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Mitochondria derived from Stem e

cells modulated the biological behavior
of monocyte-macrophages and inhibited
inflammatory bone resorption

Xingfu Li'?, Jingyue Su**, Xiang Liu®, Wei Lu'*" and Zhenhan Deng**'

Abstract

Background The transfer of mitochondria from stem cells effectively attenuates the viability of inflammatory cells.
However, there is a paucity of research supporting the inhibitory effect of stem cells on inflammatory bone resorption
through mitochondrial transfer.

Methods Mouse bone resorption models were established to investigate the impact of stem cell-derived mitochon-
dria. Stem cells, stem cell-derived mitochondria and exosomes were injected into the animal models for experimen-
tal research. Healthy mice and mice with bone resorption were included as the control groups. The mitochondrial
transfer and bone resorption of mice calvaria were evaluated by immunofluorescence, gross morphology, micro-com-
puted tomography (micro-CT), immunohistochemical staining. Monocyte-macrophages were incubated with stem
cell-derived mitochondria as experimental group. Monocyte-macrophages and activated monocyte-macrophages
cultured separately served as the control groups. The mitochondrial transfer and biological behavior of monocyte-
macrophages were evaluated by immunofluorescence, enzyme-linked immunosorbent assay (ELISA), Multiskan FC,
and histochemical staining.

Results Stem cell-derived mitochondria were successfully transferred to monocyte-macrophages. In vivo, local
injection of stem cells, mitochondria, and exosomes effectively mitigated inflammatory cell infiltration, suppressed
osteoclast maturation, and demonstrated a higher relative bone volume in mouse bone resorption models com-
pared to the negative control group. In vitro, the co-incubation of mitochondria effectively suppressed the secre-
tion of inflammatory cytokines, proliferation, fusion, and osteoclastogenesis in monocyte-macrophages compared
to the control groups.

Conclusions The modulation of monocyte-macrophages biological behaviors by stem cells may occur
through the transfer of mitochondria, thereby mitigating inflammatory bone resorption.
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Introduction

Bone resorption is one of the main cause of musculo-
skeletal disorders, including fracture, osteoporosis and
inflammatory arthritis, which would reduce the quality of
life and increases the risk of disability [1-3]. For example,
the successful outcome of internal fixation surgery relies
heavily on the proper healing and shaping of the frac-
ture site, while numerous studies have demonstrated that
bone resorption exerts a profound impact on the process
of fracture healing and shaping, thereby compromising
the efficacy of internal fixation surgery [4, 5]. However,
the pathological mechanism of bone resorption is still
not fully understood. Some researchers have found that
during the remodeling stage of bone, inflammatory cells
infiltrated around the fracture site, such as monocytes,
macrophages, lymphocytes, neutrophils, produce inflam-
matory factors, such as interleukin (IL)-1f, IL-6, IL-17,
tumor necrosis factorF-a (TNF-a), receptor activator of
nuclear factor kappa-B ligand (RANKL), macrophage
colony-stimulating factor (M-CSF), which induce the
differentiation and maturation of osteoclasts and lead to
excessive absorption of bone graft. These would result
in failure of the bone healing and shaping [6-8]. There-
fore, inhibition of inflammatory cell viability may be an
effective measure to avoid excessive inflammatory bone
resorption.

Studies have found that mesenchymal stem cells
(MSCs) can regulate the activity of inflammatory cells
by releasing indoleamine 2, 3-dioxygenase (IDO), pros-
taglandin E2 (PGE2), exosomes (carrying miR-1260b),
transforming growth factor B (TGF-B) and other com-
ponents, reduce the synthesis and release of inflamma-
tory factors, inhibit the differentiation and maturation of
osteoclasts, and thus reduce bone resorption [9-11]. In
addition, some researchers have found that MSCs could
activate peroxisome proliferator-activated receptor-y
coactivator-la  (PGC-la) in monocyte-macrophages
through mitochondrial transfer to play an anti-inflam-
matory role. In particular, bone marrow-derived mesen-
chymal stem cells (BMSCs) could reduce oxidative stress
and inflammatory cytokines of monocyte-macrophages
through mitochondrial transfer [12—15]. However, there
is a lack of relevant studies to verify whether stem cell
could affect bone resorption through mitochondrial
transfer.

Drugs that inhibit bone resorption have been widely
used in clinical, such as bisphosphonate, raloxifene,
salmon calcitonin, semi-synthetic derivatives of natu-
ral isoflavones, which are mainly used to treat chronic
degenerative diseases such as osteoporosis and osteo-
arthritis, also inevitably increase the burden of liver
and kidney [16-18]. However, there is no study to
prove that the drugs mentioned above could be used to
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inhibit inflammatory bone resorption at the fracture
site. Regarding bone resorption, it is generally believed
that dysregulated inflammation leads to increased bone
resorption and inhibition of bone formation [19, 20]. The
interaction between inflammatory cells, such as mono-
cyte-macrophages, and bone healing-related cells, such
as MSCs, plays a pivotal role in the processes of bone
formation and resorption [21, 22]. Although many stud-
ies have found that stem cells could be used to inhibit
inflammatory responses, there are many ethical and legal
restrictions on the application of stem cells, and there is a
lack of research to support that the stem cells play a posi-
tive role in the process of inflammatory bone resorption
at the fracture site [23, 24].

