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Abstract 

Background  Testosterone deficiency (TD) occurs most frequently in older men and can cause many health prob-
lems. Testosterone replacement therapy (TRT) is widely used to treat TD, but this regimen can lead to a series of side 
effects. Stem cell therapy has been wildly studied in vitro. However, due to the multidirectional differentiation poten-
tial and heterogeneity of stem cells, it is difficult to achieve the good efficiency and reproducibility in basic research 
and clinical applications. This study aims to identify a new strategy for the treatment of TD.

Methods  Bone marrow-derived mesenchymal stromal cells (BMSCs) were enucleated by Ficoll density gradient 
centrifugation. The organelles and cellular functions of enucleated BMSCs were analyzed by immunofluorescence 
staining and flow cytometry. Extracellular vesicles (EVs) were isolated by ultracentrifugation and characterized. 
For the animal studies, enucleated BMSCs were labelled with Mitotracker and injected into ethane dimethanesulfone 
(EDS)-treated rats. Testosterone production and spermatogenesis were detected at different time points through vari-
ous tests. To determine the mechanism of efferocytosis, we analysed the number of macrophages by immunofluores-
cence staining and quantitative real-time polymerase chain reaction (qRT-PCR).

Results  The injection of enucleated BMSCs (Cargocytes) into the testes of EDS-treated rats restored the levels 
of serum testosterone, increased the number of Leydig cells (LCs), and improved spermatogenesis. We found 
that enucleated BMSCs underwent apoptosis earlier than BMSCs did. Subsequently, testicular interstitial macrophages 
phagocytosed apoptotic enucleated BMSCs through efferocytosis. Efferocytosis promoted macrophage polarization 
from the M1 to the M2 phenotype, reduced the expression of proinflammatory cytokines, and decreased the levels 
of inflammation and oxidative stress.

Conclusions  In summary, this study pioneered the application of stromal cell enucleation technology to repair tis-
sue damage in the reproductive system, explored the potential of cell burial in the treatment of reproductive system 
diseases and provided a new approach for the clinical treatment of male infertility.
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Background
Hypogonadism in males, also known as TD, occurs most 
frequently in men aged 40–79  years, and its prevalence 
is positively correlated with ageing [1, 2]. Testosterone 
deficiency can cause health problems in men, including 
increased body fat and fatigue, as well as decreased mus-
cle mass, bone mineral density, cognitive function, and 
immunity [3]. Many studies have shown that testosterone 
deficiency is associated not only with infertility but also 
with a series of clinical diseases, such as diabetes, meta-
bolic syndrome, and cardiovascular disease. Hence, there 
is an urgent need to find measures to treat TD.

At present, TRT is widely used to treat TD but this 
regimen can cause a series of side effects, such as pros-
tate cancer, polycythemia, and cardiovascular disease [4]. 
Additionally, although exogenous testosterone admin-
istration causes an increase in serum testosterone, it is 
unlikely to increase intracellular testosterone levels and 
may even reduce these levels via negative feedback inhi-
bition of pituitary secretion of luteinizing hormone (LH) 
[5]. Therefore, it is necessary to find treatments that can 
increase endogenous testosterone production.

In recent years, stem cell therapy strategies have 
emerged. Owing to its functions in tissue regenera-
tion and repair and immune regulation, it is expected to 
improve the function or increase the number of LCs in 
TD patients to restore the production of endogenous tes-
tosterone. Stem Leydig cells (SLCs) exist in the testes and 
have the ability to proliferate and differentiate into LCs 
[6], which is promising for the treatment of TD. However, 
the lack of specific markers makes isolation and culture 
difficult. Therefore, an increasing number of studies focus 
on mesenchymal stromal cell therapy. Several studies 
have shown an increase in the number of LCs and testos-
terone production in the testes of testosterone-deficient 
rats after mesenchymal stromal cell (MSC) transplanta-
tion [7, 8]. However, MSCs have multidirectional differ-
entiation potential, and their direction of differentiation 
after transplantation is uncertain [9, 10], which could 
lead to adverse safety consequences.

Cell enucleation, which uses chemical or physical 
methods to separate the nucleus from the cytoplasm to 
produce enucleated cytoplasm [11], was first discovered 
in 1975 [12]. Cargocytes retained most of the organelles 
and physiological functions of the original cells, such 
as the homing and secretion of signaling factors and 
cytokines. In addition, Cargocytes will undergo apopto-
sis after three days [11], and the safety of MSC differen-
tiation into other lineage cells is not affected. Apoptotic 
MSC fragments can also trigger efferocytosis and regu-
late the local immune environment of the testes, which 
is beneficial for testosterone and spermatogenesis [13]. 
Here, we performed enucleation of rat derived-BMSCs by 

density gradient centrifugation and orthotopic injection 
of enucleated cells into the rat testes. We then demon-
strated that compared with BMSCs, enucleated BMSCs 
could restore testosterone production to a greater extent 
in EDS-treated rats and that the number of LCs in the 
testes was also greater. Therefore, this study provides a 
new strategy for the treatment of testosterone deficiency.

Materials and Methods
Animals
Sprague Dawley (SD) rats weighing between 150 and 
250 g were maintained at 25  °C with 40% humidity and 
a 12  h light/dark cycle in the company of Top biotech 
Biotechnology Co., Ltd. (Shenzhen, approval number: 
TOPGM-IACUC-2024–0207). SD rats were anesthetized 
with isoflurane and injected intraperitoneally with  EDS 
(Aladdin) at a single dose of 75 mg/kg body weight. Then, 
those rats were randomly separated into 3 groups. All 
animal studies were carried out in accordance with the 
guidelines of the company of Top biotech Biotechnology 
Co., Ltd.

