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A B S T R A C T

Osteoporosis (OP) is a multifactorial metabolic bone disorder commonly observed in the elderly, particularly 
prevalent in postmenopausal women. However, many conventional anti-osteoporosis drugs have undesirable 
side effects, limiting their long-term use. Here, we demonstrated that exosomes derived from both young and old 
healthy human plasma, which exhibited similar morphology, could significantly enhance the proliferation and 
migration of mesenchymal stem cells (MSCs). Furthermore, treatment with these exosomes increased alkaline 
phosphatase (ALP) activity, enhanced the mineralization of MSCs, and decreased the number of osteoclasts in 
vitro. When intravenously injected into rats, these exosomes accumulated in bone tissue. In vivo experiments 
demonstrated that both types of exosomes had a beneficial effect on osteoporosis by facilitating bone formation 
and suppressing osteoclast differentiation in an ovariectomized (OVX)-induced osteoporotic rat model. Strik
ingly, exosomes derived from young healthy human plasma exhibited stronger anti-osteoporosis effect. The 
miRNA sequencing analysis showed that miR-142-5p expression was significantly higher in the exosomes from 
young healthy adult plasma compared to in exosomes from older controls. Importantly, miR-142-5p over
expression exerted similar pro-osteogenic effects to those of exosomes from young healthy human plasma, while 
miR-142-5p downregulation had the opposite effect on osteogenic differentiation of MSCs. The anti-osteoporosis 
effect of exosomes from young healthy adult plasma were reversed upon miR-142-5p inhibition. In addition, 
ZFPM2 was a potential target of miR-142-5p involved in osteoporosis. Therefore, our study reveals the potential 
anti-osteoporosis effects of plasma exosomes and their underlying mechanisms, thereby providing an effective 
therapeutic strategy for clinical treatment of osteoporosis.

1. Introduction

Osteoporosis (OP) is a systemic metabolic disorder characterized by 
reduced bone mass and bone microstructural deterioration, resulting in 
fragility and an increased fracture risk [1,2]. In a rapidly aging society, 
OP has emerged as a significant public health concern. The imbalance 
between osteoclastic bone resorption and osteoblastic bone formation 

duringbone remodeling is a major factor leading to osteoporosis [3]. At 
present, there are two main treatment strategies for osteoporosis: pro
moting osteogenesis and inhibiting osteoclastogenesis [4]. However, 
drugs based on these strategies not only exhibit poor therapeutic effects 
but also cause some side effects (e.g. acute renal failure, osteonecrosis of 
the jaw, gastrointestinal intolerability and musculoskeletal pain) [5,6]. 
Stem cell-based therapy have recently received considerable attention in 

Peer review under the responsibility of editorial board of Bioactive Materials.
* Corresponding author. Department of Orthopedic Surgery, Shanghai Institute of Microsurgery on Extremities, Shanghai Sixth People’s Hospital Affiliated to 

Shanghai Jiao Tong University School of Medicine, Shanghai, 200233, China.
** Corresponding author. The Tenth Affiliated Hospital, Southern Medical University (Dongguan People’s Hospital), Dongguan, 523059, China.
*** Corresponding author. Department of Orthopedic, Shanghai General Hospital, Shanghai Jiao Tong University School of Medicine, Shanghai, 200080, China.

E-mail addresses: hydraliskrush@sjtu.edu.cn (C. Zhang), lanyali@smu.edu.cn (L. Li), weixu@shsmu.edu.cn (W. Xu). 
1 These authors contribute equally to this work.

Contents lists available at ScienceDirect

Bioactive Materials

journal homepage: www.keaipublishing.com/en/journals/bioactive-materials

https://doi.org/10.1016/j.bioactmat.2025.03.012
Received 27 August 2024; Received in revised form 14 March 2025; Accepted 14 March 2025  

https://orcid.org/0009-0002-9071-5458
https://orcid.org/0009-0002-9071-5458
mailto:hydraliskrush@sjtu.edu.cn
mailto:lanyali@smu.edu.cn
mailto:weixu@shsmu.edu.cn
www.sciencedirect.com/science/journal/2452199X
http://www.keaipublishing.com/en/journals/bioactive-materials
https://doi.org/10.1016/j.bioactmat.2025.03.012
https://doi.org/10.1016/j.bioactmat.2025.03.012
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bioactmat.2025.03.012&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Bioactive Materials 49 (2025) 502–514

503

the treatment of osteoporosis due to they can proliferate and differen
tiate into osteoblastic cells under defined conditions, thus contributing 
to the formation of bone [7,8]. Although some progress has been ach
ieved, some challenges such as immune rejection still exist. Thus, there 
is an urgent need for a safe and effective therapeutic strategy for the 
treatment of osteoporosis.

Exosomes are nanosized membrane vesicles actively secreted by 
cells, which play a crucial role in various biological processes by 
transferring DNA, miRNA, proteins, and other molecules between cells 
[9–14]. It has been widely recognized that exosomes play an important 
role in the regulation of bone homeostasis [15]. Studies have shown that 
exosomes derived from mesenchymal stem cells and osteoblasts promote 
osteoblastic bone formation by multiple pathways [16–18]. In addition, 
exosomes secreted by endothelial cells enhanced osteoblast activity and 
prevented the development of osteoporosis [19]. However, it is difficult 
to obtain a sufficient number of exosomes from these cells.

