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Abstract 

Background  Human adipose-derived stem cells (ADSCs) exert a strong anti-inflammatory effect, and synovium-
derived stem cells (SDSCs) have high chondrogenic potential. Thus, this study aims to investigate whether a combina-
tion of human ADSCs and SDSCs will have a synergistic effect that will increase the chondrogenic potential of osteo-
arthritis (OA) chondrocytes in vitro and attenuate the cartilage degeneration of early and advanced OA in vitro.

Methods  ADSCs, SDSCs, and chondrocytes were isolated from OA patients who underwent total knee arthroplasty. 
The ADSCs–SDSCs mixed cell ratios were 1:0 (ADSCs only), 8:2, 5:5 (5A5S), 2:8, and 0:1 (SDSCs only). The chondrogenic 
potential of the OA chondrocytes was evaluated in vitro with a transwell assay or pellet culture with various mixed cell 
groups. The mixed cell group with the highest chondrogenic potential was then selected and injected into the knee 
joints of nude rats of early and advanced OA stages in vivo. The animals were then evaluated 12 and 20 weeks 
after surgery through gait analysis, von frey test, microcomputed tomography, MRI, and immunohistochemical 
and histological analyses. Finally, the mechanisms underlying these findings were investigated through the RNA 
sequencing of tissue samples in vivo and Western blot of the OA chondrocyte autophagy pathway.

Results  Among the MSCs treatment groups, 5A5S had the greatest synergistic effect that increased the chondro-
genic potential of OA chondrocytes in vitro and inhibited early and advanced OA in vivo. The 5A5S group significantly 
reduced cartilage degeneration, synovial inflammation, pain sensation, and nerve invasion in subchondral nude 
rat OA, outperforming both single-cell treatments. The underlying mechanism was the activation of chondrocyte 
autophagy via the FoxO1 signaling pathway.

Conclusion  A combination of human ADSCs and SDSCs demonstrated higher potential than a single type of stem 
cell, demonstrating potential as a novel treatment for OA.
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Introduction
Osteoarthritis (OA) is one of the most common causes 
of chronic pain and musculoskeletal disability, and it 
has recently categorized as an epidemic, put a substan-
tial burden on the healthcare system [1]. OA is  char-
acterized by persistent inflammation and progressive 
articular cartilage degeneration, subchondral bone 
remodeling, and osteophyte formation [2]. Nonpharma-
cological approaches (such as exercise and weight man-
agement) and pharmacological interventions (including 
nonsteroidal anti-inflammatory drugs) constitute clinical 
guidelines for nonsurgical OA treatment. Nonsurgical 
treatments relieve symptoms by reducing inflammation 
but do not repair damaged chondrocytes or regenerate 
the cartilage matrix [1, 3].

Comprehensive therapies that can suppress inflamma-
tion while promoting cartilage regeneration may delay or 
prevent the progression of OA [4]. Mesenchymal stem 
cells (MSCs)-based therapy has attracted considerable 
interest because of its potential for anti-inflammatory 
and regenerative effects [5, 6]. Autologous MSCs therapy 
improves knee pain, self-reported physical function, and 
cartilage quality [7, 8]. MSCs can be isolated from vari-
ous tissues, including bone marrow–derived stem cells 
(BMSCs) [9], adipose tissue–derived stem cells (ADSCs) 
[10], and synovium–derived stem cells (SDSCs) [11]. 
However, MSCs from various tissues have distinct func-
tional characteristics [12] and have vary therapeutic out-
comes [13, 14]. Compared with BMSCs, ADSCs have 
robust proliferation and anti-inflammatory effects but 
limited chondrogenic potential [10, 13]. In animal models 
and clinical trials, ADSCs substantially reduce inflamma-
tory mediators, such as tumor necrosis factor α (TNF-α) 
and interleukin-1β (IL-1β) [15, 16]. Meanwhile, SDSCs 
have demonstrated greater chondrogenic potential than 
BMSCs, ADSCs, periosteum, and muscle-derived stem 
cells [12, 17, 18]. Chondrocytes cocultured with SDSCs 
express higher genes levels of Col2 and Sox9 and lower 
levels of Col1 and Col10 than chondrocytes alone, indi-
cating that SDSCs promoted chondrogenesis while inhib-
iting hypertrophy [19]. Furthermore, at the 24-month 
follow-up, autologous SDSCs implantation outperforms 
chondrocyte implantation in terms of functional out-
comes and OA outcome scores [20]. Thus, SDSCs have a 
remarkable potential for cartilage regeneration.

Intra-articular injections of ADSCs or SDSCs have 
demonstrated limited efficacy in advanced OA and 
long-term therapeutic applications [21]. MSCs-based 
therapies for OA frequently combine MSCs with bioac-
tive molecules or scaffolds to increase their therapeutic 
potential, resulting in improving stem or progenitor cell 
homing, reducing enzymatic matrix degradation and 
inflammation [22]. The benefits of MSCs derived from 

different tissues, such as ADSCs’ anti-inflammatory 
effects and SDSCs’ cartilage regeneration potential, have 
prompted investigations on combined approaches using 
multiple MSCs sources, offering a novel treatment par-
adigm that may be superior to single-MSCs therapies 
[23]. The aim of this study was to test the hypothesis 
that intra-articular injection of a combination of ADSCs 
and SDSCs would have a synergistic effect on reducing 
inflammation and promoting the regeneration of carti-
lage in OA. We expected that this combination therapy 
would lead to therapeutic outcomes surpassing those 
obtained using ADSCs or SDSCs alone.