Cell enucleation
Cell enucleation was modified from the previously pub-
lished protocol [11]. Ficoll 400 (neoFroxx) was dissolved 
into a 50% (wt/wt) solution with ultrapure water by con-
tinual magnetic stirring for 24  h at room temperature 
(RT). The Ficoll stock was aliquoted and stored at −20 °C. 
To make discontinuous gradients, 50% stock Ficoll solu-
tion was diluted to 25% with Dulbecco’s modified Eagle’s 
medium (DMEM)/F12 (Gibco) and then further diluted 
to the 17%, 16%, 15%, and 12.5% Ficoll solutions. Cytoch-
alasin B (MCE) was added to all Ficoll solutions at a final 
concentration of 10 μg/mL. 3 mL 25%, 3 mL 17%, 0.5 mL 
16%, 0.5 mL 15%, and 2 mL 12.5% Ficoll solutions were 
carefully layered into a 14  mL ultra-clear tube (Beck-
man Coulter) and equilibrated at a 37  °C tissue culture 
incubator overnight. Mitotracker labeled BMSCs were 
resuspended in 3.2  mL 12.5% Ficoll solution and incu-
bated at 37  °C for 1  h and then gently loaded onto the 
prepared discontinuous gradients and topped off with 
DMEM/F12. Tubes were balanced in swing buckets of 
the SW40Ti rotor, run in a pre-warmed Beckman Coul-
ter XE-100 ultracentrifuge for 70 min at 26,000 rpm and 
31  °C with minimal braking. Fractions were collected 
with low-binding pipette tips into low-binding tubes and 
washed with serum-free media 3 times.

Transwell migration assay
Migration was assessed using a transwell chamber sys-
tem of 8-mm-pore membrane filters (Corning). BMSCs 
or Cargocytes were resuspended in serum free media 
with 0.25% bovine serum albumin (BSA) (Sigma Aldrich), 
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and placed in the upper chamber (2 × 104 cells per well). 
The lower chambers were filled with serum free media 
with 10% fetal bovine serum (FBS) (BioVision Technol-
ogy). After 2 h, the inserts were removed, and the upper 
surface of the membrane and chamber were wiped with 
cotton swabs to remove cells that did not migrate to the 
bottom side of the membrane. The membranes were 
stained with crystal violet staining solution (Biosharp) 
containing 2% ethanol, and then removed from the insert 
and mounted on glass microscope slides. The migrated 
cells presented on the underside of the membrane were 
counted using light microscopy at 200X magnification.

Extracellular vesicles isolation and characterization
EVs were isolated by differential ultracentrifugation. 
BMSCs or Cargocytes were grown in conditional culture 
medium using serum depleted of EVs. After 48 h, condi-
tioned media was collected and subjected to serial differ-
ential centrifugation steps to clear large and small debris 
as follows: 10 min at 2000 g (to remove large debris/ dead 
cells) followed by 30  min at 1 × 104  g (to remove small 
debris/ apoptotic bodies). Next, the cleared suspension 
was filtered through a 0.22 μm filter membrane and then 
was centrifuged for 70 min at 1 × 105 g to pellet the EVs, 
which were subsequently resuspended in a large volume 
of phosphate-buffered saline (PBS). Another centrifuga-
tion for 70 min at 1 × 105 g was performed to wash sol-
uble proteins from the EVs. Finally, the washed pellet 
was resuspended in PBS using a volume approximately 
1/500th of the starting volume of conditioned media. The 
concentration of EVs was determined by bicinchoninic 
acid (BCA) assay (ThermoFisher). All ultracentrifuga-
tion steps were performed using a Beckman XE100 ultra-
centrifuge with a SW32 Ti fixed-angle rotor (Beckman 
Coulter). The morphology of EVs was evaluated by trans-
mission electron microscopy. Briefly, EVs were stained 
with 2% uranyl acetate for 1 min, and grids were viewed 
using a transmission electron microscope. The size and 
zeta potential of EVs were determined using Zetasizer 
ZSE (Malvern Instruments). The data were analyzed 
using a Zetasizer software (Malvern Instruments).

BMSCs and Cargocytes transplantation
BMSCs and Cargocytes were washed with PBS and 
stained with Mitotracker red (Invitrogen) according to 
the manufacturers’ instructions. Approximately 1 × 106 
MitoTraker-labeled BMSCs or Cargocytes in 20µL of 
saline were injected into the parenchyma of the recipi-
ent testes 4  days after EDS treatment. The control ani-
mals received a testicular injection of the same volume of 
saline. Testes and serum from all animals were tested 0, 
4, 8, 10, 12, and 14  days after EDS treatment and were 

examined by qRT-PCR or histological analysis and tes-
tosterone concentration measurements.

