
Peng et al. Journal of Nanobiotechnology          (2024) 22:543  
https://doi.org/10.1186/s12951-024-02818-5

RESEARCH

Young small extracellular vesicles rejuvenate 
replicative senescence by remodeling Drp1 
translocation‑mediated mitochondrial dynamics
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Abstract 

Background  Human mesenchymal stem cells have attracted interest in regenerative medicine and are being tested 
in many clinical trials. In vitro expansion is necessary to provide clinical-grade quantities of mesenchymal stem cells; 
however, it has been reported to cause replicative senescence and undefined dysfunction in mesenchymal stem cells. 
Quality control assessments of in vitro expansion have rarely been addressed in ongoing trials. Young small extracel-
lular vesicles from the remnant pulp of human exfoliated deciduous teeth stem cells have demonstrated therapeu-
tic potential for diverse diseases. However, it is still unclear whether young small extracellular vesicles can reverse 
senescence-related declines.

Results  We demonstrated that mitochondrial structural disruption precedes cellular dysfunction during bone 
marrow-derived mesenchymal stem cell replication, indicating mitochondrial parameters as quality assessment 
indicators of mesenchymal stem cells. Dynamin-related protein 1-mediated mitochondrial dynamism is an upstream 
regulator of replicative senescence-induced dysfunction in bone marrow-derived mesenchymal stem cells. We 
observed that the application of young small extracellular vesicles could rescue the pluripotency dissolution, immu-
noregulatory capacities, and therapeutic effects of replicative senescent bone marrow-derived mesenchymal stem 
cells. Mechanistically, young small extracellular vesicles could promote Dynamin-related protein 1 translocation 
from the cytoplasm to the mitochondria and remodel mitochondrial disruption during replication history.

Conclusions  Our findings show that Dynamin-related protein 1-mediated mitochondrial disruption is associated 
with the replication history of bone marrow-derived mesenchymal stem cells. Young small extracellular vesicles 
from human exfoliated deciduous teeth stem cells alleviate replicative senescence by promoting Dynamin-related 
protein 1 translocation onto the mitochondria, providing evidence for a potential rejuvenation strategy.

Keywords  Stem cells from the remnant pulp of human exfoliated deciduous teeth (SHED), Small extracellular 
vesicles, Mitochondrial dynamics, Mesenchymal stem cell, Replicative senescence
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Background
Mesenchymal stem cells (MSCs) are pluripotent stem 
cells isolated from various tissues, including the bone 
marrow and adipose tissue that can generate progenitors 
and differentiate into multiple lineages of mesenchyme 
[1, 2]. MSC therapy is an emerging branch of regenera-
tive therapy in tissue regeneration and repair owing to 
its ability to self-renew and multi-lineage differentiation, 
immunoregulatory effects, and low immunogenicity [3]. 
Following limited mitotic division, MSCs reach the Hay-
flick limit [4] and enter replicative senescence states [5]. 
Replicative senescent MSCs are mitotically arrested but 
metabolically active, constraining their envisioned thera-
peutic use in vitro [6] and accelerating stem cell exhaus-
tion and, thus, organismal aging in  vivo [7]. Although 
previous studies have revealed that long-term culture of 
MSC preparations may lead to phenotype variation [8], 
gene expression changes, and epigenetic modifications 
[9], quality control assessments of stem cell preparations 
have rarely been addressed in ongoing trials. Ambiguities 
plague the quality control field and substantially restrict 
the therapeutic use of MSCs.

Mitochondrial dysfunction and cellular senescence 
are closely related hallmarks of aging [10–12]. Avail-
able evidence strongly supports the idea that MSCs 
can maintain stemness and therapeutic effects by 
attenuating mitochondrial dysfunction [13–15]; how-
ever, dissecting their details remains a significant chal-
lenge. Drp1 is a member of the dynamin superfamily of 
GTPases, predominantly localized in the cytosol, and 
is recruited to the mitochondria to drive mitochon-
drial fission [16]. Mitochondrial morphology and seg-
regation controlled by Drp1 are critical for providing 

replicative memory and avoiding excessive division 
of hematopoietic stem cells [17]. However, the role of 
Drp1-dependent mitochondrial dynamics in long-term 
cell replication remains unclear.

Stem cells from the remnant pulp of human exfo-
liated deciduous teeth (SHED) are derived from 
immature individuals, with characteristics closest to 
embryonic and umbilical cord-derived stem cells [18]. 
Easy accessibility and low ethical scrutiny enable SHED 
to become a better choice for rejuvenating strate-
gies. Growing evidence indicates that the therapeutic 
benefits of SHED primarily result from the paracrine 
actions of its ‘secretomes’, exhibiting considerable 
potential in regenerative medicines for diverse diseases 
[19–22]. Collectively, extracellular vesicles (EVs) have 
been shown to rejuvenate senescent phenotypes, both 
in  vivo and ex  vivo [23, 24]. EVs from younger MSCs 
are believed to possess higher anti-aging potentials [25, 
26], and possibly benefit from the transition of pre-
mature characteristics. Few studies have applied sEVs 
from SHED to age-related research; therefore, sugges-
tive evidence is still lacking.

In this study, we found that mitochondrial struc-
tural disruption preceded cellular dysfunction dur-
ing the replicative history of BMSCs. Drp1-mediated 
mitochondrial dynamics are upstream regulators of 
replicative-senescence-like phenomena. Young sEVs 
derived from SHED rejuvenate replicative senescence 
and preserve the pluripotency and therapeutic effects 
of BMSCs. Mechanistically, young sEVs attenuate repli-
cation-associated mitochondrial disruption by promot-
ing Drp1 translocation onto the mitochondria.

Graphical Abstract
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Methods
Animals
C57BL/6 males, aged 6 weeks to 8 weeks, were housed at 
the Animal Facility of Sun Yat-sen University under a 12-h 
light/dark cycle with free access to water and standard 
food. All animal procedures were performed according to 
an institutionally approved protocol for animal research 
(Sun Yat-sen University; SYSU-IACUC-2023-000688).

Cell isolation and culture
Normal exfoliated human deciduous teeth were collected 
from 6- to 8-year-old children without oral or systemic 
diseases (six males and six females) under approval by 
the Medical Ethics Committee of the Hospital of Stoma-
tology at Sun Yat-sen University (KQEC-2022-117-01). 
All exfoliated deciduous teeth were intact without injury, 
cary, or inflammation. SHED were isolated and cultured 
as previously reported [20]. Briefly, the pulps from decid-
uous teeth were delicately isolated, minced and digested 
with 3  mg/mL collagenase (Sigma-Aldrich) and 4  mg/
mL dispase (Gibco-BRL) and then cultured in Dulbecco’s 
Modified Eagle Medium (DMEM, Gibco-BRL) contain-
ing 10% fetal bovine serum (FBS, New Zerum), 100  U/
mL penicillin and 100 mg/mL streptomycin (Gibco-BRL). 
After the plastic-adherent cells reached 80% confluence, 
they were passaged with 0.25% trypsin containing 1 mM 
EDTA (Gibco) and cultured in DMEM with 10% FBS. 
SHED at P3–P6 were applied for further experiments.

BMSCs were purchased from Cyagen Biosciences and 
cultured in Minimum Essential Medium Alpha (Gibco-
BRL) containing 10% fetal bovine serum (New Zerum).

Lymph node T cells from inguinal were obtained from 
6 to 8-week-old C57BL/6 mice and cultured in RPMI 
1640 (Gibco-BRL) containing 10% FBS and 2 µg/mL anti-
CD3 (Biolegend) and 5 µg/mL anti-CD28 (Biolegend) for 
48 h as previously reported [27].

All cells were cultured in a humidified incubator with 
5% CO2 at 37 °C.

Colony‑forming unit (CFU) assay
For MSCs characterization, approximately 1000 SHED 
were seeded into 10  cm dishes (Biofil). Approximately 
200 BMSCs were seeded on a 6-well culture plate (Biofil) 
to evaluate self-renewal ability. The medium was changed 
every 3  days for 14  days. The cells were gently washed 
with neutral phosphate buffer saline (PBS), fixed in 4% 
paraformaldehyde for 15 min at room temperature, and 
stained with 1% crystal violet solution for 10 min (Sigma-
Aldrich). Then cells were washed with PBS gently until 
the background was clear. Colonies were photographed, 
and those that contained 50 or more cells were selected.

