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Stem cell senescence leads to progressive functional declines and disrupts the
physiological homeostasis of bone environment. Stem cell-derived exosomes are
emerging as promising therapeutical approaches to treat diverse aging-related
osseous diseases. Herein, a previously reported osteoinductive exosome (OI-exo)
was applied as a therapeutic agent for bone repair in aging individuals and its
internalization mechanisms in senescent bone marrow stem cells (BMSCs) were
explored. The results demonstrated that OI-exos derived from young BMSCs could
partially rescue the proliferation, osteogenic differentiation and alleviate aging
phenotypes in vitro. OI-exo-delivered hierarchical mesoporous bioactive glass
(MBG) scaffold effectively promote in vivo bone formation in aging rat cranial
defect model. However, the osteogenic effects of OI-exo both in vitro and in
vivo were compromised in senescent individuals and for aging BMSCs compared
to younger ones. This study revealed that non-senescent BMSCs internalized
exosomes exclusively via clathrin-mediated endocytosis, while senescent BMSCs
additionally evoked macropinocytosis and caveolae-mediated endocytosis to
mediate the internalization of exosomes. The alteration of endocytic manner of
senescent BMSCs and the involvement of macropinocytosis might be responsible for
the compromised effects of therapeutical exosomes. The phenomena discovered in
this study could also be extended to other scenarios where drugs or treatments
exerted compromised effects in aging individuals. The in�uence of endocytic
manner, avoidance of macropinocytosis-related negative effects should be taken
into considerations in future therapeutic design for aging populations.
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1 Introduction

Bone, as the fundamental part of motor system that supports and
protects the human body, continuously undergoes self-renewal
process throughout life, realized via the balance between resorption
by osteoclasts and remineralization by osteoblasts (Wang et al., 2020;
Li, Q, et al., 2022; Cao et al., 2018). Senescence at the organism or
cellular level can disrupt the bone remodeling balance where decreased
osteogenesis failed to compensate bone resorption, ultimately
resulting in osteoporosis, a common chronic disease in aging
people with high complication rate of bone fractures (Paschalis
et al., 2016; Yu and Wang 2016). At the cellular level, the main
manifestation of bone aging is a continuous decline in metabolic
activity of bone marrow stem cells (BMSCs) (Li, X, et al., 2022), which,
as the population of pluripotent MSCs, can differentiate into
osteoblasts and eventually osteocytes as well as other functioning
cells (Cancedda, Giannoni, and Mastrogiacomo 2007) BMSCs
senescence, like other cells, is an irreversible process that causes
cell cycle arrest and cellular phenotypic alterations including
changes in gene expression, DNA damage, telomere shortening as
well as development of complex pro-in�ammatory pathways (Peng
et al., 2020; G; Li et al., 2021; C; Li et al., 2017). Although the
mechanisms that cause these senescent changes are not completely
understood, increasing evidences have demonstrated that the
accumulative age-related molecular and cellular damage of BMSCs
include genomic instability, epigenetic alterations, mitochondrial
dysfunction, and altered intercellular communication that cause
functional vandalization in bone tissue (Zhao, Y et al., 2022; Cai
et al., 2022; Yang et al., 2017).

Rejuvenation or functional restoration of senescent BMSCs have
emerged as a novel therapeutic approach for preventing and treating
skeletal aging, including treatments of traditional Chinese medicine,
chemical drugs, and nucleic acid drugs (Kang et al., 2022; Yi et al.,
2021; L; Hu et al., 2022). Exosomes, the intercellular communicational
vesicles (30–100 nm) that contain functional nucleic acids including
DNAs, mRNAs and miRNAs (Tkach and Théry 2016; Valadi et al.,
2007; O’Brien et al., 2020; Liao et al., 2021), have been explored for
therapeutical applications in recent years. As natural secretion of host
cells, exosomes are incorporated into recipient cells for information
exchange without immunogenicity, and deliver rich contents in
various physiological and pathological conditions including the
aging process (X. Liu et al., 2022). For example, exosomal miR-
31a-5p has been demonstrated as a key modulator in the age-
related bone marrow microenvironment by in�uencing osteoblastic
and osteoclastic differentiation (R. Xu et al., 2018). In our previous
study, optimized BMSC-derived osteoinductive exosomes were
immobilized in hierarchical MBG scaffolds and demonstrated to
ef�ciently improve osteogenesis through a Bmpr2/Acvr2b
competitive receptor-activated Smad pathway (A. Liu et al., 2021).

Many researches focus on the function of the exosomal cargoes in
pathological and physiological processes. However, regarding to the
different effects of a same treatment on older and younger individuals,
the uptake pathways might affect the downstream signaling
conduction in the exosome-mediated progression. Endocytosis, as
the main mechanism of exosome uptake, is reported to play key roles
in the regulation of many intracellular signaling cascades (Gurung
et al., 2021). Endocytic pathways including caveolae-dependent,
clathrin-dependent, and macropinocytosis are reported as exosome
uptake mechanisms of different types of cells, and endocytosis-related

molecule expression level in�uences the uptake capacity of exosomes
(Abels and Breake�eld 2016; Costa Verdera et al., 2017; Horibe et al.,
2018; Joshi et al., 2020). The aging microenvironment alters the
morphology and function of cells, especially stem cells, which
further in�uences molecular cell biology of distinct exosomal
endocytic mechanisms (McKelvey et al., 2015). However, the
different exosome uptake mechanisms between old and young
BMSCs remains unidenti�ed.