Materials and methods
Isolation and cultivation of human chondrocytes, ADSCs, 
and SDSCs
Femoral condyles, synovial tissues, and infrapatellar 
fat pad (IPFP) were aseptically harvested from patients 
after total knee arthroplasty (TKA). The procedure was 
approved by the medical ethics committee of Shenzhen 
People’s Hospital (LL-KY-2021069). The following inclu-
sion criteria were used: 1) primary knee OA and TKA, 
2) age of less than 70  years. The exclusion criteria were 
as follows: (1) rheumatoid arthritis, (2) concurrent con-
ditions, such as inflammation, suspected infection, or 
diabetes. The patients comprised 6 male patients and 
12 female patients, ranging in age from 38 to 68  years. 
All specimens underwent triple rinsing with PBS sup-
plemented with a penicillin–streptomycin solution (PS; 
100 units/ml penicillin, 100 μg/ml streptomycin, Gibco). 
Briefly, (1) cartilage samples (weight 6–8  g) as pieces 
digested with 0.5% protease (Sigma) for 30 min and 0.05% 
type II collagenase (Sigma) for 6 h. (2) IPFP and synovial 
tissue (weight 5–6 g) were digested with 0.075% type XI 
collagenase (Life Technologies) on a 37  °C shaker for 
1 h (Fig. S1A). After passing through a 100 μm strainer, 
the suspension was centrifuged at 800 × g for 5  min. 
Cells were resuspended and cultured in 10 cm2 plates 
in Dulbecco’s modified eagle medium/nutrient mix-
ture F-12 (DMEM/F12, Gibco) supplemented with 15% 
fetal bovine serum (FBS, Gibco) and PS. Cultures were 
maintained at 37  °C and 5% CO2, and the medium was 
replaced every 2–3  days until the cells reached 70–80% 
confluence. ADSCs and SDSCs cultures were incubated 
until the third passage for experiments.

Coculture of chondrocytes with combined SDSCs 
and ADSCs
As described previously, ADSCs have a strong anti-
inflammatory effect, whereas SDSCs have a strong 
chondrogenic potential. To establish mixed MSCs with 
most  protective effects of both anti-inflammatory and 
pro-cartilage regeneration, different ratios of mixed 
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ADSCs and SDSCs, as 2:8, 5:5, 8:2, were established 
(Extended Data Table  1). Chondrocytes (2 × 105) were 
centrifuged at 800 × g for 5  min to form a chondrocyte 
pellet. Those pellets were  then randomly placed in the 
upper chamber and indirectly cocultured with 2 × 105 
SDSCs alone or ADSCs alone or both in various ratios 
in the lower chamber. In the 3D pellet directly co-cul-
ture system comprising 2 × 105 chondrocytes and 2 × 105 
SDSCs and ADSCs at different ratios, the control group 
was composed of 4 × 105 chondrocyte only, all cells were 
centrifuged at 800 × g for 5 min to form a 3D pellet. The 
chondrogenic medium was changed every other day 
for 14  days. The maximum diameter was observed and 
measured by a dissecting microscope, the pellets were 
dehydrated and paraffin embedded for paraffin sections. 
The proliferation potential of chondrocytes cocultured 
with SDSCs and ADSCs by transwell system, and immu-
nofluorescence were performed after 5 days.

Conditioned medium
The third passage total 6 × 105 cells of ADSCs only, 
6 × 105 cells of SDSCs only, mixed 3 × 105 ADSCs and 
3 × 105 SDSCs were cultured in a 10 cm2 dish, the culture 
medium was changed after 24  h, and the conditioned 
medium was collected after another 48  h. The condi-
tioned medium was centrifuged at 800 × g for 5 min, fil-
tered through 0.2 μm filter, and stored at − 80 °C.

IL‑1β induced chondrocyte culture in vitro
Chondrocyte was cultured with IL-1β at a concentration 
of 10 ng/μL for 48 h. The medium was changed to SDSCs 
or ADSCs, or 5A5S conditioned medium or 5A5S con-
ditioned medium with 0.1 μM AS184285(AS), a specific 
Foxo1 inhibitor (MedChemExpress), cultured for 72  h. 
Finally, cell were performed for western blotting, immu-
nofluorescence and mono-dansylcadaverine staining.

Electron microscopy analysis
For electron microscopy, 2.0 × 106 chondrocytes were 
collected by centrifugation and fixed for 24 h at 4  °C in 
a transmission electron microscopy (TEM) fixative. After 
fixation, the samples were dehydrated in graded alcohols, 
infiltrated in epoxypropane, and embedded in Embed 
812. Ultrathin 60  nm-thick sections were created and 
fished out onto the 150 meshes cuprum grids with Form-
var film. A 2% uranium acetate saturated alcohol solution 
staining for 8  min, rinsed in 70% ethanol three times. 
Lead citrate staining was performed for 8 min. After dry-
ing with filer paper, the cuprum grids were placed in a 
grid board and dried overnight at room temperature. The 
cuprum grids were observed through TEM, and images 
were obtained.

Nude rat OA model and animal groups
Male athymic nude rats (aged 10–12 weeks, body weight, 
160–180  g, n = 41) were obtained from Vital River Lab-
oratory Animal Technology (Beijing, China), which is 
known for lower immunological rejection and higher 
success rates of transplantations. All experimental 
and animal care procedures were approved by South-
ern University of Science and Technology (SUSTech-
SL2021112901). The work has been reported in line 
with the ARRIVE guidelines 2.0. All rats were induced 
by inhalation of isoflurane (concentration as 3–4%) 
through a mask for 2–3 min, and then the concentration 
was changed to 2–3% for the maintenance of anesthe-
sia. As nude rats difficult to breed and really expensive 
than Sprague–Dawley rats, a bilateral OA model was 
established by partial medial meniscectomy (pMMx). 
The experimental rats were randomly assigned into 
six groups (n = 10): PBS group (OA with 50  μl of PBS), 
ADSCs-only group (OA with 1.0 × 106 ADSCs), SDSCs-
only group (OA with 1.0 × 106 SDSCs); 5A5S group 
(OA with 5 × 105 ADSCs and 5 × 105 SDSC) [15, 24, 25]. 
Mild and advanced OA progressed 4 and 12 weeks after 
pMMx, respectively. In order to avoid the weight bearing 
asymmetry of gait, different treatments in bilateral OA, 
as PBS in left OA and ADSCs in right OA, SDSCs in left 
OA and 5A5S in right OA. PBS or cells was injected into 
rats in the mild OA group 4 weeks after pMMx and then 
performed every 4 weeks for 12 weeks (n = 6). As for the 
advanced group, injection started 12 weeks after pMMx 
and then performed every 4 weeks for 20 weeks (n = 4). 
Different proportions of mixed ADSCs and SDSCs were 
pooled from same patient at each knee injection. But at 
different time points, different patient-derived cells were 
pooled with little heterogeneity under inclusion and 
exclusion criteria [26]. The sham group had surgery and 
only underwent arthrotomy in the same surgical incision 
and suture. Those rats were euthanized by cervical dislo-
cation at 12 or 20 weeks. The knee joints were assessed 
by microcomputed tomography (micro-CT), MRI, and 
immunohistochemical and histological analyses.