Flow cytometry and fluorescence‑activated cell sorting 
(FACS)
For measurement of mitochondrial membrane potential, 
cells were stained with 200  nM Tetramethylrhodamine, 
ethyl ester (TMRE, Beyotime), according to the manufac-
turers’ instructions. For surface marker staining, BMSCs 
or Cargocytes were incubated for 30 min with the appro-
priate antibody (Table S2) in the dark at 4  °C, and then 
analyzed by flow cytometry. For IL-10 and TNF-α stain-
ing, Jurkat cells were activated with 10  ng/mL phorbol 
myristyl acetate (PMA) (KAIGEN) and 1  μg/mL phyto-
hemagglutinin (PHA) (MeilunBio) for 24  h. BMSCs or 
Cargocytes were cultured in a 6-well plate (7 × 104 cells/
well), and then cocultured with activated Jurkat cells by 
a 0.4  μm pore size, 24  mm  cell culture inserts (LABSE-
LECT) for 48  h. The Jurkat cells were fixed, permeabi-
lized, and stained cytoplasmic IL-10 and TNF-α. All flow 
cytometric analyses were conducted with CytoFLEX 
(Beckman Coulter) and the data were analyzed using the 
Flow jo software (Tree Star Inc., Ashland, Oregon).

The testes were dissected 10  days after implantation, 
and the tunica albuginea was carefully removed from 
each testis and minced into small pieces. The interstitial 
cells were then dissociated from the seminiferous tubules 
by digestion with 1  mg/mL collagenase type IV (Invit-
rogen) in DMEM/F12 (Gibco) at 37 °C for 15 min. After 
adding DMEM containing 5% FBS (BioVision Technol-
ogy) to stop the collagenase activity, the samples were 
centrifuged at 1500 rpm for 5 min at RT; the pellets were 
washed twice with PBS, resuspended in PBS, and fil-
tered through a 45 µm filter, thereby excluding seminif-
erous tubules from the preparation. The suspension was 
passed through a 20 µm strainer, which resulted in single 
cells. These cells were fixed, permeabilized, and stained 
for Luteinizing hormone receptor (LHR) antibody and 
Alexa Flour 647 conjugated fluorescent secondary anti-
body. The LHR+ cells were enriched by FACS using an 
Influx Cell Sorter (Becton Dickinson) and were cultured 
in ultra-low adherent dishes (Corning).

Enzyme‑linked immunosorbent assay (ELISA) analyses
The serum testosterone levels were determined by ELISA 
kits (Abmart) according to manufacturer’s instructions. 
All rats were anesthetized with isoflurane and collected 
whole blood from hearts. The whole blood was centri-
fuged at 1000 g for 10 min at 4  °C and supernatant was 
stored at −80°C until analysis. The serum was diluted in 
kit assay diluent and loaded onto ELISA plates. Absorb-
ance was read on the Synergy H1 microplate reader 
(BioTek) according to kit instructions.
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RNA isolation and qRT‑ PCR
Total RNA from the testes or cells was extracted using 
TRIzol reagent (Life Technologies) according to the 
manufacturer’s protocol. Quantification was performed 
on a NanoDrop 8000 spectrophotometer (Thermo sci-
entific), and 500 ng of total RNA per sample was reverse 
transcribed into complementary DNA using HiFiScript 
All-in-one RT Master Mix (CWBIO). Real-time PCR was 
performed using the SYBR qPCR Mix (CWBIO) accord-
ing to the manufacturer’s instructions. Signals were 
detected using a CFX96 Real-time System (Bio-Rad). The 
primer sequences were listed in Supplementary material, 
Table S1.

Western blot analyses
For Western blotting, cells or testes were collected and 
lysed in RIPA buffer. After centrifugation at 15,000 g for 
5 min at 4 °C, we collected the supernatant as the protein 
lysate. Protein samples were separated by Sodium dode-
cyl sulfate–polyacrylamide gel electrophoresis (SDS-
PAGE) using either a 7.5% or 10% gel, transferred to a 
0.45-μm pore-sized polyvinylidene difluoride (PVDF) 
membrane (Millipore). The membranes were blocked 
with 5% fat-free milk and then incubated with certain 
primary and secondary antibodies. The utilized primary 
and secondary antibodies were listed in Supplementary 
material, Table S2. Eventually, the bands were visualized 
with enhanced chemiluminescence.

Immunofluorescence staining
For immunofluorescence staining of 3β-hydroxysteroid 
dehydrogenase‌ (3β-HSD), synaptonemal complex pro-
tein 3 (SYCP3), deleted in azoospermia like (DAZL), 
actin and dihydroethidium (DHE), testes were cryo-
embedded in optimal cutting temperature medium 
(Sakura). Frozen testes were sectioned at a thickness of 
10  μm. For immunofluorescence staining of lysosomal 
associated membrane protein 1 (LAMP1) and α-tubulin, 
BMSCs and Cargocytes were fixed by 4% paraformal-
dehyde (PFA) for 10 min at RT. Frozen sections or cells 
were rinsed with PBS and blocked by incubation in 5% 
normal serum and 0.1% Triton X-100 (Hyclone) in PBS 
for 1 h at RT, followed by incubation with primary anti-
bodies at 4  °C overnight. The sections were then incu-
bated with secondary antibodies at RT for 1 h followed by 
DAPI staining. For immunofluorescence staining of Ki67, 
steroidogenic acute regulatory protein (StAR), cAMP 
responsive element modulator (CREM), F4/80, CD163 
and CD86, testes were fixed by testicular fixative (Ser-
vicebio) and embedded in paraffin. Paraffined testes were 
sectioned at a thickness of 4  μm. Sections of the paraf-
fin-embedded testes samples were kept at 65  °C for 4 h 
in the oven and then followed by dewaxing with xylene 

and hydrating with an ethanol gradient (100–70%). After 
soaking in 3% H2O2 for 30  min, the slides were rinsed 
with PBS and incubated with the primary antibody over-
night at 4 °C. And then the sections were rinsed with PBS 
and incubated with secondary antibodies at RT for 1  h 
followed by DAPI staining. The primary and secondary 
antibodies used were listed in Supplementary material, 
Table S2. All images were obtained using a DM6B micro-
scope (Leica) and a FV3000 Confocal Microscope (Olym-
pus). The images were analyzed by Image J software.

