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Abstract

Background: Obtaining sufficient chondrocytes by monolayer expansion in vitro is used for articular cartilage tissue engineering. How-
ever, chondrocytes lose their chondrogenic phenotype after monolayer expansion via mitochondrial dysfunction-induced senescence.
Adipose-derived stem cell mitochondrial transfer (ADSC-MT) improves senescent cell function. We hypothesise that ADSC-MT im-
proves the chondrogenic phenotype of senescent chondrocytes. Methods: After monolayer expansion in vitro, chondrocytes were sub-
jected to ADSC-MT. Cell senescence was evaluated via analysis of p16 and p21 expression and senescence-associated β-galactosidase
(SA-β-gal) staining. The chondrogenic phenotype was evaluated by measuring collagen type II (Col-II) and collagen type I (Col-I)
levels. Oxidative stress was assessed by determining the mitochondrial superoxide and 8-hydroxydeoxyguanosine (8-OHdG) levels.
Mitochondrial dysfunction was assessed by determining the mitochondrial membrane potential (MMP) and PGC-1α levels. Finally,
SOD-2, SIRT-1, SIRT-3, TFAM, MFN-1, MFN-2, OPA-1, PINK-1 and Parkin levels were used to assess mitochondrial quality control
(MQC). Results: ADSC-MT-recipient chondrocytes exhibited alleviated senescence with decreased p16 and p21 expression and SA-β-
gal staining. The increased Col-II and decreased Col-I expression indicated that the chondrogenic phenotype of the chondrocytes was
restored. Decreased mitochondrial superoxide and 8-OHdG levels indicated alleviated oxidative stress. The increased MMP indicated
alleviation of mitochondrial dysfunction. For MQC, SOD‑2, PGC‑1α, TFAM, SIRT-1, and SIRT-3 were upregulated, indicating that an-
tioxidant defences and mitochondrial biogenesis in MQCwere increased in ADSC‑MT–recipient chondrocytes. PINK‑1 and Parkin were
downregulated, suggesting that damaged mitochondria were reduced through mitophagy. In contrast, MFN‑1, MFN‑2, and OPA‑1 were
not changed, indicating that mitochondrial dynamics were not affected. Conclusions: ADSC-MT improves the chondrogenic phenotype
of senescent chondrocytes by ameliorating mitochondrial dysfunction.
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cence, chondrogenic phenotype, mitochondrial dysfunction.
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Introduction

Articular cartilage is a hypoxic and avascular connec-
tive tissue consisting of chondrocytes and hyaline cartilage
[1,2]. Articular cartilage defects commonly arise from con-
ditions such as arthritis, accidental trauma, tumours, and
degenerative processes [2]. Because articular cartilage is
avascular tissue with dense extracellular matrices, the heal-
ing potential of articular cartilage defects is limited, and un-
treated defects often progress to osteoarthritis (OA) [1,2].
Articular cartilage defects are leading causes of OA devel-
opment [3,4]. OA is a common, debilitating, degenerative
disease that affects over 240 million people worldwide [5–
7]. In recent decades, extensive efforts have been dedicated
to regenerating functional hyaline cartilage within articu-
lar cartilage defects [8,9]. Chondrocytes are the sole cell
type in articular cartilage, and their function is essential for
the repair of articular cartilage defects. Chondrocyte-based
articular cartilage tissue engineering has been proposed as
an effective approach for treating articular cartilage defects
[10–12]. Obtaining sufficient chondrocytes by monolayer
expansion in vitro is a common process in articular cartilage
tissue engineering [10–12]. However, chondrocytes lose
their chondrogenic phenotype after monolayer expansion in
vitro, impairing their ability to synthesise hyaline cartilage
[4,13]. Chondrocytes show reduced expression of chondro-
genic markers, such as collagen type II (Col-II), in hyaline
cartilage, whereas cells show increased expression of colla-
gen type I (Col-I), which is characteristic of fibrocartilage
[14,15]. Implantation of these chondrocytes results in un-
desired fibrocartilage formation in the transplantation area
[8,16]. Restoring the chondrogenic phenotype of chondro-
cytes to synthesise hyaline cartilage after monolayer expan-
sion in vitro is challenging for chondrocyte-based articular
cartilage tissue engineering.

This issue indicates that the loss of the chondrogenic
phenotype in chondrocytes is due to the stress triggered by
the culture environment in vitro [13]. Chondrocytes orig-
inally reside in articular cartilage, which is a low-oxygen
microenvironment [13]. However, monolayer expansion
in vitro to obtain sufficient cells occurs under atmospheric
oxygen, and chondrocyte senescence occurs [13]. There-
fore, senescence is considered the main contributor to the
loss of the chondrogenic phenotype in chondrocytes after
monolayer expansion in vitro [13]. Reducing senescence
may be beneficial for restoring the chondrogenic phenotype
of chondrocytes. Studies have shown that cell senescence
is linked to the accumulation of mitochondrial dysfunction
caused by increased oxidative stress [or overproduction of
reactive oxygen species (ROS)] [13,17,18]. Mitochondria
are the major sites of cellular ROS generation, and intra-

cellular ROS are generated by mitochondria in response to
various stimuli or stress, such as apoptotic signalling, inte-
grin signalling, and serum deprivation [19,20]. Although
chondrocytes derive most of their energy from glycolysis
when they reside in articular cartilage, increased oxidative
phosphorylation rates of mitochondria in chondrocytes are
found after monolayer expansion in vitro [21,22]. Increased
oxidative phosphorylation is associated with the generation
of ROS, with up to 5% of the oxygen consumed in the elec-
tron transport chain diverted into superoxide production, in-
creasing oxidative stress in chondrocytes [21,22]. These
findings suggest that mitochondrial dysfunction caused by
increased oxidative stress may be critical for senescence in
chondrocytes after monolayer expansion in vitro.

Intercellular mitochondrial transfer (MT) is a type of
cell-to-cell signalling involving the active incorporation of
healthy mitochondria into stressed/injured recipient cells
[23]. MT by mesenchymal stem cells (MSCs) into recip-
ient cells is involved in MSC-triggered repair of damaged
cells [24,25]. Studies have shown that MT by MSCs al-
leviated tissue or cell damage, such as the repair of heart
tissue, ameliorated lung injury and restored neurological
damage [26–28]. Adipose-derived stem cells (ADSC) are
MSCs that are isolated from adipose tissue and have been
studied for many years in the context of articular carti-
lage tissue engineering [9,29,30]. Importantly, ADSCs are
known to provide mitochondria to recipient cells to nor-
malize the function of senescent cells [31,32]. Moreover,
ADSC mitochondrial transfer (ADSC-MT) reportedly pro-
motes cell functions that are reduced by ageing or senes-
cence [33,34]. These findings suggest that ADSC-MT may
be used to improve the chondrogenic phenotype of chon-
drocytes through its regulation of cell senescence. In ad-
dition, mitochondrial quality control (MQC) is a mecha-
nism that protects mitochondrial health in cells [18,35]. The
primary function of MQC is to ensure mitochondrial qual-
ity and maintain mitochondrial functions by limiting oxida-
tive damage to mitochondria [18]. MQC, through antioxi-
dant defences, mitochondrial biogenesis, mitochondrial dy-
namics and mitophagy, ensures the clearance of dysfunc-
tional mitochondria and preserves mitochondrial homeosta-
sis [18,35]. However, whether ADSC-MT alleviates the
senescence of chondrocytes via the regulation of MQC to
ameliorate mitochondrial dysfunction has rarely been stud-
ied.

In this study, we hypothesize that ADSC-MT im-
proves the chondrogenic phenotype of senescent chondro-
cytes by amelioratingmitochondrial dysfunction. Chondro-
cytes were cultured and expanded in monolayers in vitro,
and the monolayer-expanded chondrocytes presented an in-
creased senescent phenotype, oxidative stress and mito-
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chondrial dysfunction. To test our hypothesis, we first in-
vestigated whether ADSC-MT reduces the senescent phe-
notype and restores the chondrogenic phenotype of chon-
drocytes. We also tested the effects of ADSC-MT on oxida-
tive stress and mitochondrial dysfunction in chondrocytes.
To determine whether ADSC-MT regulates MQC in chon-
drocytes, we also analysed changes in antioxidant defences,
mitochondrial biogenesis, mitochondrial dynamics and mi-
tophagy in chondrocytes.

