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Abstract
Background: We explored the therapeutic effects of Adipose-derived mesenchymal 
stem cells (ADMSCs) and Synovial-derived mesenchymal stem cells (SDMSCs) on os-
teoarthritis (OA).
Methods: SDMSCs and ADMSCs were co-cultured with chondrocytes and stimulated 
with interleukin (IL)-1β. An OA model was established on rats by intra-articular injec-
tion with ADMSCs and SDMSCs. After 8 weeks, the joint diameter difference was 
detected, and histological staining was used to observe the pathological changes in 
cartilage tissue. Enzyme-linked immunosorbent assay (ELISA) was used to detect the 
expressions of IL-6, tumor necrosis factor (TNF)-α and IL-1β in joint fluid. The expres-
sions of COL2A1, Aggrecan, Matrix metalloproteinase (MMP)-13, SOX9, IL-6, TNF-α 
and IL-1β were detected by qRT-PCR and Western blotting in cartilage tissue. Reactive 
oxygen species (ROS) content in cells and cartilage tissues was detected by ROS kit.
Results: SDMSCs and ADMSCs co-cultured with chondrocytes could reduce MMP-13 
expression, increase the expressions of COL2A1, Aggrecan and SOX9, as well as re-
verse the effects of IL-1β on promoting ROS content and inflammatory factors levels. 
After the OA model was established, the injection of ADMSCs and SDMSCs reduced 
the differences in joint diameter and tissue lesions in OA rats. The OA model led to 
increased levels of IL-6, TNF-α and IL-1β in joint fluid and cartilage tissue, while the 
injection of ADMSCs and SDMSCs inhibited the inflammatory factor levels in OA rats, 
and increased the expressions of COL2A1, Aggrecan and SOX9 in OA rats.
Conclusion: ADMSCs and SDMSCs improve osteoarthritis in rats by reducing chon-
drocyte ROS and inhibiting inflammatory response.
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1  |  INTRODUC TION

Osteoarthritis (OA) is a chronic joint disease characterized by the 
destruction of articular cartilage integrity, causing pain and degen-
eration of the articular cartilage layer, and may be accompanied by 
changes in bone and cartilage margins.1 With the intensification of 
the aging population, the incidence of OA has increased year by year, 
and OA has developed into a prominent social problem.2 At pres-
ent, the etiology and pathogenesis of OA have yet to be clarified. 
The clinical treatment of OA mainly includes the use of painkillers, 
non-steroidal anti-inflammatory drugs, and the addition of lubricat-
ing supplements to joint injuries, as well as joint replacement sur-
gery in the late stage of OA.3-5 However, these methods can only 
reduce the pain of OA patients and delay the progress of OA, but 
cannot treat OA fundamentally and control its incidence effec-
tively. Mesenchymal stem cells (MSCs) are resident pluripotent cells 
existing in adult tissues such as bone marrow, adipose tissue and 
umbilical cord. By dint of the multi-lineage differentiation ability to 
differentiate into a variety of adult cells such as fat, bone, cartilage 
cells, etc., and the capacity of secreting the trophic factors with re-
generative function, MSCs are considered to be the ideal candidate 
cells for cartilage regeneration, and now have been applied to in-
flammatory diseases.6,7

Mesenchymal stem cells derived from various sources have 
been reported to be used as seed cells for cartilage defects of early 
OA in the knee joint.8,9 Besides, different sources of MSCs have 
their own different advantages and disadvantages. Bone marrow 
(BM) is the most common source of MSCs, but BMMSCs are diffi-
cult to obtain and are prone to cause donor site-induced diseases; 
moreover, they also face the problems of aging and decreased 
proliferation and differentiation abilities with the increase in the 
number of passages.10 Compared with BMMSCs, adipose-derived 
MSCs (ADMSCs) are much easier to obtain and have strong pro-
liferation and differentiation potential, good anti-inflammatory ef-
fect, but poor osteogenic and chondrogenic potential.11 Compared 
with MSCs from other sources, synovial-derived MSCs (SDMSCs) 
have stronger chondrogenic differentiation abilities, and their mul-
tiple passages in vitro do not show signs of cell degeneration.12,13 
MSCs from other sources, such as umbilical cord MSCs, are diffi-
cult to separate, and their potential to treat OA is limited to pre-
clinical researches.14 As the availability of MSCs and the ability of 
chondrogenic differentiation are mostly considered in the clinical 
application, the combined application of ADMSCs and SDMSCs 
may exert their respective advantages to better repair the regen-
erated cartilage tissue.