Mitochondria and endoplasmic reticulum staining 
and analysis
BMSCs and Cargocytes were incubated with 200  nM 
Mitotracker Red (Invitrogen) and ER Tracker Green 
(Beyotime) in culture media for 30 min at 37 °C. Excess 
of the dye was washed out with PBS. Cells were imaged 
using a FV3000 Confocal Microscope (Olympus). 
Mean fluorescence intensity (MFI) of Mitotracker and 
ER Tracker were measured from three independent 
experiments.

Statistics
All data are presented as the Mean ± SEM obtained from 
at least three independent experiments. Statistical analy-
sis between two groups was performed using an unpaired 
t-test. Comparisons between multiple groups were per-
formed using one-way analysis of variance (ANOVA) and 
two-way ANOVA. P < 0.05 was considered statistically 
significant.

Results
Characteristics of enucleated BMSCs
In this study, we selected the most widely used BMSCs 
in stem cell research to test the potency of Cargocytes 
in TD. First, we labeled BMSCs with Mitotracker red. 
Then, we enucleated BMSCs using Cytochalasin B and 
Ficoll density gradient ultracentrifugation (Fig. 1A). The 
predominant components from top to bottom were cell 
debris, enucleated BMSCs and nucleoplasts (Fig. S1A), 
respectively. Next, we found that Cargocytes were signifi-
cantly smaller than BMSCs and readily attached to tissue 
culture plates with well-organized cytoskeletal structure 
(Fig.  1B, C). Moreover, Cargocytes contained crucial 
subcellular organelles including mitochondria, ER, and 
lysosomes (Fig.  1D, E). The co-staining of Mitotracker 
and actin indicated that enucleated BMSCs had a com-
plete cytoskeleton so that mitochondria could be well 
preserved as BMSCs (Fig. S1B). Hereafter, to assess the 
mitochondria of Cargocytes, we used TMRE kit to ana-
lyze the mitochondrial membrane potential. The flow 
cytometry results indicated that Cargocytes had nor-
mal mitochondrial membrane potential (Fig.  1F, G). To 
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examine whether enucleation affected the characteristics 
of BMSCs, we used flow cytometry to analyze the sur-
face markers of BMSCs. And we found that Cargocytes 
expressed the same panel of surface markers of BMSCs, 
including CD29, CD90, and CD105, and did not express 
CD34 or CD45, indicating that Cargocytes maintain the 
phenotype of BMSCs (Fig. 1H).

Cargocytes retain important cellular functions
After that, we investigated the ability of proliferation, 
migration and secretion of Cargocytes. We found that 
Cargocytes were viable for up to 72  h post-enucleation, 
as shown by the trypan blue dye exclusion assay (Fig. 2A, 
B). Consistent with previous studies [11, 14], both 
BMSCs and Cargocytes migrated towards the high con-
centration serum (Fig.  2C, D). Interestingly, Cargocytes 
and BMSCs had similar characteristic cup-shaped mor-
phology by electron microscopy (Fig. 2E and S2), similar 
size distribution under DLS analysis (Fig. 2F). Moreover, 
Cargocytes had similar zeta potential as parental BMSCs 
(Fig. 2G), suggesting that Cargocytes might actively pro-
duce and release EVs. It is well known that MSCs have 
immunoregulatory abilities [8–10], we co-cultured 
activated Jurkat cells, the  human  acute T-cell leukemia 
cell  line, with BMSCs or Cargocytes for 48 h. And then 
we detected the percentage of IL-10+ (anti-inflammatory 
cytokine) (Fig.  2H, I) and TNF-α+ (pro-inflammatory 
cytokine) Jurkat cells (Fig.  2J, K), and found that both 
BMSCs and Cargocytes suppressed the inflammatory 
reaction of activated Jurkat cells. Taken together, these 
results indicate that Cargocytes retain critical cell struc-
tures and functions, and therefore have potential for 
in vivo regulating immune response.

Cargocytes and BMSCs contribute to the number 
of interstitial cells in vivo
Many studies have reported that transplanted MSCs 
and SLCs can recover testosterone production in  vitro 
and in vivo [15]. However, these cells had heterogeneity 
and multi-directional differentiation potential. Based on 
the characteristics of Cargocytes, we considered if Car-
gocytes could restore LCs in TD rats. We established 