Gait analysis and von frey testing
Rats were trained for 30  min on a transparent Plexi-
glass walking track or a perforated metal floor (Ugo 
Basile) before testing. Gait analysis was conducted 
using a catwalk system (Noldus CatWalk XT), and foot 
gait data were collected. Von frey testing started with 
the von frey filament (15 g) and then decreased to 10 g 
or increased to 26, 60, 100, and 180  g, according to 
whether rapid paw withdrawal occurred. The mechani-
cal pain threshold was calculated by the up‐down Excel 
program (Dixon, 1965).
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MRI analysis
All imaging experiments were carried out on a 9.4 Tesla 
bore magnet MRI scanner (μMR 9.4  T, United imag-
ing Life Science Instruments, China). A fat-suppressed 
high-resolution proton density weighted fast spin 
echo sequence were acquired in the sagittal and coro-
nal planes. The parameters were set as follows: TE/
TR = 15.36  ms/2000  ms, ETL = 5, field of view = 18 × 38 
mm2, matrix size = 176 × 372, slice thickness = 1  mm, 
slice gap = 0  mm, voxel size = 0.1 × 0.1 × 1 mm3, number 
of averages = 2.

X‑ray and micro‑CT analysis
All knee joints underwent X-ray and micro-CT with Sky-
Scan1178 (Bruker microCT, Kontich, Belgium). X-ray 
images were captured from the knee joints in the anter-
oposterior position with following parameters: 100  kV 
(voltage), 200 μA (current), 10  μm (resolution), and 
623 ms (exposure time). The subchondral bone was ana-
lyzed in terms of bone volume per tissue volume (BV/
TV), trabecular thickness (Tb.Th) and structure model 
index (SMI). Representative three sections (coronal, sag-
ittal, and transverse section) of each group were gener-
ated using DataViewer (Bruker micro-CT).

Macrography and histological analysis
Gross morphological changes in the articular cartilage 
were photographed by close-up microlens and assessed 
according to predefined criteria [27]. The samples were 
fixed in 4% paraformaldehyde for 24  h and decalcified 
in 10% ethylenediaminetetraacetic acid for 6 weeks, and 
then embedded in paraffin. Sagittal sections (6 μm thick) 
were obtained from the medial to the middle regions 
with a rotary microtome (Leica, Germany). Paraffin sec-
tions were stained with Hematoxylin and eosin (H&E) kit 
(Solarbio, China) or Safranin O/Fast Green kit (SO&FG, 
Solarbio, China). All sections were scanned under a 
microscope (Leica, aperio versa 8). Lesions in the carti-
lage were blindly assessed by two independent research-
ers based on the a 0–24 scale classification system [28].

Immunohistochemical analysis
After deparaffinization and rehydration, the paraffin sec-
tions were immersed in boiled citrate buffer solution (pH 
7.4) for 8  min for antigen retrieval. Then, the sections 
were blocked with 3% hydrogen peroxide for 25 min and 
3% BSA for 30 min. A primary antibody in a certain pro-
portion (anti-MMP-13, anti-Col2, and anti-IL-1β) was 
added to the sections, which were incubated overnight at 
4 °C. The sections were then covered with corresponding 
secondary antibodies and incubated at room temperature 
for 60  min. DAB  color developing solution was added 
and until the color developed as brownish yellow. The 

staining percentage area for the IHC marker of MMP-13, 
Col2 and IL-1β were measured with a semi-quantitative 
method using ImageJ [24]. For IHC percentage deter-
mination, regions of interest were detected and defined. 
Then, the image was adjusted through red color segmen-
tation (RGB mode), and the color thresholds for hue, 
saturation, and brightness were set. This threshold was 
identical in all biological and technical replicates within 
each IHC marker. Finally, the average optical density was 
calculated and obtained by integrated optical density/
VOI area. Positive cells were counted or the area of the 
marker proteins were measured in three areas in each 
slide, and each group had three sections.

RNA sequencing and data analysis
Cartilage samples were harvested from the medial tib-
ial plateau in the sham, PBS, and 5A5S groups (n = 3) 
at 20  weeks. RNA was lysed with Trizol reagent and 
quantified with ND-2000 (NanoDrop Technologies). A 
sequencing library was constructed using BGISEQ-500 
(igeneCode Biotech, Beijing), and qualified reads were 
mapped to the rat reference genome. Differential expres-
sion analysis between groups was performed using the 
DESeq2 R package. Differentially expressed genes (DEGs) 
were defined as having a log2 fold change ≥ 2 and P 
value ≤ 0.05. Heat maps were generated using the heat-
map package. Gene ontology (GO) enrichment analysis 
and KEGG pathway analysis were performed using clus-
ter Profiler R package.