Plasma therapy is considered a promising treatment to provide an
tibodies and nutrition to patients. Accumulated evidence has demon
strated that young blood could reverse aging-associated impairments in 
older individuals [20,21]. Study on heterochronic parabiosis has 
demonstrated that exposure to youthful circulation restored fracture 
repair and enhances bone formation ability in older animals [22]. It has 
been shown that exosomes exist in the circulation, and their content in 
plasma is much higher than that of exosomes secreted by a single cell 
type [23]. Cheng et al. found that extracellular vehicles (EVs) from 
young blood reversed aged cell bioenergetics and promoted skeletal 
muscle regeneration, which suggesting that EVs are key mediators in 
restoring ageing-related damage [24]. Interestingly, the injection of EVs 
isolated from the serum of aged mice did not show any improvement in 
skeletal muscle regeneration and function.

In this study, we evaluated the therapeutic potential of exosomes 
derived from young and older human plasma on OVX-induced OP. Our 

findings demonstrated that exosomes from both young and older human 
plasma enhanced bone formation and reduced bone resorption. Notably, 
treatment with exosomes derived from young plasma (Y-EXO) resulted 
in superior outcome compared to treatment with exosomes from older 
plasma (O-EXO). miRNA sequencing and our experiments confirmed 
that Y-EXO improved the osteogenic differentiation ability of MSCs by 
encapsulating miR-142-5p. These results may provide new insights for 
bone damage repair and fracture prevention (Fig. 1).

2. Materials and methods

2.1. Plasma collection from healthy young and elderly human

The blood samples were selected from 5 healthy young adults aged 
18–25 years and 5 healthy older adults aged 65–70 years. Collection of 
blood was approved by the Ethics Committee of Tongren Hospital 
Affiliated to Shanghai Jiao Tong University School of Medicine (2022- 
046-01). Informed consent was obtained from each participant. The 
blood samples were collected into EDTA anticoagulant tube, and plasma 
was obtained by centrifuging for 15 min at 4 ◦C at 2500 g. The super
natant was collected after centrifuged again at 2500 g for 15 min and 
frozen in − 80 ◦C.

2.2. Exosomes isolation and characterizations

Exosomes isolation and characterizations were carried out as 
described previously [21]. The thawed plasma was centrifuged at 2000 g 
for 10 min and then at 12000 g for 30 min at 4 ◦C to remove cell debris 
and larger-sized vesicles. The supernatant was filtered with a 0.22 μm 
syringe filter (SLGPO33RB, Millipore, UA) and diluted with 3 ml PBS to 
reduce viscosity. The resulting plasma was ultracentrifuged at 120,000 g 
for 2 h at 4 ◦C. The obtained exosomes precipitate was suspended in 100 

Fig. 1. Schematic illustration of the isolation of exosomes (EXO) from young and old healthy human plasma, and their functions and mechanisms for the treatment 
OP. Exosomes derived from young (Y-EXO) and old (O-EXO) healthy human plasma were isolated and analyzed. Both Y-EXO and O-EXO promoted bone repair in 
ovariectomized rats through osteogenesis promotion and osteoclast suppression. Y-EXO promoted osteogenic differentiation by transmitting miR-142-5p into MSCs.
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μL PBS. Exosomes from each group were pooled together for subsequent 
cell and animal experiments. Transmission Electron Microscope (TEM, 
JEM1400FLASH, JEOL, Japan) was used to identify the morphology of 
exosomes. Nanoparticle tracking analysis (NTA, ZetasizerNanoZSP, US) 
was employed to measure exosomes diameters and concentrations. The 
protein content of exosomes was determined using the BCA protein 
assay (P0011, Beyotime, Shanghai, China). The positive markers of 
exosomes (CD63, CD9 and CD81) and the negative marker (calnexin) 
were analyzed via western blotting.

2.3. Cell culture

Human bone marrow-derived MSCs were purchased from Cyagen 
(Suzhou, China). MSCs were cultured in OriCell® adult BMSC complete 
medium (Cyagen) at 37 ◦C conditions with 5 % CO2. The purity of cells 
(CD45− , CD34− , CD44+ and CD29+) was assessed by flow cytometry 
and only cells with a purity greater than 90 % were chosen for additional 
experiments.

2.4. Cell proliferation assays

The proliferation of MSCs cells was tested by Cell Counting Kit-8 
assay (CCK-8) according to the manufacturer’s instructions. In brief, 
cells were seeded into 96-well plates at a density of 2 × 103 cells/well 
and cultured in growth media at 37 ◦C for varying durations. Following 
treatment with Y-OEX and O-EXO (1 × 109/mL) for 24 h, 10 μL of CCK-8 
solution was added to each well and incubated for an additional 2 h. 
Subsequently, the absorbance of cells (450 nm) was measured by a 
microplate reader.

2.5. Wound healing assay

The cell migratory capacity was observed using wound healing as
says. Briefly, MSCs were grown in 6-well plates until monolayer for
mation and starved for 24 h in serum-free medium. MSCs were scratched 
with a pipet tip and cultured with Y-OEX and O-EXO (1 × 109/mL). 
Then, the scratched area was imaged at 0 and 24 h after scratching. 
Wound confluence was quantified using ImageJ.

2.6. ALP activity assay

ALP activity assay was determined using Alkaline Phosphatase Assay 
Kit (Abcam, ab83369). MSCs were seeded into 48-well culture plates at 
the density of 2.5 × 103 cells/well. The cells were then incubated with Y- 
OEX and O-EXO (1 × 109/mL) in osteogenic differentiation medium 
(containing 5.0 mM β-glycerophosphate and 50 μg/mL ascorbic acid) 
after cultured in growth medium. Following 14 days of culture, the cells 
were washed twice with deionized water and fixed with 4 % para
formaldehyde for 30 min. Cells were stained with an ALP kit for sub
sequent imaging. Cells were stained with an ALP kit for subsequent 
imaging. Furthermore, the cells were washed with ice-cold PBS and 
lysed with 0.2 % TritonX-100, and ALP activity was assessed using an 
ALP activity kit in accordance with the manufacturer’s instructions.