the EDS-treated model and injected Mitotracker red+ 
BMSCs or Cargocytes into the parenchyma of testes. At 
0, 4, 8, 10, 12, and 14 days after EDS treatment, the serum 
and the testes were collected for analyses (Fig.  3A). 
Moreover, through immunofluorescence staining of 
the cell proliferation marker Ki67, it was found that the 
EDS + BMSCs group had more Ki67+ stromal cells than 
the EDS + Saline group, and the EDS + Cargocytes group 
had more Ki67+ cells than the EDS + BMSCs group 
10 days after transplantation (Fig. 3B, C). The Hedgehog 
pathway has been reported to play an important role in 
the development of reproductive system [16] which may 
explain the increase of stromal cells. So, we sorted LHR+ 
cells from testes 10 days after implantation by FACS, and 
detected the expression of Hedgehog pathway ligands 
(Dhh, Shh, and Ihh), receptors (Smo and Ptch1), nuclear 
transcription factors (Gli1, Gli2, and Gli3), and target 
genes (Hhip and Hhat). In addition to Shh and Ihh, the 
expression of other genes significantly increased in the 
EDS + BMSCs group. Compared to the EDS + BMSCs 
group, the expression of these genes increased even 
more in the EDS + Cargocytes group (Fig.  3D). Further-
more, we detected protein levels of desert hedgehog 
(DHH), smoothened, frizzled class receptor (SMO), and 
GLI family zinc finger 1 (GLI1), which were consist-
ent with mRNA changes and significantly increased in 
the EDS + BMSCs group and EDS + Cargocytes group 
(Fig.  3E, F). The above results indicate that BMSCs and 
Cargocytes may increase the quantity of stromal cells 
through the Hedgehog pathway in vivo.

Transplanted Cargocytes and BMSCs can restore 
testosterone production
LCs are the primary source of testosterone in the intersti-
tial compartment of testis [17]. We found that the mRNA 
level of LC markers LhcgR, Cyp11a1, and Cyp17a1 sig-
nificantly increased 10 days after transplantation. Impor-
tantly, the testes of EDS + Cargocytes group  showed 
higher  expression levels  of LC markers than the 
EDS + BMSCs group (Fig. 4A). Together, these data sug-
gested that transplanted Cargocytes might induce more 
LCs than BMSCs. After that, we detected the levels of 

Fig. 1  Enucleated BMSCs retained important features. A Schematic of workflow for preparation of enucleated BMSCs (Cargocytes). B Espial 
of organelles through staining with mitochondrial and endoplasmic reticulum fluorescent probes. DAPI (blue) indicated the presence 
of the nucleus. The lysosome was stained by LAMP1. Scale bar, 20 μm. C Quantitative analysis of the MFI of Mitotracker, ER tracker and LAMP1 in B. 
n = 3 biological repeats for each group; unpaired t test. Two-sided comparison; All data are Mean ± SEM. D The expression of cytoskeletal markers 
α-tubulin and actin in BMSCs and enucleated BMSCs. Nucleus was detected by DAPI staining (blue). Scale bar, 20 μm. E Quantitative analysis 
of the mean fluorescence intensity of α-tubulin and actin in D. n = 3 biological repeats for each group; unpaired t test. Two-sided comparison; 
Data are shown as the Mean ± SEM. F Mitochondrial membrane potential was analyzed using TMRE kit by flow cytometry. G Quantitative analysis 
of the MFI ratio of TMRE in F. n = 3 biological repeats for each group; unpaired t test. Two-sided comparison; Data are shown as the Mean ± SEM. 
H The expression levels of CD34, CD45, CD29, CD90 and CD105 were analyzed by flow cytometry

(See figure on next page.)
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Fig. 1  (See legend on previous page.)
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serum testosterone at different time points. Consist-
ent with previous observation [18], the concentration 
of serum testosterone was decreased 4  days after EDS 
treatment, indicating that EDS specifically eliminated the 
testosterone-producing LCs (Fig. 4B). The serum testos-
terone levels of rats with BMSCs or Cargocytes trans-
plantation were increased significantly compared with 
the EDS-treated rats with saline injection. Moreover, the 
EDS-treated rats produced more testosterone after Car-
gocytes injection (Fig. 4B). Besides, immunohistochemi-
cal analysis showed that the expression of steroidogenic 
enzymes 3β-HSD (Fig.  4C and 4D) and StAR (Fig.  4E, 
F) was increased 10  days after implantation. Notably, 
the EDS + Cargocytes group expressed higher levels of 
3β-HSD and StAR than the EDS + BMSCs group. Taken 
together, these results demonstrate that Cargocytes are 
capable of restoring the number of LCs and recovering 
testosterone production.

Transplanted Cargocytes and BMSCs offer potential 
benefits for spermatogenesis
The testes are the only place for sperm production, and 
in males, the hypothalamic pituitary testicular axis 
affects sperm production by regulating testosterone [14]. 
EDS reduces the elimination of LCs, thereby affecting 
the spermatogenic function [15]. To further investigate 
whether BMSCs and Cargocytes could restore sper-
matogenic function in  vivo, we examined the number 
of spermatogonia in the seminiferous tubules 10  days 
after transplantation. DAZL+ cells almost disappeared 
after EDS + Saline treatment, but EDS rats transplanted 
with BMSCs significantly restored spermatogonia. EDS 
rats injected with Cargocytes had the highest number 
of spermatogonia (Fig.  5A, B). Spermatogonia undergo 
meiosis to form secondary spermatocytes, which further 
differentiate into mature sperm. This indicated that the 
process of sperm generation was accompanied by meio-
sis. Therefore, we observed the number of SYCP3+ cells 
representing meiosis in the seminiferous tubules 10 days 
after transplantation. We found that only a few cells in 
the EDS + Saline group were undergoing meiosis, while 

Cargocytes were able to increase the number of meiotic 
cells more effectively than BMSCs (Fig.  5C, D). Corre-
spondingly, the number of CREM+ sperm cells showed a 
similar trend of change with DAZL and SYCP3 (Fig. 5E, 
F). The above results indicate that BMSCs and Cargo-
cytes can promote the production of testosterone, and 
restore spermatogenic function.