Materials and Methods
Culture of Human Chondrocytes and ADSC

Human chondrocytes derived from the human artic-
ular cartilage of 3 donors (34, 44 and 50 years old) were
purchased from Lonza Bioscience (cat. No. CC-2550,
NHAC-kn Articular Chon CGM, cryo amp, USA). The
chondrocytes were cultured and expanded in basal medium
containing Dulbecco’s modified Eagle’s medium (DMEM)
(cat. No. BW12-604F, Biowhittaker®; Lonza Bioscience,
USA) supplemented with 1% nonessential amino acids
(NEAA) (cat. No. 11140050, Gibco BRL, USA), 1%
penicillin/streptomycin (cat. No. 15140122, Gibco BRL,
USA), 1% insulin–transferrin–selenium (ITS) (cat. No.
41400045, Gibco BRL, USA), and 10% foetal bovine
serum (FBS) (cat. No. A5670201, Gibco BRL, USA) [36].
The chondrocytes were cultured at 37°C in a humidified 5%
CO2 incubator, and the medium was changed every 2 days
until the cells needed to be passaged [36].

ADSCs were isolated and cultured from patient sam-
ples according to protocols described in our previous pub-
lications [37–40]. Their characterization—including cell
morphology, surface markers expression, and multilineage
differentiation potential—has also been previously reported
[37–40]. Human adipose tissue was obtained from patients
with approval from the Ethics Committee (KMUHIRB-
E(II)-20220292). After informed consent was obtained,
subcutaneous adipose tissue from the gluteal area was col-
lected from the patients during plastic surgery. After 3 g of
subcutaneous adipose tissue was isolated from humans, the
adipose tissue was minced with scissors. The minced adi-
pose tissue was then digested with 1 mg/mL type IA col-
lagenase (125 U/mg) (cat. No. 17100017, Gibco BRL,
USA) at 37°C under 5% CO2 for 24 h. The digested tis-
sue was centrifuged at 1000 rpm for 5 min, and the pellet
was washed twice with phosphate-buffered saline (PBS).
The pellet was then resuspended in K-NAC medium for
ADSC expansion per the protocol presented in previous re-
ports [37–40]. The K-NAC medium comprised basal ker-
atinocyte serum-free medium (SFM) (cat. No. 17005042,
Gibco BRL, USA) supplemented with 25 mg of bovine pi-
tuitary extract (cat. No. 17005042, Gibco BRL, USA), 2.5
µg of human recombinant epidermal growth factor (cat. No.
17005042, Gibco BRL, USA), 2 mM N-acetyl-L-cysteine
(cat. No. A8199, Sigma-Aldrich, USA), 0.2 mM L-
ascorbic acid 2-phosphate sesquimagnesium salt (cat. No.

A8960, Sigma-Aldrich, USA), and 5% FBS [37–39]. The
cells were cultured and expanded in a humidified atmo-
sphere with 5% CO2 at 37°C.

Mitochondrial Isolation From ADSC

For ADSC mitochondria isolation, the Thermo Scien-
tific™ Mitochondria Isolation Kit for Cultured Cells (cat.
No. 89874, Thermo Scientific, USA) was used. This kit
uses a reagent-based method to isolate mitochondria within
40 minutes after cell harvest. Each step is optimized for
high mitochondrial yield and minimal structural damage.
Following the protocol, an ADSC (2×107 cells) suspension
was centrifuged in a microcentrifuge tube at 850 × g for
2 min, and the resulting cell pellet was collected. A total
of 800 µL of Mitochondria Isolation Reagent A was added
to the cell pellet, which was vortexed at medium speed for
5 seconds and then incubated on ice for 2 min. A total of
10 µL of Mitochondria Isolation Reagent B was added to
the cell pellet, which was then vortexed at maximum speed
for 5 seconds. The tube was incubated on ice for 5 min and
vortexed at maximum speed once per min. Then, 800 µL of
Mitochondria Isolation Reagent C was added, and the mix-
ture was mixed. The tube was subsequently centrifuged at
700 × g for 10 min at 4◦C. The supernatant was transferred
to a new tube and centrifuged at 12,000 × g for 15 min at
4°C. The supernatant containing the cytosolic fraction of
ADSC was separated from the pellet. The pellet containing
isolated ADSC mitochondria was resuspended in 500 µL
of Mitochondria Isolation Reagent C and then centrifuged
at 12,000 × g for 5 min to collect the ADSC mitochondrial
pellet, which was then maintained on ice before transfer to
chondrocytes.

ADSC-MT Into Chondrocytes and Study Groups

We used artificial MT for ADSC-MT, which was per-
formed by coculturing ADSC-derived mitochondria and re-
cipient chondrocytes [41,42]. First, chondrocytes at the ini-
tial passage (Passage 1: P1) underwent monolayer expan-
sion in vitro for an additional 6 passages (Passage 7: P7).
For ADSC-MT into chondrocytes, the chondrocytes at P1
or P7 were seeded onto six-well plates at a concentration
of 1 × 105 cells/well. Twenty-four hours after cell seed-
ing, the mitochondria (freshly isolated from 2×107ADSC)
were suspended in basal medium and cocultured with chon-
drocytes at 37°C in a humidified 5% CO2 incubator for 1
h, after which the medium was carefully removed. After
ADSC-MT, the recipient chondrocytes were washed with
PBS twice, and the cells were subsequently cultured in basal
medium at 37°C in a humidified 5% CO2 incubator. The
medium was changed every 2 days. Three groups were ex-
amined in this study: (1) the control (C) group, in which
chondrocytes at P1 were cultured in basal medium without
any ADSC-MT; (2) the monolayer-expanded (ME) group,
in which chondrocytes at P7 were cultured in basal medium
without ADSC-MT; and (3) the ADSC-MT (AM) group,
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in which the chondrocytes at P7 were cultured in basal
medium and treated with ADSC-MT. At the indicated time
points, chondrocytes from each group were collected for
further experimental analysis.

Mitochondrial Uptake by Recipient Chondrocytes After
ADSC-MT

The ADSCwere cultured with 50 nMMitoSpyTM Red
CMXRos (cat. No. 424802, BioLegend, USA) for 30 min
in the dark for mitochondrial labelling. MitoSpy-labelled
mitochondria were subsequently isolated from ADSC and
transferred into chondrocytes per the protocol described
earlier. At the indicated time points, the chondrocytes were
collected and stained with CellTrackerTM Green CMFDA
Dye (cat. No. C7025, Invitrogen, USA) for cell la-
belling. Then, the cells were fixed with 10% forma-
lin for 15 min, and their cell nuclei were stained with
4′,6-diamidino-2-phenylindole (DAPI) (cat. No. D8417,
Sigma-Aldrich, USA). The uptake of MitoSpy-labelled mi-
tochondria by chondrocytes was visualized and captured
through a LSM700 confocal laser scanning microscope
(Zeiss, Weimar, Germany) and an EVOS M7000 imag-
ing system (Thermo Scientific, USA), and subsequently
analysed with ImageJ software to quantify the fluorescence
area.

Senescence-Associated β-galactosidase (SA-β-gal)
Staining

To assess chondrocyte senescence, we used a Senes-
cence β-Galactosidase Staining Kit (cat. No. 9860, Cell
Signaling Technology, USA) following the manufacturer’s
protocol. At the indicated time points, the chondrocytes
were washed three times with cold PBS, and then, the cells
were fixed for 15 min with 1 mL of fixing buffer at room
temperature. For SA-β-gal staining, the cells were mixed
with 1 mL of staining solution and incubated overnight at
37°C. Images were obtained via an EVOS M7000 imaging
system (Thermo Scientific, USA). Blue-stained cells were
considered SA-β-gal positive, and image analysis was per-
formed using ImageJ software to calculate the area of pos-
itively stained cells.