In the field of biomedical sciences, stem cells have been
used to repair tissue damage, and mitochondrial transfer
is an important mechanism for stem cells to play a role.
However, there is a lack of evidence to demonstrate that
stem cell therapy of bone resorption is related to mito-
chondrial transfer [25]. Previous investigations within
this study have demonstrated that human synovial fluid-
derived mesenchymal stem cells (hSF-MSCs) possess
the capability to suppress TNF-a secretion by mono-
cyte-macrophages, as well as attenuate the hyperactive
phenotype and proliferation of T lymphocytes, thereby
suggesting their potential in inhibiting inflammatory
bone resorption. Furthermore, hSF-MSCs can be readily
harvested without exacerbating tissue damage in volun-
teers and exhibit robust proliferation capabilities for the
extraction of high-quality mitochondria [26, 27]. Based
on the principle that inflammatory cells influence osteo-
clast differentiation and maturation, this study aimed
to investigate the potential of hSF-MSCs-derived mito-
chondria in modulating inflammatory cells and elucidate
the mechanism underlying the inhibition of inflamma-
tory bone resorption by stem cell-derived mitochondrial
transfer. These findings will provide a novel theoretical
foundation for utilizing stem cells in clinical settings to
prevent excessive bone resorption during the process of
fracture healing and shaping.

Materials and methods

Bone resorption model

C57BL/6] mice were provided by the Animal Laboratory
Center of Peking University Graduate School. The ani-
mal experiments in this study were carried out with the
informed consent obtained from the Ethics Committee of
Peking University Graduate School.

C57BL/6] Mice keep the prone decubitus after induc-
tion using isoflurane. The anesthesia mask was fixed by
pointing at the nose and mouth of the mice. At the same
time, the maintenance channel of the anesthesia machine
was opened, and the concentration and flow of isoflurane
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were adjusted to achieve the maintenance level of anes-
thesia. After anesthesia, the limbs of the C57BL/6] mice
were fixed and sterilized to fully expose the surgical field
of the skull of the mice. The skin was cut along the sagit-
tal line in the middle of the calvaria, and the size of the
incision was about 0.5 cm. The periosteum of the skull
was exposed, and lipopolysaccharide (LPS) solution (10
mg/mL) derived from Escherichia coli serotype O55:B5
(Solarbio, China) was injected into the skull subperios-
teum according to the dose of 25mg/kg. After hemostasis
of the surgical field, the skin was sutured and sterilized.
Then, the mice were consistently bred in specific patho-
gen-free (SPF) animal research facilities. Seven days after
the initial procedure, the bone resorption model mice
were successfully established [28]. The bone resorption
model mice were randomly divided into 5 groups (n = 5/
group): the normal control group (NC group), the nega-
tive control group (PBS group) treated with phosphate
buffer saline (PBS) injection, the mesenchymal stem cells
group (MSCs group) treated with MSCs injection, the
mitochondria group (Mito group) treated with mito-
chondria (Mito) injection, and the exosome group (Exo
group) treated with exosome (Exo) injection.

Isolation and culture of hSF-MSCs

The human synovial fluid (hSF) samples were provided
by XXBLINDEDXX and processed within 6 hours after
collection.

The hSF samples were filtered through a 70 um strainer
(Cell Strainer, BD Falcon) to eliminate visible debris. The
hSF samples were collected in 50 mL centrifuge tubes
and centrifuged at 1000 rpm for 10 minutes at 4 “C. The
cell pellets were collected and resuspended with fresh
medium [DMEM-basic, 10% exosome-free FBS (Sigma,
USA), 0.1 mg/mL P/S (Sigma-Aldrich, USA)]. The cells
were inoculated into T25 culture flask with 5 ml of fresh
medium at a density of 3.0x10* cells/cm?®. The cells were
incubated in an incubator with 5 % CO,. After 3 days,
the cultrue medium was changed and cells were washed
with PBS [29]. Then the cultrue medium was changed
every three days until the cells reached 70% confluency.
The cells were resuspended using 0.25% EDTA trypsin
(Life Technologies, USA) and seeded in new culture
flasks. The cells were passaged several times until reach
the requirement of our experiment.

Identification of hSF-MSCs

The flow cytometry (FC) was used for the detection of
surface markers on hSF-MSCs. The hSF-MSCs were
resuspended with PBS and stained with CD105,
CD73,CD90, CD34, CD45, HLA-DR, CD11b and CD19
(BD Bioscience). The IgG-PE and IgG-FITC were used
as control. Samples were analyzed using a FACSCanto
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II flow cytometer (Beckman) [30]. After the detection
of surface markers, hSF-MSCs were induced in differ-
entiation medium including chondrogenic, adipogenic,
and osteogenic differentiation medium, to characterize
the multi-directional differentiation potential [31]. Tri-
lineagespecific markers were respectively analyzedus-
ing toluidine blue (TB), alizarin red and Oil Red O after
induction.

Extraction and characterization of mitochondria derived
from stem cells

The third generation (P3) of hSF-MSCs were washed
twice with PBS, cells were digested with trypsin cell
digest solution, centrifuged at 200 g for 5 minutes at
room temperature, and cells were collected. The cell pre-
cipitate was gently resuspended in PBS precooled in an
ice bath, a small number of cells were taken for count-
ing, the remaining cells were centrifuged at 600 g for 5
minutes at 4°C to precipitate the cells, and the superna-
tant was discarded. 1-1.5 mL of mitochondrial separa-
tor supplemented with phenyl methane sulfonyl fluoride
(PMSF) was added to 10 to 30 million cells, cells were
gently suspended and placed in an ice bath for 10 to 15
minutes. Transfer the cell suspension to a suitably sized
glass homogenizer and homogenize for about 10-20
cycles. The cell homogenates were centrifuged at 1000g
for 10 minutes at 4°C [32]. The supernatant was carefully
transferred to another centrifuge tube and centrifuged at
3500g at 4°C for 10 minutes. The supernatant was care-
fully removed, and the precipitate was the isolated stem
cell mitochondria.