However, the mechanism of the combined application of 
ADMSCs and SDMSCs in the treatment of OA has not yet been 
expounded. Therefore, this research endeavored to obtain human 
ADMSCs and SDMSCs, combine application of ADMSCs and 
SDMSCs to treat OA rats, and observe its clinical treatment ef-
fect on OA rats, hoping to provide a new clinical reference for the 
treatment of OA.

2  |  METHODS

2.1  |  Ethics statement

The animal experiments in this study were approved by the Animal 
Ethics Committee of First Affiliated Hospital of Gannan Medical 
University (FAHGMU20190125) and were conducted in accordance 
with the guidelines of the National Institutes of Health (USA) for ani-
mal experiments.

In this study, the experiments were approved by the Animal 
Ethics Committee of the First Affiliated Hospital of Gannan Medical 
University, and strictly abided by the statement of experimental 
principles concerning the welfare and ethics based on the guidelines 
of the National Institutes of Health.

2.2  |  Isolation of SDMSCs and ADMSCs

Samples of the synovial tissue in joint and infrapatellar fat pad (IPFP) 
were harvested from OA patients aged 50–60-year-olds in the First 
Affiliated Hospital of Gannan Medical University, including 10 male 
patients and 10 female patients. All the cases met the 1986 American 
College of Rheumatology (ACR) criteria for classification and report-
ing of knee OA. These donors suffered from rheumatic diseases and 
infections and had a history of malignancy prior to study were ex-
cluded. All patients provided the written informed consents.

The adipose tissues (approximately 6  g) under the IPFP of pa-
tients undergoing knee arthroscopy surgery were repeatedly rinsed 
10 times with the tissue wash solution containing 1% penicillin, and 
then cut straight into a paste. Next, the paste-like tissues were trans-
ferred to a 15-ml centrifuge tube containing 0.2% collagenase XI 
(Sigma Shanghai) and incubated on a 37°C shaker for 1 h, followed by 
a continue incubation with 0.1% trypsin (Sigma Shanghai) for 30 min. 
Subsequently, the tissues were filtered with a 200-mesh filter. Then, 
the filtrate was collected, put into a 50-ml centrifuge tube, and centri-
fuged at 1000 × g for 5 min. After the supernatant was discarded, the 
remaining samples were resuspended in Phosphate buffered saline 
(PBS) and centrifuged at 1000 × g for 5 min. Following the removal of 
the supernatant, Dulbecco's Modified Eagle Medium (DMEM) (Gibco) 
containing 10% Fetal Bovine Serum (FBS) was added to resuspend the 
samples, subsequent to which the samples were inoculated into the 
6-well plates. Through further cultivation in a cell incubator at 37°C 
with 5% CO2, ADMSCs were obtained from the samples. When the 
cell confluence reached about 70%, the cells were subject to digest-
ing and passaging. After continuous culture, the second-generation 
cells were singled out for subsequent experiments.

With regard to the isolation and culture of SDMSCs, 5 g of syno-
vial tissues were taken from the supraclavicular capsule of the knee 
joint by arthroscopic surgery, and then, the collected surgical spec-
imens were quickly immersed in sterile PBS at 4°C. Thereafter, the 
surgical specimens were washed 10 times with sterile PBS buffer to 
remove fat and other connective tissue components, and to separate 
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the bright synovial tissues. SDMSCs were harvested by enzymatic 
separation using the same method as ADMSCs.

2.3  |  Cell grouping

The second-generation articular cartilage cells were divided into seven 
groups: Control group (the articular cartilage cells were cultured in the 
normal medium), IL-1β group (the articular cartilage cells were cultured 
in the medium and treated with IL-1β), co-culture + SDMSCs group (the 
articular cartilage cells and SDMSCs were co-cultured in the medium 
and treated with IL-1β), co-culture + ADMSCs group (the articular car-
tilage cells and ADMSCs were co-cultured in the medium and treated 
with IL-1β), co-culture + SDMSCs + ADMSCs group (the articular car-
tilage cells, SDMSCs and ADMSCs were co-cultured in the medium 
and treated with IL-1β), SDMSCs group (SDMSCs were cultured in the 
normal medium) and ADMSCs group (ADMSCs were cultured in the 
normal medium). For IL-1β treatment, cells were treated with 25 ng/ml 
IL-1β (Thermo Fisher Scientific, Waltham, MA, USA) for 48 h.