Statistical analysis
Data were expressed as means ± SD and analyzed with 
GraphPad Prism (version 9.0; GraphPad Software, Cali-
fornia). Intergroup comparison was subject to one-way 
analysis of variance followed by Tukey post-hoc tests. 
Statistical significance was set at P < 0.05.

Results
Combined ADSCs and SDSCs promoted cartilage tissue 
formation in vitro
Femoral condyle, IPFP, and synovial tissues were har-
vested from patients with TKA (Fig. S1, A). Chondrocyte, 
ADSCs, and SDSCs exhibited a typical spindle-shaped 
phenotype (Fig.  S1, A). The differentiation potential of 
the ADSCs and SDSCs toward adipocytes, osteoblasts, 
and chondrocytes were demonstrated using correspond-
ing induction media for 14  days. ADSCs exhibited a 
remarkable red oil droplet by oil red o staining, whereas 
inducted SDSCs displayed obvious mineralization depo-
sition by alizarin red s staining and abundant glycosami-
noglycan deposition through alcian blue staining (Fig. S1, 
B). Flow cytometry analyses revealed that the SDSCs and 
ADSCs were highly positive for CD73, CD44, CD90, and 
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CD105 and negative for CD45 and CD34 (Fig. S1, C). The 
cells were verified as multipotent MSCs.

Different proportions of ADSCs and SDSCs were 
cocultured with chondrocytes in vitro by transwell for 
14  days during chondrogenic differentiation (Fig.  1A, 
B). The diameters of the chondrocyte pellets in the 
8A2S and 5A5S groups were larger than those in the 
control group (Fig. 1C, D). Additionally, the proteogly-
can glycans and Col2 expression levels in the SDSCs-
only, 8A2S, 5A5S, and 2A8S groups were higher than 
those in the control group, and the 5A5S groups 

showed the largest improvement (Fig. 1E–H). Further-
more, the direct contact 3D pellets including ADSCs, 
SDSCs and chondrocytes also demonstrated that 8A2S, 
5A5S enhanced cartilage regeneration (Fig.  S2, A–D). 
Combined ADSCs and SDSCs promoted the prolifera-
tion of chondrocytes, increasing the number of Ki67 
positive cells (Fig.  1I, J). These results suggested that 
the combined ADSCs and SDSCs promoted cartilage 
tissue formation. The 5A5S group exhibited the larg-
est synergistic effect that promoted cartilage tissue 
formation.

Fig. 1  Mixed ADSCs and SDSCs treatments promoted cartilage tissue formation and proliferation of chondrocytes. A schematic diagram 
of the combined MSCs treatment for chondrocyte. B schematic illustration of chondrocyte pellet cocultured with mixed ADSCs and SDSCs. 
C the chondrocyte pellet of gross view and quantitative analysis of diameter (D). E Safranin O staining, F Alcian blue staining, G Col2 
immunohistochemical staining for pellet and H quantitative analysis of the Col2-positive cells. I, evaluation of the proliferation of chondrocytes 
by Ki67 and J the proportion of Ki67 positive cells. (TKA, total knee replacement; CC, chondrocyte; ADSC, adipose-derived stem cells; SDSC, 
synovium-derived stem cells. All data are shown as the mean ± SD. n = 3 or 4)
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Retention and distribution of ADSCs and SDSCs in articular 
cavity after intra‑injection
To explore how long the ADSCs or SDSCs reside in OA, 
ADSCs or SDSCs labeled with second near infrared (NIR-
II) fNPs was determined [29]. The viability of the fNP-
labeled ADSCs or SDSCs was similar to  the unlabeled 
ADSCs or SDSCs (Fig.  S3A, B). fNP-labeled ADSCs or 
SDSCs were injected into the OA at 4 weeks after pMMx. 
The NIR-II signals in the knee were observed at   0, 1, 3, 
4, 8, and 12 weeks after injection and were standardized 
to the fluorescence intensity at day 0. The fluorescence 
intensity decreased to 18.4 ± 2.1% at 4 weeks after injec-
tion and continued to decrease until 12 weeks. The fNPs 
alone disappeared completely at 4  weeks (Fig.  2A, B). 
Out of the total transplanted SDSCs or ADSCs, 95–99% 
were distributed in the synovial membrane and menis-
cus, whereas 1–5% were distributed in the damaged 

cartilage at 12 weeks after injection (Fig. 2C, D). Immu-
nohistochemical staining of anti-human nuclear antigen, 
which specifically labeled human-derived cells, revealed 
the presence of implanted human-derived SDSCs or 
ADSCs in the synovial membrane, meniscus and carti-
lage (Fig. S3C, D).

Equal amounts of ADSCs and SDSCs synergistically 
improved knee pain, gait and subchondral bone 
remodeling in early or advanced OA
Four or twelve weeks after pMMx developed as early 
OA (Fig.  S4A, B) or advanced OA phenotype. ADSCs 
or SDSCs or a combination ADSCs and SDSCs in equal 
amounts were intra-injected in OA every 4  weeks for 
twice (Fig. S5A). None of the rats exhibited wound infec-
tion, knee joint infection and mortality. Compared with 
the PBS group, the representative signal images of gait 

Fig. 2  Long-term tracking of ADSCs or SDSCs in rat joints. A fNP-labeled ADSCs or SDSCs residing in the knee joint with NIR-II imaging 
during 0–12 weeks. B quantification of the fluorescence intensity of fNP-labeled ADSCs or SDSCs in the knee joint. C confocal microscopy 
of fNP labeled ADSCs or SDSCs in knee at 12 weeks, fNP only at 4 weeks, and zoomed-in images of regions in synovial membrane, meniscus 
and cartilage. (All data were shown as the mean ± SD. n = 3)
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Fig. 3  A combination of ADSCs and SDSCs in equal amounts improved the subchondral bone and osteophytes changes in early and advanced 
OA. A schematic illustration of intra-injection of ADSCs and SDSCs for OA therapy. B the gross view of the tibial articular surface and macroscopic 
scores (C) (n = 3). D 3D reconstruction of subchondral bone, E BV/TV, G Tb.Th and I SMI for medial subchondral bone (n=6 or 4). F coronal view 
of subchondral bone. H subchondral bone cyst (blue arrow) and cartilage edema (red arrow) by MRI images. J 3D reconstruction (marked in red) 
and K bone volume of the osteophytes around the knee joint (n = 4). All data are shown as the mean ± SD