Freshly extracted mitochondria were resuspended
in 2.5 % glutaraldehyde electron microscope fixative
and stored at 4°C. After 30 minutes, the morphology of
mitochondria was observed by transmission electron
microscopy (TEM) and pictures were taken [33]. Freshly
extracted mitochondria were used to identify mitochon-
drial marker protein (TOMM?22) by western blot (WB)
[34].

Extraction and characterization of exosome derived

from stem cells

The culture supernatant of hSF-MSCs (P3) was collected
and centrifuged at 2,000 g for 10 minutes to remove cel-
lular debris. The resulting supernatant was purified by
centrifugation at 10,000 g for 30 minutes to remove cellu-
lar microvesicles. Subsequently, the resulting supernatant
was filtered through 0.22 mm pore filters and subjected
to centrifugation at 100,000 g for 70 minutes using a
Beckman Coulter OptimaXPN-100 centrifuge to collect
exosome pellets. The exosome pellets were resuspended
in 30 mL of PBS and subsequently subjected to centrif-
ugation at 100,000 g for 70 minutes to purify exosomes
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[35]. The purified exosome pellets were resuspended in
100 pL of PBS and stored at -80°C.

For morphological analysis, the exosomes were applied
onto formvar carbon-coated nickel grids. Subsequently, it
was negatively stained with 2% uranyl acetate for a dura-
tion of 10 minutes, air-dried, and visualized using TEM
(JEM-2000EX TEM, JEOL Ltd., Tokyo, Japan). For size
distribution analysis, exosomes were diluted to a concen-
tration of 500 ng/mL, and their sizes were determined
using fast video capture and particle-tracking software on
the NanoSight NS300 platform (Malvern Instruments)
according to Nanoparticle Tracking Analysis (NTA).
For specific surface antigen analysis, the exosomes were
resuspended in 300 pL of PBS and stained with anti-
CD63-FITC antibodies (BD Bioscience) [36]. IgG-FITC
was utilized as a control. Subsequently, the samples
were analyzed using a FACSCanto II flow cytometer
(Beckman).

Detection of mitochondrial transfer in vivo and in vitro

In vivo, 10uL. monocyte-macrophage tracer liposome Dil
Liposome (10 pM) was injected into the bone resorp-
tion site of mice. Mitotracker Green (200 nM) was used
to label the mitochondria in hSF-MSCs, and fresh mito-
chondria were extracted as described above. Then, green
fluorescently labeled mitochondria were injected into
sites of bone resorption in mice. After 24 hours, the mice
were euthanized with carbon dioxide, and the soft tis-
sue at the bone resorption site was dissected and placed
in a 1.5 mL EP tube. Then, 0.5 uL viable cell nucleating
solution (Hoechst 33258, 0.5 mg/mL) was added and
incubated in the dark for 15 minutes. The soft tissue
was made into frozen sections with a thickness of 3 uM,
and the frozen sections were observed by laser confocal
microscope [37]. The excitation wavelength was set at
549 nm, and the emission wavelength was set at 565 nm
to observe the distribution of monocytes macrophages.
The excitation wavelength was set at 488 nm, and the
emission wavelength was set at 507 nm to observe the
distribution of mitochondria.

In vitro, hSF-MSCs were stained for 45 minutes at
room temperature with 200 nM Mitotracker Green FM
(Invitrogen, Carlsbad, CA, USA) and monocyte- mac-
rophage were stained with 500 nM Mitotracker Deep
Red FM (Invitrogen, Carlsbad, CA, USA). The cells were
washed three times with PBS and then continued to cul-
ture for 24 hours. The mitochondria derived from hSEF-
MSCs were collected according to the above method
and co-incubated with monocyte- macrophage. After
24 hours, monocyte-macrophage were fixed using 4%
paraformaldehyde at room temperature for a duration of
15 minutes. They were then rinsed three times followed
by a 10-minute staining process utilizing 1 pg/ml DAPI
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(Invitrogen, Carlsbad, CA, USA) [38]. Ultimately, the
condition of mitochondrial transfer was inspected using
a laser confocal microscope (Leica, Wetzlar, Germany) .

Injection of stem cell, mitochondria, and exosome

The mitochondria suspension (100 pL), isolated from
hSE-MSCs (1x10°), were administered via injection
into the bone resorption sites of the bone resorption
model mice at a concentration of 1x108/100 pL, follow-
ing the specified protocol. The administration of hSF-
MSCs suspension (1x10°/100 pL), exosomes suspension
(1x10°/100 pL) extracted from the culture supernatant
of hSF-MSCs (1x10°), and PBS were performed via injec-
tion into bone resorption sites in three separate groups
of mice at an equal volume [28]. The injections into the
bone resorption model mice were administered every
three days for a total duration of 12 days.

Gross view and micro-computed tomography (micro-CT)
After the completion of the 12-day injection regimen,
all mice were euthanized using carbon dioxide anesthe-
sia and subsequently underwent immediate systematic
morphological, imaging, and pathological evaluations.
The skull and soft tissue at bone resorption sites were
collected and fixed with 4% paraformaldehyde for 72
hours. Microphotography was employed to capture gross
views of skull samples exhibiting bone resorption. Subse-
quently, micro-CT was performed using a animal scanner
at medium resolution with a voxel size of 38.5 pum, volt-
age of 55 kVp, and a current of 10.9 A. Mineral quantifi-
cation was performed within 5.0 mm (100 scans) around
the cranial suture [39]. NRvecon 1.6 and CTAnv1.13.8.1
were used to analyze bone tissue volume (BV), tissue vol-
ume (TV), and bone volume fration (BV/TV) to evalu-
ate the effect of stem cell mitochondrial transfer on bone
resorption.