Herein, the aim of this study was to explore the potential ef�cacy
of previously reported osteoinductive exosome (OI-exo) as a
therapeutic agent for bone repair in an aging condition and to
investigate its internalization mechanism into old BMSCs in
comparison with younger BMSCs. Old BMSCs (O-BMSCs) and
young BMSCs (Y-BMSCs) were used to investigate the underlying
cellular uptake mechanism and to better understand bone regenerative
microenvironment in aging conditions. In addition, OI-exo-delivered
hierarchical MBG scaffolds were applied for bone regeneration in rat
cranial defect model to explore the in vivo therapeutic difference
between old and young individuals.

2 Materials and methods

2.1 BMSCs extraction, culture and
identi�cation

All animal experiments were performed in compliance with the
guidelines developed by the Institutional Animal Care and Use
Committees of Shanghai Ninth People’s Hospital, and the
protocols were reviewed and approved by the Ethic Committee of
Shanghai Ninth People’s Hospital.

Y-BMSCs of 4-week young rats and O-BMSCs of 18-month aged
rats were harvested from the femur and tibia as previously described
(L. Liu et al., 2019). Brie�y, bone marrow was �ushed out with �-MEM
by a sterile needle, suspended in a-MEM supplemented with 10% fetal
bovine serum (FBS; Gibco®, Thermo Fisher Scienti�c Inc. MA,
United States) and 1% penicillin/streptomycin, and culture at 37°C
in a humidi�ed atmosphere with 5% CO2. The BMSCs were passaged
when they reached approximately 80%–90% con�uence. Passage 3-
5 of the BMSCs were used for in vitro study. The stemness markers of
extracted cells were identi�ed by �ow cytometry. Brie�y, the cells were
collected by enzymatic digestion, washed and resuspended with PBS,
and stained with anti-CD29, anti-CD45, anti-CD90 antibodies
(Abcam, Cambridge, United Kingdom) on ice for 30 min. The
three markers were widely accepted as criteria de�ning stem cells
(Y. Hu et al., 2020). Then, each group of the cells were analyzed by a
�ow cytometer (FACSCalibur™, Becton Dickinson, NJ,
United States).

2.2 Osteoinductive exosome (OI-exo)
isolation and characterization

Passage 3–5 Y-BMSCs were used for exosome isolation as
described in previous study (Luo et al., 2022). Brie�y, cells were
cultured in an osteogenic medium supplemented with 100 nM
dexamethasone, 10 mM ß-sodium glycerophosphate and 0.05 mM
ascorbic acid for 48 h. Then the supernatant was harvested,
0.22 �m-�ltered, centrifuged at 10,000 g for 30 min, then 100,000 g
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for 90 min. The exosome pellet was collected and resuspended in PBS.
The obtained exosomes were stored at �80°C for further use.

For exosome identi�cation, the morphology of OI-exo was
observed using transmission electron microscope (TEM; Hitachi H-
7650, Japan). The particle size and concentration of the exosome were
analyzed using nanoparticle tracking analysis (NTA). The exosomal
markers were detected with TSG101, Alix and CD9 antibodies
(Abcam, Cambridge, United Kingdom) by western blot.

2.3 Characterization of exosome
internalization

Exosome were labeled with a red �uorescent dye (Dil, Beyotime)
according to the manufacturer’s instructions. The labeled OI-exo were
then added to cells (O-BMSCs and Y-BMSCs) and co-cultured for 1, 3,
6, and 12 h. At each time point, the cells were washed with PBS and
�xed in 4% paraformaldehyde for 15 min. Nuclei and cytoskeleton
were stained with DAPI and FITC-phalloidin, respectively, and
observed with confocal laser-scanning microscopy (CLSM; Leica,
Germany). The �uorescent intensity of the internalized DiI-labeled
OI-Exo was quanti�ed by ImageJ.

To explore the exosome internalization pathways, the cells were
incubated with Dil-labeled OI-exo for 3 h. During incubation period,
alexa Fluor 488–labeled endocytic markers including transferrin (a
marker for clathrin-mediated endocytosis), dextran (a marker for
macropinocytosis) and choleratoxin (a marker for caveolae-
mediated endocytosis) were added for counterstaining. The cells
were �xed, stained with DAPI and observed CLSM. Colocalization
of the Dil-labeled OI-exo and alexa Fluor 488–labeled endocytic
markers was quanti�ed by the Pearson correlation coef�cient and
Manders overlap coef�cient using ImageJ.