2.7. ARS staining assay

The mineralization nodules were measured by ARS staining, a 
marker for the late stages of osteogenesis. MSCs were seeded at a density 
of 5 × 104 cells/well in 24-well culture plates. The cells were then 
incubated with Y-OEX and O-EXO (1 × 109/mL) in osteogenic differ
entiation medium (containing 5.0 mM β-glycerophosphate and 50 μg/ 
mL ascorbic acid) after cultured in growth medium. Following a 2-week 
treatment, the cells were fixed with 95 % ethanol for 10 min, washed 
twice with PBS, stained with ARS (40 mM) for 30 min, and then washed 
with deionized water. Quantitative analysis of mineralized matrix 
nodules dissolved in 10 % (w/v) cetylpyridium chloride was performed 

by measuring absorbance at 570 nm wavelength.

2.8. TRAP staining assay

To measure the effects of O-EXO and Y-EXO on osteoclast activity, 
mouse RAW264.7 cells (5 × 104 cells/well) were seeded in 24-well 
culture plates with the complete medium plus M-CSF (30 ng/mL) and 
RANKL (50 ng/mL). After being exposed to O-EXO or Y-EXO (1 × 109/ 
mL) for 7 days, cells were fixed with 4 % paraformaldehyde and treated 
with a TRAP Kit according to manufacturer’s instruction. Osteoclasts 
were defined as TRAP-positive multinucleated cells containing more 
than three nuclei.

2.9. Animal experimental design

All six- to eight-month-old female SD rats were anesthetized and 
underwent either ovariectomy or sham operation. After surgery, the rats 
were allowed a four-week recovery period before their bone mineral 
density (BMD) was measured using microCT (Bruker micro-CT system, 
Germany). To investigate the bone targeting of exosomes from the 
plasma of healthy adults, Dio-labeled exosomes were injected into the 
tail vein of OVX rats, and tissues were collected after one day for im
munostaining. To evaluate the anti-osteoporosis activity in vivo with 
exosomes from plasma of young and older healthy adults, the rats were 
intravenously injected with 0.5 mL PBS (PBS control group) or 2 × 1010 

Y-EXO or O-EXO in 0.5 mL PBS at day 1, day 8, day 15, and day 22 
following OVX.

2.10. Ex vivo imaging

Cy5-labeled Y-EXO was administered intravenously (i.v.) to C57BL/6 
mice. The mice were euthanatized at different time points (1 d, 3 d, 7 d, 
and 14 d) and the bone tissues were harvested for ex vivo imaging.

2.11. Blood collection and serum analysis

OVX rats were euthanized at 4 weeks after surgery, and blood were 
collected. For obtaining serum, the blood was allowed to clot at room 
temperature for 30–60 min and then centrifuged for 15 min at 2000 g at 
4 ◦C. The supernatant serum was collected and used for analysis. Serum 
levels of TRACP-5b (E-EL-R0939, Elabscience) and osteocalcin (NBP2- 
68153, Novus) were measured by ELISA kits.

2.12. Micro-CT analyses

The femur bones isolated from the female OVX rats treated with Y- 
EXO or O-EXO were scanned and analyzed using a micro-CT system 
(Bruker micro-CT system, Germany).

2.13. MiRNA transfection

MiR-142-5p mimic and non-targeting control miRNA (miR-NC) were 
synthesized by Sangon (Shanghai, China). The sequence of miR-25-3p 
mimic was 5′-CAUAAAGUAGAAAGCACUACU-3′. MiR-142-5p inhibitor 
was purchased from RiboBio Co., LTD (Guangzhou, China). Cells were 
transfected with 2 μg of miR-142-5P mimic, miR-142-5p inhibitor or 
miR-NC in six-well plates using a commercial transfection reagent lip
ofectamine 2000 (Invitrogen) according to the manufacturer’s in
structions. After 48 h of transfection, the miRNA expression was 
confirmed by real-time fluorescence quantitative PCR (qRT-PCR) 
analysis.

2.14. Real-time fluorescence quantitative PCR

Real-time fluorescence quantitative PCR was conducted to assess the 
mRNA expression levels of osteogenic genes and miR-142-5p. MSCs 

Z. Li et al.                                                                                                                                                                                                                                        



Bioactive Materials 49 (2025) 502–514

505

were transfected with miR-142-5p mimics, miR-142-5p inhibitor or non- 
targeting control miRNA (miR-NT) oligos for 48 h. Total RNA was 
extracted using Trizol reagent (Invitrogen) following the manufacturer’s 
instructions. To obtain cDNA, 2 μg of total RNA was used as a template 
and reverse transcribed into cDNA using the PrimeScript RT reagent Kit 
(RR067A, Takara). The resulting cDNA was used for qRT-PCR analysis 
using SYBR-green Premix Ex TaqTM (RR420A, Takara) according to 
manufacturer’s instructions. The relative target gene expression was 
calculated using the 2− ΔΔCT method, with normalization to β-actin or U6 
levels in all samples.

Gene Primer sequence (5′-3′)

miR-142-5p AGCGAGGCCATAAAGTAGAAA
OCN GCTGTTTGTTCGGGTCTC
COLA1 CAGAGGCGAAGGCAACA
β-actin GATGGTGGGAATGGGTCAGAAGG

2.15. Statistical analysis

All statistical analyses were carried out using GraphPad Prism 8.0 
software (GraphPad Software, Inc). Group comparisons were conducted 
using the two-tailed independent Student’s t-test. When comparing 
more than two groups, one-way analysis of variance (ANOVA) and 
Tukey’s post-hoc test was employed. The data are presented as means ±
SD unless otherwise indicated. P < 0.05 was considered statistically 
significant.