2.4  |  Isolation of chondrocytes

Sprague–Dawley (SD) rats (6-week-old, 180 g-200 g) were provided 
by Hunan Slake Jingda Laboratory Animal Co., Ltd. (http://www.hnsja.
com/). Chondrocytes were isolated from the articular cartilage tis-
sues of rats for primary culture. Briefly, after the rats were anesthe-
tized with 10% sodium pentobarbital, the rat articular cartilage was 
taken under aseptic conditions and washed twice with PBS (100 U/
Ml) containing penicillin and streptomycin to remove the periosteum 
and fibrous tissue on the cartilage surface. Next, the cartilage was cut 
into 1 mm × 1 mm tissue fragments, added with 3 times the volume of 
0.25% pancreatin and then digested at 37°C for 0.5 h. After the trypsin 
was discarded, DMEM containing 15% FBS was added to terminate the 
digestion, followed by the centrifugation at 1000 × g for 5 min. When 
the cell supernatant was discarded, 2 times the volume of 0.1% type II 
collagenase was added in the cell suspension for 3.5-h digestion. Later, 
the cell suspension was extracted and underwent the observation with 
the help of a microscope. After the cell volume became sufficient, the 
cells were filtered through a 200-mesh metal screen. After centrifuga-
tion for 10 min, the cell supernatant was discarded, and the remain-
ing was washed twice with medium. Then, the cells were resuspended 
by adding 5 ml of complete medium (containing 15% FBS, penicillin 
100 U/ml, streptomycin 100 g/ml). Afterward, the cells were seeded in 
a 25-ml culture flask and cultured, and labeled as primary cells. After 
the articular cartilage cells were cultivated with the second generation 
of chondrocytes, the cells were taken for co-culture with MSCs.

2.5  |  Animal grouping

A total of 40 male SD rats (6-week-old, 180 g-200 g) were provided by 
Hunan Slake Jingda Laboratory Animal Co., Ltd. (http://www.hnsja.

com/). The experimental rats were randomly assigned into 5 groups, 
namely Sham group (n = 8), OA group (n = 8), OA + ADMSCs group 
(n = 8), OA + SDMSCs group (n = 8) and OA + SDMSCs + ADMSCs 
group (n  =  8). The experimental rats were placed in cages with 
standard temperature, given 12:12 light/dark cycle conditions, and 
given free movement, standard diet and water.

2.6  |  Establishment of a rat OA model

For OA group, the OA model of rats was established by Hulth 
method, and rats were fasted for 12 h before modeling. After anes-
thetization with 3% pentobarbital sodium intraperitoneally, the rats 
were placed on the operating table in a supine position, the mouse 
hair around the right hind limb knee joint was removed, and the skin 
of surgical site was routinely sterilized with an alcohol cotton ball. 
Next, a sterile surgical blade was used to cut the knee joint from 
the medial side of the patella to expose the knee joint, and then the 
medial collateral ligament was cut and the joint cavity was opened. 
Afterward, the patellar ligament was opened and the anterior and 
posterior cruciate ligaments under surgical vision were removed, to 
prevent late healing. Subsequently, the parallel drawer experiments 
were conducted to confirm whether the anterior and posterior cru-
ciate ligaments were cut. Later, the medial meniscus was removed 
to reset the patellar ligament. During the operation, no extra dam-
age was made to the joint surface, which must be ensured. After 
complete hemostasis, the incision was sutured layer by layer with 
a disposable absorbable surgical suture. Post operation, the rats 
were allowed to move free without fixation of the knee joint on 
the surgical side. At the same time, to prevent infection, all rats re-
ceived intramuscular injection of 200,000 units of penicillin every 
day for 3 days. One week after the operation, exercise training was 
performed on rats in each group, with a small animal rotating rod 
instrument to increase the weight of the affected limbs of OA rats. 
For Sham group, the joint cavity of the rats was opened using the 
same surgical method by intra-articular injection of 50 μl PBS solu-
tion without any resection, and then the wound was sutured. For 
OA + ADMSCs group, 12 weeks after surgery, each rat was intra-
articularly injected with ADMSCs (3.0 × 105 cells) dissolved in 50 μl 
PBS solution. The cell dose of 300,000 cells per joint in rats was re-
ferred to the previous research.15 Likewise, 12 weeks after surgery, 
the rats in OA +  SDMSCs group were subjected to intra-articular 
injection of SDMSCs (3.0 × 105 cells) dissolved in 50 μl PBS solu-
tion. For OA + SDMSCs + ADMSCs group, 12 weeks after surgery, 
each rat was injected with 100 µl of ADMSCs (1.5 × 105 cells) and 
SDMSCs (1.5 × 105 cells) dissolved in 50 μl PBS solution. The rats 
were injected once a week for a total of 8 times. The activity, diet 
and wound healing of rats were recorded every day, and the weight 
of rats was measured every week. After 8 weeks of administration, 
the rats were sacrificed, and the knee joint tissue and joint cavity 
fluid samples were collected and analyzed. The femoral medial con-
dyle articular cartilage tissue was collected for pathological exami-
nation and determination on expression of inflammatory cytokine.