Inhibitors were applied to further verify the exosome
internalization pathways. Cells were pre-treated with dynasore (an
inhibitor of clathrin-mediated endocytosis), AML (inhibitor of
macropinocytosis), cytochalasin D (inhibitor of macropinocytosis),
and Methyl-�-cyclodextrin (an inhibitor of caveolae-mediated
endocytosis) for 1 h before incubated with Dil-labeled OI-exo for
3 h. The cells were stained with FITC-phalloidin and DAPI, and
observed by CLSM. The �uorescent intensity of the internalized
DiI-labeled OI-Exo was quanti�ed by Integrated Density/Area
using ImageJ.

2.4 Evaluation of cell viability, senility and
osteogenic differentiation

2.4.1 CCK-8 assay
Proliferation of Y-BMSCs and O-BMSCs cultured with/without

OI-exo was quanti�ed by cell counting kit-8 assay (CCK-8; Dojindo,
Japan). Brie�y, cells were seeded in 96-well plates at a density of 3*103

cells/well and treated with/without OI-exo. After culturing for 1, 3 and
5 days, the cells were incubated with 10 �L CCK-8 solution for 3 h and
the absorbance at 450 nm was measured using a microplate reader
(BioTek Epoch, United States).

2.4.2 SA- ß-galactosidase staining

Senescence associated ß-galactosidase (SA-�-Gal) staining of
Y-BMSCs and O-BMSCs cultured with/without OI-exo was
performed using the senescence-associated ß-galactosidase staining
kit (Beyotime, Jiangsu, China) according to the manufacturer’s
instructions. After cell con�uence, cells were �xed for 15 min and
incubated overnight at 37°C with ß-Gal Staining Solution, then ice-
cold PBS was used to quench the reaction. The staining was observed
in bright �eld using an inverted optical microscope (Leica DMI6000B,
Germany).

2.4.3 ALP staining
Osteogenic differentiation of Y-BMSCs and O-BMSCs cultured

with/without OI-exo was evaluated using ALP staining. Cells were
seeded in 6-well plates at a density of 1*105 cells/well with/without
addition of OI-exo. After culturing for 7 days, the cells were �xed with
4% paraformaldehyde and stained using a BCIP/NBT alkaline
phosphatase color development kit (Beyotime, Jiangsu, China)
according to the manufacturer’s protocol. Inverted light microscope
(Leica DMI6000B, Germany) was applied to observe ALP staining.

2.4.4 Real time qPCR analysis
Osteogenic and senescence-associated gene expressions of

Y-BMSCs and O-BMSCs cultured with/without OI-exo were
measured by real time qPCR. Brie�y, BMSCs were seeded in a 24-
well plate at a density of 1*105 cells/well with/without addition of OI-
exo. After incubation for 3 days, total RNA was extracted from cells
using Trizol reagent (Takara Bio, Japan) according to the
manufacturer’s instructions. Reverse transcription was performed
with 1,000 ng of total RNA in a �nal volume of 20 �l using
PrimeScript RT reagent kit (Takara Bio, Japan) according to the
manufacturer’s recommendations. Then diluted cDNA was mixed
with TB Green™ Premix Ex Taq™ (Takara, Tokyo, Japan), forward
and reverse primers and RNase free water to perform RT-qPCR. The
relative expression level was calculated using the 2-(��CT) method and
normalized to the level of the housekeeping gene ß-actin. The primer
sequences used in this study are listed in Table 1.

2.4.5 Immuno�uorescence staining
Expressions of osteogenic and senescence-associated proteins of

Y-BMSCs and O-BMSCs cultured with/without OI-exo was detected
via immuno�uorescence staining. Brie�y, cells were seeded in 6-well
plates at a density of 1*105 cells/well with/without addition of OI-exo.
Osteogenic related proteins BMP-2, Col-1 and OSX, as well as
senescent related protein SATB2 were detected by
immuno�uorescence staining. After cultureing for 3 days, the cells
were �xed with 4% paraformaldehyde, permeabilized with 0.1% Triton
X-100, blocked with 5% BSA and incubated with primary antibodies
(Abcam, United Kingdom) overnight. Afterwards, the samples were
stained with �uorescent dye-conjugated secondary antibodies
(Abcam, United Kingdom) and counter-stained with FITC-
phalloidin and DAPI. Images of the immuno�uorescence staining
were taken by confocal laser-scanning microscopy (CLSM; Leica,
Germany).
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2.5 In vivo bone regeneration

2.5.1 Surgical procedure
Preparation of the exosome-loaded scaffolds and rat calvarial

defect model were previously described (A. Liu et al., 2021). 8-
week young rats and 18-month aged rats were used for calvarial
defect model establishment in this study. Brie�y, after anesthesia via
intraperitoneal injection of pentobarbital (3.5 mg/100 g), a 1.0- to 1.5-
cm sagittal incision was made on the scalp to expose the calvarium.
Trephine bur (Fine Science Tools, United States) was used to made
bilateral critical-sized defects (5-mm diameter) on the skull of young
or old rats. Different groups of scaffolds were �lled into the bone
defects. In this study, three experimental groups were set as (n = 5): 1)
MBG scaffold in old rats (O-MBG); 2) OI-exo-loaded MBG scaffold in
old rat (O-exo-MBG); 3) OI-exo-loaded MBG scaffold in young rat
(Y-exo-MBG). 12 weeks post-implantation, all rats were anesthetized,
and the calvarium specimens were harvested and �xed with 4%
paraformaldehyde for further investigation.