Histological evaluation of the bone resorption

After micro-CT scanning analysis, skull specimens were
decalcified in 20% EDTA buffer (pH 7.4) for 7 days. Sub-
sequently, all tissues were embedded in paraffin. Serial
skull sections (5 pm) in the sagittal view were stained
with hematoxylin&eosin (H&E) or tartrate-resistant acid
phosphatase (TRAP) to assess the bone tissue morphol-
ogy at the bone resorption site. The stained tissue sec-
tions were subsequently captured using a pathological
microscope. The mean optical density (MOD) values of
Trap staining tissue sections were quantitatively analyzed
using Image-Pro Plus 6.0 software (Media Cybernetics,
USA) [40]. The soft tissues paraffin-embedded sections
were stained with rabbit anti-CD68 antibodies or Trap
dye (Abcam, USA) [41]. The stained tissue sections were
subsequently captured and analyzed as described above.
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The analysis were conducted by investigators who were
blinded to the treatment groups, ensuring unbiased
evaluation.

Inflammatory factors assay

Monocyte-macrophages were activated by stimulating
them with LPS derived from Escherichia coli serotype
O55:B5 (Solarbio, China) at a concentration of 2 ng/
mL. After a 12-hour incubation period, monocyte-mac-
rophages were cultured in a fresh dish and subsequently
incubated with or without stem cell-derived mitochon-
dria. All cells were incubated using a cell incubator at
37°C in a humidified atmosphere of 5% CO, [42]. After
a 14-day period, the levels of IL-1p and RANKL in the
supernatant were assessed using enzyme-linked immu-
nosorbent assay (ELISA) kits (ABclonal, Boston, USA).
Absorbance was measured at wavelengths of 450nm
and 560nm according to the manufacturer’s instructions
[43]. The monocyte-macrophages were divided randomly
into 4 groups (n = 3/group): Monocyte-macrophages
cultured individually as control group (Mac group);
Monocyte-macrophages activated by LPS (Mac+LPS
group); Monocyte-macrophages co-incubated with mito-
chondria derived from hSF-MSCs (Mac+Mito group);
activated monocyte-macrophages co-incubated with
mitochondria derived from hSF-MSCs (Mac+LPS+Mito

group).

Detection of osteoclast differentiation
Monocyte-macrophages were induced in osteoclast dif-
ferentiation medium [DMEM medium containing 25
pg/L M-CSF and 50 pg/L RANKL and incubated with
or without stem cell-derived mitochondria, to deter-
mine the effect of mitochondria on osteoclast differen-
tiation [44]. The monocyte-macrophages were randomly
allocated into 3 groups (n = 3/group): Monocyte-mac-
rophages cultured individually as the control group (Mac
group); Monocyte-macrophages induced using RANKL
and M-CSF (Mac+RANKL+M-CSF group); Monocyte-
macrophages incubated with mitochondria derived
from hSF-MSCs and induced using RANKL and M-CSF
(Mac+Mito+RANKL+M-CSF group). The osteoclast
differentiation phenotype was assessed using the TRAP
and methylene blue (MB) staining kit (YJBio, Shanghai,
China) according to the manufacturer’s protocols. After
a 14-day incubation period, the monocyte- macrophages
were fixed using a 4% paraformaldehyde solution for
a duration of 20 minutes. The plates were rinsed thor-
oughly with distilled water and stained with TRAP stain-
ing solution for 30 minutes or MB staining solution for 15
min [45]. The plates were sealed with glycerol after being
rinsed thoroughly with distilled water. Positively stained
cells were red and localized in the cytoplasm.
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Cell viability Assay

For measurement of monocyte-macrophages prolif-
eration rate, cells were seeded in 96-well plates at a den-
sity of 3000 cells/well in DMEM/F-12 medium and cell
viability was determined by using a Multiskan FC at days
0,1,2,3, 4,5, 6,7, and 8. Cell counting kit-8 (CCK-8)
(Beyotime, Beijing, China) solution (10 puL) was added
into each well and the cells were continually cultured in
the following 4 hours. The viable cell count was meas-
ured using the Multiskan FC according to the opti-
cal density of formazan pigment at 450 nm [46]. The
monocyte-macrophages were divided randomly into 2
groups (n = 6/group): Monocyte-macrophages cultured
individually as contral group (Mac group); Monocyte-
macrophages co-incubated with hSF-MSCs-derived
mitochondria (Mac+Mito group).

For the assessment of mitochondrial function, hSF-
MSCs (3x10°), mitochondria isolated from hSE-MSCs
(3%10°%), monocyte-macrophages (3x10°), and activated
monocyte- macrophages (3x10°) were harvested and the
adenosine triphosphate (ATP) was quantified using the
CellTiter-Glo® luminescent assay kit (Promega, Wiscon-
sin, USA), while superoxide dismutase (SOD) activity was
measured using the SOD activity assay kit (Jonlnbio, Bei-
jing, China), according to the manufacturer’s protocols
[47, 48]. After a 14-day co-incubation of monocyte-mac-
rophages with mitochondria derived from hSF-MSCs,
the ATP and SOD levels of monocyte-macrophages were
evaluated using the aforementioned methodology.