Detection and Quantification of Mitochondrial Superoxide

Mitochondrial superoxide was detected by the Mi-
toSOX Red mitochondrial superoxide indicator (cat. No.
M36008, Invitrogen, USA). At the indicated time points,
the chondrocytes were washed three times with HBSS and
incubated with 5 µM MitoSOX for 10 min at 37°C in the
dark. After incubation, the cells were washed with HBSS,
and the fluorescence intensity was measured with a BioTek
Synergy H1 microplate reader at excitation and emission
wavelengths of 510 and 580 nm, respectively. Images were
obtained via an EVOS M7000 imaging system (Thermo
Scientific, USA).

Measurement of 8-hydroxydeoxyguanosine (8-OHdG)
At the indicated points, the chondrocytes were col-

lected. Enzymatic digests of DNA from chondrocytes were
analysed by competitive enzyme-linked immunosorbent as-
says (ELISAs) using a monoclonal antibody against 8-
OHdG (8-OHdG Check, cat. No. KOG-200SE, Genox
Corp, USA). Fifty microlitres of DNA digest or standard
8-OHdG solution was added to the wells of a 96-well plate
precoated with 8-OHdG, 50 µL of the primary antibody
(mouse anti-8-OHdG) was added, and the plate was incu-
bated at 37°C for 1 h. After incubation, the wells were
washed with 200 µL/well of 0.05% (v/v) Tween 20 in 0.01
M PBS (pH 7.4), 100 µL/well of the secondary antibody
was added (peroxidase-conjugated anti-mouse IgG), and
the plate was incubated for 1 h at 37°C. Following incuba-
tion, peroxidase substrate (o-phenylenediamine/hydrogen
peroxide/PBS) was added, the mixture was incubated for
30 min with 2 N sulfuric acid, and the absorbance was read
at 450 nm.

Mitochondrial Membrane Potential (MMP) Assay
The MMP of chondrocytes was assayed by JC-10

(cat. No. ab112134; Abcam, UK) according to the man-
ufacturer’s protocol. Chondrocytes from each group were
plated in a 96-well plate (3 × 103 cells/well) and treated
with ADSC-MT. Chondrocytes from each group were cul-
tured for an additional 3 days. The cells were washed with
PBS and then stained with JC‐10. The cells were then in-
cubated at 37°C in a 5% CO2 incubator for 30 min in the
dark. The intensity of fluorescence in JC‐10‐labelled cells
was measured with a Synergy H1 microplate reader at ex-
citation/emission wavelengths of 475/520 nm and 570/590
nm, respectively, for ratio analysis.

Mitochondrial Mass Measurement
Mitochondrial mass in chondrocytes was evaluated

using MitoSpyTM Red CMXRos (cat. No. 424802, Bi-
oLegend, USA), a mitochondrial localisation probe that la-
bels mitochondria in live cells and serves as an indicator
of mitochondrial content. The chondrocytes were cultured
with 50 nM MitoSpyTM Red CMXRos for 30 min in the
dark for mitochondrial labelling. After staining, cells were
washed twice with phosphate-buffered saline (PBS) to re-
move excess dye. For fixed-cell imaging, cells were sub-
sequently fixed in 4% paraformaldehyde (PFA) for 15 min-
utes at room temperature andwashedwith PBS. Fluorescent
images were captured using a fluorescence microscope and
analysed with ImageJ software to assess fluorescence area.

Mitochondrial Metabolic Analysis
The mitochondrial respiration and metabolic pro-

files of the chondrocytes were determined using a Sea-
horse XF96 Extracellular Flux Bioanalyzer (Seahorse Bio-
science, USA) to measure the basal and maximal oxygen
consumption rates (OCRs) and the extracellular acidifica-
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tion rate (ECAR), as suggested by the manufacturer (cat.
No. 103015-100; Agilent Technologies, USA). Briefly,
chondrocytes were seeded in 96‐well microplates contain-
ing an XF96 Extracellular Flux analyser with four blank
background wells and incubated overnight. After equili-
bration for 4 h in a non‐CO2 incubator prior to the assay, a
96‐well microplate was used for analysis.

For the Mito Stress test, the chondrocytes were
analysed under basal conditions after injection of 2 µM
oligomycin to inhibit ATP synthase, 1 µMcarbonyl cyanide
4‐trifluoromethoxy‐phenylhydrazone (FCCP) to induce
maximal respiration, and 0.5 µM rotenone and antimycin
A to inhibit complexes I and III. Basal respiration, maximal
respiration, and the spare respiratory capacity were calcu-
lated. For the glycolytic rate test, the cells were analysed
following injections of 0.5 µM rotenone/antimycin A to in-
hibit mitochondrial respiration and 50 µM 2‐deoxyglucose
(2‐DG) to inhibit glycolysis. PER, glycoPER, basal gly-
colysis, the basal proton efflux rate, and compensatory gly-
colysis were also calculated. All mitochondrial complex
inhibitors were purchased from Seahorse Bioscience.

RNA Isolation and Quantitative Real-time Polymerase
Chain Reaction (Real-time PCR)

At the indicated points, the chondrocytes were col-
lected. A TOOLSmart RNA Extractor (cat. No. DPT-
BD24, Biotools, Taiwan) was used to extract total RNA
from these cells. The RNA quality was confirmed by de-
termining the ratio of the absorbance at 260 nm to that at
280 nm by using a Thermo Scientific NanoDrop 1000 spec-
trophotometer (Thermo Scientific, USA). In accordance
with the manufacturer’s instructions, a 260/280-nm ab-
sorbance ratio between 1.8 and 2.0 indicated the absence of
DNA contamination. Subsequently, 0.5–1 µg of total RNA
per 20 µL of reaction mixture was reverse-transcribed into
cDNA by using the TOOLS Easy Fast RT Kit (cat. No.
KRT-BA28, Biotools, Taiwan). Real-time PCR was con-
ducted using TOOLS 2X SYBR qPCR Mix (cat. No. FPT-
BB05, Biotools, Taiwan) and a qRT‒PCR detection system
(Bio-Rad Laboratories, Hercules, CA, USA). The cDNA
samples (2-µL samples with a total volume of 25 µL per
reaction) were analysed for the genes of interest. Previ-
ously published primer sequences were used to detect Col-
II, Col-I and glyceraldehyde-3-phosphate-dehydrogenase
(GAPDH) [38,40,43–47]. The mRNA levels of these genes
were quantified using the following PCR primer pairs: Col-
II (forward: CAA CAC TGC CAA CGT CCA GAT; re-
verse: TCT TGC AGT GGT AGG TGA TGT TCT), Col-I
(forward: GGC TCC TGC TCC TCT TAG; reverse: CAG
TTC TTGGTC TCG TCAC), and GAPDH (forward: TCT
CCT CTG ACT TCA ACA GCG AC; reverse: CCC TGT
TGC TGT AGC CAA ATT C). The following cycling con-
ditions were used: incubation at 94°C for 1 min, followed
by 35 cycles of denaturation at 94°C for 30 s and anneal-
ing and extension at 59°C for 30s. After real-time PCR, a

dissociation (melting) curve was generated to determine the
specificity of the reaction. The relative mRNA expression
level of each target gene was calculated from the thresh-
old cycle (Ct) value of each PCR product and normalised
to GAPDH expression by using the comparative Ct method
[48]. For each gene of interest, the readings of four wells
from each experimental group were collected at every ex-
amined time point.

Antibodies

The antibodies used in this study are as follows:
CDKN2A/p16INK4a (cat. No. EPR1473, Abcam, UK;
1:1000), p21 (cat. No. ARG57928, Arigo, Taiwan;
1:1000), superoxide dismutase 2 (SOD-2) (cat. No. 24127-
1-AP, Proteintech, USA; 1:5000), Sirtuin-3 (SIRT-3) (cat.
No. 12186-1-AP, Proteintech, USA; 1:1000), peroxisome
proliferator–activated receptor γ coactivator 1α (PGC-1α)
(cat. No. A12348, ABclonal, China; 1:1000), Sirtuin-1
(SIRT-1) (cat. No. A11267, ABclonal, China; 1:1000),
cytochrome c oxidase IV (COX IV) (cat. No. A11631,
ABclonal, China; 1:1000), voltage-dependent anion chan-
nel 1 (VDAC-1) (cat. No. GB111939, Wuhan Ser-
vicebio Technology, China; 1:1000), PTEN-induced ki-
nase 1 (PINK-1) (cat. No. #6946, Cell Signaling, USA;
1:1000), Parkin RBR E3 ubiquitin protein ligase (Parkin)
(cat. No. #4211, Cell Signaling, USA; 1:1000), β-actin
(cat. No. A5441, Sigma-Aldrich, USA), α-tubulin (cat. no.
ARG65693, Arigo, Taiwan; 1:1000), mitofusin 1 (MFN-1)
(cat. No. 13798-1-AP, Proteintech, USA; 1:1000), mito-
fusin 2 (MFN-2) (cat. No. 12186-1-AP, Proteintech, USA;
1:1000) and optic atrophy 1 (OPA-1) (cat. No. 27733-1-AP,
Proteintech, USA; 1:1000).

