GSSG content and increased GSH content
in the CC (Figure 11E-H). However, the ability of MPP+ MVs to reverse these changes was significantly decreased to
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almost the same level as that in the PBS group (Figure 11E-H). Moreover, Western blotting showed that, compared to the
MV group, the expression of the ferroptosis inhibitor GPX4 was significantly reduced in the MPP+ group, whereas that
of the promoting factor ACSL4 was significantly elevated (Figure 111-K). These results indicated that the ability of MVs
to combat OS and ferroptosis after MPP+ pretreatment was significantly reduced in both in vivo and in vitro experiments,
indicating that mitochondria may be the main way to exert the efficacy of MVs.

In conclusion, these results demonstrate for the first time that PC12-MVs can restore erectile function by delivering
its contained mitochondria, reducing the OS levels of CCSMCs, reducing the occurrence of apoptosis and ferroptosis
(Figure 12).

Discussion

CNI ED is a common complication affecting the physical and mental health of patients after pelvic surgery.'*® Although
advanced surgical methods have been proposed to reduce the incidence of postoperative ED, damage to neurovascular
bundles cannot be completely avoided.*> However, current therapeutic methods for CNI ED have limited effects, and
novel therapeutic schemes need to be explored. >’

In our previous study, we found that CNI ED in rats could be treated by transplanting MT from adipose-derived stem
cells (ADSCs), suggesting that MT transplantation therapy has some potential.>” However, because the abundance of MT
in ADSCs has not been determined, and CNI is accompanied by penile hypoxia, apoptosis, and OS, the survival rate of
MT in the transplantation microenvironment is low, and the therapeutic effect is limited. Therefore, MV transplantation is
a promising treatment option. Thomas et al reported that skeletal soft tissues absorbed EVs containing functional
mitochondria using an acellular approach.*® Furthermore, Ikeda et al reported that mitochondria-rich extracellular
vesicles were better than isolated mitochondria in restoring the energy of ischemic myocardium.'® Therefore, we
suspected that MVs have a therapeutic advantage over MT alone. First, vesicle-like structures can better protect the
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contents from irritation and damage to the microenvironment. Second, the presence of membrane-like structures was
more efficient in transferring content. Finally, the MVs are easily transported and stored, thereby embodying the
characteristics of ideal healthcare materials.**** In this study, by comparing PC12-derived MVs and MT, we found
that both MVs and MT could be internalized into CCSMCs to play a role, but the effect of MVs was superior to that
of MT.

CCSMCs play an important role in penile erection, and SMA is a relatively rich component of CCSMCs. Therefore,
whether SMA content is sufficient is a significant factor affecting erectile function.*> Some studies have shown that
CCSMCs within penile tissues are reduced after CNL*' Consistent with prior research, our CNI ED rat model revealed
a significant decrease in SMA content in the PBS group compared with that in the sham group. Following the injection of
MVs and MT, the SMA content increased to varying degrees. Notably, the SMA expression was higher in the MV group
than in the MT group.

Studies have shown that OS is the key mechanism of CNI ED pathogenesis.?®> After CNI, the level of OS in the
cavernosum is significantly increased, and a large number of oxygen free radicals are produced, thus reducing the
CCSMCs involved in the erection process, resulting in the occurrence of CNI ED. OS can induce a variety of cell
death, including apoptosis and ferroptosis.*? It has been established that apoptosis in cavernosum is elevated in
diabetic mice. The administration of drugs designed to inhibit apoptosis has been found to only partially inhibit cell
death, with the resultant improvement in ED being insignificant.*> This indicates that there are other death modes
besides apoptosis in CCSMCs. Notably, ferroptosis has also been documented in diabetes-induced ED and CNI ED.**~
30 However, the role of MVs in ferroptosis in CNI ED remains unclear. In this study, we initially observed that MVs
reduced iron content and levels of OS, both in vivo and in vitro, including ROS, mtROS, MDA, GSSG, and GSH.
Subsequently, we found that the expression of GPX4 was upregulated and that of ACSL4 was downregulated by MVs
both in vivo and in vitro. These results suggest that MVs may play a role in the treatment of CNI ED by inhibiting
ferroptosis in CCSMCs.

Some scholars have proposed that, in addition to mitochondria, MVs also contain mitochondrial DNA (mtDNA) or
RNA (mtRNA), and these ingredients may also play a therapeutic role.***> To demonstrate that MVs act primarily
through mitochondria, we successfully inhibited mitochondrial function within MVs using MPP+, as described
previously."”” We found that MVs pretreated with MPP+ did not achieve the therapeutic effect of MVs either in vivo
or in vitro. Although there was still some efficacy compared to the PBS or control group, the difference was not
statistically significant. These results suggest that mitochondria-related contents in MVs may play a minor role and that
the therapeutic effect is mainly through the delivery of the mitochondria.

This study has certain limitations. First, experimental results derived from rat models may not comprehensively
reflect the therapeutic efficacy observed in human patients. Second, we administered only one injection in the rat models,
and the number of treatments and single doses in humans still needs to be further explored in future clinical practice.
Furthermore, the mechanism underlying the delivery of mitochondria contained within MVs to recipient cells remains
unexplored, as it falls outside the scope of the present study. However, this will be a focal area of our future research
endeavors.

Conclusion

In conclusion, to our knowledge, this is the first study to elucidate the therapeutic effects of PC12-MVs transplantation in
CNI ED. We found that MVs transplantation can inhibit the increase of oxidative stress level in CCSMCs, thereby
reducing apoptosis. Furthermore, modulation of the GPX4/ACSL4 axis was found to diminish ferroptosis. Above effects
are mainly achieved by delivering mitochondria. These results provide novel potential treatments for CNI ED and novel
insights into the mechanisms of MVs treatment for CNI ED.
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