For the quantification of intracellular reactive oxygen
species (ROS) levels, monocyte-macrophages were incu-
bated in the dark at 37 “C for 30 minutes with a ROS-
sensitive probe, namely 27’-Dichlorodihydrofluorescein
diacetate (H2DCFDA), at a concentration of 5 uM. Sub-
sequently, monocyte-macrophages were harvested and
suspended in fresh medium [49]. Finally, the ROS levels
of the monocyte-macrophages were promptly assessed
using FC.

For the assessment of mitochondrial membrane
potential (MMP) levels, monocyte-macrophages were
incubated with a working solution of 5,5,6,6'-Tetra-
chloro-1,1,3,3’-tetraethyl-imidacarbocyanine iodide (JC-
1) for 20 minutes at 37 °C in the dark. Subsequently, the
cells were thoroughly washed and resuspended in 300
uL of PBS [50]. Finally, the MMP levels of the monocyte-
macrophages were immediately analyzed using FC.

Data analysis and statistics

Statistical analysis was performed using GraphPad Prism
software, version 8.02 (GraphPad Software, USA). Sta-
tistical significance comparing two groups with para-
metric data was assessed by two-tailed t-test. Statistical
analysis comparing multiple groups with parametric data
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was performed by one or two-way ANOVA analysis with
Tukey’s post hoc test. A value of P < 0.05 was considered
statistically significant. All data were presented as as
mean * s.d (mean + standard deviation).

Results

Identification of hSF-MSCs, mitochondria, and exosome
Primary hSF-MSCs have an elongated shape, growing in
parallel or spiral arrangements, and forming cell clusters.
hSF-MSCs were passaged to the P3 generation, and the
cell morphology remained excellent and adhered evenly
to the bottom of the culture flask (Figure 1A). The FC
analysis revealed that over 95% of hSF-MSCs expressed
CD105, CD90, and CD73, while the expression levels of
CD19, CD11b, HLA-DR, CD34 and CD45 on hSF-MSCs
were below 5% (Figure 1B). Following induced differen-
tiation, hSF-MSCs exhibited the presence of glycosami-
noglycans (GAGs), mineralized nodules, and lipid-rich
vacuoles (Figure 1C).

The TEM results revealed the presence of mitochon-
drial-like granules in the extract derived from hSF-MSCs,
which had mitochondrial cristae-like structures (Fig-
ure 1D). The WB results confirmed that mitochondrial
specific membrane protein TOMM22 was existing in the
precipitation (Figure 1E). The fluorescence signals cap-
tured by laser confocal microscopy revealed the co-locali-
zation of Mitotracker Green-labeled mitochondria within
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monocyte-macrophages labeled with Dil liposomes (Fig-
ure 1I).

The TEM results revealed the presence of circu-
lar particles in the extract obtained from the culture
supernatant of hSF-MSCs, exhibiting a size resembling
exosomes, approximately 50 nm in diameter (Figure 1F).
The particle size distribution in the extract, as deter-
mined by NTA analysis, predominantly ranged from
approximately 30 to 200 nm (Figure 1G). The FC analy-
sis revealed that more than 99% of particles in the extract
exhibited expression of CD63, a surface antigen specific
to exosomes (Figure 1H).

Gross view and micro-CT analysis of skulls

The gross view of the skulls revealed more prominent
mineralized plaques in the mice from the MSCs, Mito,
and Exo groups compared with that in PBS group. In
comparison to the Mito group, both the MSCs group
and Exo group exhibited no significant differences
(Figure 2A). The three-dimensional (3D) imaging of
skulls revealed that the PBS group exhibited more pro-
nounced bone resorption compared to the other groups
(Figure 2B).

The PBS group exhibited a slightly higher bone tissue
volume (BV) compared to the NC group, as revealed by
micro-CT analysis (p<0.05, Table 1; Figure 2C). How-
ever, the TV of the PBS group exhibited a significant
increase compared to that of the NC groups (p <0.001,
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Fig. 1 Identification of hSF-MSCs, mitochondria, and exosome. (A) Morphological observation of hSF-MSCs, Scale bar = 200 pum. (B) FC analysis

of surface markers on hSF-MSCs. (C) Chemical staining of hSF-MSCs after chondrogenic, osteogenic, and adipogenic differentiation, Scale bars
=100 um (chondrogenic-TB staining, osteogenic-alizarin red staining, adipogenic-oil red O staining). (D) The morphology of mitochondria

under TEM, Scale bar = 500 nm. (E) The WB results of TOMM22 (the numbers 1 to 4 correspond to four mitochondrial samples). (F) The morphology
of exosome under TEM, Scale bar = 50 nm. (G) The NTA results of exosomes. (H) FC analysis of surface marker (CD63) on exosomes. (I) The tracing
result of hSF-MSCs-derived mitochondria in vivo, Scale bars = 100 um. Macrophage, Monocyte-macrophages labeled with Dil liposomes; Mito,
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Table 1 Micro-CT analysis of skulls

Groups BV (AV = SD) TV (AV £ SD) BV/TV (AV £ SD)
NC 34239 +£0.1622 4.2550 £0.2195 0.8049 £ 0.0115
PBS 3.8130+0.2026 5.2564 +0.2892 0.7256 +0.0143
MSCs 3.7401 £0.2017 4.7953 £0.3048 0.7804 +0.0114
Mito 3.7103 £ 0.3827 4.8767 £0.5616 0.7619 +0.0238
Exo 3.9640 + 0.2402 5.1587 +£ 04346 0.7697 +0.0242

Note: The bone volume fration (BV/TV) represents the ratio of bone tissue
volume (BV) to tissue volume (TV), which directly reflects the change of bone
mass. Abbreviations: AV average value, SD standard deviation

Table 1; Figure 2D). The BV and TV of the Mito group
exhibited similarity to that of the MSCs and Exo groups
(p>0.05, Table 1; Figure 2C,D). The BV/TV of the PBS
group was found to be significantly lower compared to
the other groups (p <0.05, Table 1; Figure 2E). However,
the BV/TV of the MSCs, Mito and Exo groups were lower
than that of the NC group (p < 0.05, Table 1; Figure 2E).
Additionally, there were no statistically significant

differences in the BV/TV observed among the MSCs,
Mito, and Exo groups (p > 0.05, Table 1; Figure 2E).