Western Blot Analysis

At the indicated time points, the chondrocytes were
washed twice with ice-cold PBS and collected in RIPA
buffer (cat. No. ab156034; Abcam, UK) containing
a protease inhibitor cocktail (cat. No. TAAR-BBI2;
BIOTOOLS, Taiwan), and the lysates were cleared by cen-
trifugation at 14,000 rpm for 15 min at 4°C. Total protein
was quantified via a BCA protein assay kit (cat. No. 23225,
Thermo Scientific, USA), and 25–35 µg/mL per sample
was used for Western blotting. Proteins were separated by
SDS–PAGE at 120 V for 3 h and transferred to PVDFmem-
branes. To accommodate multiple targets and to avoid sig-
nal loss from repeated stripping and reprobing, membranes
were wrapped in plastic film and horizontally sectioned at
approximately 70 kDa and 35 kDa after transfer. This al-
lowed the upper and lower membrane portions to be probed
independently for different proteins. The splice‑like ap-
pearance in the housekeeper western band resulted from this
routine membrane‑sectioning procedure. The membranes
were blocked in 5% BSA at room temperature for 1 h and
then incubated overnight with the appropriate primary anti-
bodies. The membranes were then incubated with an HRP-
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conjugated secondary antibody [goat anti-rabbit IgG (H+L)
(cat. No. C04003, Croyez Bioscience Co., Ltd., Taiwan);
1:5000, goat anti-mouse IgG (cat. No. C04001, Croyez
Bioscience Co., Ltd., Taiwan); 1:5000] for 2 h at room
temperature. The bands were detected with SuperSignalTM
West Pico PLUS Chemiluminescent Substrate (cat. No.
34580; Thermo Scientific, USA), and the band intensity
was quantified using a FUSION-FX imaging system (Vil-
ber Lourmat, Collégien, France).

ELISA

At the indicated points, the culture medium of the
chondrocytes was collected and centrifuged for ELISAs.
The protein concentrations of Col-I [human collagen type
I alpha 1 ELISA kit (COL1a1), cat. No. RK01149,
ABclonal,China] and Col-II [human collagen type II alpha
1 ELISA kit (COL2a1), cat. No. RK01152, ABclonal,
China] synthesised by chondrocytes were determined us-
ing ELISA kits. All tests were performed according to the
manufacturer’s instructions. The absorbance was measured
at 450 nm using an automatic enzyme labelling instrument.
For normalisation, the DNA concentration was measured
using a Quant-iT Picogreen dsDNA Assay Kit (cat. No.
P7589, Invitrogen, USA).

Immunohistochemistry (IHC)

For IHC staining, the chondrocytes were fixed with
4% paraformaldehyde and then treated with 1.0% Triton
100. Chondrocytes were blocked with 0.1% BSA in PBS
for 30 min and then incubated overnight at 4°C with pri-
mary antibodies against Col-II (cat. No. ab34712, Ab-
cam, UK; 1:100), Col-I (cat. No. ab34710, Abcam, UK;
1:100), and SOD-2 (cat. No. 24127-1-AP, Proteintech,
USA; 1:100). Afterwards, the sections were washed and in-
cubatedwith secondary antibody [goat anti-rabbit IgGH&L
(Alexa Fluor); cat. No. ab150077; Abcam, UK; 1:200]
for 1 h and then washed. After counterstaining with DAPI,
the slides were washed with PBS 3 times and coverslipped.
IHC staining imageswere captured using a fluorescencemi-
croscope (Invitrogen, EVOS M7000).

Statistical Analysis

The data are expressed as the means± standard errors
of the means (SEM) of the combined data of the experimen-
tal replicates. The statistical significance was evaluated us-
ing a one-way analysis of variance (ANOVA), and multiple
comparisons were performed using Scheffe’s method. p <

0.05 was considered significant.

Results

Increased Oxidative Stress and Mitochondrial Dysfunction
are Associated with Enhanced Mitochondrial Oxidative
Phosphorylation in Chondrocytes After Monolayer
Expansion in vitro

To assess whether monolayer expansion in vitro al-
ters mitochondrial energy metabolism in chondrocytes, we
analysed both non‑mitochondrial (glycolytic) and mito-
chondrial (oxidative phosphorylation) metabolism in chon-
drocytes from the C and ME groups. The results revealed
increased oxidative phosphorylation in chondrocytes after
monolayer expansion in vitro. The ECAR of the chondro-
cytes did not differ between the C andME groups (Fig. 1a).
Compared with that of the chondrocytes in the C group, the
OCR of the chondrocytes in the ME group was greater (Fig.
1b).

Since monolayer expansion in vitro increased oxida-
tive phosphorylation of mitochondria in chondrocytes, we
further investigated whether oxidative stress and mitochon-
drial dysfunction are accompanied by increased OCR of
chondrocytes. We assessed mitochondrial ROS production,
8-OHdG levels, the MMP, mitochondrial mass, and the
level of PGC-1α in chondrocytes. Increased mitochondrial
ROS production in chondrocytes after monolayer expan-
sion in vitro was detected. More intense MitoSOX stain-
ing was found in the chondrocytes in the ME group than
in those in the C group (Fig. 1c). The quantitative results
of MitoSOX staining also revealed a significant increase in
mitochondrial ROS production by chondrocytes in the ME
group compared with the C group (Fig. 1d). 8-OHdG is a
marker of oxidative stress [49]. Compared with those in the
C group, increased levels of 8-OHdG in the chondrocytes in
the ME group were found (Fig. 1e). These results indicate
that increased oxidative stress is accompanied by increased
OCR of chondrocytes.

Mitochondrial dysfunction is also found in chondro-
cytes after monolayer expansion in vitro. Compared with
that in the C group, decreased MMP was detected in chon-
drocytes in the ME group (Fig. 1f). Increased mitochon-
drial mass in chondrocytes were observed after monolayer
expansion in vitro. The mitochondria stained with MitoSpy
revealed that the ME group displays higher fluorescence
staining area compared to the C group, suggesting higher
mitochondrial mass (Fig. 1g and h). Moreover, the protein
expression of PGC-1αwas lower in the chondrocytes in the
ME group than in those in the C group, indicating that the
biogenesis of mitochondria was decreased (Fig. 1i and j).
Overall, these results indicate that oxidative stress andmito-
chondrial dysfunction are accompanied by increased oxida-
tive phosphorylation of mitochondria in chondrocytes after
monolayer expansion in vitro.
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Fig. 1. Increased oxidative stress and mitochondrial dysfunction are associated with enhanced mitochondrial oxidative phospho-
rylation in chondrocytes after monolayer expansion in vitro. The mitochondrial energy metabolism, mitochondrial superoxide level,
oxidative stress, MMP, mitochondrial mass and protein level of PGC-1α in chondrocytes in the C and ME groups were analysed. (a)
ECAR and (b) OCR were determined with a Seahorse XFe 24 Analyzer. (c) The confocal microscopic images of chondrocytes stained
with MitoSOX Red (red) for mitochondrial superoxide; the cell nuclei were stained with DAPI (blue). (d) Mitochondrial superoxide
production was quantified by the fluorescence intensity of MitoSOX Red staining (n = 4). Scale bar = 50 µm. (e) Quantification of
8-OHdG production in chondrocytes (n = 6). (f)MMP was examined by JC-10 (n = 6). The ratio of the intensities of the red and green
fluorescence is expressed relative to that of the C group, which was defined as 1. (g) Representative fluorescence microscopy images of
chondrocytes stained with MitoSpy (Red) to evaluate mitochondrial mass. Scale bar = 50 µm. (h) Mitochondrial mass was quantified
by the fluorescence area of MitoSpy staining. (i) The protein levels of PGC-1α and β‑actin in chondrocytes were analysed by Western
blotting, and representative immunoblots are shown. (j) Quantification of PGC-1α protein expression was performed by densitometric
analysis, with all values normalized to β‑actin and expressed relative to the C group, which was defined as 1. The data are presented as
the means  ±  SEMs (n = 4). (*) and (**) indicate p < 0.05 and p < 0.01, respectively, compared with the chondrocytes in the C group.
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Isolation of Mitochondria From ADSC and ADSC-MT Into
Chondrocytes