Multilineage differentiation induction assays
For differentiation ability evaluation, approximately 
1.6 × 104 SHED or BMSCs were seeded on a 24-well cul-
ture plate (Biofil). When the confluence reached 80%, the 
medium of the induction group was replaced with the 
osteogenic induction medium (DMEM containing 10% 
FBS, 8 mM β-glycerophosphate, 40 nM dexamethasone, 
and 0.4 mM ascorbic acid). We used cells cultured in the 
complete medium as the negative control. The medium 
was changed every three days. After 21-day induc-
tion, the cells were fixed and stained with 1% Alizarin 
S Red (Sigma-Aldrich) with pH 4.2 for 30  min at room 
temperature.

For the lipogenesis induction assay, the medium was 
replaced with lipogenesis induction medium A (Cyagen) 
at 90–100% confluence. Lipogenesis induction medium 
A was maintained for 3 d, and the medium was subse-
quently replaced with lipogenesis induction solution B 
(Cyagen) for 1 d, according to the manufacturer’s instruc-
tions. The medium of the control group was replaced 
with fresh complete medium at the same time. After 
21-day induction, the cells were fixed and stained with 
Oil Red O (Cyagen) for 20 min at room temperature.

Finally, cells were washed with PBS for three times to 
remove the unbound dye and photographed under cam-
era or light microscopy.

Tissue origin identification
Approximately 1.6 × 104 SHED were seeded on a 24-well 
culture plate (Biofil). When SHED reached 60% con-
fluence, they were fixed with 4% paraformaldehyde 
for 15  min, permeabilized with 0.1% Triton X-100 for 
15 min, and blocked with 5% BSA for 1 h at room tem-
perature. One of the cell groups was incubated with 
mouse anti-human vimentin primary antibody (1:1000, 
Cell Signaling Technology), while another group was 
incubated with mouse anti-human cytokeratin 18 pri-
mary antibody (1:500, Abcam) in a wet box overnight 
at 4  °C. The cells were washed with PBS for three times 
(5 min each time) to remove the unbound antibody and 
incubated with Alexa Fluro 488-labeled or Alexa Fluor 
555-labeled secondary antibodies (1:500, Servicebio) for 
1 h at room temperature. Nuclei were stained with DAPI 
(Thermo Fisher Scientific) for 5  min at room tempera-
ture. Finally, the cells were washed with PBS for three 
times (5 min each time) to remove the unbound dye. The 
fluorescence was detected using a confocal laser micro-
scope (Zeiss LSM 980).

Isolation of young sEVs
Young sEVs from SHED at P3–P6 were isolated follow-
ing previously reported [28, 29]. Approximately 1.5 × 106 
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SHED were seeded on a 15-cm dish. When SHED 
reached 80% confluence (approximately 4 × 106 SHED), 
the medium was replaced with 24 mL fresh DMEM con-
taining 10% EV-free FBS. After 72  h of culturing, the 
medium was collected for sEVs isolation. The medium 
was centrifuged serially at 300×g for 10 min, 2000×g for 
20 min, and 10,000×g for 30 min at 4 °C to remove cells, 
dead cells, debris, apoptotic bodies, and large EVs (IEVs). 
Subsequently, the supernatant was passed through a 0.22 
um pore PES filter (Millipore) to remove the remaining 
IEVs further, followed by ultracentrifugation at 100,000×g 
for 70 min at 4  °C. The supernatant was discarded, and 
the pellets containing sEVs were resuspended in a large 
volume of PBS before the second round of ultracentrifu-
gation at 100,000×g for 70  min. The young sEVs pellets 
were resuspended in PBS for further use. We used PBS 
as a negative control in the experiments including young 
sEVs.

Uptake of young sEVs by BMSCs
According to the manufacturer’s instructions, young 
sEVs were labeled with the green fluorescent dye PKH67 
(Sigma-Aldrich). Approximately 6 × 104 BMSCs were 
seeded in confocal dishes (NEST). Recipient BMSCs 
were incubated with PKH67-labeled young sEVs (40 μg/
mL) for 12  h, then fixed in 4% paraformaldehyde for 
15 min, stained cytoskeleton with Phalloidin (Beyotime) 
for 30 min, and incubated with DAPI for 5 min at room 
temperature. The uptake of young sEVs by BMSCs was 
observed using a confocal laser microscope (Olympus). 
We used BMSCs stained with Phalloidin and DAPI, but 
not incubated with PKH67-labelled sEVs as a negative 
control.

Transmission electron microscope
Young sEVs were resuspended in PBS and fixed with a 3% 
glutaraldehyde solution for 30 min at room temperature 
to detect the morphological characteristics. The sam-
ples were then added to a copper grid and dried with 1% 
phosphotungstic acid for 5  min at room temperature. 
Imaging was performed using a Tecnai G2 Spirit Twin 
transmission electron microscope (FEI Company).

Zetaview analysis
ZetaView PMX 120 (Particle Metrix) was used to detect 
the size distribution and zeta potential of young sEVs. 
Freshly isolated young sEVs were diluted to 1.0 mL with 
PBS. The samples were then injected into the machine 
using a 1  mL syringe and analyzed by scanning all 11 
positions. ZetaView software 8.02.31 was used for the 
data analysis.

Cellular senescence assay
5 × 104 BMSCs were seeded in 24-well plates and incu-
bated for 24 h. A cellular senescence assay followed the 
protocol provided with the Cellular Senescence Assay Kit 
(Beyotime).

EdU incorporation assay
3000 BMSCs were seeded in 96-well plates (Perkin Elmer) 
and cultured for 24 h. Cells were treated with 5-ethynyl-
20-deoxyuridine (EdU, KeyGEN BioTECH) to a final 
concentration of 50 μM in a 100 μL culture medium for 
2  h in a cell culture incubator. BMSCs were then fixed 
with 4% PFA for 15 min, permeabilized with ethanol for 
20  min, and labeled with Alexa Fluor 647-conjugated 
probes by click-it reactions following the manufacturer’s 
instructions. Hoechst 33342 (KeyGEN BioTECH) was 
used to stain nuclei. The cells in the 96-well plate were 
then subjected to high-content imaging (Perkin Elmer) 
for analysis. Cells stained with Hoechst 33342 were used 
as a negative control.

Flow cytometry analysis
To detect specific surface antigens of SHED, SHED were 
prepared at a density of 106 cells per 100  μL PBS. The 
cells were then stained with phycoerythrin (PE)-conju-
gated antibodies against CD34, CD44, CD45, CD90, and 
CD105, and fluorescein isothiocyanate (FITC)-conju-
gated antibodies against HLA-DR (1:100, Biolegend) for 
30  min on ice in the dark before collection using FACS 
Diva software (BD Biosciences).

For the mitochondrial reactive oxygen species (ROS) 
detection, BMSCs were stained with MitoTracker™ Red 
CMXRos (100 nM, Thermo Fisher Scientific) at 37 °C, 5% 
CO2 for 20 min, and washed with PBS thrice. Then, cells 
were stained with MitoSOX Red (5  μM, MedChemEx-
press) at 37 °C for 30 min before collecting by FACS Diva 
software (BD Biosciences).

For mitochondrial content analysis, the BMSCs were 
fixed with 4% paraformaldehyde for 15  min, permea-
bilized with 0.3% Triton X-100 for 10 min, and blocked 
with 5% BSA for 1  h at room temperature. Cells were 
incubated with rabbit anti-Tom20 antibody (1:1000, Cell 
Signaling Technology) at 4 °C overnight and stained with 
Cy5-conjugated secondary antibody (1:400, Servicebio) 
for 1  h at room temperature. Mitochondrial param-
eters were analyzed using the FACS Diva software (BD 
Biosciences).

Replicative history tracing by CFSE labeling
For replicative history tracking of BMSCs, CFSE [5‐
(and‐6)‐carboxyfluorescein diacetate succinimidyl ester] 
labeling was used as the previous reference suggested 
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[30]. BMSCs were prepared at a density of 106 cells per 
100 μL PBS. CFSE (Biolegend) was then added at a final 
concentration of 5 μM and incubated for 10 min at 37 °C. 
Staining was quenched by adding five volumes of an ice-
cold culture medium containing 10% FBS for 5  min on 
ice. Cells were washed and cultured for 48 h. Cells were 
then harvested for flow cytometric analysis using FACS® 
cytometer.