Enucleated BMSCs promote macrophages M2 polarization 
in vivo
To examine the role of Cargocytes in the benefits of tes-
tosterone production and spermatogenesis in  vivo, we 
stained the testes sections with actin 4 days after trans-
plantation. Fluorescence results showed that at this time, 
BMSCs still remained intact cytoskeletal structure, while 
the skeleton of Cargocytes had been broken (Fig. 6A). It 
is well known that macrophages can actively phagocy-
tose broken and apoptotic cells and remodel the immune 
microenvironment [19, 20]. Furthermore, we sought to 
confirm whether BMSCs and Cargocytes could regulate 
the interstitial testicular macrophages (TMs) in  vivo. 
We found that F4/80+ macrophages appeared in the 
EDS + Saline testes 4 days after transplantation, while the 
testicular interstitium of the EDS + BMSCs group and the 
EDS + Cargocytes group contained more macrophages 
(Fig. S3A, B), which suggested that interstitial TMs 
might aggregate in response to the injury of LCs. Mean-
while, we found that F4/80+ macrophages colocalized 
with Cargocytes, but not BMSCs (Fig.  6B). Collectively, 
we found that CD86+ M1 macrophages were decreased 
significantly after transplantation, while CD163+ M2 
macrophages were increased (Fig. 6C, D). Notably, there 
were fewer CD86+ macrophages and more CD163+ 
macrophages in the EDS + Cargocytes group than in the 
EDS + BMSCs group. This phenomenon was aggravated 
with time (Fig. S3C-F). The anti-inflammatory effect of 
Cargocytes was better than that of BMSCs. Moreover, 
considering the injury of LCs might induce the produc-
tion of reactive oxygen species (ROS), we stained the tes-
tes sections with DHE 10 days after transplantation, and 
found that the levels of ROS in the EDS + Saline group 

(See figure on next page.)
Fig. 2  Enucleated BMSC retained cellular functions. A The images of 24 h, 48 h, 72 h, and 96 h BMSCs and Cargocytes after trypan blue dye 
exclusion assay. Scale bar: 50 μm. B Graphs showed the population of viable BMSCs and Cargocytes. Data are shown as the Mean ± SEM; n = 3 
biological replicates. C BMSCs and Cargocytes migrated in chambers towards FBS for 2 h. Representative images of BMSCs or Cargocytes 
that migrated to the underside of 8.0 μm porous filters were stained with Crystal Violet. Scale bar, 50 μm. D Bar graph represented the migrated 
cell number. Data are shown as the Mean ± SEM; n = 10 independent fields from 3 biological replicates. E Electron microscopy images of EVs 
from BMSCs and Cargocytes. Representative images out of 10 images obtained were shown. Arrowheads point to typical EVs. Scale bar, 200 nm. 
F Histograms showing the size of EVs from conditioned media of BMSCs or Cargocytes. G Bar graph showed the zeta potential of EVs measured 
by a Zetasizer Nano ZSE analyzer and analyzed by Zetasizer Software. H, J Jurkat cells were cultured with or without BMSCs or Cargocytes for 2 days, 
and their production of TNF- α and IL-10 was examined by flow cytometry. n = 3 biological replicates. I, K Bar graphs showed TNF- α+ and IL-10+ 
Jurkat cells after coculture with BMSCs and Cargocytes. Cumulative results are expressed as Mean ± SEM. (*P < 0.05, **P < 0.01, ***P < 0.001)
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was very high. Cell transplantation could reduce the ROS, 
and the transplantation of Cargocytes could obtain better 
effect than BMSCs (Fig. 6E, F). In addition, the expression 
of Il-6 and Tnf-α was decreased, while the expression of 
Il-10 and Tgf-β was increased in the cell transplantation 

groups (Fig. 6G). The EDS + Cargocytes group expressed 
lower CD86 and nitric oxide synthase 2 (Nos2), the mark-
ers of M1 macrophages, and higher CD206 and arginase 
1 (Arg1) (the markers of M2 macrophages) 10 days after 
transplantation (Fig. 6H). The above results indicate that 

Fig. 2  (See legend on previous page.)
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after the transplantation of Cargocytes, interstitial TMs 
polarize from M1 to M2 and remodel the immune micro-
environment and redox microenvironment.

Discussion
At present, the main clinical treatment for TD is TRT [5], 
but due to a series of side effects brought by this method, 
such as cardiovascular disease, prostate cancer, etc., and 

Fig. 3  Transplanted BMSCs or Cargocytes contributed to the number of interstitial cells by Hedgehog pathway. A Schematic of the experimental 
procedure used for cell transplantation. B The proliferation of stromal cells of EDS-treated mice 10 days after implantation were stained by Ki67 
(red) antibody. Nucleus was detected by DAPI staining (blue). Scale bar, 50 μm. C Quantitative analysis showing the number of Ki67+ cells per scope 
in the interstitial area of the testes. Data are shown as the Mean ± SEM; n = 6. D qRT-PCR analysis showed the expression of Hedgehog pathway 
in the LHR+ cells sorted from EDS-treated mice 10 days after implantation. Data are shown as the Mean ± SEM; n = 6. E Western blot analysis 
of the protein levels of DHH, SMO and GLI1 in the LHR+ cells sorted from EDS-treated mice 10 days after implantation. F Quantitative analysis 
showing the expression of proteins. Data are shown as the Mean ± SEM. (*P < 0.05, **P < 0.01, ***P < 0.001)
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the infusion of exogenous testosterone will reduce the 
production of endogenous testosterone through nega-
tive feedback, the clinical use of testosterone replacement 
therapy is limited [21, 22]. Our findings suggest that 
orthotopic testicular injection of enucleated BMSCs can 
restore endogenous testosterone production and improve 
the symptoms and spermatogenic function of TD rats, 
which may provide a new idea for the clinical treatment 
of TD. Compared with TRT, enucleated BMSC therapy 
has several differences. First, TRT cannot maintain the 
physiological levels of testosterone, but our therapy could 
increase the number of LCs and achieve good effects on 
testosterone production [23, 24]. Second, all testosterone 
formulations have to be injected several times, while a 
single injection of enucleated BMSCs could restore the 
microenvironment of the testes. Third, TRT has limita-
tions in terms of the patient population, whereas BMSCs 
can be modified before enucleation to provide exclusive 
treatment for different patients [25]. Finally, the side 
effects of TRT have been reported [4]. However, enucle-
ated BMSCs do not proliferate or differentiate in vivo and 
thus do not cause any safety issues.