COX IV is a marker for mitochondrial organelles and
is one of the subunits of cytochrome C oxidase in the inner
mitochondrial membrane [50]. VDAC-1 is the most abun-
dant protein on the outer membrane of mitochondria [51].
To confirm that mitochondria were isolated fromADSC,we
determined the protein levels of COX IV, VDAC-1 and α-
tubulin in ADSC and isolated mitochondria byWestern blot
analysis. The protein levels of COX IV and VDAC-1 were
abundant in both ADSC and mitochondria isolated from
ADSC (ADSC-mitochondria) (Fig. 2a). However, the pro-
tein level ofα-tubulinwas low inADSC-mitochondria (Fig.
2a). These results indicate that the mitochondria were suc-
cessfully isolated from ADSC.

For ADSC-MT in chondrocytes, freshly isolated
MitoSpy-labelled ADSC mitochondria were immediately
cocultured with chondrocytes. To confirm that mitochon-
dria were successfully taken up by chondrocytes after
ADSC-MT, we assessed the uptake of MitoSpy-labelled
ADSC-mitochondria by chondrocytes under a fluorescence
microscope at 1h and days 1–3. One hour after ADSC-MT,
the MitoSpy-labelled ADSC mitochondria were visualized
in the cytoplasm of the chondrocytes (Fig. 2b and c). More-
over, MitoSpy-labelled ADSC mitochondria were still ob-
servable in chondrocytes from days 1 to 3 after ADSC-MT
(Fig. 2d and e). Since VDAC-1 is the most abundant pro-
tein on the outer membrane of mitochondria [51], measur-
ing its cellular expressionmay serve as an indicator of mito-
chondrial content within the cell. We further tested the pro-
tein level of VDAC-1 in chondrocytes 3 days after ADSC-
MT and found that the protein level of VDAC-1 in the chon-
drocytes in the AM group was greater than that in the C
group (Fig. 2f and g). This result suggests that the protein
level of VDAC-1 in AM group is higher than that in the C
and ME group due to the VDAC-1 expression in AM group
is consist of mitochondria derived from chondrocytes and
ADSC (Fig. 2f and g). Overall, the results indicated that
ADSC mitochondria were isolated and successfully trans-
ferred into chondrocytes by ADSC-MT.

ADSC-MT Ameliorates Senescence in Senescent
Chondrocytes

SA-β-gal is one of the first biomarkers described in
cells with features of senescence [17]. Moreover, increased
expression of p16 and p21 induces cell‑cycle arrest in senes-
cent cells by inhibiting cyclin‑dependent kinases [13,52].
Chondrocytes exhibiting increased SA‑β‑gal staining along
with elevated p16 and p21 expression demonstrate en-
hanced cellular senescence [13,52]. To determine whether
ADSC-MT ameliorates senescence in senescent chondro-
cytes, the expression of senescence-associated markers, in-
cluding SA-β-gal, and the protein levels of p16 and p21 in
chondrocytes were analysed in the C, ME and AM groups.
These results showed that ADSC-MT ameliorates senes-

cence in senescent chondrocytes. SA-β-gal staining re-
vealed that the chondrocytes in both the C and AM groups
had more negatively stained areas than those in the ME
group did (Fig. 3a). Quantitative analysis also revealed
that both the C and AM groups exhibited a lower area of
blue staining compared to the ME group (Fig. 3b). The
senescence of chondrocytes in the three groups was further
confirmed by determining the protein levels of p16 and p21
in chondrocytes. The results also revealed that the protein
levels of p16 and p21weremarkedly lower in the AMgroup
than in the ME group (Fig. 3c–f). Overall, these results in-
dicate that ADSC‑MT attenuates chondrocyte senescence
induced by monolayer expansion in vitro.

ADSC-MT Improves the Chondrogenic Phenotype of
Senescent Chondrocytes

In addition to reducing senescence, improving the
chondrogenic phenotype is critical for synthesizing hya-
line cartilage in senescent chondrocytes. We next evalu-
ated whether ADSC-MT improved the chondrogenic phe-
notype of senescent chondrocytes. To evaluate the chon-
drogenic phenotype of chondrocytes after ADSC-MT, we
determined the mRNA levels of Col-II and Col-I in chon-
drocytes via RT‒qPCR analyses on day 3 after ADSC-MT.
The results showed that ADSC-MT into chondrocytes im-
proved the chondrogenic phenotype of senescent chondro-
cytes. Compared with those in the C group, decreased Col-
II and increased Col-I mRNA levels in chondrocytes were
detected in the ME group (Fig. 4a and b). Compared with
those in theME group, the mRNA levels of Col-II and Col-I
in the AM group were reversed (Fig. 4a and b). The Col-
II/Col-I expression ratio was also calculated to assess chon-
drogenic potential. No significant difference was found be-
tween the C and AM groups (Fig. 4c). The results showed
that ADSC-MT treatment improved the chondrogenic po-
tential of senescent chondrocytes. To confirm the results at
the mRNA level, we further evaluated the protein levels of
Col-II and Col-I in chondrocytes via ELISAs and IHC stain-
ing on day 12 after ADSC-MT. Similar results were found
via ELISAs, with decreased Col-II and increased Col-I syn-
thesis in the ME group compared with those in the C group.
These changes were also reversed in the AM group com-
paredwith those in theMEgroup (Fig. 4d and e). No signif-
icant difference in the Col-II/Col-I expression ratio was ob-
served between the C and AM groups (Fig. 4f). The same
results were also found via IHC staining of Col-II and Col-I
in chondrocytes (Fig. 4g). Collectively, these results indi-
cate that ADSC-MT improves the chondrogenic phenotype
of senescent chondrocytes, even after monolayer expansion
in vitro.

ADSC-MT Reduces Oxidative Stress and Mitochondrial
Dysfunction in Senescent Chondrocytes

Since we found that ADSC-MT reduces senescence
and improves the chondrogenic phenotype of senescent
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Fig. 2. Isolation of mitochondria from ADSC and ADSC-MT into chondrocytes. MitoSpy-labelled mitochondria were freshly
isolated from ADSC (ADSC mitochondria) and transferred into chondrocytes via ADSC-MT. (a) Western blot analysis of COX IV,
VDAC-1 and α-tubulin in ADSC and in ADSC mitochondria. (b) Confocal microscopic images of chondrocytes treated with or without
ADSC-MT after 1 h. ADSC mitochondria were stained with MitoSpy (red), the chondrocyte cytoplasm was stained with CellTracker
Green CMFDA (green), and the cell nuclei were stained with DAPI (blue). Scale bar = 50 µm. (c) ADSC mitochondria were quantified
based on the fluorescence area obtained from MitoSpy staining. (d) Representative confocal microscopic images of chondrocytes that
received ADSC-MT from days 0 to 3. ADSC mitochondria were previously labelled with MitoSpy (red), and the chondrocyte cytoplasm
and cell nucleus were labelled with CellTracker Green CMFDA (green) and DAPI (blue), respectively. Scale bar = 100 µm. (e) ADSC
mitochondria were quantified based on the fluorescence area obtained from MitoSpy staining. (f) The protein levels of VDAC-1 and
β‑actin in chondrocytes in the C, ME and AM groups were analysed by Western blotting, and representative immunoblots are shown.
(g) Quantification of VDAC-1 and β‑actin protein expressions were performed by densitometric analysis, with all values normalized to
β‑actin and expressed relative to the C group, which was defined as 1. The data are presented as the means  ±  SEMs (n = 4). (**) p <
0.01, respectively, compared with the chondrocytes in the C group.
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Fig. 3. ADSC-MT ameliorates senescence in senescent chondrocytes. The cell senescence of chondrocytes in the C, ME and AM
groups was analysed. (a) SA-β-gal staining (blue) of chondrocytes. Scale bar = 100 µm. (b) Quantitative analysis of blue staining
intensity of chondrocytes in three groups. (c) The protein levels of p16 and α-tubulin in chondrocytes were analysed byWestern blotting,
and representative immunoblots are shown. (d) Quantification of p16 andα-tubulin protein expressions were performed by densitometric
analysis, with all values normalized to α-tubulin and expressed relative to the C group, which was defined as 1. (e) The protein levels of
p21 and α-tubulin in chondrocytes were analysed by Western blotting, and representative immunoblots are shown. (f) Quantification of
p21 and α-tubulin protein expressions were performed by densitometric analysis, with all values normalized to α-tubulin and expressed
relative to the C group, which was defined as 1. The data are presented as the means ±  SEMs (n = 3–4). (*) and (**) indicate p < 0.05
and p < 0.01, respectively, compared with the chondrocytes in the C group. (#) p < 0.05, (##) p < 0.01, compared with the ME group.