Immunofluorescence analysis
The mitochondria in BMSCs were labeled with 
MitoTracker Red CMXRos (Invitrogen) for 20  min at 
37  °C. Excessive dye was washed with PBS for three 
times. After fixation and blocking, cells were incubated 
with rabbit anti-human Drp1 primary antibody (1:100, 
BOSTER) in a wet box overnight at 4 °C. After incubation 
with fluorescently labeled secondary antibodies (1:500, 
Servicebio) for 1  h at room temperature, the cells were 
washed with PBS and incubated with DAPI (Abcam) for 
5 min at room temperature. The samples were observed 
under a confocal laser microscope (Zeiss LSM 980).

Mitochondrial membrane potential (ΔΨm) analysis
The mitochondrial membrane potential (MMP) was 
detected using a mitochondrial membrane potential 
assay kit with JC-1 (Beyotime), following the manufactur-
er’s protocol. Pretreatment with 10 µM CCCP for 20 min 
before collection was applied to the positive control 
group. When the BMSCs reached 80% confluence, they 
were collected and washed with a washing buffer. The 
BMSCs were resuspended and incubated in a freshly pre-
pared JC-1 working solution at 37 °C for 20 min. The cells 
were washed and resuspended for analysis using a flow 
cytometer (Beckman) and further analyzed as the previ-
ous reference suggested [31].

Intracellular ROS detection
For measurement of intracellular ROS levels, cells were 
loaded with the DCFH-DA probe [5‐(and‐6)‐chlorome-
thyl‐2′,7′‐dichlorodihydrofluorescein diacetate, acetyl 
ester, DCFH-DA, Beyotime] at 10 μM and incubated for 
20 min at 37  °C in cell culture incubator. The cells were 
collected and resuspended in PBS. The positive control 
group was incubated with 50  μg/mL rosup reagent for 
20 min. Cells were then analyzed using a flow cytometer 
(Beckman Coulter).

Mitochondrial ROS detection
Following the manufacturer’s protocol, mitochondrial 
ROS were assayed using MitoSOX Red (MedChemEx-
press). BMSCs were collected, washed, and stained with 
MitoSOX Red at 37 °C for 30 min. MitoSOX Red-positive 
cells were detected using the FACS Diva software (BD 

Biosciences) and further analyzed as the previous refer-
ence suggested [31].

Adenosine 5′‑triphosphate (ATP) production assay
ATP production was measured using an ATP Assay Kit 
(Beyotime), according to the manufacturer’s instructions. 
BMSCs were lysed using a lysis buffer provided with the 
kit and centrifugated at 12,000 rpm for 5 min at 4 °C. The 
supernatant of each sample was collected and mixed with 
the luciferase reagent in a 96-well plate (Beyotime). Fluo-
rescence spectrophotometry was used to measure the 
ATP levels using a luminescence reader (BioTek Synergy 
H1).

Total RNA extraction and reverse transcription‑quantitative 
PCR (RT‑qPCR)
Total RNA was isolated from P8 BMSCs using the TRI-
zol reagent (CWbio), and reverse transcription was per-
formed using the Genstar RT reagent kit (Genstar). The 
p16, p21, c-MYC, and SCF expression levels in BMSCs 
were analyzed using the SYBR Green PCR Master Mix kit 
(Roche), with the following conditions: 95 °C for 10 min, 
40 cycles of denaturation at 95  °C for 15  s, annealing at 
60  °C for 20  s, and extension at 72  °C for 20  s. Primer 
sequences for p16 were Forward: 5′-TGC​CGA​AGT​CAG​
TTC​CTT​GT-3′; Reverse: 5′-CAT​TAG​CGC​ATC​ACA​
GTC​GC-3′. Primer sequences for p21 were Forward: 
5′-CAT​CTT​CTG​CCT​TAG​TCT​CA-3′; Reverse: 5′-CAC​
TCT​TAG​GAA​CCT​CTC​ATT-3′. Primer sequences for 
c-MYC were Forward: 5′-GTC​AAG​AGG​CGA​ACA​CAC​
AAC-3′; Reverse: 5′-TTG​GAC​GGA​CAG​GAT​GTA​TGC-
3′. Primer sequences for SCF were Forward: 5′-AAT​
CCT​CTC​GTC​AAA​ACT​GAAGG-3′; Reverse: 5′-CCA​
TCT​CGC​TTA​TCC​AAC​AATGA-3′. Primer sequences 
for GAPDH were Forward: 5′-GGA​GCG​AGA​TCC​CTC​
CAA​AAT-3′; Reverse: 5′-GGC​TGT​TGT​CAT​ACT​TCT​
CATGG-3′. The 2−ΔΔCT method was employed to 
determine the relative mRNA expression, and GAPDH 
was used a control. Each assay was performed in 
triplicates.

Western blot analysis
Young sEVs or BMSCs were lysed with RIPA buffer 
containing a protease inhibitor cocktail (Beyotime). 
The Pierce BCA assay (Thermo Fisher Scientific) deter-
mined the protein concentration. Thirty micrograms 
of each protein sample were loaded on 10% SDS-PAGE 
gels for proteins > 30 kDa or 12–15% SDS-PAGE gels for 
proteins < 30  kDa. Proteins were then transferred onto 
polyvinylidene difluoride (PVDF) membranes (Milli-
pore). Membranes were blocked in TBST containing 5% 
milk powder (Beyotime) and subsequently incubated 
overnight at 4  °C with anti-alpha-Tubulin (Cell Signal 
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Technology), anti-TSG101 (Abcam), anti-CD9 (Santa 
Cruz), and anti-CD63 (Abcam) antibodies for sEVs char-
acterization, anti-Runx2 (Boster) antibody for BMSCs 
osteogenesis, anti-p21 (Cell Signal Technology) antibody 
for senescence analysis, anti-Drp1 (Boster) antibody for 
mitochondrial dynamics, and anti-β-actin (Affinity) or 
anti-GAPDH (Zen BioScience) antibodies for internal 
control. After washing with TBST, the membranes were 
incubated with fluorescence-conjugated (LI-COR) or 
horseradish peroxidase (HRP)-conjugated secondary 
antibodies (EMAR) for 1  h at room temperature. HRP-
conjugated proteins were visualized using ECL Plus 
Chemiluminescent Substrate (Beyotime) and detected 
using an imaging system (Bio-Rad). Fluorescence-conju-
gated proteins were visualized using a fluorescence imag-
ing system (Odessey).

In vitro immunoregulatory capacity of BMSCs
Approximately 1 × 104 BMSCs from each group were 
seeded in a 48-well plate and cultured for 24  h. 1 × 105 
pre-stimulated T cells (described above) were directly 
loaded onto BMSCs and cocultured for another 72 h. The 
T cells were then collected and subjected to PE Annexin 
V and 7-Amino-Actinomycin staining (BD Biosciences) 
following the manufacturer’s instructions. T-cell apopto-
sis was evaluated by flow cytometry (Beckman).

Induction of DSS colitis
Six-week-old to 8-week-old male co-housed littermates 
were administered 3% DSS (dextran sulfate sodium salt, 
36–50 kDa; Meilunbio) in drinking water for 7 days, fol-
lowed by drinking normal water for 2 days. Induced coli-
tis mice were evaluated as previously described [32, 33]. 
The animals were sacrificed on day 9, and the colons were 
removed from the cecum to the anus. The control group 
was provided with normal drinking water.

Staining with Paul Karl Horan (PKH) membrane linkers 
and PKH67‑labeled BMSCs tracing in acute colitis mice
For tracing BMSCs in the colitis model, 1 × 107 BMSCs 
at P6 were labeled with PKH67 (10 µM, Sigma-Aldrich) 
following the manufacturer’s instructions. 5 × 105 
PKH67-labeled BMSCs were infused into colitis mice 
intravenously at day 3 after feeding with DSS water. An 
equal volume of PBS was injected into the control group.