http://www.hnsja.com/
http://www.hnsja.com/
http://www.hnsja.com/
http://www.hnsja.com/
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2.7  |  Joint diameter difference detection

The activities and diet of the rats as well as wound healing were 
recorded and observed every day after the operation. For the su-
tures at the incision, the joint cavity of the rats should be disinfected 
with iodophor and re-stitched to prevent infection. The weight of 
the rats was measured and recorded every week. After the rats were 
sacrificed, each rat's knee joint and the contralateral knee joint (non-
operative side) were measured with a caliper, and the difference in 
knee joint diameter was calculated with the following formula: Knee 
diameter difference (MM) = diameter of the knee joint on the opera-
tion side-diameter of the contralateral knee joint.

2.8  |  Reactive oxygen species (ROS) 
content detection

Initially, the articular cartilage cells were treated in DMEM for 24 h. 
After being washed with phenol-free red PBS twice, the cells were 
incubated with 10 μM of 2′,7′-Dichlorofluorescin diacetate (DCFDA) 
(Cat.#D6883, Sigma) for 30 min. Then, the cells were placed in an in-
cubator at 37°C and additionally incubated with PBS for 1 h. Finally, 
ROS level in the cells was measured using a microplate reader (Meigu 
Molecular Instruments (Shanghai) Co., Ltd). The rat cartilage tissues 
were made into the 5  μm sections and the content of ROS in all 
treated rat cartilage tissues was detected in the same way.

2.9  |  Hematoxylin and eosin (HE) staining

Cartilage tissues of medial femoral condyle of rats were placed in 4% 
formaldehyde solution for 24 h, and then decalcified with 15% eth-
ylenediamine tetraacetic acid (EDTA) decalcification solution. The 
decalcification was regularly checked with acupuncture samples, 
when the result indicated that the decalcification was complete, the 
decalcification was terminated. The tissues were washed with run-
ning water, dehydrated by alcohol, and transparentized using xylene. 
Subsequently, the tissues were dewaxed and embedded, and then 
made into 5-μm-thick tissue sections. After that, the tissue sections 
were stained with the hematoxylin and eosin staining kit (C0105, 
Beyotime Biotechnology). In short, the tissue sections were stained 
with hematoxylin staining for 5 min, underwent the differentiation 
using hydrochloric acid ethanol for 30 s, and then further received 
eosin staining for 2 min. Afterward, the tissue sections were de-
hydrated, transparentized and mounted, subsequent to which the 
pathological changes of bone tissue were observed under the micro-
scope (CKX31, Olympus, Japan) at a magnification ×100.

2.10  |  Safranin-O-fast green staining

Cartilage tissues of the medial femoral condyle of rats in each group 
were subjected to Safranin-O-fast green staining. In a nutshell, the 

preparation of tissue paraffin sections was carried out, which was 
the same as that of HE staining. Then, the tissue sections were 
stained with hematoxylin for 5 min, washed with distilled water for 
10 min and further stained with Fast Green FCF (2353-45-9, Sigma-
Aldrich, USA) solution for 5  min, followed by being washed with 
1% acetic acid solution (A6283, Sigma-Aldrich, USA) for 10  s and 
distilled water for 10 min. Afterward, the tissue sections were then 
stained in 0.1% safranin O solution (TMS-009, Sigma-Aldrich, USA) 
for 30 min. Later, the tissue sections were dehydrated by gradient 
alcohol, transparentized using xylene, and sealed with neutral gum. 
Finally, the stained tissue sections were observed under an optical 
microscope (CKX31, Olympus, Japan) at a magnification ×100.

2.11  |  Enzyme-linked immunosorbent assay (ELISA)

The joint fluid samples of rats were collected to detect the content 
of IL-6, tumor necrosis factor (TNF)-α and IL-1β using IL-6, TNF-α 
and IL-1β ELISA detection kits (PI328, PT516, PI303, Beyotime 
Biotechnology, China), respectively. The joint fluid samples were 
added into ELISA plates and incubated at room temperature for 2 h. 
After being washed 5 times with washing solution, each well of the 
plate was supplemented with 100 μl of diluted detection antibody, 
followed by the incubation at room temperature for 1 h. Thereafter, 
the plate was added with washing solution and rinsed 3 times, and 
100 μl of diluted horseradish peroxidase-labeled streptavidin was put 
into each well to incubate the plate at room temperature for 30 min. 
Afterward, 100 μl coloring substrate 3,3′,5,5′-Tetramethylbenzidine 
(TMB) solution (P0209, Beyotime Biotechnology, China) was added 
to each well and incubated the plate at room temperature for 20 min 
in the dark, and then 50 μl stop solution was applied to stop the color 
reaction. Finally, the microplate reader (SPECTROstar® Nano, BMG 
LABTECH, USA) was used to detect the optical density (OD) value of 
each well at the wavelength of 450 nm and 570 nm.