chondrocytes, we further tested whether this effect occurs
via reduced oxidative stress and mitochondrial dysfunction
in chondrocytes. We observed reduced oxidative stress in
chondrocytes after ADSC-MT. First, mitochondrial super-

oxide synthesis in chondrocytes decreased after ADSC-MT.
Compared with that in the C group, mitochondrial superox-
ide synthesis in chondrocytes increased in the ME group
(Fig. 5a). This synthesis was lower in the AM group than
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Fig. 4. ADSC-MT improves the chondrogenic phenotype of senescent chondrocytes. The chondrogenic phenotypes of the chon-
drocytes in the C, ME and AM groups were analysed. The mRNA expression levels of (a) Col-II and (b) Col-I in chondrocytes in the
3 groups were measured on day 3. (c) The Col-II/Col-I expression ratio was also calculated to assess chondrogenic potential. Gene
expression levels are expressed relative to those in the C group, which was defined as 1. ELISAs were used to determine the protein
levels of (d) Col-II and (e) Col-I in the chondrocytes of the 3 groups on day 12. (f) The Col-II/Col-I protein ratio was also calculated
to evaluate the chondrogenic phenotype. Protein expression levels are expressed relative to those in the C group, which was defined as
1. The values are presented as the mean ± SEM (n = 4). (*) and (**) indicate p < 0.05 and p < 0.01, respectively, compared with the
C group. (#) p < 0.05, (##) p < 0.01, compared with the ME group. (g) IHC staining of Col-II and Col-I in chondrocytes from the 3
groups on day 12. The IHC images of chondrocytes stained with Col-II (green) or Col-I (green); the cell nuclei were stained with DAPI
(blue). Scale bar = 150 µm.

in the ME group (Fig. 5a). Second, ADSC-MT also de-
creases the level of 8-OHdG in chondrocytes. The increase
in 8-OHdG found in the chondrocytes in the ME group was
reversed in the AM group (Fig. 5b). Moreover, mitochon-
drial dysfunction inmonolayer-expanded chondrocytes was

reduced. Compared with that in the C group, the decreased
MMP in chondrocytes in the ME group was reversed in the
cells in the AM group (Fig. 5c).

We also analysed the change in mitochondrial energy
metabolism in chondrocytes after ADSC-MT. We found
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that ADSC-MT did not affect glycolysis or oxidative phos-
phorylation in chondrocytes after monolayer expansion in
vitro. Glycolysis and oxidative phosphorylation did not dif-
fer between the ME and AM groups (Fig. 5d and e). Over-
all, these results indicate that ADSC-MT reduces oxidative
stress and mitochondrial dysfunction in senescent chondro-
cytes.

ADSC-MT Increases the Antioxidant Defence Capacity
and Mitochondrial Biogenesis of MQC in Senescent
Chondrocytes

To test the antioxidant defence capacity andmitochon-
drial biogenesis of chondrocytes after ADSC-MT, we deter-
mined the protein levels of SOD-2, SIRT-1, SIRT-3, PGC-
1α, and transcription factor A (TFAM) in chondrocytes in
the three groups. These results showed that ADSC-MT pro-
motes the antioxidant defence capacity of senescent chon-
drocytes. Compared with those in the C and ME groups,
the protein level of SOD-2 in chondrocytes in the AMgroup
was increased (Fig. 6a and b). More intense fluorescence of
SOD-2 in chondrocytes in the AM group was also detected
via IHC staining (Fig. 6c). Compared with those in the ME
group, the protein levels of SIRT-1, SIRT-3, PGC-1α, and
TFAM in chondrocytes were increased in the AM group,
indicating increased mitochondrial biogenesis in chondro-
cytes after ADSC-MT (Fig. 6d–k). The results showed that
ADSC-MT increases both the antioxidant defence capacity
and mitochondrial biogenesis of MQC in senescent chon-
drocytes.

ADSC-MT Does Not Change Mitochondrial Dynamics But
Promotes Mitophagy in Senescent Chondrocytes

To test the mitochondrial dynamics and mitophagy of
chondrocytes after ADSC-MT, we determined the protein
levels of MFN-1, MFN-2, OPA-1, PINK-1 and Parkin in
chondrocytes in the three groups. We found that ADSC-MT
does not affect mitochondrial dynamics in senescent chon-
drocytes. Comparedwith those in theMEgroup, the protein
levels of MFN-1, MFN-2, and OPA-1 were not different in
the AM group (Fig. 7a–d). Thus, ADSC-MT promotes mi-
tophagy in senescent chondrocytes. Compared with those
in the ME group, the protein levels of PINK-1 and Parkin
in chondrocytes were lower in the AM group (Fig. 7e–g).
The results showed that ADSC-MT does not affect mito-
chondrial dynamics but increases mitophagy in senescent
chondrocytes.

Discussion
When sufficient chondrocytes are obtained via mono-

layer expansion in vitro for articular cartilage tissue engi-
neering, the chondrocytes undergo rapid senescence and
lose their chondrogenic phenotype [10]. The senescence
of chondrocytes results in the formation of undesired fibro-
cartilage at the transplantation site [8,16]. For the regen-
eration of articular cartilage defects in the clinic, chondro-

cyte senescence remains the major barrier in chondrocyte-
based articular cartilage tissue engineering. For example,
autologous chondrocyte implantation (ACI) has been used
for more than 30 years in the clinic and is still consid-
ered the gold standard for treating articular cartilage defects
[53,54]. However, chondrocytes lose their chondrogenic
phenotype after monolayer expansion in vitro, which im-
pairs their ability to synthesize hyaline cartilage [4,13]. In
this study, we show that ADSC-MT improves the chondro-
genic phenotype of senescent chondrocytes by ameliorat-
ing mitochondrial dysfunction, suggesting that ADSC-MT
may be a strategy for chondrocyte-based articular cartilage
tissue engineering.

Previous studies have shown an increased oxidative
phosphorylation rate of mitochondria with concomitant mi-
tochondrial ROS production and oxidative stress in chon-
drocytes after monolayer expansion in vitro [21,22]. Su-
peroxide is a proximal mitochondrial ROS that is produced
at respiratory chain complexes I and III [18,35]. 8-OHdG
is a product of oxidative modifications of DNA and is a
marker of oxidative stress [49]. Consistent with these pre-
vious reports, our results also revealed increased oxidative
phosphorylation rates in mitochondria with increased mi-
tochondrial ROS production and 8-OHdG in chondrocytes
after monolayer expansion in vitro (Fig. 1b–e). These re-
sults suggest that enhanced mitochondrial oxidative phos-
phorylation in chondrocytes following in vitro monolayer
expansion is associated with increased oxidative stress.