3. Results

3.1. Characterization of exosomes derived from young and older human 
plasma

The exosomes from young and older volunteers’ plasma were iso
lated by ultrahigh-speed gradient centrifugation. The expression of 
exosome-positive biomarkers CD9, CD63, and CD81 and the exosome- 
negative biomarker calnexin, was assessed using a Western blot assay. 
As shown in Fig. 2A, CD9, CD63, and CD81 were expressed in exosomes 
from both young and older individuals (Y-EXO and O-EXO), while cal
nexin, an endoplasmic reticulum marker, was not detected. Nano
particle tracking analysis (NTA) further confirmed that the mean 
diameter of the obtained exosomes was 90–120 nm (Fig. 2B). The 
morphology of the exosomes was assessed using transmission electron 
microscopy (TEM). As shown in Fig. 2C, both Y-EXO and O-EXO 
exhibited a circular, double-layered vesicle structure. These results 
demonstrated that exosomes were successfully extracted and purified.

3.2. Exosomes from young and older human plasma promote osteogenesis 
and inhibit osteoclastogenesis

Osteoblasts are the main cells involved in bone formation, which are 
responsible for synthesis, deposition, and mineralization of bone matrix 
[25]. MSCs can differentiate into osteoblasts under specific conditions, 
playing a major role in bone regeneration and remodeling [26–28]. 
Therefore, we investigated the effects of Y-EXO and O-EXO on the pro
liferation, migration and mineralization of MSCs. Flow cytometry was 
initially used to detect the characteristics of MSCs (as CD45− , CD34− , 
CD44+ and CD29+). The results showed that the purity of the resulting 
population exceeded 98 % for CD45− CD34− and 97 % for CD29+ CD44+

(Fig. S1). As shown in Fig. 2D, both Y-EXO and O-EXO promoted the 
proliferation of MSCs. However, Y-EXO treatment exhibited a better 
effect than O-EXO treatment. The migration capacity of MSCs after 
exosome treatment was further tested using the scratch assay. Com
parison to O-EXO, Y-EXO significantly increased MSCs migration 
(Fig. 2E and S2). Alkaline phosphatase (ALP) is an early marker of 
osteogenesis, and its expression levels indicate the formation of 

bioactive bone [29]. As shown in Fig. 2F and G, ALP activity was 
increased by both O-EXO and Y-EXO compared to untreated osteoblastic 
cultures. Interestingly, significantly greater ALP activity was observed in 
the treatment with Y-EXO compared to those with O-EXO (Fig. 2F and 
G). Extracellular matrix (ECM) mineralization was used as a marker of 
osteogenic differentiation. Alizarin red staining (ARS) was used to 
further measure the formation of calcified nodules, and both exosomes 
increased the deposition of calcium compared to the control. More 
matrix nodules were formed when treated with Y-EXO, which was 
consistent with that of ALP staining (Fig. 2H and I). Bone remodeling 
requires a dynamic equilibrium between bone formation mediated by 
osteoblasts and bone resorption mediated by osteoclasts [30]. Abnormal 
osteoclast differentiation and activity has been considered primary 
causes of osteoporosis [31,32]. Tartrate-resistant alkaline phosphatase 
(TRAP) is marker of osteoclast, usually elevated in osteoclasts [33]. We 
then measured osteoclast numbers by TRAP staining and observed a 
significant decrease in the number of osteoclasts with the treatment of 
both exosomes. In addition, significantly fewer osteoclast were detected 
in Y-EXO treatment than O-EXO (Fig. S3), indicating the superior ability 
of Y-EXO in promoting osteogenesis and suppressing of 
osteoclastogenesis.

3.3. Exosomes from young and older human plasma increase bone mass 
in OVX-induced osteoporotic rats

In order to fully evaluate the therapeutic effect of exosomes from 
young and older human plasma, we first investigated the delivery of 
exosomes to bone after intravenous administration. Exosomes were first 
stained with Dio before being injected into rat models via tail veins. 
Surprisingly, we found that the exosomes could effectively accumulate 
in bone tissue (Fig. 3A). The bone distribution and retention in of Y-EXO 
in C57BL/6 mice at various time points were observed by the ex vivo 
imaging system. As shown in Fig. S4A and C, Y-EXO were significantly 
clustered at the site of osteoarticular on day 1. A significant decrease in 
the fluorescence intensity was observed on day 7, but it returned to near- 
normal on the day 14 (Figs. S4A and B). To study the therapeutic effects 
of injected Y-EXO and O-EXO on osteoporosis, an osteoporosis rat model 
was established by ovariectomy (OVX). Four weeks after ovariectomy, 
female rats were randomly divided into four groups: a sham-operated 
control group (Healthy), an ovariectomized group (OVX), an ovariec
tomized group treated with Y-EXO (Y-EXO), and an ovariectomized 
group treated with O-EXO (O-EXO). The proximal tibiae were harvested 
and scanned using ex vivo micro-computed tomography (Micro-CT). 
Bone microstructural parameters were accurately displayed in CT 
(Fig. 3B). As shown in Fig. 3C–E, we found that bone mineral density 
(BMD), trabecular bone volume (BV/TV), and trabecular thickness (Tb. 
Th) were greater in both the O-EXO and Y-EXO groups compared to the 
OVX group. Interestingly, the use of Y-EXO led to higher BMD, BV/TV 
and Tb.Th compared with the use of O-EXO. Consistent with these re
sults, the H&E images showed that OVX surgery induced significant 
bone loss. Osteoporotic rats treated with Y-EXO and O-EXO showed 
increased trabecular number and density, with Y-EXO treatment further 
enhancing these outcomes (Fig. 3F).