2.12  |  Western blotting

The cartilage tissues were collected and treated with lysis buffer 
(R0278, Sigma-Aldrich, USA). The lysates were centrifuged at 12000 
r/min for 5 min at 4°C. Next, the supernatant was collected in a new 
tube and placed on ice, and the precipitate was discarded. QuantiPro 
™ bicinchoninic acid (BCA) detection kit (QPBCA, Sigma-Aldrich, 
USA) was used to measure the protein concentration. When the 
protein concentration was 50 μg/ml, the extracted protein was used 
for subsequent studies. The proteins were separated by using 15% 
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (Thermo 
Fisher Scientific, MMAS, US), and then transferred onto nitrocellu-
lose membranes (Thermo Fisher Scientific, MMAS, US). After being 
sealed by 5% milk at 25°C for 1 h, the membranes were incubated 
with the primary antibodies against COL2A1 (ab34712, 142  kDa, 
1:1000, Abcam, USA), Aggrecan (ab36861, 110 kDa, 1:1000, Abcam, 
USA), Matrix metalloproteinase (MMP)-13 (ab39012, 54  kDa, 
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1:1000, Abcam, USA), SOX9 (ab185230, 70  kDa, 1:1000, Abcam, 
USA), IL-6 (ab9324, 21 kDa, 1:1000, Abcam, USA), TNF-α (ab66579, 
26  kDa, 1:1000, Abcam, USA), IL-1β (ab200478, 31  kDa, 1:1000, 
Abcam, USA) and Glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH; ab8245, 36 kDa, 1:1000, Abcam, USA) at 4℃ overnight, 
respectively. Thereafter, the membranes were ulteriorly cultivated 
with the secondary antibody (Protein tech, USA) for 2 h, and then 
washed by PBS for three times. Ultimately, the protein bands were 
measured by the Efficient chemiluminescence (ECL) kit (D3308, 
Beyotime Biotechnology, China) and then scanned by a super sensi-
tive multifunctional imager (Amersham Imager 600, General Electric 
Company, USA).

2.13  |  Quantitative reverse transcription-
polymerase chain reaction (qRT-PCR)

The total RNA from cartilage tissues and cells in each treat-
ment group was extracted with Trizol reagent (R0016, Beyotime 
Biotechnology, USA) at 25°C. Then, RNA precipitation was dissolved 
in water, which needed to be quickly operated on ice. Agarose gel 
electrophoresis was applied to test the integrity of the RNA. If there 
were 3 bands, it indicated that the RNA was of good integrity. Next, 
the purity of RNA was detected through the NanoDrop™ One/
OneC Ultra-micro UV Spectrophotometer (ND-ONEC-W, Thermo 
Scientific™, USA). If the OD260/OD280 of RNA was close to 2.0, 
the RNA purity was high. Subsequently, the RNA concentration was 
determined and calculated according to the following formula: RNA 
concentration  =  OD260  ×  dilution factor  ×  0.04  μg/μl. When the 
concentration of RNA reached 500 ng/μL, the RNA could be used 
for subsequent experiments. Then, PrimeScript RT kit (RR037A, 
Takara, China) was used to reverse-transcribe the RNA into 

complementary DNA (cDNA). The mRNA expression levels were 
quantitated by SYBR Green PCR Master Mix (D7268 M, Beyotime 
Biotechnology, USA). PCR amplification system was prepared as fol-
lows: 2 μl of nuclease-free water, 5 μl of 2 × SYBR Green master mix, 
1 μl of cDNA, 0.5 μl of forward primer and 0.5 μl Reverse Primer 
were mixed together. QRT-PCR was conducted in the ABI7500 sys-
tem (Applied Biosystems), with the PCR cycle system being set as 
follows: pre-denaturation at 95℃ for 10 min; PCR at 95℃ for 3  s 
and 60℃ for 30 s, for a total of 40 cycles. 2−ΔΔCT method was em-
ployed to calculate the relative mRNA expression levels.16 All primer 
sequences of all genes undergoing the detection of qRT-PCR were 
listed in Table 1.

