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Abstract
Background Exosomes have became a new nano-scale therapeutic method in recent years. Adiposederived mesenchymal stromal cell-derived exosomes (ADSC-Exos) have shown great potential in the
treatment of ischemia-reperfusion injury. However, there is no research on whether ADSC-Exos can
alleviate testicular torsion injury. Therefore, we investigated the protective effect of ADSC-Exos in
alleviating testicular torsion-detorsion injury. Methods ADSC-Exos were isolated by ultracentrifugation
and injected into the torsion-detorsion-affected testes of rats. H&E staining and sperm quality were used
to evaluate the therapeutic effects of ADSC-Exos, and the level of tissue oxidative stress was determined
using malondialdehyde (MDA) and superoxide dismutase (SOD). In addition, TUNEL staining and
immunohistological analyses (Ki67, cleaved Caspase-3, IL-6, IL-10, CCR7, and CD163) were used to clarify
the effects of ADSC-Exos on spermatogenic cell proliferation, apoptosis, and the inflammatory
microenvironment in vivo . Possible signaling pathways were predicted using sequencing technology and
bioinformatics analysis. The signaling pathways were validated by proliferation (EdU), migration
(transwell and scratch test), and apoptosis (flow cytometry, TUNEL, and western blot) in vitro . Results
ADSC-Exos alleviated testicular torsion-detorsion injury by attenuating oxidative stress and inflammatory
responses. In addition, ADSC-Exos promoted the proliferation and migration of spermatogenic cells and
inhibited their apoptosis by activating the PI3K/AKT and MAPK/ERK1/2 signaling pathways. Conclusions
Overall, we demonstrated that ADSC-Exos can alleviate testicular torsion injury and provided a new
approach for treating testicular torsion injury.

Background
Testicular torsion is a urological emergency characterized by acute scrotal pain with nausea and
vomiting, which often occurs in male children [1, 2]. Early detection, early diagnosis, and early treatment
are key to avoiding testicular necrosis [3, 4]. The primary pathological mechanism of testicular torsion is
ischemia-reperfusion (I/R) injury. Changes in microvascular blood flow cause the release of proinflammatory cytokines and production of reactive oxygen species (ROS) [5]. This leads to
disorganization of the spermatogenic cell structure and function, or even apoptosis, leading to
spermatogenic impairment [6, 7]. Thus, early surgery combined with antioxidants, anti-inflammatory
cytokines, or other drugs is an important means of improving the prognosis of testicular torsion.
Adipose-derived mesenchymal stromal cells (ADSCs) play a profound role in preclinical studies [8, 9].
Abundant data have demonstrated that ADSCs have many roles in the treatment of organ I/R injury, such
as anti-inflammatory, antioxidant, and anti-apoptotic roles [10–13]. Local injection of ADSCs has been
shown to rescue testicular torsion-induced infertility [14, 15]. However, recent studies have found that
transplanted mesenchymal stromal cells (MSCs) do not survive effectively in the ischemic
microenvironment post infarction [16]. Therefore, the functional benefits of MSC transplantation are likely
due to the release of paracrine mechanisms, such as exosomes, which can regulate cell growth [17].
Recent studies indicate that exosomes derived from ADSCs (ADSC-Exos) can effectively reduce I/R injury
in the brain [18], heart [19], and kidney [12]. However, there is no research on whether ADSC-Exos can
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alleviate testicular I/R injury. We hypothesized that ADSC-Exos could alleviate testicular torsion-detorsion
injury. Specifically, we evaluated the effect of ADSC-Exos on spermatogenic cell viability, sperm quality,
and inflammation in vivo, and the proliferation, migration, and apoptosis of spermatogenic cells in vitro.

Results
Characterization of ADSC-Exos

ADSC-Exos exhibited circular vesicular structures on TEM (Figure 1A). The size of ADSC-Exos was
concentrated at 111.9 nm (Figure 1B). Western blot analyses demonstrated high expression of surface
markers of ADSC-Exos, including CD9, TSG101, and HSP70 (Figure 1C).