3.4. Exosomes from young and older human plasma promote bone 
formation and inhibit bone resorption

Osteoprotegerin (OPG) is a secreted protein that inhibits osteoclastic 
activity, and increased OPG expression can reflect osteogenic ability 
[34]. We showed that OPG expression was significantly decreased in 
OVX-induced osteoporotic rats, but treatment with both Y-EXO and 
O-EXO maintained OPG expression compared to OVX group (Fig. 4A). 
The number of OPG-positive cells was counted using software, and the 
results indicate that the number of OPG-positive cells in Y-EXO group 
was higher than in the O-EXO group, indicating Y-EXO had a better 
pro-osteogenic ability than O-EXO (Fig. 4C). Furthermore, our 
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Fig. 2. Characterization of Y-EXO/O-EXO and the pro-osteogenic properties of Y-EXO/O-EXO in vitro. (A) The expression of CD9, CD63, CD81, and calnexin in Y- 
EXO and O-EXO. (B) Zeta potential of Y-EXO and O-EXO. (D) Cell proliferation for MSCs incubated with Y-EXO or O-EXO. (C) Transmission electron microscopy 
imaging of Y-EXO and O-EXO (Scale bars = 25 nm). (D) Cell viability for MSCs incubated with Y-EXO or O-EXO. (E) Representative images of the migration of MSCs 
across a scratch after incubation with Y-EXO or O-EXO (Scale bar = 148 μm). (F) ALP activity and (H) Alizarin Red S staining of MSCs after incubation with Y-EXO or 
O-EXO (Scale bar = 100 μm). Quantification of (G) relative ALP activity, and (I) the amount of Alizarin Red S that stained the mineralized matrix. Data are expressed 
as mean ± SD (n = 3, *p < 0.05, **p < 0.01 and ***p < 0.001).
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tartrate-resistant acid phosphatase (TRAP) staining results showed that 
TRAP-positive cells increased after OVX surgery. However, treatment 
with either O-EXO or Y-EXO strongly decreased the numbers of 
TRAP-positive cells in the bone tissue of OVX rats. Y-EXO group 
exhibited lower TRAP expression compared with O-EXO group (Fig. 4B 
and D). Tartrate-resistant acid phosphatase 5b (TRACP 5b) is a bone 
resorption marker and increased levels of serum TRACP 5b is likely to be 
associated with increased osteoclast activity [35,36]. Changes in serum 
TRACP 5b levels were consistent with TRAP staining results, showing 
that exosome treatment markedly decreased serum levels of TRACP-5b, 
which were lower in the O-EXO group compared to the Y-EXO group 
(Fig. 4E). We also tested the levels of a specific bone formation markers, 
osteocalcin, in the serum of rats. The serum levels of osteocalcin were 
significantly increased in Y-EXO-treated osteoporotic rats compared to 
O-EXO treatment and healthy group (Fig. 4F). Taken together, these 
results indicated that exosomes from both young and older human 
plasma could enhance bone formation and reduce bone resorption, with 
Y-EXO treatment producing a superior outcome compared to O-EXO 
treatment.

3.5. MiR-142-5p is upregulated in exosomes derived from young healthy 
man plasma and promotes MSCs osteogenic differentiation

MicroRNAs (miRNAs) are abundantly present in exosomes and play a 
crucial role in bone formation and bone resorption [37]. To further 
investigate the mechanism of Y-EXO-induced osteogenesis, we per
formed miRNA sequencing on exosomes isolated from young and older 
human plasma. The miRNA sequencing results indicated significant 
differences in the miRNAs carried by exosomes derived from young man 
compared to those from old controls. In total, 31 miRNAs were identified 
as being up-regulated in Y-EXO compared with O-EXO, while 17 miR
NAs were identified as being down-regulated (Fig. 5A). Interestingly, we 
observed that miR-142-5p was significantly elevated in Y-EXO, indi
cating that exosomal miR-142-5p may play a very important role in 
Y-EXO-mediated bone regeneration (Fig. 5A and B). To explore the role 
of miR-142-5p in osteoblast differentiation, we first constructed a 
miR-142-5p mimic. qRT-PCR analysis suggested that miR-142-5p 
expression was considerably upregulated when the cells were trans
fected with miR-142-5p mimic (Fig. S5). ALP is commonly used as a 
marker for early-stage osteogenic differentiation whereas osteocalcin 
(OCN) serves as an indicator for late-stage osteogenic differentiation 

Fig. 3. Y-EXO and O-EXO targets the bone and increases bone mass of OVX-induced osteoporotic rats in vivo. (A) Confocal imaging of Y-EXO or O-EXO in massive 
bone at day 1 after infusion. (B) After 4 weeks of treatment, the femurs from rats in each group were harvested, and the distal femur was scanned using micro-CT. 
(C–E) Quantitative results of (C) BMD changes and some trabecular parameters, including trabecular bone volume expressed as percentage of (D) trabecular thickness 
(Tb.Th) and (E) total tissue volume (BV/TV). (F) Photomicrographs of bone sections stained by H&E. Data are expressed as mean ± SD (n = 3, *p < 0.05, **p < 0.01).
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[38,39]. Therefore, we examined the mRNA levels of ALP and OCN in 
MSCs transfected with miR-142-5p mimic. As shown in Fig. 5C and S6, 
transfection of miR-142-5p mimic significantly increased the gene 
expression levels of ALP and OCN. To further explore the effect of 
miR-142-5p on MSCs osteogenic differentiation, we performed bone 
differentiation induction and transfected cells with miR-142-5p mimic. 
The ALP staining assay showed that miR-142-5p significantly increased 
ALP activity compared to cells transfected with a non-targeting control 
miRNA mimic (Fig. 5D and F). Consistent with the results of the ALP 
staining assay, the ARS staining assay showed that miR-142-5p signifi
cantly increased extracellular calcium deposits (Fig. 5E and G). Silencing 
of miR-142-5p prevented osteogenic differentiation of MSCs, consistent 