2.14  |  Statistical analysis

The data were analyzed by SPSS 18.0 (Chicago, USA). In this study, 
measurement data were shown as mean  ±  standard deviation. 
Group differences were measured by one-way analysis of variance, 
and t test was used to compare the difference of the data between 
two groups. Each treatment was carried out in triplicate. p < 0.05 
was regarded as statistical significance.

3  |  RESULTS

3.1  |  Effects of cell co-culture on chondrogenesis, 
oxidative stress and inflammatory factors

MMP-13 may be a particularly critical enzyme for degrading type II 
collagen in articular cartilage.17 COL2A1, Aggrecan and SOX9 are 
the major markers of cartilage differentiation in BMMSCs.18 Thus, 

Gene Primer sequence Species

COL2A1 Forward: 5′- CCCCCAGGTTCTAATGGCAA-3′ Rat

Reverse: 5′- GGTTCGCCTTTCTCTCCAGG-3′

Aggrecan Forward: 5′- CCCTACCCTTGCTTCTCCA-3′ Rat

Reverse: 5′- CTTGAGAGGCACTCATCAATGT-3′

MMP-13 Forward: 5′- CTGTGGCTCCTCCTAAACCTC-3′ Rat

reverse: 5′- GAGCACATCCGGCACCTGTA-3′

SOX9 Forward: 5′- GCCACCGAACAGACTCACAT-3′ Rat

Reverse: 5′- CCTGAGATTGCCCGGAGTG-3′

IL-6 Forward: 5′- CCAGTTGCCTTCTTGGGACT -3′ Rat

Reverse: 5′- TGCCATTGCACAACTCTTTTC -3′

TNF-α Forward: 5′- GATCGGTCCCAACAAGGAGG -3′ Rat

Reverse: 5′-CTTGGTGGTTTGCTACGACG-3′

IL-1β Forward: 5′- TCGGAATGTGTTCTTGGGCA -3′ Rat

Reverse: 5′- AGTGATGTTAACCTCCTCCAGC -3′

GAPDH Forward:5′- AGGTCGGTGTGAACGGATTTG-3′ Rat

Reverse:5′- GGGGTCGTTGATGGCAACA-3′

TA B L E  1 Primers used in real-time PCR 
analysis
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we detected the expressions of COL2A1, Aggrecan, SOX9 and 
MMP-13 in this study, and found that SDMSCs and ADMSCs co-
cultured with chondrocytes could prominently diminish the expres-
sion of MMP-13 and elevate the expressions of COL2A1, Aggrecan 
and SOX9. When SDMSCs and ADMSCs were used in combination 
to co-culture chondrocytes, the effect on genes was the most signif-
icant, while IL-1β treatment overtly reversed the effects of SDMSC 
and ADMSCs alone or in combination on COL2A1, Aggrecan, SOX9 
and MMP-13 expressions. That is, IL-1β inhibited the expressions 
of COL2A1, Aggrecan and SOX9, but promoted the expression of 
MMP-13 (Figure 1A, p < 0.001). Inflammation could cause oxidative 
stress, and the reduction of ROS, a specific indicator of oxidative 
stress, led to the suppression of inflammatory signals (P-NF -κB and 
IL-6).19 Therefore, we further examined ROS level in IL-1β-induced 
cells to figure out the interaction between oxidative stress and in-
flammatory response in the progression of arthritis. Then, the ROS 
level in each group was detected by the ROS kit. The results mir-
rored that both SDMSCs and ADMSCs reduced IL-1β-induced ROS 
level, and the effect of SDMSCs and ADMSCs in combination was 
much more obvious (Figure 1B, p < 0.05, p < 0.01, p < 0.001). The 
expressions of inflammatory cytokines (IL-6, TNF-α and IL-1β) in 
each group were detected by corresponding ELISA kits, respectively. 
The results revealed that SDMSCs and ADMSCs in combination 
lessened the levels of IL-6, TNF-α and IL-1β, and explicitly offset the 
effects of IL-1β on promoting the levels of inflammatory cytokines. 
Moreover, the combination of SDMSCs and ADMSCs exerted a far 
more conspicuous effect on reducing the levels of inflammatory fac-
tors (Figure 1C–E, p < 0.05, p < 0.01, p < 0.001).