Alleviation of testicular torsion-detorsion injury by ADSC-Exos

H&E staining showed that normal testes showed normal testicular structure, normal morphology of
seminiferous tubules, and many mature sperm. However, 3 d after torsion-detorsion injury, severe injuries
were observed in the testes, which manifested as seminiferous tubule disorders, unclear boundaries,
interstitial edema, and few sperm. In contrast, the histological appearance of the testes was significantly
improved after treatment with ADSC-Exos. Seven days after torsion-detorsion injury, the ADSC-Exostreated group had significantly more spermatogenic cells compared with the IR group, and there was a
more orderly arrangement (Figure 2A). The spermatogenic function was quantified using Johnsen’s score
and was substantially improved in the ADSC-Exos group on days 3 and 7 (Figure 2B).
To further determine whether ADSC-Exos could improve spermatogenesis after torsion-detorsion injury,
we extracted sperm from the epididymis of each rat. Analysis of sperm parameters showed that testicular
torsion-detorsion led to poor sperm quality. The quantity, mobility, and morphology of sperm were
significantly decreased in the I/R group. However, treatment with ADSC-Exos significantly improved the
sperm quality (Figure 2C-F). Furthermore, the level of MDA in the I/R group was significantly increased,
while the level of SOD was decreased. ADSC-Exos treatment reduced MDA levels and increased SOD
levels (Figure 2G, H).

Protection of spermatogenic cell activity by ADSC-Exos
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We next investigated whether ADSC-Exos affected spermatogenic cell activity after testicular torsiondetorsion injury. Immunohistochemistry revealed that the expression of Ki67 in spermatogenic cells was
decreased after testicular torsion-detorsion injury. However, treatment with ADSC-Exos significantly
increased the number of Ki67+ spermatogenic cells (Figure 3A). Apoptosis marker TUNEL staining
revealed massive spermatogenic cell apoptosis after testicular torsion-detorsion injury. The number of
apoptotic spermatogenic cells in the ADSC-Exos group on days 3 and 7 was lower than that in the I/R
group (Figure 3B). As expected, cleaved Caspase-3 (a marker of apoptosis) immunofluorescence staining
showed the same results as TUNEL staining (Figure 3C). ADSC-Exos therefore promote spermatogenic
cell proliferation and reduce apoptosis after testicular torsion-detorsion injury (Figure 3D).

The miRNA sequencing and bioinformatics analysis of ADSC-Exos

To further understand how ADSC-Exos alleviate testicular torsion-detorsion injury, we sequenced the
miRNA in ADSC-Exos. The top 50 miRNAs detected in ADSC-Exos are shown in Figure 4A. Next, we
performed functional enrichment analysis of their possible target genes using GO and KEGG pathway
enrichment analyses (Figure 4B). The biological process (BP) was mainly enriched in “regulation of cell
adhesion”; the cellular component (CC) was mainly enriched in “proteinaceous extracellular matrix”; the
molecular function (MF) was mainly enriched in “SH3 domain binding” (Figure 5A). KEGG pathway
enrichment analyses showed that “PI3K/AKT”, and “MAPK” were the main signaling pathways (Figure
5B). Therefore, we made a bold assertion that ADSC-Exos alleviate testicular torsion-detorsion injury via
the PI3K/AKT, and MAPK/ERK1/2 signaling pathways and proceeded to test this hypothesis.

ADSC-Exos activated the PI3K/AKT and MAPK/ERK1/2 signaling pathways

To confirm our hypothesis, we added ADSC-Exos to GC-1 spg cells after I/R injury. We found that PKH-26
labeled ADSC-Exos could be internalized by GC-1 spg cells (Figure 6A). Western blot analyses proved that
the p-AKT and p-ERK1/2 were decreased in GC-1 spg cells subjected to IR injury, and ADSC-Exos activated
the PI3K/AKT and MAPK/ERK1/2 pathways. Furthermore, pretreatment with LY294002 and PD98059
inhibited the expression of p-AKT and p-ERK1/2, respectively (Figure 6B-E).