The major tissues, including the heart, lungs, kidneys, 
liver, colon, and femur, were freshly collected after ani-
mals were sacrificed. Digital photographs were taken 
using Xenogen IVIS 100 (PerkinElmer). The femurs and 
colons were collected and washed with cold PBS. After 
removal of metaphyses, cells were collected by flush-
ing femoral cavities with cold PBS and filtered through a 
100  μm cell strainer. Single cells from the colon tissues 

were harvested as previously described [34]. Briefly, the 
colons were cut into small pieces and shaken in 1× HBSS 
containing DTT (Sigma-Aldrich), followed by diges-
tion with dispase IV (Asegene) with continuous shak-
ing. After terminating the digestion, the mix was filtered 
with 100 μm cell strainers. PKH67-labeled BMSCs were 
detected using the FACSDiva software (BD Biosciences) 
and further analyzed as the previous reference suggested 
[31].

Histological and immunohistochemical staining
Colons were fixed in 4% paraformaldehyde overnight 
at 4  °C after being washed with cold PBS. The samples 
were dehydrated, embedded in paraffin, and sectioned. 
According to the manufacturer’s instructions, alcian blue 
staining was conducted using commercial kits (Service-
bio). Briefly, the sections were colored for 30 min in a 1% 
Alcian Blue solution, followed by washing with water to 
remove excessive dye. For immunohistochemical stain-
ing, the sections were incubated with anti-Foxp3 (Cell 
Signaling Technology), IL-17 (Cell Signaling Technology), 
and F4/80 (Cell Signaling Technology) primary antibod-
ies overnight at 4 °C followed by fluorescence-conjugated 
secondary antibodies (EMAR) staining. Images were cap-
tured using an Olympus confocal microscope and ana-
lyzed using ImageJ software.

Statistical analysis
All in vitro experiments were conducted with three bio-
logical replicates, and in  vivo experiments were con-
ducted with five replicates. Statistical analyses were 
performed using GraphPad Prism version 8.0. Data 
are presented as means ± standard error of the mean. 
Comparisons between two groups were analyzed using 
independent two-tailed Student’s t-tests, whereas com-
parisons between more than two groups were analyzed 
using one-way ANOVA followed by Tukey’s multiple 
comparisons test and Dunnett’s multiple comparisons 
test. Statistical significance was defined as a P-value less 
than 0.05, denoted as *p < 0.05, **p < 0.01, ***p < 0.001, and 
****p < 0.0001. Pearson correlation analysis was applied to 
measure the linear correlation between parameters men-
tioned in the results. The value of the Pearson correlation 
coefficient lies between + 1 and − 1. A value of + 1 is a 
total positive linear correlation, 0 is no linear correlation, 
and − 1 is a total negative linear correlation. Manders 
Overlap Coefficients (MOC) is one of the standard pro-
cedures for describing the degree of overlap between two 
patterns. MOC was applied in the colocalization analy-
sis between Drp1 and mitochondria fluorescence in 3D 
images. The values of MOC range from 0 to 1. Values that 
lie between 0 and 0.6 imply no significant colocalization. 
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Only when MOC > 0.6, Drp1 and mitochondria were 
considered as significantly colocalized.

Results
Long‑term passaging initiates replicative senescence 
and pluripotency dissolution in BMSCs
BMSCs have self-renewal and multilineage differentiation 
capacities and are largely quiescent in adult bone marrow 
tissues. The cellular quiescence state prevents excessive 
cell division and limits the window of opportunity for cell 
differentiation and senescence [35]. During long-term 
culture in  vitro, BMSCs exit the quiescence state and 
reenter the cell cycle in response to replication stress, 
terminating senescence. We then established a replicative 
senescence BMSCs model by long-term culture using 
consistent seeding density, culture media, and supple-
ments. Here, we chose human BMSCs cultured for the 

3rd passage (P3), 6th passage (P6), and 9th passage (P9), 
which are representative of the gradual phase of replica-
tive senescence. Senescence-associated β-galactosidase 
(SA-β-gal) analysis showed the percentage of β-gal 
positive cells increased from P3 to P9 (p < 0.001 in each 
group) (Fig. 1a). Western blot analysis revealed that p21 
was upregulated after long-term passaging (Fig.  1b). 
Next, we evaluated the potency parameters through 
long-term passaging, including proliferation and osteo-
genic capacity. 5-Ethynyl-2′-deoxyuridine (EdU) stain-
ing showed that the proliferation rate decreased with the 
long-term passaging, significantly reduced at P9 com-
pared to P3 (Fig. 1c) (p < 0.0001 at each group). The ALP 
staining assay showed that activity of ALP was compara-
ble between P3 and P6 BMSCs (n = 3, p > 0.05) (Fig. 1d). 
Alizarin red staining revealed that mineralized nodules 
formed by P6 BMSCs were slightly fewer than those 

Fig. 1  Long-term passaging initiates replicative senescence and pluripotency dissolution in BMSCs. a Representative images and quantification 
of senescence-associated β-galactosidase (SA-β-gal) positive BMSCs. Scale bar, 50 μm. b Western blot results and relative expression levels 
of senescence marker p21WAF1/CIP1 (p21) per group. c Representative images and quantification of EdU-positive BMSCs. BMSCs were co-stained 
with Hoechst (blue) and Alexa Fluor 647 conjugated EdU (Red). Scale bar, 50 μm. d Representative images of ALP staining of BMSCs treated 
as indicated after osteogenic induction for 7 days. e Representative images of alizarin red staining of BMSCs treated as indicated after osteogenic 
induction for 14 days. Data is shown as mean ± SEM. Comparison with P3 BMSCs group: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. ns: 
not significant (p > 0.05)
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formed by P3 BMSCs (n = 3, p < 0.05) (Fig. 1e). However, 
ALP activity and mineralized nodule-forming capacity 
decreased dramatically in P9 BMSCs. These data indi-
cate that long-term replication in  vitro initiated senes-
cence and a significant functional decline in P9 BMSCs, 
whereas a slight functional decline in P6 BMSCs was still 
acceptable.

Mitochondrial integrity disruption precedes cellular 
dysfunction during replication in vitro
We investigated whether structural disruption precedes 
cellular dysfunction and senescence during long-term 
cell preparation. Mitochondrial integrity, controlled by 
mitochondrial dynamism, is critical for cellular function 
and longevity. Researchers have shown that dysfunctional 
mitochondria contribute to premature transformations, 
which can be mitigated by modifying mitochondrial 
function or structure [36–38]. In addition, lysosome-
mediated autophagy, including mitophagy (a selective 
type of autophagy targeting mitochondrial degradation), 
has been shown to exert protective effects on aging neu-
ral stem cells and ensure longevity from an organismal 
perspective [39–42]. We performed high-content imag-
ing and Spot-Edge-Ridge (SER) texture analysis using 
BMSCs stained with MitoTracker Red CMXRos and 
LysoTracker Green (Fig.  2a). Lysosomal abundance dra-
matically decreased during long-term replication, indi-
cating the disability-degrading activities of dysfunctional 
organelles and biomacromolecules during replication 
in vitro. Especially in P9 BMSCs, lysosomal fluorescence 
was hardly detected. BMSCs at P3, P6, and P9 exhibited 
different branches in the mitochondrial network. The 
mitochondria were more condensed and localized near 
the nucleus in P3 and P6 BMSCs. In contrast, more dis-
persed or polarized mitochondria were observed in P9 
BMSCs (Fig. 2a). SER texture analysis showed distinctly 
shorter mitochondrial lengths in P3 BMSCs than in older 
BMSCs, varying from small and round morphological 
features in P3 to elongated ones in P6, and eventually to 
reticular structures in P9.

Furthermore, we investigated the mitochondrial dis-
ruption preceding functional decline using CFSE to track 
cellular replication history, Tom20 (an outer mitochon-
drial membrane protein) to evaluate mitochondrial mass, 
and mitoSOX Red to indicate mitochondrial function. 
BMSCs at P3, P6, and P9 were labeled with CFSE and 
cultured for 48 h before flow cytometry. Increasing num-
bers of cells shifted to the dimmer side of the fluores-
cence scale as passaging progressed (Fig. 2b), indicating a 
prolonged cell cycle span and lower proliferative capacity 
as the replication history increased. Tom20 levels were 
relatively higher in cells with lower CFSE mean fluores-
cence intensity (CFSE MFI) in the same passage and in 

cells with more passages across the groups. A relative 
elevation in Tom20 levels in P6 BMSCs (p < 0.01, P3 vs. 
P6) precedes a slight decline in cellular function (Fig. 2c). 
Pearson correlation analysis revealed that the Tom20 
level is positively correlated with division time (Pearson 
r = 0.23, p < 0.01), negatively correlated with CFSE MFI 
(Pearson r = − 0.53, p < 0.001), and positively correlated 
with passage (Pearson r = 0.54, p < 0.001) (Fig. 2d). To this 
end, either short- or long-term replication is accompa-
nied by increased mitochondrial mass.