with the results of the miR-142-5p overexpression experiments (Fig. 6). 
In addition, transfection of miR-142-5p mimic significantly promoted 
MSCs proliferation as compared with MSCs transfected with 
non-targeting control miRNA mimic (Fig. 5H). Taken together, these 
results suggested an essential involvement of miR-142-5p in the process 
of bone formation.

3.6. miR-142-5p mediates the pro-osteogenic effects of exosomes from 
young healthy man plasma

To explore whether miR-142-5p is involved in the Y-EXO-driven 
osteogenesis, a miRNA-142-5p inhibitor was applied to downregulate 

Fig. 4. Y-EXO and O-EXO promotes bone formation and inhibits bone resorption. (A) Detection of OPG after Y-EXO and O-EXO treatment and (C) their quantitative 
results. (B) TRAP staining showing the osteoclasts and (D) their quantitative results. Data are expressed as mean ± SD (n = 5). (E) Detection of serum TRACP-5b and 
(F) osteocalcin level after Y-EXO and O-EXO treatment. Data are expressed as mean ± SD (n = 3, *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001).
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Fig. 5. miR-142-5p mimics the effect of young plasma-derived exosomes on bone formation in vitro. (A) The volcano plot analysis of the differential expressed 
miRNAs in Y-EXO and O-EXO. (B) Heatmap clustering analysis of the differentia expression of miRNAs in Y-EXO and O-EXO. (C) The mRNA expression levels of ALP 
in MSCs transfected with miR-142-5p mimic. (D) ALP activity staining of MSCs incubated with growth medium (GM), or osteogenic medium with miR-142-5p mimic. 
(E) Alizarin Red S staining of MSCs incubated with growth medium (GM), or osteogenic medium with miR-142-5p mimic. Quantifying (F) relative ALP activity and 
(G) the amount of Alizarin Red S that stained the mineralized matrix. (H) Cell proliferation for MSCs transfected with miR-142-5p mimic or non-targeting control 
miRNA mimic (miR-NC). Data are expressed as mean ± SD (n = 3, **p < 0.01, ***p < 0.001, ****p < 0.0001).
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Fig. 6. MiR-142-5p in young plasma-derived exosomes regulates osteogenesis via targeting ZFPM2. (A) ALP activity staining of MSCs transfected with miR-142-5p 
inhibitor under Y-EXO treatment. (B) Alizarin Red S staining of MSCs transfected with miR-142-5p inhibitor under Y-EXO treatment. Quantification of (C) relative 
ALP activity and (D) the amount of Alizarin Red S that stained the mineralized matrix. (E) The mRNA expression levels of OCN in MSCs transfected with miR-142-5p 
inhibitor under Y-EXO treatment. (F) The putative binding site for miR-142-5p is located in the 3′-UTR region of ZFPM2 mRNA. (G) Results of ZFPM2 protein levels in 
MSCs transfected with the miR-142-5p mimic. (H) Results of ZFPM2 mRNA levels in MSCs transfected with the miR-142-5p mimic. (I) Results of ZFPM2 protein levels 
in MSCs after transfection with miR-142-5p inhibitor and Y-EXO treatment. (J) Results of ZFPM2 mRNA levels in MSCs after transfection with miR-142-5p inhibitor 
and Y-EXO treatment. Data are expressed as mean ± SD (n = 3, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).
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the expression of miR-142-5p (Fig. S7). The ALP activity was examined 
to evaluate the osteogenic activity in MSCs treated with Y-EXO after 
transfection with the indicated inhibitor. As shown in Fig. 6A, C and 
S8A, Y-EXO significantly elevated ALP staining and activity in MSCs, 
which was markedly attenuated by silencing miRNA-142-5p. The role of 
miR-142-5p in the pro-osteogenic ability of Y-EXO was further evaluated 
by alizarin red staining. As shown in Fig. 6B, D and S8B, miR-142-5p 
silencing inhibited the mineralization ability of BMSCs induced by Y- 
EXO. Meanwhile, mRNA expression levels of osteoblast marker genes, 
OCN, significantly decreased in MSCs transfected with the miR-142-5p 
inhibitor under Y-EXO treatment (Fig. 6E). Taken together, miRNA- 
142-5p exerted an essential regulatory effect on osteoblast differentia
tion of MSCs induced by Y-EXO.

3.7. MiR-142-5p regulates MSC osteogenic differentiation via ZFPM2

To further determine the underlying molecular mechanisms by 
which miR-142-5p promotes MSCs osteogenesis, we used the online 
databases TargetScan (https://www.targetscan.org/mamm_31/) and 
miRDB (https://mirdb.org/mirdb/index.html) to predict the potential 
downstream target genes of miR-142-5p. ZFPM2 was predicted by both 
databases to be a downstream target of miR-142-5p. Furthermore, pre
vious study indicated that ZFPM2 is a negative regulator for osteo
genesis [40]. Therefore, our study concentrated on exploring the 
connection between miR-142-5p and ZFPM2. The interaction model 
between miR-142-5p and the 3′UTR of ZFPM2 was shown in Fig. 6F. 
Subsequently, we assessed the effect of miR-142-5p overexpression on 
the expression of ZFPM2 by Western blot analysis and RT-qPCR. As 
shown in Fig. 6G and H, the protein and mRNA levels of ZFPM2 were 
significantly decreased by miR-142-5p overexpression. In addition, 
Y-EXO significantly reduced the levels of ZFPM2 protein and mRNA, 
which could be reversed by miR-142-5p inhibitor (Fig. 6I and J). These 
results suggested that exosome miR-142-5p regulated osteogenesis by 
targeting ZFPM2.