Histological assessment of skulls and periostea

Bone resorption was mainly found at the middle cra-
nial suture of mice (Figure 3A). Trap staining of skulls
revealed a significantly higher osteoclast surface area and
an increased number of TRAP-positive osteoclasts in the
PBS group compared to those in the NC, MSCs, Mito,
and Exo groups (p<0.01, Figure 3A,B,F). The histological
evaluation of periostea revealed that the levels of CD68
and TRAP staining were higher in the PBS group com-
pared to the NC, MSCs, Mito, and Exo groups (p <0.001,
Figure 3A,C,D). The PBS group exhibited more promi-
nent bone resorption and wider midcranial suture, as evi-
denced by the H&E staining, in comparison to the NC,
MSCs, Mito, and Exo groups (p <0.01, Figure 3A,E). In
addition, the immunohistochemical results of the Mito
group did not exhibit significant differences compared to
those of the MSCs and Exo groups (p >0.05, Figure 3C-F).



Li et al. BMC Musculoskeletal Disorders (2025) 26:286

coes TRAP2 H&E TRAPS TRAP1

NC PBS MSCs Mito Exo

NC PBS MSCs Mito Exo

ssws (ym)

Fig. 3 Histological analysis of femurs (n = 5/group). (A)
Immunohistochemical staining of skulls and periostea, Scale

bar of skulls = 5 mm, Scale bar of tissue sections = 100 um. (B)
Image J analysis of overall TRAP staining in skulls. (C) Image J

analysis of CD68 stained periosteum sections. (D) Quantitative
analysis of TRAP-stained periosteum sections using Image J. (E)
Quantitative analysis of H&E stained skull sections using Image J. (F)
Image J analysis of TRAP-stained skull sections. CD68, CD68 staining
in periostea of skulls; Exo, Exosome group; H&E, H&E staining in skulls;
Mito, Mitochondria group; MSCs, hSF-MSCs group; NC, Normal
control group; ns, no significance; PBS, Negative control group;
SSWS, the sagittal suture width of the skulls; TRAP1, TRAP staining

of the gross skulls; TRAP2, TRAP staining of the periostea; TRAP3, TRAP
staining of the skull sections; *p <0.05; **p <0.01; **p <0.001
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The biological behavior of monocyte-macrophage

Mito Tracker Green-labeled mitochondria were observed
in Mito Tracker Deep Red-labeled monocyte-mac-
rophages (Figure 4A). The Mac+Mito+RANKL+M-CSF
group showed inconspicuous red in the cytoplasm and
less cell fusion activity compared to Mac+RANKL+M-
CSF group (Figure 4B,C).

The production of SOD is a prevalent phenomenon
observed in hSF-MSCs, Mito, Mac, and activated Mac.
The levels of SOD were significantly higher in hSF-MSCs
and Mito, compared to Mac. Additionally, activated Mac
exhibited lowest SOD levels (p<0.05, Figure 4D). After
a 14-day co-incubation process, the Mac+Mito group
and Mac+LPS+Mito group demonstrated elevated lev-
els of SOD and reduced levels of ROS compared to the
Mac group and Mac+LPS group (p<0.01, Figure 4E,F).
The Mac+Mito group and Mac+LPS+Mito group dem-
onstrated decreased concentrations of RANKL and IL-1
in comparison to the groups without Mito co-incubation
(p<0.05, Figure 4G).

The generation of ATP is a widespread occurrence
observed in hSF-MSCs, Mito, Mac, and activated Mac.
The levels of ATP exhibited a marked increase specifically
in activated Mac and hSF-MSCs (p<0.05, Figure 4H).
After a 14-day co-incubation process, the Mac group,

c
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Fig.4 The impact of mitochondria derived from hSF-MSCs on monocyte-macrophage function. (A) The tracing result of mitochondria in vitro,
Scale bars = 10 um. (B) Revealing osteoclast differentiation via TRAP staining, Scale bars = 100 pm. (C) Revealing cell fusion via MB staining, Scale
bars = 100 um. (D) The levels of SOD in hSF-MSCs, Mito, Mac, and activated Mac. (E) The levels of SOD in Mac following co-incubation process. (F)
The levels of ROS in Mac after co-incubation process. (G) The levels of IL-13 and RANKL in the supernatant derived from Mac. (H) The levels of ATP
in hSF-MSCs, Mito, Mac, and activated Mac. (I) The levels of ATP in Mac following co-incubation process. (J) The levels of MMP in Mac. (K) Viability
assessment of Mac. Mac, Monocyte-macrophages; Mac+LPS, Reactive monocyte-macrophages stimulated by LPS (2 ng/mL); Mac-Red, Mac labeled
with Mito tracker Deep Red; Mito, Mitochondria derived from hSF-MSCs; Mito-Green, Mito labeled with Mito tracker Green; ns, no significance; *p

<0.05;*p <0.01; ***p <0.001
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Mac+Mito group, and Mac+LPS+Mito group exhibited
comparable levels of ATP . The Mac+LPS group dis-
played elevated ATP levels compared to the Mac group
(»<0.01, Figure 4I). The MMP levels of the Mac+Mito
group and Mac+LPS+Mito group were found to be sig-
nificantly higher compared to those of the Mac group and
Mac+LPS group (p <0.001, Figure 4]). During co-incuba-
tion process, the Mac+Mito group showed a weaker cell
proliferation than the Mac group (Figure 4K).