ADSC-Exos regulated GC-1 spg cell proliferation and migration by activating PI3K/AKT and
MAPK/ERK1/2 signaling pathways

Page 5/27

We evaluated the effects of ADSC-Exos on the proliferation and migration of GC-1 spg cells using
different concentrations of ADSC-Exos, as well as pathway inhibitors. The EdU assays showed that
ADSC-Exos promoted GC-1 spg cell proliferation after I/R injury in a dose-dependent manner, and
LY294002 and PD98059 significantly attenuated this effect (Figure 7A, D). Similarly, the transwell assays
(Figure 7B, E), and scratch test (Figure 7C, F) showed that ADSC-Exos promoted GC-1 spg cell migration
after I/R injury, which could also be suppressed by LY294002 and PD98059.

ADSC-Exos protected GC-1 spg cells against apoptosis by activating PI3K/AKT and MAPK/ERK1/2
pathways signaling pathways

Flow cytometry and TUNEL assays were used to detect apoptosis in the GC-1 spg cells. After I/R injury,
the number of apoptotic cells in GC-1 spg cells significantly increased, whereas treatment with ADSCExos clearly decreased the apoptosis of cells. LY294002 and PD98059 inhibited the anti-apoptotic effects
of ADSC-Exos (Figure 8A, B, F, J). In addition, western blotting showed that ADSC-Exos could increase the
low expression of Bcl-2, and decrease the high expression of Bax caused by I/R. Similarly, LY294002 and
PD98059 attenuated the regulation of Bcl-2 and Bax expression by ADSC-Exos (Figure 8C–E, G–I).

ADSC-Exos regulate the inflammatory response induced by testicular torsion-detorsion injury

We next investigated whether ADSC-Exos affected the early inflammatory response after testicular torsion
injury. Immunofluorescence showed that a large amount of IL-6 (a pro-inflammatory factor) aggregated
within the testicular tissue on day 3 after testicular torsion-detorsion injury and decreased on day 7
(Figure 9A). However, compared with the I/R group, both ADSC-Exos groups were significantly decreased
on days 3 and 7. In contrast, IL-10 (an anti-inflammatory factor) was increased in the ADSC-Exos group
(Figure 9B). In addition, we found that CCR7+ (M1 macrophage marker), and CD163+ (M2 macrophage
marker) cells increased after testicular torsion-detorsion injury. However, compared with the I/R group,
there were significantly less CCR7+ cells in the ADSC-Exos group, and conversely, CD163+ cells were
significantly increased (Figure 9 C,D). The results of the quantitative analyses are shown in Figure 9E.