4. Discussion

OP is a chronic and systemic metabolic bone disease characterized by 
low bone mass and the degradation of bone microarchitecture, leading 
to an increased risk for fragility fractures [41]. The effectiveness of many 
drugs used to treat OP is limited by their toxicity or low bioavailability 
[4,42]. Thus, effective therapies are urgently needed for OP patients. We 
found that both exosomes from young and older human plasma could 
reverse osteoporosis by promoting bone formation and inhibiting bone 
resorption. It is worth noting that exosomes from young healthy human 
plasma showed a more optimal therapeutic effect. Furthermore, our 
results indicated that the regulatory role of exosomes in osteoblast for
mation is mediated through miR-142-5p.

Heterochronic blood exchange (HBE) has demonstrated that young 
blood or plasma exerts robust protective effects against aging and age- 
related diseases including alzheimer’s disease, cerebrovascular dis
eases, bone, liver and adipose tissue [24,43–45]. These effects involve 
the restoration of autophagy, enhanced neurogenesis, and reduction in 
oxidative stress, inflammation, and apoptosis [46,47]. However, blood 
plasma contains complex components, encompassing various circulating 
factors, proteins, and other components. The mediators contributing to 
anti-aging effects remain poorly defined. Exosomes, carrying various 
cargo molecules including DNA, RNA, lipids and proteins, are widely 
present in the blood, serving as mediators for the exchange of substances 
between cells. Sahu et al. reported circulating extracellular vehicles 
(EVs) are a major effector in restoring aged cell bioenergetics and pro
moting skeletal muscle regeneration in response to young serum [24]. 
We previously showed that exosomes from the plasma of young human 
cloud reduce brain injury and cell ferroptosis after intracerebral hem
orrhage (ICH), and then promote functional recovery [23]. In the pre
sent study, we found that exosomes isolated from the plasma of young 

and old healthy individuals prompted MSCs proliferation and migration 
in vitro. Additionally, the in vitro and in vivo experiment suggested that 
exosomes from both age groups could restore the osteogenic ability of 
MSCs, inhibit osteoclast formation and ameliorate the OP symptoms. 
Notably, the therapeutic effect of young adults-derived exosomes was 
better than that of older healthy individuals-derived exosomes. How
ever, the anti-osteoporotic effect of exosomes isolated from the human 
plasma was investigated using rat model, while valuable for studying 
bone metabolism, may not fully replicate human physiological condi
tions. It has been proved in previous studies that multiple cell-derived 
exosomes could promote osteogenesis and inhibit bone resorption to 
ameliorate bone-implant osseointegration, including endothelial cell, 
mesenchymal stem cell, myoblast, vascular endothelial cells [19,
48–52]. Nevertheless, others have shown that osteoclast-derived exo
somes and M1 macrophage-derived exosomes resulted in acceleration of 
bone loss in osteoporosis [53]. These exosomes can be transported 
throughout all parts of the body with the blood circulation system to 
participate in cellular interactions. Further researches are needed to 
determine which cell-derived exosomes in plasma predominantly 
mediate these phenotypes. Furthermore, ex vivo imaging of Y-EXO 
labeled with the Cy5 fluorescent dye revealed their ability to distribute 
within bone tissue. The fluorescence signal persisted until day 7 and 
gradually diminished to baseline by day 14, aligning with previous 
findings. However, besides bone tissue, plasma-derived exosomes were 
also detected in the liver and spleen, suggesting a non-specific distri
bution pattern [54,55]. This implies that surface modifications of these 
exosomes could be a promising strategy to enhance their targeting ef
ficiency and optimize their therapeutic potential.