We evaluated mitochondrial reactive oxygen species 
(mtROS) accumulation using mitoSOX red probes to 
determine mitochondrial functional decline during rep-
lication. MtROS levels in P6 BMSCs were dramatically 
elevated compared to those with P3 (p < 0.0001), which 
was inconsistent with the cellular function performances 
(Fig.  2e). It exhibited a strong negative correlation with 
division time (Pearson’s r = − 0.88, p < 0.001), and posi-
tive correlations with CFSE fluorescence preservation 
(Pearson’s r = 0.88, p < 0.001) and passage accumulation 
(Pearson’s r = 0.37, p < 0.05), indicating that a longer rep-
lication history was associated with mitochondrial func-
tion decline (Fig.  2f ). Based on these analyses, BMSCs 
contain mitochondria that differ morphologically and 
functionally following replicative stress. The inconsist-
ency between mitochondrial parameters and cellular 
dysfunction indicates that disruption of mitochondrial 
integrity precedes cellular dysfunction during replication 
in vitro.

Impaired Drp1‑mediated mitochondrial dynamism induces 
senescence‑like phenomena in BMSCs
Defects in mitochondrial integrity observed in prolonged 
replication histories indicate defects in mitochondrial 
fission. Drp1 is the primary regulator of mitochondrial 
fission. Inactivated Drp1 is dispersed around the plasma 
under inactivated conditions, while functional Drp1 oli-
gomerizes onto the mitochondria to regulate the mito-
chondrial fraction [43]. Therefore, we investigated Drp1 
activity by detecting Drp1 translocation onto the mito-
chondria. We observed numerous Drp1 spots accumu-
lated on the mitochondria of P3 BMSCs, whereas the 
accumulation of Drp1 spots on mitochondria was sig-
nificantly lower in P9 BMSCs (Fig.  3a). To evaluate the 
degree of overlap between Drp1 and mitochondria, MOC 
was applied to the calculation of 3D images. MOC in the 
P3 group was 0.98, indicating a strong colocalization 
relation of Drp1 and mitochondria. MOC was 0.54 in the 
P9 group, implying no significant colocalization between 
Drp1 and mitochondria. In addition, the mitochondrial 
network was more dispersed, with more elongated mito-
chondrial segments at P9. The disabled accumulation of 
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Fig. 2  Mitochondrial integrity disruption precedes cellular dysfunction during replication in vitro. a High-content imaging and SER texture analysis 
in BMSCs. Scale bar, 50 μm. b Replication history analysis in BMSCs using CFSE probes. c Quantification of Tom20 levels in CFSE-labeled BMSCs. d 
Pearson correlation analysis among passage, division time, Tom20 MFI, and CFSE MFI. e Quantification of mitoSOX positive cells in CFSE-labeled 
BMSCs. f Pearson correlation among passage, division time, mitoSOX MFI, and CFSE MFI. Data is shown as mean ± SEM. Comparison with P3 BMSCs 
group: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. ns: not significant (p > 0.05)
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Drp1 on the mitochondria perhaps resulted from defec-
tive Drp1 translocation.

To elucidate whether impaired Drp1-mediated mito-
chondrial fission directly causes functional decline 
and senescence in BMSCs, we used mdivi-1, a selective 
inhibitor of Drp1 activity [44], and transient transfec-
tion with ov-Drp1 plasmid to treat BMSCs. For Drp1 
inhibition, P6 BMSCs were treated with 5  μM mdivi-1 
for 2  h as previously described [45] and then switched 
to a fresh complete medium for another 48 h. For Drp1 
activation, P6 BMSCs were cultured to 60% density and 
transfected with ov-Drp1 plasmids for 24  h. Remark-
ably, mdivi-1 treatment decreased the expression of 
Drp1 at the mRNA level, while ov-Drp1 plasmids nota-
bly promoted threefold Drp1 expression in P6 BMSCs 
(Fig. 3b). Besides, mdivi-1 increased the senescent β-gal 
positive cells in P6, compared to vehicle-treated (equal 
volume of DMSO) control (Fig.  3c, d), while ov-Drp1 
treatment showed no significant difference with the con-
trol group. Next, we assessed the proliferative capacity 
of mdivi-1-treated BMSCs. Results showed that mdivi-1 
caused a modest reduction in the proliferative capacity 
of the BMSCs, but ov-Drp1 treatment promoted pro-
liferation (p < 0.05) (Fig.  3e, f ). We tested the ability of 
mdivi-1-treated BMSCs to differentiate under osteogenic 
conditions. Mdivi-1-treated P6 BMSCs deteriorated their 
osteogenic differentiation capacity (Fig.  3g). The osteo-
genic differentiation capacity of the Ov-Drp1 group was 
slightly stronger than the control group. These results 
indicate that inhibition of Drp-1-mediated mitochon-
drial fission induces replicative senescence-like phenom-
ena in younger BMSCs, while Drp1 activation partially 
improves the functions of BMSCs. Thus, Drp1-mediated 
mitochondrial dynamics are upstream regulators of the 
senescent state and function of BMSCs.

Young sEVs rejuvenate replicative senescent BMSCs 
by promoting Drp1 translocation onto mitochondria
To determine whether young sEVs exert protective effects 
against replicative senescent BMSCs, SHED, and young 
sEVs were isolated and characterized. SHED were isolated 
from human exfoliated deciduous incisors and cultured 
until P3 for subsequent experiments. Colony-forming 
unit assay, flow cytometry, immunofluorescence, and 
mesodermal differentiation staining assays (Additional 

file 1: Figure S1) were examined. These results confirmed 
that SHED possesses MSC properties and pluripotency, 
as previously reported [18]. Young sEVs were then iso-
lated from the supernatant of P3 SHED by ultracentrifu-
gation and further characterized by transmission electron 
microscopy (TEM), western blot, ZetaView analysis, and 
zeta potential analysis. TEM revealed that young sEVs 
exhibited a classic cup-shaped morphology (Additional 
file  1: Figure S2a). Western blot analysis demonstrated 
that the EV-associated protein markers CD63, CD9, 
and TSG101 were enriched in young sEVs. Meanwhile, 
α-Tubulin was less expressed in young sEVs than SHED 
whole cell lysis (Additional file 1: Figure S2b). ZetaView 
analysis revealed that the particle size of the young sEVs 
was approximately 50–200 nm, with a mean diameter of 
150.8  nm (Additional file  1: Figure S2c). Zeta potential 
demonstrated that the charge density distribution around 
the young sEVs was − 34.86 ± 0.97 mV (Additional file 1: 
Figure S2d). Taken together, the isolated young sEVs pos-
sessed typical characteristics, according to previous ref-
erences [46].

To investigate whether young sEVs could be internal-
ized by BMSCs, young sEVs were labeled with PKH67 
and added to the culture medium at a final concentration 
of 40  μg/mL. PKH67 fluorescence gathered around the 
cytoplasm of BMSCs at 12 h after adding PKH67-labeled 
young sEVs (Additional file 1: Fig. S2e). To determine the 
working concentration, BMSCs were treated with dif-
ferent concentrations of young sEVs (20, 40, 80, 100 μg/
mL). EdU assay showed that young sEVs used at 40 μg/
mL promote the proliferative capacity of BMSCs the 
most (Additional file 1: Fig. S2f ). qRT-PCR showed that 
young sEVs remarkably reduced the expression of the 
senescent markers p16, p21 and promoted the expres-
sion of the pluripotency markers SCF and c-MYC at the 
mRNA level (Additional file  1: Fig. S2g). The effect of 
young sEVs on senescence markers seemed to be concen-
tration-dependent; however, when exceeding 40  μg/mL, 
levels of potency markers reduced in terms of SCF and 
c-MYC mRNA levels. Collectively, we chose 40 μg/mL as 
the final concentration supplied to complete the medium 
of BMSCs every time cells were seeded.