2.5.2 Micro-CT
The �xed specimens were scanned using micro-CT system

(PerkinElmer Quantum GX, United States) to assess the new bone
formation (n = 6). The scanning parameters were as follows: 25 mm
�eld of view (FOV) and 50 �m voxel size, 90 KV voltage and 88 �A
current. 3D reconstructions were conducted, and the percentage of
bone volume to tissue volume (BV/TV) were quantitatively calculated
to evaluate new bone formation of different groups.

2.5.3 Sequential �uorescent labeling and VG staining
25 mg/kg tetracycline (TE), 30 mg/kg alizarin red (AR) and

20 mg/kg calcein (CA) were injected at week 3, 6 and
9 respectively, and the specimens (n = 3) were obtained at week
12. The specimens were �xed in 4% paraformaldehyde, dehydrated
with gradient ethanol, and embedded in Technovit® 7200 VLC resin
(Kultzer & Co., Wehrhein, Germany) according to the manufacturer’s
instruction. Then the specimens were cut into ~150 �m thick slices,
ground and polished to get �nal slices ~40 �m in thickness. The
�uorescene of the slices were observed under CLSM (Leica, Germany).
Fluorescence-labeled areas of the defect site regions were quanti�ed to
re�ect the formation of new bone during the correspvan

Gieson’sonding periods. The rate of new bone mineralization
between two time points was determined by measuring the
distance between two corresponding �uorescent stripes using
ImageJ. The graphic �uorescent areas were analyzed by Integrated
Density/Area using ImageJ.

After observation, staining was performed, and the stained slices
were observed using an inverted optical microscope (Leica DMI6000B,
Germany).

2.5.4 Histology staining
Samples (n = 3) were decalci�ed using EDTA decalcifying �uid

(Boster, China), dehydrated in a graded series of alcohol and
embedded in paraf�n. 5 �m thick sections were sliced, deparaf�ned
and stained with Hematoxylin/eosin (HE) and Masson’s trichrome
agent. The sections were observed using an inverted optical
microscope (Leica DMI6000B, Germany).

2.6 Statistics analysis

Results were expressed as mean ± standard deviations. All data
were generated using at least three independent experiments.
Statistical analysis was conducted using one-way analysis of
variance (ANOVA). A value of p < 0.05 was considered statistically
signi�cant.

3 Results

3.1 Senescent O-BMSCs exhibited reduced
proliferation and osteogenicity

Y-BMSCs and O-BMSCs extracted from 4-week and 18-month
rats respectively were identi�ed by �ow cytometry (Figure 1A),
showing ~95.5% CD29+/CD45–/CD90+ stem cells in Y-BMSCs and
~98.4% in O-BMSCs with no signi�cant difference. The result
con�rmed the reliability of the cells to meet the requirements of
subsequent experiments.

The capacity of proliferation, osteogenic differentiation and the
level of senescence were compared between Y-BMSCs and O-BMSCs

TABLE 1 Primers and sequences used in this study.

Gene Forward sequence Reverse sequence

ALP TGACCGTCCTGCTGGAACTCG CCACTGCCACACTTGTCACAGAG

BSP AGAAAGAGCAGCACGGTTGAGT GACCCTCGTAGCCTTCATAGCC

BMP-2 CAGCGGAAGCGTCTTAAGTCCAG GGCATGGTTGGTGGAGTTCAGG

Col-1 TGTTGGTCCTGCTGGCAAGAATG GTCACCTTGTTCGCCTGTCTCAC

Runx2 AACAGCAGCAGCAGCAGCAG GCACGGAGCACAGGAAGTTGG

SATB2 GCTGCTCAAAGAAATGAACCAGA AAACTCCTGGCACTTGGTTG

P53 TGCTAGTCCCTTCACTGCCTTT AGAGACCCAGCAACTACCAACC

P21 AGTGCCTTGACGATACAGCTA TTGCACTGTACTCCTCTTGACC

P16 TTCACCAAACGCCCCGAAC TTCGAATCTGCACCATAGGAGA

�-actin GTAAAGACCTCTATGCCAACA GGACTCATCGTACTCCTGCT
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(Figure 1). The CCK-8 assay revealed a statistically signi�cant higher
OD450 value of Y-BMSCs than O-BMSCs at all time points
(Figure 1B), indicating a reduced proliferation capacity of
O-BMSCs. The expression of osteogenic related genes ALP, BSP,
BMP-2 and Runx2, as well as a senescence associated gene SATB2
signi�cantly decreased in O-BMSCs compared to Y-BMSCs
(Figure 1C). Notably, SATB2 might play a potential role in

regulating stemness, autophagy and anti-aging properties of BMSCs
(Wu et al., 2018). In contrast, the expression of p53, p21 and p16,
which were genes positive-related to aging, were upregulated in
O-BMSCs (Figure 1C).