Discussion

In the present study, we discovered that mitochondria
derived from hSF-MSCs exhibit the capacity to transfer
into monocyte-macrophages and effectively suppress
their biological behavior both in vivo and in vitro, thereby
exerting a significant inhibitory impact on inflammatory
bone resorption.

MSCs-based therapy exhibits significant potential in
tissue regeneration and modulation of inflammatory
responses [51]. In order to address the issue of inflam-
matory bone resorption, research attention has been
redirected towards the investigation of stem cells. Inflam-
matory bone resorption is a significant adverse factor
leading to the failure of fracture healing and shaping [52,
53]. Inflammatory bone resorption have a close connec-
tion to osteoclast differentiation and maturation. Osteo-
clasts attached to fracture site could be activated by
inflammatory cytokines, such as TNF-a, IL-1, RANKL,
M-CSE, etc [54, 55]. Therefore, inhibiting the secretion
of inflammatory cells may be an effective way to avoid
inflammatory bone resorption. Multiple studies have
demonstrated the capacity of stem cells to modulate the
biological behaviors of inflammatory cells through mito-
chondrial transfer, encompassing proliferation, phagocy-
tosis, secretion, and other processes [56, 57]. Fortunately,
our aforementioned findings once again substantiate the
robustness of the previous theoretical framework and
the current trajectory of investigation. MSCs could yield
mitochondrial transfer to monocyte-macrophages and
inhibit cell proliferation and secretion of inflammatory
factors [58]. To advance the investigation of stem cell-
derived mitochondrial transfer for inhibiting inflamma-
tory bone resorption, a reliable source of mitochondria
is imperative. In this regard, hSF-MSCs, characterized
by their robust proliferation capacity and stable phe-
notype, exhibit potential as mitochondrial donor cells.
Our results revealed that the mitochondrial morphol-
ogy and structure extracted from hSF-MSCs were well
maintained and the expression of mitochondrial mem-
brane proteins was characteristic, so that the experiment
could be carried out smoothly relying on hSF-MSCs.
Meanwhile, the mitochondria derived from hSF-MSCs
could be transferred into monocyte-macrophages in the
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bone resorption mice model, which is essential for the
regulation of cellular biological behavior. In conclusion,
the aforementioned findings suggest that mitochondria
derived from hSF-MSCs may exert a regulatory role in
suppressing inflammatory bone resorption.

Local injection of stem cell-derived mitochondria has
demonstrated significant therapeutic potential in tis-
sue repair, as evidenced by comprehensive investigations
conducted in the fields of respiratory, nervous, circula-
tory, and motor systems [59—61]. The present studies
show that MSCs immunoregulatory effect on inflamma-
tory cells relies also on mitochondrial transfer, but the
role of stem cell-derived mitochondria on inflammatory
cells remains unclear [62]. In this study, the immunohis-
tochemistry results revealed a reduction in CD68+ cell
infiltration in the mitochondria injection group, indi-
cating that the proliferation of monocyte-macrophages
(CD68+) was inhibited by mitochondria derived from
hSE-MSCs. In addition, the relative bone volume of the
mitochondria injection group was found to be signifi-
cantly higher compared to that of the negative control
group, indicating a reduced formation of bone resorp-
tion attribute to mitochondria derived from hSF-MSCs.
However, the mineralization levels of the mitochondria
injection group have not been restored to normal lev-
els. Therefore, it can be hypothesized that the repres-
sion of monocyte-macrophage proliferation mediated
by mitochondrial injection alleviates inflammatory bone
resorption. Summarizing the results of H&E and TRAP
staining, it was observed that the skull bone resorption
and osteoclast count in the mitochondria injection group
were more pronounced compared to the normal control
group, vet less severe than those in the negative control
group. Thus, histochemical staining indicated that mito-
chondria injection significantly reduced the number of
infiltrated mature osteoclasts at the bone resorption site
and effectively inhibited inflammatory bone resorption
in vivo. In conclusion, the aforementioned findings indi-
cate that the inhibition of inflammatory bone resorption
in mice can be attributed to the suppression of mono-
cyte-macrophage proliferation and osteoclast activity via
mitochondrial transfer from hSE-MSCs.