Chondrocyte senescence occurs after monolayer ex-
pansion in vitro [13,52]. Increased oxidative stress is
known to cause cell senescence, which has been linked to
the development of mitochondrial dysfunction [13,17,18].
In chondrocytes, oxidative stress can lead to senescence
and mitochondrial dysfunction [13,55]. Senescent cells are
characterized by changes in mitochondrial mass and the
MMP [17]. Mitochondrial mass is often increased in senes-
cence in vitro [56]. Previous studies have reported that
senescent fibroblasts exhibit greater mitochondrial mass
and lower MMP compared to non-senescent cells [56].
Moreover, a decrease in mitochondrial biogenesis is a char-
acteristic of mitochondrial dysfunction [57,58]. PGC-1α
plays an important role in the regulation of mitochondrial
biogenesis and function [18,35]. Our results also revealed
a decreased MMP, increased mitochondrial mass, and de-
creased PGC-1α expression in chondrocytes after mono-
layer expansion in vitro (Fig. 1f–j). These results suggest
that increased oxidative stress in chondrocytes after mono-
layer expansion in vitro leads to senescence and mitochon-
drial dysfunction.

MT is a process by whichmitochondria are transferred
from one cell to another [59]. MT has been shown to re-
duce oxidative stress and normalise mitochondrial function
in cells [59]. Recent studies have shown that MSCs also
exert their biological effects through MT [60]. Recipient
cells of mitochondria from MSCs show normalised mito-
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Fig. 5. ADSC-MT reduces oxidative stress andmitochondrial dysfunction in senescent chondrocytes. Themitochondrial superoxide
levels, oxidative stress, MMP, and mitochondrial energy metabolism of the chondrocytes in the C, ME and AM groups were analysed. (a)
Mitochondrial superoxide production was determined by quantifying the intensity of MitoSOX Red staining (n = 6). (b) Quantification
of 8-OHdG production in chondrocytes (n = 6). (c) MMP was examined by JC-10 (n = 6). The intensity of the fluorescence of JC-10
is expressed relative to that of the C group, which was defined as 1. The values are presented as the means ± SEMs. (**) p < 0.01,
respectively, compared with the C group. (##) p < 0.01, compared with the ME group. (d) ECAR was determined with a Seahorse XFe
24 Analyser. (e) OCRs were determined with a Seahorse XFe 24 Analyser.

chondrial function, such as resistance to oxidative stress
and increased MMP [61,62]. Moreover, oxidative stress
(or overproduction of ROS) is considered a major regula-
tor of chondrocyte senescence, which is responsible for the
loss of the chondrogenic phenotype after monolayer expan-
sion in vitro [13]. In addition, a previous report showed that
isolated mitochondria can be artificially transferred in vitro

into cells by simple coincubation of isolated mitochondria
with cells without the need for transfection reagents, sup-
plements to the medium or any other type of intervention
[63]. In this study, we showed that ADSC mitochondria
were transferred into recipient chondrocytes by coincuba-
tion of isolated mitochondria with cells (Fig. 2). We found
that senescent chondrocytes that received ADSC-MT ex-
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Fig. 6. ADSC-MT promotes antioxidant defence capacity and mitochondrial biogenesis in senescent chondrocytes. The protein
levels of SOD-2, SIRT-1, SIRT-3, PGC-1α, and TFAM in chondrocytes in the C, ME and AM groups were analysed. (a) The protein
expression levels of SOD-2 andα-tubulin in chondrocytes were detected byWestern blotting, and representative immunoblots are shown.
(b) Quantification of SOD-2 and α-tubulin protein expressions were performed by densitometric analysis, with all values normalized to
α-tubulin and expressed relative to the C group, which was defined as 1. (c) The IHC images of chondrocytes were stained with SOD-2
(green fluorescence), and the cell nuclei were stained with DAPI (blue). Scale bar = 150 µm. The protein expression levels of (d) SIRT-1,
(f) SIRT-3, (h) PGC-1α, (j) TFAM and β-actin in chondrocytes were determined byWestern blotting, and representative immunoblots are
shown. Quantification of (e) SIRT-1, (g) SIRT-3, (i) PGC-1α, (k) TFAMandβ-actin protein expressionswere performed by densitometric
analysis, with all values normalized to β-actin and expressed relative to the C group, which was defined as 1. The data are presented as
the means ± SEMs (n = 3‒5). (*) and (**) indicate p< 0.05 and p< 0.01, respectively, compared with the chondrocytes in the C group.
(#) and (##) indicate p < 0.05 and p < 0.01, respectively, compared with the ME group.
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Fig. 7. ADSC-MT does not change mitochondrial dynamics but increases mitophagy in senescent chondrocytes. The protein
levels of MFN-1, MFN-2, OPA-1, PINK-1, and Parkin in the chondrocytes in the C, ME and AM groups were analysed. The protein
expression levels of (a) MFN-1, MFN-2, OPA-1, (e) PINK-1, Parkin and β-actin in chondrocytes were determined by Western blotting,
and representative immunoblots are shown. Quantification of (b) MFN-1, (c) MFN-2, (d) OPA-1, (f) PINK-1, (g) Parkin and β-actin
protein expressions were performed by densitometric analysis, with all values normalized to β-actin and expressed relative to the C
group, which was defined as 1. The data are presented as the means ± SEMs (n = 3‒5). (*) and (**) indicate p < 0.05 and p < 0.01,
respectively, compared with the chondrocytes in the C group. (#) indicates p < 0.05, compared with the ME group.

hibited alleviated senescence and a restored chondrogenic
phenotype (Fig. 3 and 4). ADSC-MT reduced the intensity
of SA-β-gal staining and the protein levels of p21 and p16 in
senescent chondrocytes (Fig. 3). ADSC-MT increases the
expression of Col-II and decreases the expression of Col-I
in senescent chondrocytes at both the mRNA and protein
levels (Fig. 4). Moreover, we found that ADSC-MT allevi-
ated mitochondrial dysfunction in senescent chondrocytes
by reducing oxidative stress and increasing the MMP (Fig.
5). ADSC-MT decreased the production of mitochondrial
superoxide and the level of 8-OHdG in senescent chondro-

cytes (Fig. 5a and b). In addition, ADSC-MT increased
the MMP in senescent chondrocytes (Fig. 5c). These re-
sults suggest that ADSC-MT improves the chondrogenic
phenotype in senescent chondrocytes by ameliorating mi-
tochondrial dysfunction.

MQC is vital for maintaining the normal functions of
mitochondria and operates through the coordination of var-
ious processes to maintain cell function [18,35]. The pri-
mary function of MQC is to ensure mitochondrial qual-
ity and maintain mitochondrial functions by limiting ox-
idative damage to mitochondria [18]. The known mecha-
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nisms linking MQC to regulate cell function in chondro-
cytes include antioxidant defences, mitochondrial biogen-
esis, mitochondrial dynamics and mitophagy [35]. Mito-
chondria are major sources and targets of ROS, and ex-
cessive accumulation of ROS can lead to oxidative stress
and cellular damage [18,35]. Superoxide is the main un-
desired by-product of mitochondrial oxidative phosphory-
lation. Superoxide is a mitochondrial ROS produced at res-
piratory chain complexes I and III [18,35]. The antioxi-
dant system counteracts the detrimental effects of excessive
ROS accumulation. SOD-2 acts as the first defence by con-
verting superoxide into hydrogen peroxide. Catalase and
glutathione peroxidase help remove hydrogen peroxide by
turning it into water and oxygen [18,35]. Moreover, deple-
tion of mitochondrially localised SOD-2 has been shown
to promote mitochondrial dysfunction and increase ROS
production [64,65]. We showed that ADSC-MT in chon-
drocytes decreased the level of mitochondrial ROS (Fig.
5a) and increased the protein level of SOD-2 (Fig. 6a and
b). These results suggest that ADSC-MT alleviates mito-
chondrial dysfunction by promoting antioxidant defences
in senescent chondrocytes.

Mitochondrial biogenesis is a process that leads to
the replication of mitochondria, which play crucial roles
in sustaining cell function by ensuring a continuous sup-
ply of new mitochondria [18,35]. PGC-1α plays an im-
portant role in the regulation of mitochondrial biogenesis
and function [18,35]. In addition to PGC-1α, mitochondrial
TFAM, through its binding to mtDNA, has been identified
as a relevant modulator of mitochondrial biogenesis, in-
cluding mtDNA transcription, maintenance, replication and
mtDNA repair [18,35]. SIRT-1 is known to be responsible
for the activation of PGC-1α [18,35]. SIRT-3 can deacety-
late liver kinase B1 (LKB1), which can increase the level
of PGC‐1α [18,35]. We also showed that ADSC-MT in-
creased the protein levels of SIRT-1, SIRT-3, PGC-1α, and
TFAM in monolayer-expanded chondrocytes (Fig. 6d–k).
These results suggest that ADSC-MT alleviates mitochon-
drial dysfunction by promoting mitochondrial biogenesis in
senescent chondrocytes.