(See figure on next page.)

showed that the mean print area and mean intensity of 
the hind foot considerably improved in the SDSCs only at 
12 weeks and in 5A5S groups at 12 and 20 weeks (Fig. S5B, 
C). In the PBS-treated rats, the paw withdrawal pain 
threshold of the OA knee markedly decreased at 8, 12 and 
20  weeks. By contrast, pain threshold greatly increased 
in the ADSCs at 8  weeks and 5A5S at 12 and 20  weeks 
(Fig. S5D). The proportion and area of the CGRP+ nerve 
in the subchondral bone were  decreased in the 5A5S 
groups at 12 and 20 weeks (Fig. S5E, F).

After twice MSCs treatments for early OA at 12 weeks 
or for advanced OA at 20  weeks respectively (Fig.  3A). 
Macroscopic observations showed a severe OA features 
at 12  weeks, such as erosions and defects of articular 
surface in the PBS group, and indicated a larger erosions 
and defects of articular cartilage at 20  weeks. The 5A5S 
groups displayed smoother surfaces with fewer erosions 
and lower macroscopic scores than the other groups, sug-
gesting less severe progression of OA (Fig. 3B, C). Micro-
CT 3D reconstruction and subchondral bone analysis 
indicated large defects in the subchondral bone in the PBS 
group at 12 weeks and worsened at 20 weeks, the SDSCs 
or ADSCs alone group showing less subchondral bone 
damage than the PBS group, the smallest degree of dam-
age was observed in the 5A5S groups (Fig. 3D, F). Besides, 
5A5S groups showed lower BV/TV, Tb.Th, and higher SMI 
than PBS groups at 12 weeks, 5A5S groups showed lower 
BV/TV, Tb.Th, and higher SMI than those in PBS, SDSCs 
alone and ADSCs alone groups at 20 weeks(Fig. 3E, G, I). 
MRI images showed the high signal intensities of large 
bone cysts and severe cartilage swelling in the PBS group, 
and the ADSCs or SDSCs-only groups showed some 
cartilage swelling. The signal intensity of cartilage in the 
5A5S groups was considerably smooth without bone cysts 
and cartilage swelling (Fig.  3H). Together, these findings 
suggested that combined ADSCs and SDSCs attenuated 
bone remodeling. Meanwhile, ADSCs, SDSCs alone treat-
ments decelerated the formation of osteophytes around 
the knee joint at 12 and 20 weeks, and 5A5S treatments 
reduced the BV of osteophytes than ADSCs or SDSCs 
alone group at 20  weeks (Fig.  4J, K). These results sug-
gested that combined MSCs treatments were more effec-
tive in attenuating subchondral bone remodeling and 
osteophyte formation in advanced OA than treatments 
with a single type of ADSCs or SDSCs.

Equal amounts of ADSCs and SDSCs synergistically 
relieved cartilage degeneration and inflammation
Cartilage degeneration and synovial inflammation in mild 
or advanced OA after MSCs treatments were evaluated 
by H&E staining, Safranin O–Fast Green staining  and 
immunohistochemistry (Fig. 4A). As illustrated in Fig. 4, 
cartilage degeneration in the PBS group exhibited sub-
stantial loss in hyaline cartilage thickness, proteoglycans 
and Col2 protein expression at 12  weeks, and cartilage 
destruction aggravated and penetrated the subchondral 
bone at 20  weeks. ADSCs and SDSCs alone treatment 
prevented the OA-induced decreases in hyaline cartilage 
thickness at 12 weeks (Fig. 4B, C), and in proteoglycans 
with high OARSI scores at 12 and 20 weeks (Fig. 4D, E) 
and in Col2 protein expression at 12 weeks (Fig. 4F, G), 
extraordinary,  5A5S have a more protective effect than 
ADSCs and SDSCs alone in hyaline cartilage thick-
ness at 12 weeks, proteoglycans at 12 and 20 weeks and 
Col2 protein expression at 12  weeks (Fig.  4B–G). Com-
pared with the PBS groups, the 5A5S groups significantly 
decreased the proportion of positive MMP13 cells at 12 
and 20  weeks (Fig.  4H, I). Furthermore, ADSCs alone 
and 5A5S reduced synovial inflammation indicated by 
markedly decreased in synovitis score (Fig.  4J, K) and 
proportion of IL-1β positive cells (Fig.  4L, M). These 
results suggested that combined MSC treatments were 
more effective in attenuating cartilage degeneration in 
advanced OA than ADSCs and SDSCs alone.