The osteogenicity and level of senescence of BMSCs were further
visualized via ALP and SA-�-gal staining (Figure 1D). O-BMSCs
exhibited an evidently reduced ALP activity compared to

FIGURE 1
Comparison of the inherent functions of Y-BMSCs and O-BMSCs. (A) Flow cytometric pro�les of stemness markers CD29/CD45/CD90 for BMSC
identi�cation. (B) Proliferation by CCK8 assay. (C) Osteogenic- and senescence-related gene expressions by rt-qPCR. (D) ALP staining. (E) SA-�-gal staining.
(F) Osteogenic- and senescence-related protein levels by immuno�uorescence staining. (*p < 0.05, **p < 0.01, ***p < 0.001. Scale bar: 100 �m).
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Y-BMSCs, whereas a signi�cantly increased SA-�-gal activity
indicating high level of senescence (Figure 1E). Similarly, the
immuno�uorescence staining displayed that the expression of
osteogenic proteins BMP-2, Col-1 and OSX, as well as aging-
related protein SATB2 were signi�cantly decreased in
O-BMSCs(Figure 1F), which were consistent with the results of
qRT-PCR, ALP and SA-�-gal staining. BMP-2, Col-1 and OSX are
important indicators of osteogenic differentiation of BMSCs. Notably,
SATB2 is one of senescence-related protein, which is low expressed in
O-BMSCs. Altogether, these results demonstrated that, though both
were identi�ed stem cells, O-BMSCs exhibited signi�cantly decreased
osteogenic differentiation capacity and higher level of senescence than
Y-BMSCs.

3.2 Osteoinductive exosomes (OI-exos)
exerted compromised effect on O-BMSCs

The OI-exos derived from Y-BMSCs could ef�ciently enhance
proliferation and induce osteogenic differentiation of recipient BMSCs
(non-senescent type) and enhance bone regeneration in a non-
senescent calvarial defect model as reported in our previous study
(A. Liu et al., 2021). Herein, OI-exos exhibited a typical round,
membrane-bound vesicle appearance with diameters of 50–150 nm
as observed in TEM (Figure 2A). The size distribution of OI-exos
measured by NTA displayed monodispersity with the peak at ~150 nm
(Figure 2B). Western blotting results identi�ed the exosome-speci�c
markers TSG101, CD9 and Alix con�rming the successful isolation of
OI-exo (Figure 2C).

Treatment with OI-exos signi�cantly increased the proliferation of
both Y-BMSCs and O-BMSCs (Figure 3A), and enhanced osteogenic
related gene expression of both cells (Figure 3B). However, due to the
inherent impaired metabolic activity of O-BMSCs, treatment with OI-
exos raised partial osteogenic gene expressions (ALP, BMP-2 and Col-
1) of O-BMSCs to a statistically comparable level to that of untreated
Y-BMSCs, whereas proliferation rate, Runx2 expression and aging-
related gene expression (p53 and SATB2) still exhibited a signi�cant
difference compared to untreated Y-BMSCs. These data indicated
that, instead of rejuvenation, OI-exos could only partially restore the
osteogenic function of the senescent O-BMSCs. Moreover, compared
to the prominent enhancement in OI-exo-treated Y-BMSCs,

O-BMSCs treated with OI-exos exhibited relatively limited
improvement of cellular functions. ALP and SA-�-gal staining
intuitively presented the signi�cant difference of OI-exo-treated
O-BMSCs, though still inferior to the untreated Y-BMSCs (Figures
3C,D). Immuno�uorescence staining revealed a similar trend that OI-
exos partially restored the osteogenic function of O-BMSCs and
reduced the senescent level to a limited extent (Figure 3E).

The above results indicated a compromised effect of OI-exos on
O-BMSCs compared to Y-BMSCs, however, the underlying
mechanism of which remained further exploration.

3.3 In vivo bone regeneration in aging rats
showed limited enhancement by OI-exo

The in vivo bone regenerative ef�cacies of OI-exo in young and
aged individuals were compared using a calvarial defect model (Figure
4A). Hierarchical macro-/micro-/meso-porous MBG scaffolds with
inherently osteoinductive ability and structural bioactivity
maintenance was applied as a carrier for lyophilized exosomes
(exo-MBG) and exerted promising results as reported in our
previous study (A. Liu et al., 2021) and recon�rmed in this study
(Figure 4). At the end of the experiment time period, the cranial defect
site of young rats were occupied by a fusion of residual scaffold
material and newly formed bone tissues (Figure 4B), which might be
further remodeled into fully regenerated bone by continuous
degradation of the residual material by osteoclasts and
remineralization of osteoblast. Unexpectedly, the MBG or exo-
MBG scaffolds were mostly degraded in old rats by 12 weeks post-
implantation as visually presented in micro-CT reconstructed images
(Figure 4B). Such accelerated degradation might be related with pro-
in�ammatory factors that increased with age (Rashad et al., 2019), and
the vigorous activity of osteoclasts (which were derived from
macrophage, one of the most common immunocytes) might be
responsible for the rapid degradation of scaffolds (Almeida et al.,
2020).