Stem cell-derived mitochondria could be transferred
and integrated into the mitochondrial network of host
cells in vitro, which could improve the impaired mito-
chondrial function and maintain the level of oxidative
stress [63]. Additionally, it has been observed that MSCs
possess the ability to attenuate macrophage secretion,
potentially contributing to the reduction of bone resorp-
tion [64]. In this study, the phenomenon of mitochon-
drial transfer was observed during co-incubation of
mitochondria derived from hSF-MSCs with monocyte-
macrophages. Meanwhile, mitochondria derived from
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hSF-MSCs exhibited the ability to suppress the produc-
tion of RANKL and IL-1B by monocyte-macrophages,
which was associated with osteoclast differentiation.
According to the results of TRAP and MB staining target-
ing monocyte-macrophages, mitochondria derived from
hSF-MSCs could effectively suppress cell fusion, thereby
inevitably inhibiting osteoclastogenesis. Therefore, hSE-
MSCs-derived mitochondrial transfer may exert an
active role in the inhibition of bone resorption through
the regulation of osteoclast differentiation and matu-
ration. According to the available studies, osteoclasts
derived from monocyte-macrophages undergo cytoskel-
etal deformation regulated by ROS, and mitochondria
play a pivotal role in this process by efficiently eliminat-
ing ROS through the utilization of self-synthesized SOD
[65, 66]. The ELISA results of this study demonstrated
that mitochondria derived from hSF-MSCs possess the
capability to produce SOD and effectively enhance the
levels of SOD in monocyte-macrophages. Moreover, the
FC assay demonstrated that mitochondria derived from
hSE-MSCs possess the ability to attenuate levels of ROS
in monocyte-macrophages. Therefore, based on the
aforementioned findings, it can be inferred that mito-
chondria derived from hSF-MSCs modulate ROS lev-
els in monocyte-macrophages through the synthesis of
SOD, consequently influencing osteoclastogenesis and
inflammatory bone resorption. In conclusion, the inhibi-
tory effect of mitochondria derived from hSF-MSCs on
inflammatory bone resorption is likely mediated through
the regulation of inflammatory factor secretion, modula-
tion of osteoclast differentiation, and reduction of oxida-
tive stress levels in monocyte-macrophages.

Previous studies have presented substantial evidence
supporting the ability of stem cell mitochondrial transfer
to modulate host cell mitochondrial function, influence
energy metabolism and MMP, subsequently impacting
the biological behavior of host cells [67, 68]. In this study,
the ATP detection results indicated that activated mono-
cyte-macrophages exhibited an enhanced level of ATP
synthesis, while mitochondria derived from hSF-MSCs
demonstrated the capacity for ATP synthesis. How-
ever, the transfer of hSF-MSCs-derived mitochondria to
monocyte-macrophages did not significantly affect their
energy metabolism levels. Additionally, the FC assay
demonstrated that mitochondria derived from hSF-
MSCs actively contributed to the maintenance of MMP
in monocyte-macrophages, thereby potentially exerting a
pivotal role in attenuating ROS production. The CCK-8
assay revealed that mitochondria derived from hSE-
MSCs possess the capability to inhibit the proliferation
of monocyte-macrophages, suggesting their potential in
mitigating inflammatory bone resorption. Therefore, it is
demonstrated that mitochondria derived from hSF-MSCs
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can maintain the MMP in monocyte-macrophages while
inhibiting their proliferation; however, the levels of ATP
synthesis in these cells remain largely unaffected. In con-
clusion, it can be inferred that the inhibitory effect of
mitochondria derived from hSF-MSCs on inflammatory
bone resorption can be attributed to their modulation of
MMP levels in monocyte-macrophages and the suppres-
sion of monocyte-macrophage proliferation, rather than
to their impact on energy metabolism.

The present findings are consistent with previous
reports that have demonstrated the inhibitory effects of
MSCs on inflammatory cells [69, 70]. However, it is cru-
cial to fully appreciate the inherent variability between
internal and external environments, including but not
limited to the impact of oxygen content on cellular levels
of ROS, the in vivo role of periosteal stem cells, dispari-
ties in biomechanical milieu, as well as variations in the
rate of decomposition for pro-inflammatory substances
within internal and external settings. The aforementioned
factors necessitate comprehensive exploration, while the
intricate inflammatory microenvironment encompasses
diverse cellular constituents in vivo. Therefore, we pri-
marily rely on the experimental results obtained in vivo
to substantiate our findings. Based on the aforemen-
tioned research findings, our study is the first article that
employs stem cell-derived mitochondria to address the
issue of inflammatory bone resorption, thereby provid-
ing a theoretical foundation for the clinical application
of localized stem cell injection as a therapeutic approach
to address inflammatory bone resorption. However, it is
imperative to acknowledge the inherent limitations of
this article. Firstly, the sustained viability of purified stem
cell-derived mitochondria in vitro is notably limited,
thereby imposing significant constraints on the clinical
trials and applicability of stem cell-derived mitochondria.
Secondly, it is imperative to augment funding invest-
ment in the advancement of mitochondrial preserva-
tion solutions or refine clinical therapeutic platforms in
order to efficiently minimize the duration required for
isolation and transportation of mitochondria from stem
cell. Thirdly, it is noteworthy that the outer membrane
of these mitochondria is seldom directly stimulated by
exogenous stimuli, but the immunogenicity of mitochon-
dria derived from stem cells remains uncertain in com-
parison to that of the stem cells themselves.

The treatment of inflammatory bone resorption via
local injection of stem cell-derived mitochondria has not
yet been clinically validated and faces numerous poten-
tial challenges. However, the experimental results from
this study demonstrate that stem cell-derived mitochon-
dria hold significant potential for treating inflammatory
bone resorption, providing a crucial theoretical founda-
tion for the future clinical application of this therapeutic
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approach. Therefore, based on the findings of this study,
we can cautiously and optimistically propose that clini-
cal researchers may develop a novel therapy for inflam-
matory bone resorption utilizing stem cell mitochondrial
transfer technology.

Conclusions

Our study demonstrated the successful transfer of stem
cell-derived mitochondria into monocyte-macrophages,
resulting in an inhibitory effect on cell vitality and inflam-
matory bone resorption. These findings suggest that stem
cells may exert a beneficial effect on bone resorption
inhibition through the transfer of mitochondria. In sum-
mary, the utilization of stem cell-derived mitochondria
presents a promising strategy for attenuating inflamma-
tory bone resorption.
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