Discussion
Testicular torsion is a major cause of testicular loss in male adolescents [3]. Effective anti-oxidation and
anti-inflammatory adjuvant therapy are the main means of reducing I/R injury after testicular torsion.
Recent studies have shown that ADSC-Exos can effectively alleviate I/R injury of the cerebrum and
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myocardium [20]. In this study, we found that ADSC-Exos can reduce oxidative stress, inhibit
inflammation, promote proliferation and migration, and prevent apoptosis in the testes.
The physiological properties of spermatogenic cells, which are on the borderline of hypoxia, make them
sensitive to changes in blood flow [21]. In the present study, the rat testes were severely damaged after
I/R injury, whereas local injection of ADSC-Exos significantly improved the pathological features of testes.
The ROS induced by I/R exceed the scavenging ability of antioxidant enzymes, leading to spermatogenic
cell apoptosis. MDA is the end product of ROS and is a reliable indicator of the level of ROS [22]. SOD
protects cells against superoxide radical damage by dismutating superoxide radicals into H2O2 and O2
[23]. Although antioxidants can reduce the level of oxidative stress induced by testicular I/R injury [24–
26], antioxidants alone cannot improve spermatogenesis after injury [15]. Fortunately, transplantation of
the uncultured adipose-derived stromal vascular fraction can promote spermatogenesis while reducing
oxidative stress levels after testicular torsion [27]. As expected, in the present study, ADSC-Exos
significantly reduced MDA levels, increased SOD levels, and improved sperm quality (quantity,
morphology, and motility) after testicular torsion injury.
After testicular torsion-detorsion injury, ROS production is accompanied by the activation of apoptotic
pathways [28]. Apoptosis induced by testicular torsion-detorsion injury occurs in all spermatogenic cells,
of which apoptosis of primary spermatocytes is the main reason for impaired fertility [29]. In the present
study, TUNEL staining and cleaved Caspase-3 immunofluorescence analyses indicated that after
testicular torsion injury, the caspase-dependent apoptosis pathways were activated and spermatogenic
cells were largely apoptotic, whereas treatment with ADSC-Exos significantly attenuated the degree of
apoptosis in spermatogenic cells. Seven days after injury, the number of apoptotic cells significantly
decreased, indicating that apoptotic spermatogenic cells had died. However, H&E staining indicated that
the number of spermatogenic cells increased after ADSC-Exos treatment. Therefore, we investigated the
effects on the proliferation of spermatogenic cells. Ki67 is a cell proliferation marker.
Immunohistochemistry showed that in normal testicular tissue, spermatogenic cell proliferation mainly
occurred in primary spermatocytes. The proliferative capacity of primary spermatocytes was inhibited
after testicular torsion-detorsion injury. Following treatment with ADSC-Exos, the expression of Ki67 in
spermatogenic cells was obviously increased. Interestingly, we also found that the proliferative effect of
ADSC-Exos on spermatogenic cells was not restricted to primary spermatocytes. These results suggest
that ADSC-Exos inhibit spermatogenic cell apoptosis and promote their proliferation after testicular
torsion-detorsion injury.
Since miRNAs are the main components through which exosomes function [30], we sequenced miRNAs
in ADSC-Exos to understand how ADSC-Exos alleviate testicular torsion-detorsion injury. The target genes
were predicted and subjected to bioinformatics analysis. The enrichment analyses showed that
PI3K/AKT and MAPK pathways may play major roles. Therefore, we hypothesized that ADSC-Exos
alleviate testicular torsion-detorsion injury by activating the PI3K/AKT and MAPK/ERK1/2 pathways. To
confirm our hypothesis, we examined the association between ADSC-Exos and PI3K/AKT and
MAPK/ERK1/2 signaling pathways. We found that ADSC-Exos upregulated the decreased expression of
Page 7/27