Previously, we observed that BMSCs carrying abnor-
mal mitochondria underwent senescence and func-
tional decline after replicative stress. To elucidate the 

Fig. 3  Impaired Drp1-mediated mitochondrial dynamism induces a senescent-like phenomenon in BMSCs. a Colocalization analysis of Drp1 
(green) and mitochondria (red). Scale bar, 10 μm. MOC were analyzed by Zeiss LSM 980. b RT-qPCR assay of Drp1. c Representative images 
of SA-β-gal positive BMSCs. Scale bar, 50 μm. d Quantification of SA-β-gal positive BMSCs. e Representative images of EdU-positive BMSCs. Scale bar, 
50 μm. f Quantification of EdU-positive BMSCs. g Representative images of ALP staining of BMSCs treated as indicated after osteogenic induction 
for 7 days. Data is shown as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. ns: not significant (p > 0.05)

(See figure on next page.)



Page 11 of 21Peng et al. Journal of Nanobiotechnology          (2024) 22:543 	

Fig. 3  (See legend on previous page.)
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senescence-reducing effects of young sEVs, we inves-
tigated whether young sEVs could restore replication-
associated mitochondrial disruption. We found that 
young sEVs relieved the elongation and dispersed dis-
tribution of mitochondria during replication (Fig. 4a). 
In addition, long-term replication increases cellular 
and mitochondrial ROS levels and reduces MMP and 
ATP levels. Young sEVs rescued the MMP and ATP 
decline (Fig.  4b, c) and decreased intercellular and 
mitochondrial ROS levels (Fig.  4d, e). Thus, young 
sEVs restore replication-associated mitochondrial dis-
ruption, which may prevent BMSCs from exhibiting 
abnormal mitochondria and senescence.

Since Drp1-mediated mitochondrial dynamics are 
upstream regulators of the senescence state and func-
tion of BMSCs, we next explored whether young sEVs 
regulate Drp1-mediated mitochondrial dynamics. We 
found that there were no significant differences in 
Drp1 expression among P3, P6, and P9 BMSCs, and 
young sEVs increased Drp1 expression in P6 and P9 
BMSCs but did not affect P3 BMSCs (Fig.  4f ). The 
results indicated that rather than ‘blind’ promotion of 
Drp1, young sEVs restored defected Drp1 expression 
in replicative senescent BMSCs, and maintained exist-
ing balance in early-passaged BMSCs. Furthermore, 
young sEVs rescued Drp1 translocation from the cyto-
plasm to the mitochondria during replication (Fig. 4g), 
indicating young sEVs could promote Drp1 transloca-
tion onto mitochondria and the onset of mitochon-
drial fission. To confirm whether young sEVs exert 
senescence-reducing effects in a Drp-1-dependent 
way, short-term Drp inhibition by mdivi-1 was con-
ducted on P6 BMSCs. The results showed that mdivi-1 
decreased Drp1 expression (Fig.  4h). Young sEVs 
reversed the inhibition on Drp1 by mdivi-1. Together, 
young sEVs showed great potential in rescuing mito-
chondrial disruption in a Drp1-dependent way. Inter-
estingly, the effects of young sEVs in Drp1 were more 
powerful in BMSCs under stronger replicative stress, 
laying a mechanistic foundation for restoring the bal-
ance of mitochondrial dynamics and relieving replica-
tive senescence.

Young sEVs ameliorate replicative senescence‑induced 
pluripotency dissolution in BMSCs
To elucidate the effects of young sEVs on cellular dys-
function, we evaluated the pluripotency, immunoregula-
tory capacity, and therapeutic efficacy of the BMSCs. We 
observed a cumulative effect on cellular senescence during 
long-term passaging, including the increased percentage 
of β-gal positive cells and expression levels of p21. Supple-
ment with young sEVs decreased β-gal positive cells and the 
expression levels of p21 in late-passaged BMSCs (Fig.  5a, 
b). Cellular senescence is characterized by irreversible 
cell cycle arrest. To evaluate DNA replication and mitotic 
activity, the BMSCs were incubated with EdU for 2 h after 
48 h of culture. The results showed that BMSCs exhibited 
fewer EdU-positive cells as the culture span increased, 
indicating a lower proliferative capacity. Young sEVs mark-
edly increased the DNA replication activity of late-passage 
BMSCs, thereby promoting their proliferative capacity dur-
ing replicative senescence (Fig.  5c). Colony-forming unit 
(CFU) assay was performed to examine the self-renewal 
ability of BMSCs. More colonies were observed in the 
BMSCs treated with young sEVs (Fig.  5d). Osteogenic 
induction was used to investigate the MSC competency of 
mesenchymal stem cells in response to differentiation sig-
nals. ALP staining assay was tested after 7-day osteogenesis 
induction, whereas alizarin red staining was applied after 
14-day osteogenesis induction. The results revealed that the 
osteogenic capacity decreased across passages, parallel to 
the proliferative and self-renewal capacities. Late-passaged 
BMSCs treated with young sEVs showed higher ALP lev-
els and more mineralized nodules (Fig. 5e, f ). Western blot 
analysis revealed that the osteogenesis markers Runx2 were 
upregulated in young sEVs-treated groups (Fig. 5g). These 
data suggested that young sEVs ameliorated replicative 
senescence-induced pluripotency dissolution in long-term 
cultured BMSCs.

Young sEVs preserve the therapeutic effects 
and immunoregulatory properties of long‑term passaged 
BMSCs
Previous research has revealed that BMSCs can be 
safely expanded in  vitro and do not undergo malignant 

(See figure on next page.)
Fig. 4  Young sEVs rejuvenate replicative senescent BMSCs by promoting Drp1 translocation onto mitochondria. a SER texture analysis in BMSCs. 
Scale bar, 50 μm. b Analysis of mitochondrial membrane potential (MMP) using JC-1 staining. Quantification of depolarized cells was calculated. 
c Quantification of ATP levels per group. d Quantification of the intercellular ROS levels using mean fluorescence intensity of the DCFH-DA. e 
Quantification of the mitoSOX-positive mitochondria in all mitochondria. f Representative images of western blot analysis showing the expression 
levels of Drp1 and β-actin. g Representative images of colocalization of mitochondria (red), and Drp1 (green) per group. Scale bar, 10 μm. h 
Representative images of western blot analysis showing the change of mitochondrial fission gene Drp1. Data is shown as mean ± SEM. Comparison 
with P3 BMSCs: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. ns: no significant difference. Comparisons between identical passage: #p < 0.05, 
##p < 0.01, ###p < 0.001, ####p < 0.0001. NS: no significant difference
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Fig. 4  (See legend on previous page.)
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Fig. 5  Young sEVs ameliorate replicative senescence-induced pluripotency dissolution in BMSCs. a Representative images and quantification 
of senescence-associated β-galactosidase (SA-β-gal) positive BMSCs. Scale bar, 50 μm. b Western blot results and relative expression levels 
of senescence marker p21 per group. c Representative images and quantification of EdU-positive BMSCs. BMSCs were co-stained with Hoechst 
(blue) and Alexa Fluor 647 conjugated EdU (Red). Scale bar, 50 μm. d The colony-forming abilities of BMSCs were assessed by CFU-F assays. 
Representative images and quantification of colonies. e Representative images of ALP staining of BMSCs treated as indicated after osteogenic 
induction for 7 days. f Representative images of alizarin red staining (ARS) of BMSCs treated as indicated after osteogenic induction for 14 days. 
g Representative images of western blot analysis showing the change of osteogenesis markers Runx2. Data is shown as mean ± SEM. *p < 0.05, 
**p < 0.01, ***p < 0.001, ****p < 0.0001. ns: no significant difference
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transformation under long-term culture [47], thus ren-
dering them suitable for cell therapy approaches [48]. 
Blood biochemical examination, routine blood examina-
tion, and flow cytometry were performed to evaluate the 
safety of long-term passage of BMSCs. The results con-
firmed that both early- and late-passaged BMSCs were 
biocompatible in healthy mice (Additional file  1: Figure 
S3).