3.2  |  Effects of SDMSCs and ADMSCs on joint 
diameter difference and pathological changes of 
femoral medial condyle articular cartilage in OA rats

The OA model rats were treated with SDMSCs and ADMSCs for 
8 weeks, and the difference in knee joint diameter was evaluated. 
The results showed that compared with the sham group, the dif-
ference in knee joint diameter of the model group was significantly 
increased (Figure  2A, p  <  0.001), indicating that the circumfer-
ence of the knee joint on the surgical side was increased, and the 
OA model was successfully established. Compared with the OA 
group, the difference in the diameter of the knee joints in the rats 
was signally reduced (Figure 2A, p < 0.001) in the OA + SDMSCs 
or OA + ADMSCs group, and the most obvious difference was ob-
served in the OA + SDMSCs + ADMSCs group. Meanwhile, there 
was no marked difference between the OA + SDMSCs group and 
OA  +  ADMSCs group. These findings collectively indicated that 
SDMSCs and ADMSCs in combination might improve the knee joint 
diameter of OA rats.

Furthermore, HE staining and Safranin-O-fast green staining 
were employed to observe the pathological changes in cartilage tis-
sue of medial femoral condyle of rats (Figure 2B). HE staining ex-
hibited that in rats of the sham group, the articular bone tissue was 

normal, and the chondrocytes were evenly distributed, with regular 
arrangement, clearly visible structure, and complete and smooth tidal 
line. By contrast, in the OA group, the knee joint of rats was rough, 
the thickness of the cartilage as well as the number of chondrocytes 
were clearly diminished, with obvious fibrosis. Besides, the SDMSCs 
group and ADMSCs group appeared apparently ameliorated carti-
lage injury, increased cartilage thickness, and reduced fissures, but 
the cartilage thickness and chondrocyte number were still less than 
the sham group. Additionally, the cartilage thickness, chondrocyte 
number, and surface regularity in OA + SDMSCs + ADMSCs group 
were equivalent to those in the sham group. Safranin-O staining un-
raveled that the staining intensity of knee joint cartilage in the OA 
group was low, accompanied with pale color, and lost chondrocytes, 
but the staining was deeper after injection of SDMSCs or ADMSCs, 
and the staining was dark red after combined application of SDMSCs 
and ADMSCs, suggesting that the formation of knee joint articular 
cartilage in rats was gradually facilitated, while the cartilage degra-
dation was declined.

3.3  |  Effects of SDMSCs and ADMSCs on the 
levels of inflammatory factors and ROS content in 
joint fluid of OA rats

ROS kit was utilized to detect the ROS level in cartilage tissues of rats 
in each group. The results showed that ROS level in articular fluid of 
rats in OA group was signally increased, and SDMSCs or ADMSCs 
alone could markedly reduce ROS level, with no significant differ-
ence between the SDMSCs group and ADMSCs group. Compared 
with monotherapy, the level of ROS was decreased more explicitly 
after the combination of SDMSCs and ADMSCs (Figure 3A, p < 0.05, 
p < 0.001). Through the detection on levels of inflammatory factors 
in rat joint cavity fluid by ELISA, the levels of IL-6, TNF-α and IL-1β 
were found to be dramatically boosted in OA rats (p < 0.001), while 
the injection of SDMSCs or ADMSCs alone could significantly re-
duce the levels of IL-6, TNF-α and IL-1β (p < 0.001), with no marked 
difference between SDMSCs group and ADMSCs group. Moreover, 
as compared with the injection of SDMSCs or ADMSCs alone, the 
combination of SDMSCs and ADMSCs decreased the levels of IL-6, 
TNF-α and IL-1β more overtly in the OA rats (Figure 3B–D, p < 0.001).

3.4  |  Effects of SDMSCs and ADMSCs on 
chondrogenic markers and inflammatory factors 
in OA rats

To further investigate the effects of SDMSCs and ADMSCs on 
chondrogenicity in OA rats, we further examined the expressions of 
COL2A1, Aggrecan, MMP-13 and SOX9. The results uncovered that 
in OA group, MMP-13 expression in articular cartilage of rats was 
apparently elevated, and the expressions of COL2A1, Aggrecan and 
SOX9 were evidently reduced. However, complete opposite trends 
were shown in the SDMSCs and ADMSCs groups, that is, MMP-13 
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level was conspicuously declined, whist those of COL2A1, Aggrecan 
and SOX9 were overtly increased. Meanwhile, the most marked 
changes in the levels of aforementioned genes and proteins were 
observed in the OA + SDMSCs + ADMSCs group (Figure 4A,C,D, 
p < 0.01, p < 0.001). In addition, the inflammatory factors were de-
tected by qRT-PCR and Western blotting in OA rat cartilage tissue, 
and the results were consistent with that of the determination on 
the chondrogenic marker expressions in joint fluid. Namely, the lev-
els of IL-6, TNF-α and IL-1β were significantly promoted in the OA 
rats, while the injection of SDMSCs or ADMSCs alone significantly 
reduced the levels of IL-6, TNF-α and IL-1β. As compared with the 
injection of SDMSCs or ADMSCs alone, the combination of SDMSCs 
and ADMSCs lessened the levels of IL-6, TNF-α and IL-1β more obvi-
ously in the OA rats (Figure 4B–D, p < 0.05, p < 0.01, p < 0.001).