As the main source of testosterone production, the 
dysfunction of LCs is important for the occurrence of 
TD, and it is currently believed that the following three 
reasons are responsible for the dysfunction of testoster-
one synthesis in the LCs. First, translocation of choles-
terol to mitochondria is limited [26]. Second, cholesterol 
metabolic enzymes are abnormal [27, 28]. Third, the 
signaling pathway for testosterone synthesis is abnor-
mal [29]. Signaling via cAMP/PKA is essential for the 
expression of downstream cholesterol metabolizing 
enzymes. In response to the above mechanisms, a vari-
ety of drugs have been explored to restore LC function 
[30–32]. For example, Martin proposed to reduce oxi-
dative stress damage through the intake of antioxidant 
foods, thereby promoting the expression of StAR to 
increase testosterone synthesis [33]. Moreover, Jana et al. 
found that chrysin can increase the sensitivity of LCs to 
cAMP stimulation to increase testosterone synthesis 
[30]. In addition to drugs, biotherapy based on stem cells 
has attracted wide attention in recent years [15], which 
has powerful ability of tissue regeneration and repair, 

immune regulation, and multi-directional differentia-
tion potential. Among them, the most extensive studies 
are SLCs and MSCs. Some studies restored testosterone 
production by isolating SLCs from rats and mice and 
transplanting them back to the testes, where they could 
differentiate into new LCs to replace chemically damaged 
or aged LCs [18, 34, 35]. It is also found that the trans-
plantation of LCs, derived from MSCs in vitro, restored 
testosterone production in EDS injured rat models [36, 
37]. In our study, we found that the enucleated BMSCs 
were likely to retain most of the original biological func-
tions of BMSCs and achieved tissue regeneration and 
repair, which was expected to improve the symptoms of 
TD.

At present, cell engineering has attracted more and 
more attention in the field of biotherapy [38, 39]. In 
our study, we found that enucleated BMSCs had a bet-
ter therapeutic effect and could regulate the immune 
system earlier than non-enucleated BMSCs. Enucleated 
BMSC therapy can be improved in several ways in the 
future. First, after the rigid nucleus is lost, its deform-
ability is enhanced, and it more easily passes through 
narrow sites such as pulmonary capillaries, resulting in 
better biodistribution. For example, Wang et  al. geneti-
cally engineered enucleated adipose-derived stem cells 
to express chemokine receptors and endothelial adhesion 
molecules, and then loaded them with anti-inflammatory 
cytokines for systemic administration. This approach 
enhanced the delivery of anti-inflammatory cytokines to 
diseased tissues and improved disease pathology in mice 
models of acute inflammation and pancreatitis [11]. Sec-
ond, enucleated cells can be engineered and loaded with 
drugs for immunoregulation. For example, Fang et  al. 
produced bacterial-derived vesicles modified with stim-
ulator of interferon genes (STING) agonists as live-cell 
vaccines that effectively stimulated dendritic cells and 
macrophages to capture tumour antigens and promoted 
tumour-specific T cell infiltration, which achieved good 
therapeutic effects in a mouse melanoma disease model 
[40]. Third, MSCs have tissue-specific homing properties 
[41]. Considering this, MSCs can be engineered with spe-
cific receptors and home to their ligands after enuclea-
tion to target specific tissues. Finally, the overexpressed 

(See figure on next page.)
Fig. 4  Transplanted BMSCs or Cargocytes increased the number of LCs and testosterone production. A qRT-PCR analysis showed the expression 
of LhcgR, Cyp11a1 and Cyp17a1 in the testes of EDS-treated rats 10 days after implantation. B The serum testosterone concentration was measured 
at the indicated time points in each animal. Data are shown as the Mean ± SEM; n = 6. C Immunofluorescence staining showed the accumulation 
of 3β-HSD+ cells (green) in the interstitial area of the testes of EDS-treated rats 10 days after implantation. Scale bar, 50 μm. D Quantitative 
analysis showing the number of 3β-HSD+ cells per scope in the testes of EDS + Saline, EDS + BMSCs and EDS + Cargocytes groups. Data are shown 
as the Mean ± SEM; n = 6. E Immunofluorescence staining showed the accumulation of StAR+ cells (magenta) in the interstitial area of the testes 
of EDS-treated rats 10 days after implantation. Scale bar, 50 nm. F Quantitative analysis showing the number of StAR+ cells per scope in the testes 
of EDS + Saline, EDS + BMSCs and EDS + Cargocytes groups. Data are shown as the Mean ± SEM; n = 6. (*P < 0.05, **P < 0.01, ***P < 0.001)
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Fig. 4  (See legend on previous page.)
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mRNAs such as cytokines can be stably translated after 
enucleation to achieve longer therapeutic effects.