p-AKT and p-ERK1/2 induced by I/R injury. In addition, ADSC-Exos promoted proliferation and migration
and inhibited the apoptosis of GC-1 spg cells after I/R injury. Pathway inhibitors (LY294002 and
PD98059) were used to further investigate the roles of the PI3K/AKT and MAPK/ERK1/2 pathways in
ADSC-Exos alleviated I/R injury. LY294002 and PD98059 effectively inhibited the expression of p-AKT
and p-ERK1/2, respectively, and blocked the protective effects of ADSC-Exos against GC-1 spg cell I/R
injury. This supports the assertion that ADSC-Exos alleviated testicular torsion-detorsion injury by
promoting activation of the PI3K/AKT and MAPK/ERK1/2 signaling pathways.
The inflammatory response is an important pathological mechanism of I/R injury [31]. ROS-induced
redox changes lead to the release of inflammatory cytokines [32]. Sevil et al. reported that the expression
of TNF-α and IL-6 was increased, and that of IL-10 was decreased after testicular torsion [29]. Turner et al.
found that TNF-α, IL-6, and IL-1β released by macrophages exacerbated inflammation in testicular
torsion-detorsion injury [33]. Recent studies have confirmed that the polarization of macrophages
determines their role in inflammation [34–36]. In addition, previous studies have confirmed that ADSCExos modulate macrophage polarization from the pro-inflammatory M1 to the anti-inflammatory M2
phenotype in vitro [37–39]. In the present study, treatment with ADSC-Exos reduced the number of CCR7
+ M1 macrophages and increased the CD163 + M2 macrophages after testicular torsion injury. As we
expected, the expression of the pro-inflammatory cytokine, IL-6, was decreased, whereas the antiinflammatory cytokine, IL-10, was increased after ADSC-Exos treatment. ADSC-Exos therefore alleviate
inflammation induced after testicular torsion injury by modulating macrophages.
In general, exosomes are used to repair damaged tissues via intravenous injection. Because of the
physiological blood-testis barrier, transplanted exosomes may not be able to enter the testis via the
circulation. Thus, we chose local injections to transplant ADSC-Exos. In addition, exosomes have little
immunogenicity compared to stromal cell transplantation. Especially in ethically relevant organs such as
the testis, the transplantation of exosomes has more advantages than stromal cells.
There are some limitations to the current study. First, we only evaluated the early efficacy of ADSC-Exos in
ameliorating testicular torsion-detorsion injury, and the long-term efficacy, such as fertility function, still
requires further study. Second, the optimal dose for the treatment of testicular torsion-detorsion injury
requires further study. Third, although we predicted and validated the pathway by which ADSC-Exos play
a role by sequencing, the specific miRNA still needs to be identified.

Conclusions
This study showed that ADSC-Exos can alleviate testicular torsion-detorsion injury by reducing oxidative
stress and promoting M2 polarization of macrophages to inhibit inflammation. ADSC-Exos activated the
PI3K/AKT and MAPK/ERK1/2 pathways to promote proliferation and migration and inhibit apoptosis of
spermatogenic cells. Our study raises the feasibility of ADSC-Exos in alleviating testicular torsiondetorsion injury and provides a new avenue for treating testicular torsion injury.
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Materials And Methods
Animals

Male Sprague-Dawley rats (200–250 g) at 8–10 weeks of age were purchased from the Animal
Experiment Center of Harbin Medical University. All experiments involving animals were approved by the
Ethics Committee of Harbin Medical University (no. Ky2018-135).

Isolation and identification of ADSCs and ADSC-Exos

The ADSCs and ADSC-Exos were isolated as in our previous study [40]. Briefly, ADSCs were isolated from
subcutaneous fat and cultured in DMEM/F12 (Sigma, MO, USA), supplemented with 10% FBS (Sigma),
and 1% penicillin and streptomycin (Beyotime, Haimen, China) at 37 ℃ with 5% CO2. The culture medium
of ADSCs at passage three was replaced with exosome-depleted medium for 24 h and collected to isolate
ADSC-Exos by ultracentrifugation, as previously reported [40]. The surface markers (CD90, CD105, CD34,
CD45, CD11b), and multilineage differentiation capacity (adipogenic, osteogenic, and chondrogenic) of
ADSCs have been demonstrated in our previous study [40]. Nanoparticle tracking analysis, transmission
electron microscopy (TEM), and western blotting were used to identify the collected exosomes.

Experimental protocols and surgical procedures

Sixty rats were randomly divided into three groups: (1) Control (n = 12): animals received surgery for
scrotal incision and suturing; (2) I/R (n = 24): animals received surgery for testicular torsion and local
injection of 100 μL PBS before detorsion; (3) ADSC-Exos (n = 24): animals received a local injection of
100 μL PBS containing 400 μg ADSC-Exos before detorsion.
All surgical procedures were performed under aseptic conditions by anesthesia with ketamine (50
mg/kg). The left testis was rotated 720° in the anticlockwise direction for 3 h. After that, the testis was
detached via the same surgical approach. Half an hour before detorsion, 100 μL ADSC-Exos or PBS was
injected into the testis. The animals were sacrificed on the third and seventh postoperative days to collect
the testes and epididymides for further study.