Chondrocyte autophagy and FoxO signaling pathway were 
involved in the cartilage regeneration in advanced OA 
after the treatments of ADSCs and SDSCs
The molecular mechanisms of cartilage degenera-
tion alleviation by  using mixed  MSCs in equal propor-
tions were evaluated. We identified DEGs in the cartilage 
tissue samples at 20 weeks through RNA sequencing and 
analysis (Fig. 5A). Principal component analysis (PCA) of 
the gene expression profile showed a significant separa-
tion between the PBS and sham groups. Compared with 
the PBS group, the 5A5S cluster was closer to the sham 
group, indicating that the gene expression of 5A5S group 
was more similar to the sham group (Fig. 5B). A total of 
626 DEGs between 5A5S and PBS were identified for fur-
ther analysis in the cartilage tissues. A total of 393 genes 
were down-regulated and 233 genes were up-regulated 
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Fig. 3  (See legend on previous page.)
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Fig. 4  Equally combined ADSCs and SDSCs alleviated cartilage degeneration and synovial inflammation of early and advanced OA. A schematic 
illustration of intra-injection of ADSCs and SDSCs for OA therapy. B H&E staining and C hyaline cartilage thickness was evaluated. D Safranin O–
Fast Green staining and E OARSI scores (n = 4). F immunohistochemistry staining of Col2 and  G analysis of the proportion of positive area of Col2 
(n = 3). H immunohistochemistry staining of MMP13 and I analysis of the proportion of MMP13 positive cell (n = 3). J H&E staining and  K synovial 
inflammation scores (n = 4). L immunohistochemistry staining of IL-1β and M analysis of the proportion of IL-1β positive cell (n = 3)
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in the 5A5S group compared with the PBS  group, indi-
cating substantial difference in therapeutic mechanism 
(Fig. 5C, Supplementary excel 1). Next, GO enrichment 
analysis revealed immune system process, positive regu-
lation of T cell activation, autophagosome–lysosome 
fusion enrichment in the up-regulated DEGs (Fig.  5D); 
negative regulation of transforming growth factor-β 
(TGF-β) and cartilage development, positive regula-
tion of inflammatory response, TNF production and 
chronic inflammatory response in down-regulated DEGs 
(Fig.  5E). KEGG pathway enrichment analysis indicated 
that FoxO signaling pathway enriched in the up-regu-
lated and down-regulated DEGs (Fig. 5F, G), which was   
closely related to the autophagy and apoptosis of chon-
drocytes [30, 31]. The in vivo results further showed that 

chondrocyte autophagy and FoxO signaling pathway may 
were involved in the cartilage regeneration in advanced 
OA in treatments combining ADSCs and SDSCs.

Combined treatment with ADSCs and SDSCs relieved 
IL‑1β‑induced chondrocyte degradation, inflammation, 
and autophagy
After OA chondrocytes induced by IL-1β for 48 h, the 
conditioned medium from  ADSCs, SDSCs or 5A5S 
were changed to treatment OA chondrocytes for 72  h. 
We found that 5A5S group reduced IL-1β-induced loss 
in proteoglycan in high-density chondrocyte micromass 
by alcian blue staining (Fig.  6A). Meanwhile, changes 
in the protein expression of Col2 or MMP13 induced 
by IL-1β were clearly reversed by 5A5S (Fig. 6B, C, D). 

Fig. 5  RNA-seq analysis for articular cartilage after combining ADSCs and SDSCs treatments. A schematic illustration of for cartilage transcriptome 
in Sham, PBS and 5A5S groups at 20 weeks. B principal component analysis. C hierarchical cluster analysis of genes differentially expressed 
in the cartilage among the 5A5S, PBS, and sham groups. Gene ontology and KEGG analysis of up-regulated (D, F) and down-regulated DEGs (E, G) 
in the 5A5S and PBS groups
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The levels of pro-inflammatory factors IL-1β and TNF-α 
and anti-inflammatory factor IL-10 in the medium were 
analyzed by ELISA kit. The results showed that TNF-α 
and IL-1β levels were lower in the ADSCs-only and 
5A5S groups, whereas IL-10 levels were higher in the 
ADSCs and 5A5S groups than those in the chondro-
cyte-only group (Fig. 6E). Next, from the TEM images, 
the autophagosome and the autolysosome dramatically 
increased in the 5A5S group compared with those  in 
the control group (Fig. 6F). Moreover, autophagy activ-
ity was considerably enhanced by 5A5S, including 
increased percentage of the cells with LC3B puncta 
(Fig.  6G, J), up-regulation of the ratio of LC II to I, 
down-regulation of the P62 protein (Fig. 6H, K), and an 
increase in the puncta of autophagosome of chondro-
cytes by MDC staining (Fig.  6I, L). These findings fur-
ther demonstrated the important role of autophagy in 
mediating cartilage regeneration by combined ADSCs 
and SDSCs.

Combined treatment with ADSCs and SDSCs activated 
chondrocyte autophagy through the FoxO1 singling 
pathway
The potential of the FoxO signaling pathway in inhib-
iting cartilage degradation by 5A5S was studied. The 
5A5S group promoted the expression of FoxO1 protein, 
but not phosphorylation of FoxO1 and FoxO3 (Fig. 7A, 
B, Fig.  S6A, B). After  OA chondrocytes cultured with 
the conditioned media form 5A5S with or without of 
FoxO1 inhibitor AS184285 for 72  h. The expression 
levels of Col2, LCII, and FoxO1 (Fig.  7C, D, E), and 
the puncta of autophagosome (Fig. 7F, G) considerably 
increased in the 5A5S group. Those levels were greatly 
down-regulated in the 5A5S group with the FoxO1 
inhibitor. In addition, the expression levels of MMP13 
and P62 considerably decreased in the 5A5S group. By 
contrast, the expression levels of MMP13 and P62 were 
up-regulated in the 5A5S group with the FoxO1 inhibi-
tor (Fig.  7C, D, E). These data suggested that blocking 
FoxO1 partially attenuated the activation of autophagy 
and chondrogenesis induced by combined ADSCs and 
SDSCs. The FoxO1 signaling way was mainly responsi-
ble for activating autophagy.

Discussion
Combined human ADSCs and SDSCs cocultured with 
OA chondrocyte in  vitro and intra-articular injection in 
early and advanced OA, to assess the therapeutic efficacy. 
Notably, a 50/50 mixture of ADSCs and SDSCs consider-
ably synergetic alleviated advanced OA progression, out-
performing ADSCs or SDSCs alone, including reduced 
cartilage degeneration, reduced bone remodeling and 
nerve invasion in the subchondral bone. Furthermore, we 
discovered that combining ADSCs and SDSCs can syner-
gistically enhance chondrogenesis by activating OA chon-
drocyte autophagy via the FoxO1 signal pathway (Fig. 7H).