The therapeutic effect of exosomes is related to the component 
derived from their parental cells, including miRNAs, mRNAs, and pro
teins [56–59]. miRNAs are a short non-coding RNA that modulate gene 
expression at a post-transcriptional level by binding to specifical mRNAs 
[60–63]. miRNAs are important in controlling osteoblast differentiation 
and involved in the progression of osteoporosis [64]. In order to uncover 
the mechanism behind the anti-osteoporotic effects of exosomes isolated 
from the plasma of young and old healthy man, we conducted miRNA 
sequencing. Sequencing analysis confirmed that the gene expression 
levels of miR-142-5P in young human plasma-derived exosomes were 
elevated compared to those of miRNA detected from old human 
plasma-derived exosomes. Study has shown that miR-142-5p expression 
was lower in the callus of aged mice than that in the callus of young 
mice, which directly correlated with bone healing delay associated with 
aging. Transfection with agomir-142-5p could elevate osteoblast activ
ity and promote matrix mineralization in MC3T3-E1 cells. Injection of 
agomir-142-5p into the fracture site of 18-month-old mice after fracture 
promoted bone formation and fracture repair [65]. Moreover, Zhao et al. 
found that the upregulation of mmu-miR-142-5p through transfection of 
exogenous agomiR-142-5p significantly increased the expression levels 
of osteogenic genes ALP, RUNX2 and osteocalcin (OC) in osteoblasts, 
indicating that mmu-miR-142-5p possesses potential for promoting 
bone formation [66]. Autogenous oxygen-releasing nano-bionic scaf
folds was proved to have a significant pro-osteogenic effect in bone 
marrow mesenchymal stem cells (BMSCs). However, the combination of 
miR-142-5p mimics with autogenous oxygen-releasing nano-bionic 
scaffolds further increased osteogenic transformation at bone defects, 
and promoted bone healing. The potential mechanism of action was 
though the regulation of BMP-9 [67]. In addition, the researchers have 
found that Circ_0006873 enhances PTEN expression by sponging 
miR-142-5p, thereby regulating the Akt signaling pathway to suppress 
osteoblastic differentiation. This suggested a positive regulatory role of 
miR-142-5p in osteogenic differentiation [68]. However, Du et al. re
ported that miR-142-5p inhibited BMSCs osteogenic differentiation by 
inhibiting Lhx8 [69]. Therefore, we aimed to further explore the func
tion of miR-142-5p in OP. In our study, transfection with miRNA-142-5p 
mimic into MSCs significantly upregulated the expression of 
osteogenesis-related genes including OCN and ALP, promoted ALP 
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activity and formation of mineralized nodules. However, silencing 
miR-142-5p showed the opposite effects compared to its overexpression. 
The pro-osteogenic effects of miR-142-5p in vivo need further investi
gation. Here, we found that ZFPM2 may be a potential downstream 
target of miR-142-5p. Previous studies have reported that silencing 
ZFPM2 promoted osteoblast differentiation [40]. It suggests that 
miR-142-5p may promote osteogenic differentiation of MSCs by tar
geting ZFPM2. However, additional experimental validation, such as a 
dual-luciferase reporter assay, is needed to further elucidate the regu
latory mechanism of miR-142-5p on ZFPM2. Notably, Lou et al. reported 
that miR-142-5p promotes osteoclast differentiation in bone 
marrow-derived macrophages via the PTEN/PI3K/AKT/FOXO1 
pathway, suggesting that Y-EXO may inhibit osteoclastogenesis through 
alternative mechanisms [70]. While exosomal miRNAs have the poten
tial to regulate osteogenic and osteoclast differentiation, the underlying 
molecular mechanisms are typically distinct, as these processes involve 
two different cell types. Further research into the role of miR-142-5p in 
osteoclast formation will provide deeper insights into the 
anti-osteoporotic effects of Y-EXO.

MiRNAs are principal constituents of exosomes and play a major role 
in their biological function [71]. Many studies have shown that exo
somes regulate the processes of bone formation and bone resorption in 
miRNA-dependent manners. For example, Wang et al. revealed that 
miR-140-3p derived from exosomes of normal BMSCs could effectively 
accelerate diabetic wound healing by promoting bone regeneration 
[72]. A previous study identified exosomal miR-217-5p as a critical 
factor contributing to osteoprotective effects, with inhibition of 
miR-217-5p reducing the function of exosomes in alleviating osteopo
rosis [73]. However, Xu et al. demonstrated that miR-128-3p was 
significantly upregulated in exosomes derived from aged MSCs and 
functions as a suppressor in the process of osteogenesis [74]. Likewise, 
miR-31a-5p was reported to be highly expressed in exosomes derived 
from BMSCs of aged rats, promoting osteoclastogenesis and bone 
resorption. In addition, Zhai et al. found that osteogenesis-related 
miRNAs (miR-146a-5p, miR-503–5p, miR-483-3p and miR-129-5p) 
and anti-osteogenic miRNAs (Hsa-miR-32-5p, Hsa-miR-133a-3p, and 
Hsa-miR-204-5p) exited in exosomes derived from MSCs, which regu
lated bone regeneration by activating the PI3K/Akt and MAPK signaling 
pathways [75]. Our miRNA sequencing data showed that multiple 
miRNAs were upregulated in Y-EXO compare to those derived from 
O-EXO. In addition, our results from in vitro experiments indicated that 
the pro-osteogenic effect induced by Y-EXO was predominantly attrib
uted to the overexpression of miR-142-5p, but not all, indicating the 
involvement of other miRNAs in this process. Apart from miRNAs, 
protein and lipids are also the key components of exosomes, but they 
may not the primary contributors to the anti-osteoporosis effect of 
exosomes. A study on the proteomics and lipidomics of exosomes 
derived from three different cell types found that the protein composi
tion of exosomes depends on their cell origin, as exosomes from different 
cancer cell lines shared similar proteins, in contrast to those derived 
from MSCs. The lipid composition of exosomes was most strongly 
associated with their yield and size, with exosomes derived from cells 
producing smaller quantities and sizes being enriched in similar lipids 
[76]. However, plasma exosomes derived from healthy individuals 
appear to have similar source and size, suggesting that the protein and 
lipid may not be the most critical ingredients for their therapeutic 
functions. Therefore, this study focused solely on the effect of miRNAs 
on osteoporosis, and further research is needed to investigate the roles of 
other components in exosomes.

5. Conclusion

In conclusion, these results demonstrate that exosomes derived from 
both young and old human plasma alleviate osteoporosis symptoms by 
promoting osteogenesis and inhibiting osteoclastogenesis. Notably, 
exosomes from young plasma exhibit superior therapeutic efficacy 

compared to those from older plasma. These pro-osteogenic effects of 
young plasma exosomes are mediated by miR-142-5p, which is 
expressed at higher levels in young plasma exosomes than in their older 
counterparts. MiR-142-5p may enhance bone repair by inhibiting 
ZFPM2 expression. Therefore, exosomes derived from healthy human 
plasma, particularly those from young plasma, hold promise as a novel 
therapeutic strategy for osteoporosis treatment.
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