Subsequently, the therapeutic effects of the BMSCs 
were evaluated. DSS-induced acute colitis is widely used 
to evaluate the therapeutic effects of MSCs. We estab-
lished an acute colitis model over 7  days as described 
above. To determine the re-localization of injected 
BMSCs in mice with colitis, BMSCs were labeled with 
PKH67 immediately before injection. Fluorescence local-
ized within the major tissues was detected using IVIS 
Lumina II ex vivo imaging (Additional file 1: Figure S4a). 
The results showed that PKH67-labeled BMSCs were 
enriched in the colons of mice with colitis compared with 
normal mice. Slightly stronger fluorescence signals were 
also observed in the femurs of mice with colitis. To fur-
ther determine the relocalization of the injected BMSCs, 
cells from the colon and femur were collected and sub-
jected to flow cytometry. Results showed no significant 
difference in the femurs between the colitis and normal 
mice (Additional file 1: Figure S4b). Meanwhile, BMSCs 
significantly accumulated in the colons of mice with DSS-
induced colitis, in parallel with IVIS imaging. PKH67-
labeled BMSCs are enriched in inflamed colon tissues.

To evaluate the therapeutic effects of BMSCs, BMSCs 
from each group were harvested when they reached 80% 
confluence and intravenously injected. Biological sam-
ples were collected on day 9 post-DSS administration, as 
described above. Weight loss is an essential indicator of 
the disease activity. We observed that mice that received 
earlier-passaged BMSCs suffered less weight loss than 
those treated with PBS or P9 BMSCs (Fig. 6a). The thera-
peutic efficiency of BMSCs is also associated with pre-
treatment with young sEVs. BMSCs pretreated with 
young sEVs in vitro exhibited a superior capacity to res-
cue body weight compared to those without young sEVs. 
Anatomical images of the colons of each group showed 
that all groups, except P9 BMSCs, helped maintain 
colon length and exhibited therapeutic effects in coli-
tis mice, whereas P9 BMSCs were dysfunctional in the 

colitis models (Fig.  6b). Histological analysis confirmed 
the effectiveness of young sEVs in late-passaged BMSCs, 
which relieved the loss of goblet cells and mucosal dam-
age (Fig.  6c). To further define the immunoregulatory 
capacity of BMSCs in  vivo, immune cells, including 
IL-17+ T helper 17 cells (Th17), FOXP3+ T regulatory 
cells (Tregs), and F4/80+ macrophages, were detected 
in DSS-challenged colons (Fig.  6d, e). Immunofluores-
cence imaging of the colon revealed a dramatic increase 
in IL-17+ Th17 and F4/80+ macrophage infiltration in 
the DSS-colitis group compared to that in the normal 
group. Injection of BMSCs, except P9 BMSCs, inhib-
ited IL-17+ Th17 and F4/80+ macrophage infiltration 
and recruited FOXP3+ Treg cells in the colon, whereas 
P9 BMSCs failed to remodel the immune microenviron-
ment in the colon. These data indicated that supplemen-
tation with young sEVs rescued the capacity of BMSCs 
to remodel the immune microenvironment in vivo. Pre-
vious reports have shown that BMSCs strongly inhibit 
TCR activation-induced T cell proliferation and promote 
apoptosis in  vitro [49]. Thus, an annexin/PI assay was 
conducted to evaluate the in  vitro immunomodulatory 
capacity of BMSCs. We cocultured BMSCs with acti-
vated T cells for 3 days and then subjected them to flow 
cytometry. The results showed that BMSCs across all 
passages could induce significant T-cell apoptosis com-
pared to the control group. However, the effect decreased 
gradually across passages (Additional file  1: Figure S5). 
BMSCs cultured with young sEVs showed a tendency to 
possess elevated immunomodulatory capabilities com-
pared to those cultured without young sEVs, especially 
P9 BMSCs. Generally, the therapeutic effects and immu-
noregulatory capacities of BMSCs deteriorate during 
long-term replication. With young sEVs pretreatment, 
replicative senescent BMSCs can maintain their func-
tions and characteristics.

Discussion
Senescence is a multistep evolution process that results 
from multiple mechanisms, including radiation, photo-
damage, replication stress, and so on [50–54]. To date, 
the mechanisms underlying senescence are not entirely 
defined [55]. Emerging evidence has shown that in  vivo 
senescence is closely related to in vitro senescence, sup-
ported by the following findings: (1) MSCs derived from 

(See figure on next page.)
Fig. 6  Young sEVs preserve the therapeutic effects and immunoregulatory properties of long-term passaged BMSCs. a Relative weight loss of each 
group during the disease process. b Quantification of colon length. c Representative images of alcian blue assay and quantification of preserved 
goblet cells. Scale bars, 50 μm. d Representative images and quantification of FOXP3+ Treg (green) and IL-17A+ Th17 (red) in OCT-embedded colon 
sections. Scale bars, 20 μm. e Representative images and quantification of F4/80+ macrophages (green) in OCT-embedded colon sections. Scale 
bars, 20 μm. Data is shown as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. ns not significant (p > 0.05)
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Fig. 6  (See legend on previous page.)
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elderly donors experienced fewer passages until growth 
arrest during in  vitro culture, indicating that MSCs 
underwent replicative senescence in  vivo before isola-
tion [56, 57]. (2) Furthermore, the study identified sig-
nificant concordance in the expression profiles of MSCs 
upon aging in  vivo and replicative senescence in  vitro 
[58], highlighting the role of replication stress in aging 
in vivo. Therefore, it is essential to explore the signatures 
and underlying mechanisms of replicative stress-induced 
senescence to understand aging in vivo fully.

Most normal human cells would enter irreversible 
growth arrest and undergo replicative senescence during 
culture in  vitro, which protects them from tumorigene-
sis [59]. Most previous studies on replicative senescence 
have adopted fibroblasts as an ideal model in vitro [60]. 
As human MSCs have attracted interest in regenera-
tive medicine and are being tested in many clinical trials 
(www.​clini​caltr​ials.​gov), studies with MSCs other than 
fibroblasts will better optimize their clinical application 
and translation and define the role of replicative senes-
cence. Researchers have found an increase in senescence-
associated gene profiles during the long-term culture of 
MSCs and similarities in senescence-associated gene 
profiles regardless of culture with FBS or pooled human 
platelet lysate (pHPL) [9]. To date, the impact of senes-
cence acquired through in vitro expansion on the thera-
peutic potential of MSC has not been fully clarified. Our 
study induced replicative senescence in BMSCs by long-
term passaging and set P3, P6, and P9 as the optimal time 
points for the experiments. Owing to MSC heterogene-
ity, MSC characteristics vary with donor variance, tissue 
resources, different primary culture techniques, and sub-
culture systems; therefore, passage numbers in our stud-
ies were the only time points for detection under different 
levels of replicative stress, varying from slight, moderate, 
and severe. We observed a functional decline dependent 
on replication stress in BMSCs. Although the safety eval-
uation showed that both early- and late-passaged BMSCs 
exhibited great biocompatibility in mice, late-passaged 
BMSCs showed immune infiltration into major tissues 
(Supplementary material: Figure S4). Mounting evidence 
suggests that replicative senescence reduces the thera-
peutic effects of MSCs. To this end, a better understand-
ing of replicative senescence that occurs during in vitro 
expanded culture is a prerequisite for stem cell-based 
therapies. Targeting replicative senescent MSCs would 
also provide a new perspective on MSC quality control 
standards and senescence signatures.

Secretomes obtained from younger individuals, includ-
ing the circulatory milieu, extracellular vesicles, and 
other products, have been shown to help alleviate age-
associated decline and are regarded as rejuvenation strat-
egies [61–64]. Among young secretomes, extracellular 

vesicles (EVs) can interact with various cell types and 
are considered safer than other secretomes [65, 66]. 
According to the MISEV 2021 guidelines, EVs include 
apoptotic bodies, large EVs (IEVs), and small EVs (sEVs) 
endowed with different functions and functioning styles 
[67]. Young EVs (including EVs) derived from embryonic 
stem cells (ESCs) have been demonstrated to alleviate 
age-related decline in  vivo and maintain pluripotency 
of stem cells in  vitro [68–72]. However, research on 
ESCs has drawn intense ethical scrutiny worldwide [73]. 
Because SHED are derived from discarded deciduous 
teeth and are endowed with a primitive pluripotent sta-
tus closest to that of ESCs [18, 20], sEVs from SHED are 
considered better choices for young secretomes. Recent 
research has demonstrated that young sEVs from SHED 
have outstanding properties such as pro-proliferation 
and anti-aging capacity compared to sEVs from adult 
dental pulp stem cells (DPSCs) [25]. More importantly, 
proteomic analysis revealed that young sEVs from SHED 
were enriched in genes associated with antioxidant activ-
ity and mitophagy [25], indicating an underlying effect 
on mitochondrial dysfunction, ROS accumulation, lys-
osomal activity, and relevant bioenergetic processes. 
However, few studies have applied sEVs from SHED to 
age-related research; therefore, the mechanisms by which 
young sEVs interact with senescence remain undefined. 
Here, we aimed to clarify the senescence-reducing effects 
of young sEVs derived from SHED, as IEVs were removed 
by serial centrifugation and filtering. Our results revealed 
that young sEVs from SHED were effective in rescuing 
pluripotency dissolution in  vitro and had therapeutic 
effects in  vivo of replicative senescent BMSCs. Future 
studies using the senescent models induced by other fac-
tors in vitro and in vivo are needed to promote the clini-
cal application of young sEVs from SHED.