Highest bone formation (BV/TV) was observed in Y-exo-MBG
group, whereas O-MBG and O-exo-MBG exhibited signi�cantly
decreased bone volume (Figure 4C). The inferior bone formation in
old rats were probably attributed to the excessive in�ammatory
microenvironment that prematurely degraded the scaffold, which,

FIGURE 2
Characterization of the osteoinductive exosome (OI-exo). (A) TEM images. (B) Particle size distribution measured by NTA. (C) Western Blot identi�cation
of exosomal markers TSG101, Alix and CD9 in OI-exos and BMSC lysates.
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in normal physiological conditions, should serve as templates for
bone remodeling. Non-etheless, O-exo-MBG group displayed
signi�cant higher BV/TV than O-MBG group (Figure 4C),

indicating the in vivo osteoinductive effect of OI-exo. Though
with the osteogenic ef�cacy of OI-exo, the excessive
in�ammation of senescent individuals that compromised the

FIGURE 3
Comparison of the exosomal osteogenic effects on Y-BMSCs and O-BMSCs. (A) Proliferation by CCK8 assay. (B) ALP staining. (C) SA-�-gal staining. (D)
Osteogenic- and senescence-related gene expressions by RT-qPCR. (E) Osteogenic- and senescence-related protein levels by immuno�uorescence
staining. (* indicates signi�cant differences compared with O-BMSC group; # indicates signi�cant differences compared Y-BMSC group; & indicates
signi�cant differences compared the Old + Exo group; p < 0.05. Scale bar: 100 �m).
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therapeutic effects of drugs including but not limited to exosomes
must be solved via further investigation.

Sequential �uorescent labeling of different calcium-binding
dyes at different time points revealed the amount and rate of
new bone mineralization during the periods of bone
regeneration (Figure 4D). At an early stage (week 3), a relatively
small amount of bone formation was observed in O-MBG group,
which was increased in O-exo-MBG group. Due to the prematured
scaffold degradation in old rats, the early-stage bone formation laid
the foundation for subsequent bone repair and remodeling,
resulting a similar trend in the following time points. Y-exo-

MBG group exhibited the highest level of bone mineralization
during the whole period. The quanti�cation of bone deposition
amount and rate of the three groups were Y-exo-MBG > O-exo-
MBG > O-MBG. For each group, stripe distances at early stage
(3–6 w) were larger than later stage (6–9 w), suggesting that the
new bone formation tendency decreased with time, emphasizing
the importance of motivating early-stage bone regeneration.

Histological observation recon�rmed the results of micro-CT
and sequential �uorescent labeling (Figure 4E). Van Gieson’s (VG)
staining, as the widely acknowledged method for identifying
collagen �bers in bone tissue, exhibited the fusion of

FIGURE 4
In vivo bone regenerative ef�cacies of OI-exo-loaded scaffolds in young and aged rats. (A) Establishment of rat calvarial defect model. (B) Micro-CT
analysis of bone formation at the defect sites and its (C) quanti�cation of bone volume/total volume (BV/TV). (D) Sequential �uorescent labeling: d1)
�uorescence observation by CLSM, its d2) quanti�cation of stained bone area and d3) distance between stripes. (E) Histological evaluation of the bone
formation stained with VG (undecalci�ed), HE and Masson’s trichrome staining. (* indicates signi�cant differences compared with the O-MBG group; #
indicates signi�cant differences compared the O-Exo-MBG group; p < 0.05. M: material; nb: new bone; cf: collagen �bers).
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signi�cantly highest new bone formation in the scaffold porosities
in Y-exo-MBG group, and more bone formation in O-exo-MBG
group than O-MBG group. Similar results could be observed in
H&E and Masson’s trichrome staining images, where tremendous
immunocytes were observed in the calvarial defect sites of O-MBG
group. In O-exo-MBG group, �brous connective tissue occupied
the non-osseous areas of O-exo-MBG group which might be
further remineralized, and the newly formed bone bridged in
the bottom of the calvarial defect. In Y-exo-MBG group,
massive new bone formation was observed in the macroporosity
of the scaffold. The amount of new bone as observed in the
histological images were Y-exo-MBG > O-Exo-MBG > O-MBG.

These results demonstrated the positive therapeutic effects of OI-
Exo that initiated bone regeneration at an early-stage and resulted in
improved bone regenerative outcome, which were attribute to the
multi-components of osteogenic-related cargoes in OI-Exo as reported
in our previous study (A. Liu et al., 2021). However, the in vivo results
were consistent with the trend in vitro, as the OI-exos could only
partially restore the osteogenic function of aged rats, and the
underlying mechanism of such compromised exosomal effects
needed to be further explored.