Determination of spermatozoal parameters
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Rat epididymal tissues were cut into 1 mm3 cubes and immersed in 0.9% NaCl at 37 ℃ for 20 min to
extract the spermatozoa. Sperm quality (quantity, morphology, and motility) was assessed using the
WHO sperm analysis method [41]. The morphology and motility of 200 sperm in each group were
evaluated.

Histopathological and immunohistological analyses

Testicular tissues were fixed in Davidson's fixative (Beyotime) and the tissue sections were stained with
hematoxylin and eosin (H&E). Johnsen’s score (Table 1) was used to evaluate the spermatogenic
function [42]. Fifty seminiferous tubules were examined in each testis.
The tissue sections were immunohistochemically stained by primary antibody anti-Ki-67 (Affinity
Biologicals, ON, Canada), followed by incubation with goat anti-rabbit IgG secondary antibody (Abcam,
Cambridge, UK). For immunofluorescence analysis, the tissue sections were incubated with primary
antibodies anti-cleaved Caspase-3 (Abcam), anti-CCR7 (Abcam), anti-CD163 (Abcam), anti-IL-6 (Origene),
and anti-IL-10 (Abcam), followed by incubation with secondary antibodies (Abcam). Nuclei were stained
with 4',6-diamidino-2-phenylindole (DAPI). Positive signals were quantified using Image J software.

Biochemical analysis

The malondialdehyde (MDA) in testicular tissue was determined by colorimetry measurement using the
Lipid Peroxidation MDA Assay Kit (Beyotime). Superoxide dismutase (SOD) in testicular tissue was
detected using the Cu/Zn-SOD, and Mn-SOD assay kits with WST-8 (Beyotime).

Cell culture and treatment

The GC-1 spg cell line was purchased from the American Type Culture Collection (ATCC, Manassas, VA,
USA). The cells were cultured in DMEM with high glucose (Sigma) supplemented with 10% FBS, and 1%
penicillin and streptomycin at 37 ℃ with 5% CO2. To establish the I/R model in vitro, 1 × 106 cells were
cultured in glucose-free DMEM (Sigma) in a 1% O2 environment for 18 h, followed by reoxygenation with
normal O2 in complete medium with or without exosomes.
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In vitro, we randomly sorted GC-1 spg cells into six groups as follows: (1) Control: cells cultured under
normal conditions; (2) I/R: induction of cellular I/R injury only; (3) ADSC-Exos (100): induction of cellular
I/R injury, and reoxygenation with 100 μg/mL ADSC-Exos; (4) ADSC-Exos (200): reoxygenation with 200
μg/mL ADSC-Exos; (5) ADSC-Exos+LY: pretreated with 50 μM LY294002 (PI3K/AKT inhibitor;
MedChemExpress, NJ, USA) for 30 min before reoxygenation with 200 μg/mL ADSC-Exos; (6) ADSCExos+PD: pretreated with 50 μM PD98059 (MAPK/ERK1/2 inhibitor; MedChemExpress) for 30 min before
reoxygenation with 200 μg/mL ADSC-Exos. Cells from each group were collected after 30 min or 24 h for
western blotting, after 3 h for flow cytometric analysis or the TUNEL assay, and after 24 h for EdU,
transwell, and scratch assays.

ADSC-Exos internalization analysis

ADSC-Exos were labeled using PKH26 dye (Sigma). After ultracentrifugation, PKH-26 labeled ADSC-Exos
were added to GC-1 spg cells cultured in exosome-depleted medium. The nuclei were counterstained with
DAPI after 24 h, and the internalization of ADSC-Exos was observed under a fluorescence microscope.