Mitochondrial dynamics involves the balance between
fusion and fission and helps regulate the function of mito-
chondria. These processes play crucial roles in maintain-
ing mitochondrial health and cellular function. The key
proteins involved in mitochondrial fusion include MFN-1,
MFN-2 and OPA-1. SIRT-3 plays a role in regulating the
deacetylation status of OPA-1, which has a direct effect on
mitochondrial dynamics [18,35]. Our results revealed that
the levels of MFN-1, MFN-2 and OPA-1 were not altered
in ADSC-MT recipient chondrocytes compared with those
in senescent chondrocytes (Fig. 7a–d). Mitochondrial dy-
namics are known to contribute to mitochondrial respira-
tion [66]. It has been reported that cells lacking MFN-1
and MFN-2 exhibit fragmented mitochondria, which is as-
sociated with reduced mitochondrial respiration [66–68].

Moreover, OPA1-deficient cells display fragmented mito-
chondria and diminished oxidative phosphorylation (OX-
PHOS) [69,70], whereas OPA-1 overexpression enhances
OXPHOS [66,71]. In Fig. 5e, we observed that the OCR
in senescent chondrocytes (ME group) remains unchanged
after ADSC-MT treatment (AM group). We suggest that
OCR does not differ between these two groups (Fig. 5e)
which may explain why the upregulation of MFN-1, MFN-
2, and OPA-1 in both the ME and AM groups (Fig. 7a–d).
However, the detailed molecular mechanism still requires
further investigation.

The upregulation of PINK-1 and Parkin constitutes
a conserved cellular defence mechanism in response to
mitochondrial damage, initiating mitophagy—a selective
autophagic process that facilitates the targeted degrada-
tion of dysfunctional or superfluous mitochondria, thereby
preserving mitochondrial quality and cellular homeostasis
[18,35,72]. Parkin, an E3 ubiquitin ligase and mitochon-
drial outer membrane (OMM) protein, operates in conjunc-
tion with PINK-1, and phosphorylation of Parkin by PINK-
1 transforms it into an active phospho-ubiquitin dependent
E3 ligase, which can respond to the loss of MMP to elim-
inate damaged mitochondria [73]. It has been shown that
Parkin-mediated clearance of damaged mitochondria limits
the generation of ROS and prevents the induction of ox-
idative stress in chondrocytes [74]. Our results show el-
evated PINK-1 and Parkin levels in ME group chondro-
cytes compared to C group, which were reversed in the AM
group (Fig. 7e–g). These results suggest that damaged mi-
tochondria accumulated in senescent chondrocytes are re-
duced following ADSC-MT treatment. Furthermore, the
loss of MMP and elevated oxidative stress are also allevi-
ated in senescent chondrocytes after ADSC-MT. However,
the expression levels of PINK-1 and Parkin alone are in-
sufficient to determine whether mitophagy is actively oc-
curring. To determine whether mitophagy is activated or
inhibited in senescent chondrocytes after ADSC-MT treat-
ment, the LC3-I/LC3-II ratio and the protein expression of
p62/SQSTM1 should be measured in the future. Overall,
these results suggest that ADSC-MT reduces the degree
of mitochondrial dysfunction in senescent chondrocytes by
promoting MQC in chondrocytes.

In the ME group, decreased PGC-1α (Fig. 1i) and
increased ROS (Fig. 1c and d) would suggest VDAC-1
activation; however, VDAC-1 expression was not signifi-
cantly upregulated (Fig. 2f and g). It has been indicated
that VDAC-1 expression is regulated by the AMPK/PGC-
1α and p53 pathways in neural cells [75]. Not only
AMPK/PGC-1α signaling pathway modulates VDAC-1
expression, but also VDAC-1 expression is regulated by
p53. Silencing of p53 suppresses VDAC-1 expression,
whereas its overexpression enhances VDAC-1 transcrip-
tion and expression, with identified p53 binding sites on
the VDAC-1 promoter [75]. In our unpublished data, we
also find that the protein level of p53 in chondrocytes is not
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changed in the C and ME groups. Based on the described
above, we suggest that the expression of VDAC-1 in chon-
drocytes is not altered in the ME group compared to the C
group, as the protein levels of p53 in chondrocytes remain
unchanged between the two groups.

MMP is a measure of the charge difference across the
inner mitochondrial membrane, and it is closely linked to
ROS production. Mitochondria are both a major source and
target of ROS due to their aerobic metabolism. High ROS
can damage mitochondrial DNA and components, leading
to a loss ofMMP (depolarisation) [76]. The antioxidant sys-
tem mitigates ROS. SOD-2 converts mitochondrial super-
oxide into hydrogen peroxide, which is further detoxified
by Catalase and glutathione peroxidase into water and oxy-
gen [18,35]. Although we found that ROS production of
chondrocytes is significantly increased in ME group than
C group (Fig. 1c and d), the protein level of SOD-2 was
not significantly decreased in ME group when compared
with C group (Fig. 6a and b). This suggests that there is
no marked decrease in MMP of chondrocytes in ME group
due to the protein level of SOD-2 is not changed between
two groups. On the other hand, the higher protein level of
SOD-2 in chondrocytes is found in the AM group than in
the C group (Fig. 6a and b). This suggests that the MMP of
AM group is significantly higher than that of the C group
due to the higher protein level of SOD-2 in the AM group.

It is known that PGC-1α induces SIRT-3 expres-
sion through ERRα. Meanwhile, SIRT-3 stimulates PGC-
1α gene expression via increased CREB phosphorylation,
forming a positive feedback loop [77]. Moreover, TFAM is
a direct deacetylation substrate of SIRT-3, and SIRT-3 pro-
motes mitochondrial biogenesis by deacetylating TFAM to
enhance its expression [78]. Therefore, it is hypothesised
that reduced PGC-1α levels in the ME group, compared to
the C group (Fig. 6h and i), may lead to decreased expres-
sion of SIRT-3 and TFAM in chondrocytes. However, no
significant difference in SIRT-3 and TFAM protein expres-
sion was observed between the ME and C groups (Fig 6 f
and g, j and k). It is recognised that SIRT-3 expression is
not solely regulated by PGC-1α [79]. Other transcription
factors, such as Nrf2, NF-κB, and SP1, also contribute to
its regulation [79]. SP1 can bind to the SIRT-3 promoter to
enhance its expression, while NF-κB has been shown to up-
regulate SIRT-3 by binding to its promoter [79]. Given the
lack of difference in SIRT-3 and TFAM expression between
the ME and C groups, further investigation is required to
elucidate the underlying molecular mechanisms.

The limitation of this study is that we only demon-
strated the potential of ADSC-MT in enhancing chondro-
cyte function for chondrocyte-based articular cartilage tis-
sue engineering in vitro. Whether chondrocytes treatedwith
ADSC-MT can be used for articular cartilage defect repair
requires further investigation. Future research should eval-
uate the applicability of ADSC-MT with chondrocytes in
3D scaffolds or hydrogels. We aim to develop biomate-

rial platforms specifically designed to facilitate and enhance
mitochondrial transfer in chondrocytes. These engineered
systems will enable investigations into whether ADSC-MT-
enhancing biomaterials combined with chondrocytes can
support therapeutic applications in chondrocyte-based ar-
ticular cartilage tissue engineering, particularly by improv-
ing regenerative outcomes in cartilage defect repair.

Conclusions
In this study, we found that ADSC-MT improves

the chondrogenic phenotype by ameliorating mitochondrial
dysfunction in senescent chondrocytes. These findings pro-
vide a novel strategy to improve the chondrocyte pheno-
type in senescent chondrocytes prior to their utilisation in
chondrocyte-based articular cartilage tissue engineering.
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