Mitochondrial dysfunction is a hallmark of aging [11]. 
It has been clarified how mitochondrial dysfunction 
accelerates senescence [74, 75], and, in turn, how improv-
ing mitochondrial function contributes to alleviating 
aging [38, 76, 77]. As structures always reflect functions 
[78, 79], defects in mitochondrial morphology and func-
tion largely result from defects in mitochondrial func-
tion. In our study, we provided the first evidence that 
young sEVs from SHED can alleviate mitochondrial 
dysfunction and thus replicative senescence. Moreover, 
we observed an accumulation of mitochondrial disrup-
tion and replication stress, suggesting that mitochondrial 
morphology and networks indicate MSC characteris-
tics. However, this study did not include mitochondrial 
parameters as quality assessment indicators. Future 
studies should investigate additional factors (including 
different parents and tissues, isolation techniques, sub-
culture conditions, and culture supplements) to test the 
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efficiency of mitochondrial parameters in predicting 
MSCs effectiveness.

Mitochondrial dynamics, a highly controlled process 
that modulates the mitochondrial network, controls the 
regenerative capacities of stem cells [80]. Drp1, a mito-
chondrial fission regulator, is crucial for controlling mito-
chondrial integrity, metabolic homeostasis, and health; 
if disrupted, it promotes the onset and development 
of various diseases [81–83]. The role of mitochondrial 
dynamics in senescence is still controversial. Generally, 
abnormal morphometric features of mitochondria indi-
cate an imbalance of mitochondrial dynamics in aging-
related decline [80, 84–86]. Disruption of mitochondrial 
dynamics would in turn affect lifespan and fitness [87, 
88]. Along with our study, the mitochondrial network 
was well dispersed and filled with elongated and swollen 
mitochondria in replicative senescent BMSCs, indicating 
mitochondrial integrity deteriorated in response to rep-
licative stress. The application of mdivi-1 also induced a 
senescent-like phenomenon in earlier-passaged BMSCs.

To determine the major regulator of mitochondrial 
integrity, researchers have shed light on the role of fission 
factors, such as Drp1, mitochondrial fission factor (Mff), 
and fusion factors, such as mitochondrial dynamin-
like protein (Opa1) and mitofusin 1 (Mfn1) and Mfn2. 
Towards this understanding, researchers revealed that 
either promotion of Drp1 or silence of Mfn expression 
brought benefits to longevity and fitness in mid-life Dros-
ophila melanogaster, not early life [89]. This study empha-
sized restoring the balance of mitochondrial dynamics in 
mid-life delayed onset of pathology and prolonged lifes-
pan, while excessive adynamism at an early stage has no 
impact on longevity. Moreover, a recent study revealed 
the loss of Drp1 during aging-impaired muscle regenera-
tion, while genetic deletion of Drp1 in mice resulted in 
defects in mitochondrial sphericality and muscle regen-
erative capacity in mice [90]. Notably, short-term forced 
mitochondrial adynamism remarkably rescued the pro-
liferative capacity of Drp1-null muscular stem cells [90], 
indicating that Drp1-dependent mitochondrial dynam-
ics are crucial for rescuing age-related decline. Although 
controversies exist regarding mitochondrial fission in 
senescence, these differences in these findings may be due 
to differences in the characteristics of aging-related mito-
chondrial dynamics disorders among species. To further 
determine whether adynamism in fission or fusion ben-
efits aging, important research has demonstrated murine 
knockout of fission factor (Drp1) or fusion factor (Mfn1, 
Mfn2) resulted in aging-related decline: cardiac dysfunc-
tion [91]. Interestingly, heart-specific Drp1, Mfn1, and 
Mfn2 triple-knockout partially rescued cardiac dysfunc-
tion [91], indicating a delicate balance between fission 
and fusion is important. Our study observed defects in 

mitochondrial morphology, network, and Drp1 translo-
cation in replicative senescent BMSCs. Supplement of 
young sEVs significantly rescued mitochondrial integrity 
and Drp1 translocation, thus maintaining cellular pluri-
potency and therapeutic capacities. Previous studies and 
ours have emphasized that mitochondrial fission and 
fusion are in a delicate equilibrium at healthy states. As 
one of the two eventually declines during aging, restoring 
the balance between mitochondrial fission and fusion is 
the entry point of anti-aging therapy.

As Drp1 has been known as a significant regulator of 
mitochondrial dynamics, multiple mechanisms, includ-
ing Drp1 expression, oligomerization, dephosphoryla-
tion, post-translational modification, and Drp1-receptor 
interactions, are involved in controlling mitochondrial 
fission [92]. A previous study focused on phosphoglyc-
erate mutase 5 (PGAM5) has established a link between 
defective mitochondrial fission and cellular senescence, 
and revealed that PGAM5 regulates cellular senescence 
in mice by dephosphorylating Drp1 [90]. An important 
study has also revealed that the recruitment of Drp1 from 
the cytoplasm to the mitochondria is the master pro-
cess driving mitochondrial fission and remodeling of the 
mitochondrial network [16]. Post-transcriptional modi-
fications of Drp1 including phosphorylation, SUMOyla-
tion, ubiquitination, S-nitrosylation, O-GlcNAcylation, 
and acetylation may directly influence Drp1 subcellular 
localization [93]. Thus, an in-depth investigation of Drp1 
transcriptional modifications would dig up potential ago-
nists of Drp1 translocation, which provides new targets 
for anti-aging therapies. This study identified young sEVs 
rescue replicative senescent BMSCs by restoring mito-
chondrial integrity in a Drp1-dependent way. This con-
clusion is supported by the following key findings: (1) 
As with the hallmark of aging, disruption of mitochon-
drial morphology and function, we observed a significant 
decline in Drp1 translocation onto mitochondria after 
in vitro expanded culture, indicating that mitochondrial 
disruption results from defects in Drp1 translocation. 
(2) Pharmacological inhibition of Drp1 resulted in elon-
gated mitochondria, cellular senescence, and functional 
decline in earlier-passaged BMSCs, corroborating the 
role of Drp1 in initiating senescence-like phenomena. (3) 
Mechanistically, young sEVs regulate Drp1 translocation 
onto the mitochondria rather than its expression levels. 
(4) Furthermore, young sEVs reversed the pharmacologi-
cal inhibition of Drp1, restoring the cellular function of 
BMSCs.

In addition, lysosome-mediated autophagy, includ-
ing mitophagy (a selective type of autophagy targeting 
mitochondrial degradation), has been shown to exert 
protective effects on aging neural stem cells and ensure 
longevity from an organismal perspective [39–42]. It has 
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been reported that Drp1 is recruited onto mitochondria 
during mitophagy to drive mitochondrial fission, collabo-
rating with lysosomes [94, 95]. In the present study, we 
observed a decline in lysosomal abundance, consistent 
with defects in Drp1 translocation. In future research, it 
would be intriguing to explore whether young sEVs play 
a role in mitophagy to relieve age-related decline and, if 
so, whether this function is related to Drp1. Moreover, 
EV-bearing substances (including proteins, peptides, and 
microRNAs) are believed to be the essence of biological 
effects [96, 97]. We have not defined which young sEV 
cargoes regulate Drp1 translocation and cellular senes-
cence in BMSCs. Future studies must explore whether 
young sEVs transfer functional cargo into aging cells, tis-
sues, or organs to modulate senescence. This may opti-
mize MSCs in  vitro expansion procedure, and further 
amplify the anti-aging and pro-rejuvenation effectiveness 
of young sEVs derived from SHED.
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