Inflammation and articular cartilage degradation 
induced the progression and severity of OA symptoms. 
The initial inflammatory response and its induced catab-
olism in OA may impede cartilage repair [15, 23]. IL-1β 
or synovial fluid from advanced OA negatively affects the 
chondrogenic response of human MSCs, resulting in the 
increased expression of pro-inflammatory cytokines and 
cartilage-degrading enzymes [32]. Our study found that 
ADSCs reduced TNF-α and IL-1β levels in the OA chon-
drocyte and IL-1β positive cells in OA rats’ synovium. 
This result was consistent with a previous study showed 
that ADSCs have anti-inflammatory properties in chon-
drocytes and synoviocytes [33]. ADSCs prevent OA 
chondrocytes and synovial cells producing TNF-α and 
IL-6 [33]. As a result, ADSCs’ immunomodulatory and 
anti-inflammatory properties create a favorable environ-
ment for cartilage tissue regeneration [3].

In recent years, researchers have focused on SDSCs 
as a promising avenue for facilitating long-term repair 
and regeneration processes [23, 34]. A two-year clinical 
follow-up study demonstrated that SDSCs can medi-
ate regenerative cartilage repair without causing adverse 
events [35]. Furthermore, the direct coculture of human 
chondrocytes and SDSCs promotes chondrogenesis 
in  vitro [36]. Notably, SDSCs from patients with OA or 
rheumatoid arthritis demonstrated chondrogenic differ-
entiation and regeneration ability comparable to those 
from patients with ACL injury [34]. In conclusion, SDSCs 
show promise as replacements for chondrocytes in  situ, 
allowing cartilage regeneration in patients with extensive 
osteoarthritic lesions.

(See figure on next page.)
Fig. 6  Combined ADSCs and SDSCs inhibited chondrocyte degradation and enhanced autophagy. A chondrocyte micromass by Alcian Blue 
staining. Cell immunofluorescence (B) and Western blot (C) for Col2 and MMP13 were quantitatively analyzed by gray value (D) (n = 3). E the levels 
of inflammatory factors IL-10 and TNF-α and IL-1β were determined by ELISA. F TEM analysis showing autophagosomes (arrowed). G Cell 
immunofluorescence for LC3II  and J the proportion of cells with LC3B puncta. Western blot (H) for LC3II/I and P62 were quantitatively analyzed 
by gray value (K). I, L autophagosome in chondrocytes by MDC staining and puncta were quantitated (n = 25). All data are shown as the mean ± SD. 
#denotes compared with control, ##P < 0.01，###P < 0.001; * denotes compared with IL-1β, *P < 0.05, **P < 0.01, ***P < 0.001
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Fig. 6  (See legend on previous page.)
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Several recent studies have highlighted the benefits of 
combining cell therapy in the treatment of OA in animal 
models and clinical trials [37, 38]. Liu et  al. found that 
administering ADSCs and SDSCs in a 1:1 ratio alleviated 
OA in rats by decreasing the reactive oxygen species in 
chondrocyte and inhibiting inflammatory responses [37]. 
Furthermore, Prasadam et al. proposed that BMSCs and 
chondrocytes in a 1:1 ratio have a highly chondroprotec-
tive approach than treatments with only chondrocytes 
or BMSCs, in term of promoting the regeneration of 
damaged cartilage [38]. Subchondral cysts or bone mar-
row lesions have been identified as secondary phenom-
ena associated with pain symptoms in OA [39]. Several 
studies have highlighted the role of activated osteoclasts 
in subchondral bone cysts in inducing CGPR + sensory 
innervation and pain in OA [40, 41]. Therefore, interven-
tions aimed at reducing cysts or bone marrow lesions 
have the potential to attenuate OA-related pain [42]. In 
this study showed that ADSCs and SDSCs treatment in 
a 1:1 ratio reduced subchondral bone marrow lesions or 
cysts and improved pain threshold and gait in rats. This 
synergistic effect may reduce the dose and frequency of 
injection of stem cells alone. Clinical trials have shown 
that higher doses (1 × 108 cells) of autologous BMSCs or 
ADSCs result in greater pain relief and more sustainable 
reparative effects than lower doses (1 × 107 cells) [43, 44]. 
Furthermore, repeated or periodic weekly MSCs injec-
tions have been shown to be superior to single MSCs 
injections in terms of pain relief and functional improve-
ment in both animal models s [45 and clinic trail 46].

It was interesting that pelleting chondrocyte, ADSCs 
and SDSCs together showed a higher ratio of ADSCs 
being more advantageous on cartilage tissue formation 
(Fig. S2), but the transwell co-culture tests showed equal 
ratio of ADSCs and SDSCs being best group (Fig. 1F, G). 
However, these findings were based on two individual 
systems respectively, transwell coculture system per-
forms its functions mainly through secreting cytokines, 
while cell-to-cell contact and paracrine effects play an 
important role in pelleting coculture system [47]. Given 
that ADSCs and SDSCs primarily localize to the synovial 
membrane and meniscus surface after injection, their 
ability to stimulate tissue regeneration was primarily 

mediated through paracrine mechanisms. The parac-
rine factors secreted by MSCs exhibit a high degree of 
complexity and diversity, comprising a range of factors, 
such as TGF-β, fibroblast growth factors. As RNA-seq 
results showed the FGF binding proteins (FGFBPs) sig-
nificantly high expression after combined ADSCs and 
SDSCs treatment, FGFBPs mobilized FGFs to their cog-
nate receptors and stored in the extracellular matrix [48]. 
These factors contribute to chondrogenic differentiation 
capabilities and anti-inflammatory effects [49]. Maumus 
et  al. demonstrated that ADSCs inhibit apoptosis and 
reduce the expression of hypertrophic markers through 
the secretion of hepatocyte growth factor [50]. Chau 
et  al. found that synoviocytes secrete factors that pro-
mote articular cartilage formation and inhibit chondro-
cytic hypertrophic differentiation [51]. Understanding 
the mechanisms underlying the actions of paracrine fac-
tors will be instrumental in strategies that can impede the 
progression of cartilage degeneration and in the refine-
ment of therapies [52].