3.4 Macropinocytosis-involving endocytoses
potentially compromised exosomal ef�cacy
in O-BMSCs

To explore the underlying mechanism of the compromised effects
of OI-exos on older rats and older BMSCs, the exosomal uptake
pathways of O-BMSCs and Y-BMSCs were compared. DiI-labeled OI-
exos were incubated with Y-BMSCs and O-BMSCs for1h, 3h, 6h and
12 h to observe the time-dependent exosome uptake (Figure 5). The
red �uorescence in Figures 5A,B revealed the distribution of
internalized exosomes in the cytoplasm of Y-BMSCs and
O-BMSCs, respectively. The exosomal uptake of both BMSCs
exhibited a time-dependent manner, the uptake gradually increases
with time and approached a saturation point at 6 h (the �uorescence
intensity of 12 h exhibited no statistically signi�cant difference
compared to 6 h). The quanti�cation of exosome internalization
showed no signi�cant difference between Y-BMSCs and O-BMSCs
at each time point (Figure 5C). In both BMSCs, distribution of the
internalized exosomes exhibited a relocation tendency toward the cell
nuclear after uptake saturation. The results indicated similar uptake
capacities of exosomes into Y-BMSCs and O-BMSCs, and explained

FIGURE 5
The time-dependent exosome uptake. Fluorescent observation of DiI-labeled exosomes endocytosed by (A) Y-BMSCs and (B) O-BMSCs at 1h, 3h, 6h
and 12 h. (C) Quanti�cation of the �uorescent intensity of internalized exosomes. (ns: no signi�cance. Scale bar: 100 �m).
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that OI-exos exerted osteoinductive effects on both young and old cells
and individuals. It also excluded the possibility that the compromised
effects of OI-exos on O-BMSCs came from different amount of
internalization.

Further investigation on the uptake channels of OI-exos into the
BMSCs were conducted via co-localization of the exosomal
�uorescence (red) and different endocytic markers (green)
(Figure 6). An incubation time of 3 h was selected for a medium
internalization amount and avoidance of exosomal relocation at later
timepoints. Fluorescence-labeled transferrin, dextran and
choleratoxin were applied as markers for clathrin-mediated
endocytosis, macropinocytosis, and caveolae-mediated endocytosis,
respectively. As shown in Figure 6A, in Y-BMSCs, high degree of co-
localization of exosomes and pathway markers was mainly observed in
transferrin, but not in dextran and choleratoxin, indicating that the
dominant exosomal uptake pathway of Y-BMSCs was via clathrin-
mediated endocytosis. In contrast, in O-BMSCs, though the highest
degree of co-localization was observed in transferrin (Figure 6B),
choleratoxin also exhibited a signi�cantly higher Manders’ conf�cient
compared to Y-BMSCs, indicating a potential role of
macropinocytosis in exosomal uptake of O-BMSCs (Figure 6D).
Pearson’s conf�cient analyses indicated a signi�cant difference in
the co-localization degree of clathrin-mediated endocytosis between
Y-BMSCs and O-BMSCs (Figure 6C), whereas both clathrin-mediated
endocytosis and macropinocytosis exhibited statistical differences in
Manders’ conf�cient between Y-BMSCs and O-BMSCss (Figure 6D).

As co-localization analyses only suggested the potential
possibilities, further veri�cation of the endocytic channel were
carried out using pathway inhibitors. The exosome uptake of

different inhibitor-pretreated BMSCs were quanti�ed to verify the
degree of involvement of the corresponding pathway. As shown in
Figure 7A, OI-exo uptake by Y-BMSCs was signi�cantly inhibited only
by dynasore, an inhibitor of clathrin-mediated endocytosis, indicating
that Y-BMSCs internalized exosomes exclusively via clathrin-
mediated endocytosis. In contrast, though dynasore treatment also
showed the highest reduction in uptake, all channel inhibitors exerted
signi�cant negative effects on exosome internalization by O-BMSCs
(Figure 7B). These results revealed that under a normal physiological
cellular environment of non-senescent BMSCs, exosomes were
internalized exclusively via clathrin-mediated endocytosis (Figure
7C), while senescent BMSCs required additional involvement of
macropinocytosis and caveolae-mediated endocytosis to mediate
the internalization of exosomes at an equal amount (Figure 7D).
This discrepancy in exosomal uptake pathways of young and old cells
might be the main direct reason of the compromised exosomal effects.