The factors that lead to low testosterone are divided 
into external factors and internal factors. External fac-
tors include chronic illnesses (diabetes, obesity, and 
anaemia) and certain medications (opioids, corticoster-
oids, and anabolic steroids) [4]. The lack of LH or LCs 
are the internal factors. Our study reveals the therapeutic 

effects of modified BMSCs in an EDS model, which mod-
els a lack of LCs. However, we believed that other cells 
such as pancreatic islet cells and haematopoietic stem 
cells can be enucleated and modified to improve testos-
terone deficiency. BMSCs can also be modified to tar-
get the pituitary and other organs to avoid the effects of 
medications. The genes essential for spermatogenesis 
are expressed in the azoospermia factor (AZF) regions 

Fig. 5  Transplanted BMSCs or Cargocytes promoted spermatogenesis. A The spermatogonium were detected by immunofluorescence staining 
with anti-DAZL (magenta) antibody. B Quantitative analysis showing the percentage of DAZL+ cells in seminiferous tubules of testes. Data are 
shown as the Mean ± SEM; n = 6. C The meiotic spermatocytes were observed by immunofluorescence staining with anti-SYCP3 (green) antibody. 
Nucleus was detected by DAPI staining (blue). The SYCP3+ cells were located at the pachytene stage in each testis. D Quantitative analysis showing 
the percentage of SYCP3+ cells in seminiferous tubules of testes. Data are shown as the Mean ± SEM; n = 6. E Representative images showed CREM+ 
cells (red) in seminiferous tubules of testes 10 days after transplantation. Scale bar, 50 µm. F Quantitative analysis showing the percentage of CREM+ 
cells in seminiferous tubules of testes. Data are shown as the Mean ± SEM; n = 6. (*P < 0.05, **P < 0.01, ***P < 0.001)
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of the Y chromosome [42]. The deletion of AZF causes 
impaired spermatogenesis. These genes can be overex-
pressed in the modified enucleated BMSCs and home to 
the AZF regions.

Macrophages in the testis play a dual role in LCs. On 
the one hand, under normal physiological and non-
inflammatory conditions, macrophages provide essen-
tial growth and differentiation factors for LCs, which 
facilitate LC development [43]. However, activated 
macrophages produce proinflammatory cytokines IL-1, 
TNF-α, which exert extremely strong inhibitory effects 
on LCs and appear to act as transcriptional repres-
sors of steroidogenic enzyme gene [43]. Moreover, 

activated macrophages can produce ROS, causing 
oxidative stress damage, which also inhibits the func-
tion of LCs [43]. We found that in the presence of LC 
injury, M1-type macrophages increased and ROS lev-
els rised. However, when we injected the enucleated 
BMSCs, the efferocytosis occurred, which stimulated 
the polarization of macrophages to M2 type, increased 
the expression of a large number of anti-inflammatory 
cytokines such as IL-10 and TGF-β, and decreased the 
levels of ROS. These data showed that anti-inflamma-
tory immune microenvironment was necessary for the 
production and occurrence of testosterone [13]. Taken 
together, this study mainly revealed the therapeutic 

Fig. 6  Transplanted Mitotracker red+ BMSCs or Cargocytes promoted macrophage polarization. A Immunofluorescence staining showed 
the colocalization of cells positive for Mitotracker (red) and F4/80 (green) in the testes of EDS-treated rats 4 days after implantation. Scale bar, 20 μm. 
B Immunofluorescence double-staining results of Mitotracker (red) and actin (green) in the testes of EDS-treated rats 4 days after implantation. 
Nucleus was detected by DAPI staining (blue). Scale bar, 20 μm. C Immunofluorescence staining showed the accumulation of CD86+ cells 
(green) and CD163+ cells (magenta) in the testes of EDS-treated rats 4 days after implantation. Scale bar, 50 μm. D Quantitative analysis showing 
the number of CD86+ cells (green) and CD163+ cells (magenta). E Fluorescent staining of testis slices with DHE to detect ROS. F Quantitative analysis 
showing the MFI of DHE. Data are shown as the Mean ± SEM; n = 6. G qRT-PCR analysis showed the expression of Il6, Tnf-α, Il10 and Tgf- β 10 days 
after transplantation. H qRT-PCR analysis showed the expression of CD86, Nos2, CD206 and Arg1 10 days after implantation. (*P < 0.05, **P < 0.01, 
***P < 0.001)
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effect of orthotopic testicular injection of enucleated 
BMSCs on TD. It provides a new idea for the treatment 
of TD in clinical practice, and also opens up a new 
way for people to use enucleated cells. In the future, 
we will continue to explore the regulatory mechanism 
of efferocytosis on the immune microenvironment of 
testis and the higher efficiency of preparing enucle-
ated BMSCs, which will contribute to the application of 
enucleated BMSCs in reproductive system diseases.

Conclusions
In summary, this study revealed that enucleated BMSCs 
restored serum testosterone levels, the number of LCs 
and spermatogenesis through efferocytosis, which pro-
moted the polarization of M1 testicular macrophages 
into M2 macrophages, reduced the expression of pro-
inflammatory cytokines, and improved inflammation 
and oxidative stress levels. Collectively, these results 
suggest that enucleated BMSCs could be candidates for 
increasing testosterone in assisted reproduction.
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