Autophagy activation, which is a self-protective 
mechanism in chondrocytes, improves chondrocyte 
viability and impedes the progression of OA [53]. Nor-
mal chondrocytes express autophagy-related proteins, 
including ULK1, beclin-1, and LC3-II [54], but a large 
number of autophagy proteins decreased in the late 
stage of OA or in the cartilage of elderly people [55]. 
The inhibition of chondrocyte autophagy promoted 
MMP13 and ADAMTS5 gene expression in chondro-
cytes and decreased COL2A1 gene expression. The 
decrease in autophagy leads to the accumulation of 
intracellular damaged organelles and macromolecules 
in chondrocytes, reducing the survival of chondrocytes 
and ultimately leading to age-related OA [56]. Promot-
ing autophagy can slow down cartilage degeneration 
in OA [57]. For example, intra-articular injection of 
rapamycin enhances chondrocyte autophagy, thereby 
delaying the progression of OA by inhibiting chondro-
cyte apoptosis and senescence [58, 59]. Furthermore, 
local intra-articular rapamycin activates autophagy, 
and  decrease MMP13 and Col10 levels, and allevi-
ates cartilage destruction in rodents [58]. The activa-
tion of autophagy inhibits the release of IL-1β-induced 

Fig. 7  FoxO1 inhibitor weakened the enhanced autophagy induced by ADSCs and SDSCs. A p-FoxO1 and FoxO1 by Western blot and (B) 
the quantitative analysis of the bands. C cell immunofluorescence for Col2, MMP13, LC3II, and DAPI. D Western blot for Col2, MMP13, LC3II/I, 
P62, and FoxO1 were quantitatively analyzed by gray value (E) (n = 3). F The autophagosome in chondrocytes by MDC staining and puncta 
were quantified (G) (n = 25). H Schematic illustration of mechanism of combined ADSCs and SDSCs attenuated severe OA progression, 
including attenuated cartilage degeneration and enhanced autophagy by activating the FoxO1 signaling pathway, relieved bone remodeling 
and nerve invasion in subchondral bone, decreased osteophyte formation, and suppressed synovial inflammation. (All data are shown 
as the mean ± SD. #denotes compared with control, ##P < 0.01; * denotes compared with 5A5S, *P < 0.05, **P < 0.01, ***P < 0.001)

(See figure on next page.)
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Fig. 7  (See legend on previous page.)
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inflammatory factors and the production of MMPs 
and decreases synovial inflammation and subchondral 
osteosclerosis [60, 61]. Our findings suggested that 
combined treatment with human MSCs stimulated OA 
chondrocyte autophagy and autophagy flux, potentially 
slowing or even reversing disease progression. Inter-
estingly, ADSCs activate autophagy and inhibit IL-1β-
induced inflammation in human chondrocytes [33, 62]. 
Therefore, the activation of autophagy of degenerative 
chondrocytes may be an effective method for impeding 
the degeneration of articular cartilage [63].

The mechanisms involved in autophagy activation 
mainly depend on the mTOR and FoxO1 pathways. Our 
RNA-sequencing analysis identified the FoxO signaling 
pathway as the most up-regulated in the cartilage treated 
with both human MSCs. These findings are consistent 
with recent reports identifying FoxO1 as a key player in 
articular chondrocyte homeostasis, making it a poten-
tial therapeutic target for OA [64]. The overexpression 
of FoxO1 reduces inflammation and cartilage-degrading 
enzymes by promoting autophagy [60], reduces inflam-
matory mediators and chondro-degrading enzymes, pro-
motes the expression of autophagy-related genes, such 
as LC3-II, and provides protection against IL-1β induc-
tion [60, 65]. TGF-β1 promoted the protein expression of 
FoxO1 and nuclear translocation of FoxO1 [64]. FoxO1 
in the nucleus directly binds gene promoters to activate 
autophagy-related genes, including Beclin-1 and LC3-II. 
The transcription-dependent regulation of autophagy 
activated by FoxO1 directly binding to gene promoter is 
essential for the complement of autophagy proteins, ena-
bling autophagy to function normally [64]. Combined 
treatment with ADSCs and SDSCs effectively promoted 
the expression of FoxO1 in the OA chondrocytes induced 
by IL-1β. AS1842856, which reduces the activity of 
FoxO1 by binding to FoxO1 [66], can reverse the effects 
of the combined treatment. Moreover, the combined 
treatment may activate the transcription of autophagy 
through intranuclear FoxO1. However, the role of FoxO1 
in autophagy induced by the combined treatment needs 
to be further elucidated.

Our study has several limitations that must be 
acknowledged. To begin, more large-animal studies and 
clinical trials are needed to thoroughly assess the preclin-
ical safety and efficacy of combined stem cell therapies. 
Our study used bilateral OA model of immunodeficient 
rats to avoid potential rejection of human-derived stem 
cells, but it was exponentially more difficult to evaluate 
the gait parameters due to weight bearing asymmetry 
[67]. Furthermore, direct evidences of what exact factors 
are secreted by combined stem cells involved in cartilage 
regeneration were not carried out, which required fur-
ther investigation.

Conclusion
Our findings suggested that administering equal propor-
tions of human ADSCs and SDSCs via articular injection 
has a synergistic effect, resulting in anti-inflammatory 
and chondroprotective effects in early and advanced OA. 
The aforementioned effects were found to be achieved 
through increased chondrocyte autophagy via the FoxO1 
signaling pathway.
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