Proliferation of GC-1 spg cells

For cell proliferation analysis, 10 μM 5-ethynyl-2-deoxyuridine (EdU) was added to the GC-1 spg cell
culture medium for 30 min. Then, the cells were fixed and stained using an EdU assay kit (UE, China).
Next, cell proliferation was observed under a fluorescence microscope after DAPI counterstaining of the
nuclei.

Migration of GC-1 spg cells

For cell migration analysis, we chose the scratch test and transwell assays. Briefly, after hypoxic injury
with a serum-free culture medium, a scratch was made through the cultured cells. The extent of cell
migration was measured after 0 and 24 h.
Each group of cells after hypoxic injury was digested for transwell assays. A total of 1 × 105 GC-1 spg
cells were cultured in the upper chambers. The reoxygenation medium was added to the lower chambers.
The upper chamber was fixed with paraformaldehyde and stained with crystal violet after 24 h.
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Western blot analysis

Cells were lysed in RIPA buffer (Beyotime) to extract the proteins. Immunoblotting was performed with the
primary antibodies, anti-Hsp70, anti-TSG101, anti-CD9, anti-AKT, anti-phospho-AKT, anti-ERK1/2, antiphospho-ERK1/2, anti-Bcl-2, anti-Bax, and anti-β-actin (all from Abcam), according to the manufacturer’s
instructions. Goat anti-rabbit IgG (Abcam) was used as the secondary antibody. Image J software was
used for quantification of protein bands.

Flow cytometry analysis

To analyze the apoptosis, cells were collected and stained with the FITC Annexin V Apoptosis Detection
Kit (Becton-Dickinson, USA), and then analyzed by flow cytometry. Becton-Dickinson in-house FACSDiva
software was used to analyze the data.

Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay

In vivo, apoptosis of spermatogenic cells was detected using a TUNEL apoptosis assay kit (Wanleibio,
Shenyang, China). Briefly, paraffin sections of testicular tissues were incubated with 50 μL TUNEL
reaction mixture. The sections were dehydrated and fixed after hematoxylin counterstaining of the nuclei.
Apoptosis of spermatogenic cells was evaluated under a light microscope.
In addition, we performed a TUNEL assay in vitro. Briefly, GC-1 spg cells from each group were fixed and
stained with a TUNEL Assay Apoptosis Detection Kit (UE, China). Next, apoptosis was observed under a
fluorescence microscope after DAPI counterstaining of the nuclei.

Micro RNA (miRNA) sequencing and data analysis

The sequencing of miRNA in ADSC-Exos was performed by OE Biotech Company (Shanghai, China).
Briefly, 20 ng of exosomal RNA was extracted and sequenced using an Illumina HiSeq 2500 instrument
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(Illumina, CA, USA) (n = 3). The top 50 highly expressed miRNAs in ADSC-Exos were predicted to target
genes using miRanda software. Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway enrichment analyses of target genes were performed using DAVID
(https://david.ncifcrf.gov/), and KOBAS 3.0 (http://kobas.cbi.pku.edu.cn/kobas3/), respectively. The
results of the analyses were visualized using R software.

Statistical analysis

Data were expressed as the mean ± standard deviation (SD). Statistical analysis for multiple groups were
conducted by the Tukey-Kramer t-test. P < 0.05 was considered statistically significant.

Abbreviations
ADSCs: Adipose-derived mesenchymal stem cells; ADSC-Exos: Adipose-derived mesenchymal stem cell
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DMEM: Dulbecco’s modified Eagle’s medium; FBS: fetal bovine serum; TEM: Transmission electron
microscopy; EdU: 5-ethynyl-2′-deoxyuridine; H&E: Hematoxylin-eosin; TUNEL: Terminal deoxynucleotidyl
transferase dUTP nick end labeling; DAPI: 4',6-diamidino-2-phenylindole; GO: Gene Ontology; KEGG: Kyoto
Encyclopedia of Genes and Genomes
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Tables
Table 1. Johnsen’s score for spermatogenic founction
Score
Characteristics
10
Complete spermatogenesis with many spermatozoa
9
Many spermatozoa present but germinal epithelium disorganized with marked sloughing or
obliteration
8
Only few spermatozoa (＜5-10) present in section
7
No spermatozoa but many spermatids present
6
No spermatozoa and only few spermatids (＜5-10) present
5
No spermatozoa, no spermatids but several or many spermatocytes present
4
Only few spermatocytes (＜5) and no spermatids or spermatozoa present
3
Spermatogonia are the only germ cells present
2
No germ cells but Sertoli cells are present
1
No cells in tubular section