4 Discussion

Endocytic mechanisms control the lipid and protein composition
of the plasma membrane, thereby regulating how cells interact with
their environments (Svensson et al., 2013; Fan et al., 2019). Different
endocytic uptake routes could generate distinct downstream functions
(Zuhorn, Kalicharan, and Hoekstra 2002; Mao et al., 2021). Exosomes,
as the most common membrane-bound nanovesicles of lipids,
proteins, and nucleic acids (Baglio et al., 2015), were internalized
as a constitutive phenomenon involved in both physiological and
pathological processes (Zhao. X et al., 2022). Although much is known

FIGURE 6
Uptake channels of OI-exos by co-localization of exosomal �uorescence (red) and different endocytic markers (green) in (A) Y-BMSCs and (B) O-BMSCs.
(C) Pearson’s conf�cient analysis and (D) Manders’ conf�cient analysis of colocalization of OI-Exo and endocytic markers. (***p < 0.005. Scale bar: 100 �m).
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about the exosomal cargoes, the speci�c mechanisms by which these
cargoes are recruited and internalized are less clear. These distinct
pathways create endosomal compartments with distinct lumina and
surfaces to allow the differential modulation of intracellular events,
including the possibility of delivering cargoes to distinct intracellular
destinations (Shelke et al., 2019; Arbo et al., 2020).

It is acknowledged that endocytosis intimately regulates many
cellular processes including nutrient uptake, cell adhesion and
migration, signaling, pathogen entry, synaptic transmission,
receptor downregulation, antigen presentation, cell polarity,
mitosis, growth and differentiation, and drug delivery (B.Y. Xu
et al., 2020). In the present study, OI-exos were internalizationed
into Y-BMSCs and O-BMSCs via different endocytic routes that may
activate different downstream signaling cascades and related proteins,
which may be the reason for different ef�ciencies in promoting bone
regeneration.

As non-senescent cellular environment of BMSCs internalized
exosomes exclusively via clathrin-mediated endocytosis, senescent
BMSCs required additional involvement of macropinocytosis and
caveolae-mediated endocytosis to mediate the internalization of
exosomes. Clathrin-mediated endocytosis was reported as the common
endocytic channel that play an important role in the positive regulation of
many intracellular signaling cascades (Hoban et al., 2020; Johnson et al.,
2021). Caveolae was the most commonly reported non-clathrin coated
plasma membrane buds with �ask-shaped invaginations that existed on
the surface of many mammalian cell types including smooth muscle, type

I pneumocytes, �broblasts, adipocytes, and endothelial cells (Nanbo et al.,
2013). It is been reported that exosomes could be internalized by DPSCs
and HMSCs via the caveolar endocytic mechanism and trigger the
P38 mitogen activated protein kinase (MAPK) pathway (Huang et al.,
2016). It is speculated that the reduced metabolic activity of senescent
BMSCs might also undermine the ef�ciency of clathrin-mediated
endocytosis, thereby evoke the involvement of other endocytic
pathways. Macropinocytosis was reported to promote particle uptake.
Macropinocytoses of exosomes were also dependent on Na+ and PI3K,
and could be blocked with the inhibitors of Na+-H+ ion exchange and
PI3K activity, EIPA and LY294002, respectively, which is consistent with
our study (Tian et al., 2014).

Macropinocytosis might be involved in some signaling pathways
that would negatively affect the osteogenic differentiation in
O-BMSCs. Internalization via macropinocytosis usually occured
from highly ruf�ed regions of the plasma membrane (Y.X. Li and
Pang 2021), and such vigorous plasma membrane activity might be
hijacked by pathogens for infectious cell entry (Mercer and Helenius
2009). Hyperstimulation of macropinocytosis by active RAS
expression or some medicines can cause cell death, also known as
methuosis (Qiu et al., 2022). In some cases, macropinocytosis allowed
cancer cells to develop resistance to antitumor drug therapies and
reduced the drug ef�ciencies (Stow, Hung, and Wall 2020). At
Drosophila neuromuscular junction, the presynaptic Rac1-SCAR
pathway mediated BMP-induced receptor macropinocytosis to
inhibit BMP growth signaling (Park et al., 2022). Immunity and

FIGURE 7
Exosome uptake of (A) Y-BMSCs and (B) O-BMSCs pre-treated with endocytic pathway inhibitors. Quanti�cation of the �uorescent intensity of
internalized exosomes in (C) Y-BMSCs and (D) O-BMSCs. (*p < 0.05, **p < 0.01, ***p < 0.001. Scale bar: 100 �m).
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in�ammation shared a common platform with metabolism and cell
survival in macropinocytosis, and its non-selective, bulk intake of �uid
and membrane resulted in more voluminous and more complex than
any other endocytic compartments, its detailed mechanisms remained
unclear.

5 Conclusion

In this study, a compromised osteogenic effect of therapeutical
osteoinductive exosomes on senescent BMSCs/individuals
compared with young BMSCs/individuals was discovered. It was
demonstrated that non-senescent BMSCs internalized exosomes
exclusively via clathrin-mediated endocytosis, while senescent
BMSCs additionally evoked macropinocytosis and caveolae-
mediated endocytosis to mediate the internalization of
exosomes. The alteration of endocytic manner of senescent
BMSCs might be responsible for the compromised effects of
therapeutical exosomes. The phenomena discovered in this study
could also be extended to other scenarios where drugs or treatments
exerted compromised effects in aging individuals. The in�uence of
endocytic manner, avoidance of macropinocytosis-related negative
effects should be taken into considerations in future therapeutic
design for aging populations.
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