Figures

Figure 1
Characterization of ADSC-Exos. A Morphology of ADSC-Exos under a transmission electron microscope.
B Particle size distribution. C Western blot was used to detect exosome surface markers. Bars, 100nm
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Figure 2
ADSC-Exos alleviate testicular torsion-detorsion injury. A,B The H&E staining after torsion-detorsion injury
at day 3 (n=6) and day 7 (n=6). C Sperm with normal and abnormal morphology. D-F Results of sperm
parameters (quantity, morphology and motility) at day 3 (n=6) and day 7 (n=6). G, H Results of
Biochemical analysis (MDA and SOD) at day 3 (n=6) and day 7 (n=6). Bars, 100 μm. Data are represented
as mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.001
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Figure 3
ADSC-Exos promote spermatogenic cells proliferation and inhibits apoptosis in vivo. A The expression of
Ki67 was detected by immunohistochemistry at day 3 (n = 6) and day 7 (n = 6). B TUNEL assay of
testicular tissues after torsion-detorsion injury at day 3 (n=6) and day 7 (n=6). C The expression of
cleaved Caspase-3 was detected by Immunofluorescence at day 3 (n = 6) and day 7 (n = 6). D
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Quantitative analysis of Ki67, TUNEL and cleaved Caspase-3 expression. Bars (Ki67 and TUNEL), 100 μm;
Bars (Cleaved Caspase-3), 50 μm. Data are represented as mean ± SD. ***P < 0.001, ****P < 0.001

Figure 4
miRNA sequencing and target genes analysis of ADSC-Exos. A The top 50 miRNAs that were detected in
ADSC-Exos (n=3). B Prediction of miRNA target genes.
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Figure 5
Bioinformatics analysis of ADSC-Exos target genes. A,B GO and KEGG pathway enrichment analyses of
the possible target genes.
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Figure 6
ADSC-Exos activate PI3K / AKT and MAPK / ERK1/2 signaling pathways in GC-1 spg cells. A PKH26labeled ADSC-Exos internalization by GC-1 spg cells. B-E Western blot analysis of protein levels of p-AKT
and p-ERK induced by different concentrations of ADSC-Exos or pathway inhibitors. Bars, 100 μm. Data
are represented as mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001
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Figure 7
ADSC-Exos promote the proliferation and migration of spermatogenic cells after I/R injury A,D Effect of
ADSC-Exos on the proliferation of GC-1 spg cells by EdU assays. B,C,E,F Effect of ADSC-Exos on the
migration of GC-1 spg cells by transwell assays and scratch test. Bars, 100 μm. Data are represented as
mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.001
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Figure 8
ADSC-Exos inhibit apoptosis of spermatogenic cells after I/R injury A,B,F,J Effect of ADSC-Exos on
apoptosis of GC-1 spg cells by flow cytometry analysis and TUNEL staining. C-E,G-I Western blot analysis
of protein levels of Bcl-2 and Bax induced by ADSC-Exos or pathway inhibitors. Bars, 100 μm. Data are
represented as mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.001
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Figure 9
ADSC-Exos inhibits inflammatory expression induced by testicular torsion-detorsion injury. A-D The
expression of IL-6, IL-10, CCR7 and CD163 were detected by Immunofluorescence at day 3 (n = 6) and day
7 (n = 6). E Positive ratio of inflammation-related factors (n = 6). Bars, 50 μm. Data are represented as
mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.001
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