4  |  DISCUSSION

The proposal of stem cell therapy has provided new hope for OA 
with cartilage regeneration defect as the main pathological mech-
anism. However, this method has not achieved amazing results so 
far. The reason may be related to the inconsistent results caused by 
different cell types. Indira Prasadam et al. proposed that BMMSCs 
combined with articular chondrocytes could improve OA, indicating 
that mixed cell therapy might be an effective strategy to improve 
OA cell therapy.15 Therefore, we proposed the method of combin-
ing ADMSCs with SDMSCs for the first time, which could utilize the 
easily obtained ADMSCs with good anti-inflammatory effect, as well 
as the regeneration, repair and self-renewal of cartilage of SDMSCs 
to achieve the purpose of synergistic treatment.

F I G U R E  1 Effects of cell co-culture 
on chondrogenesis, oxidative stress 
and inflammatory factors. (A) QRT-PCR 
was used to detect the expressions of 
COL2A1, Aggrecan, SOX9 and MMP-13 
in co-cultured cells (articular cartilage 
cells, SDMSCs and ADMSCs). (B) The 
ROS level of rats in each group was 
detected by reactive oxygen species 
(ROS) kit. (C–E) The expressions of 
inflammatory cytokines in each group 
were determined by IL-6-, TNF-α- and 
IL-1β-associated ELISA kits, respectively. 
(*p < 0.05, **p < 0.01, ***p < 0.001, 
vs. IL-1β; ^^p < 0.01, ^^^p < 0.001, vs. 
SDMSCs; ++p < 0.01, +++p < 0.001, 
vs. ADMSCs; ###p < 0.001, vs. control; 
ξp < 0.05, ξξp < 0.01, ξξξp < 0.001, vs. co-
culture + SDMSCs; &p < 0.05, &&p < 0.01, 
&&&p < 0.001, vs. co-culture + ADMSCs)
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Hulth surgery is a classic method for establishing OA models 
on animals, via which severe joint damage was induced due to joint 
instability through excision of the anterior cruciate ligament and 
unilateral meniscus. Persistent joint instability can cause cartilage 
and subchondral bone erosion degeneration, and these character-
istics are highly similar to the pathological characteristics of human 
spontaneous OA. Thus, Hulth surgery is applied to create animal 
models of OA.20 In this experiment, Hulth operation was used to 
successfully induce OA model in rats, and the therapeutic effect of 
intra-articular injection of ADMSCs and SDMSCs on OA rats' joint 
injury was evaluated. Several preclinical studies have demonstrated 
that either ADMSCs or SDMSCs is effective in reducing cartilage 
degeneration and joint inflammation in mice or rats with OA.17,21,22 
Clinical experiments have also proved the good effect of ADMSCs in 
improving OA,23 but the effect of SDMSCs on ameliorating OA has 
not been confirmed by clinical research. In addition, a clinical trial 
evaluated the efficacy of the combination of autologous BMMSCs 
and ADMSCs in the treatment of OA and found that such a com-
bined treatment could improve knee joint function in all patients 
in synergy with BMMSCs-mediated cartilage regeneration and 

ADMSCs-dependent immunosuppression.24 However, SDMSCs 
have higher chondrogenic potential than BMMSCs,25 so we chose 
to use SDMSCs instead of BMMSCs, and found that the combined 
injection of ADMSCs and SDMSCs has a better effect on reducing 
the joint damage of OA rats than injection of the cells alone.

This study has confirmed through experiments that the combi-
nation of two cells in the treatment of OA is more significant, which 
may be a new discovery in the exploration of the therapeutic mech-
anism of OA. Oxidative stress and inflammation in the pathogene-
sis of OA are interdependent. Many in vitro and in vivo studies have 
shown that IL-1β stimulates the production of ROS in human and ani-
mal chondrocytes and promotes the apoptosis of chondrocytes.26,27 
In addition, the increase in oxidative stress was positively correlated 
with the degradation of collagen, indicating the important role of 
ROS in the decomposition of cartilage matrix.28 A previous study has 
reported that the combination of SDMSCs and apigenin (with signif-
icant antioxidant effect) can improve the symptoms of OA in rats by 
significantly reducing oxidative stress.21 Of note, ADMSCs have also 
been proved to have anti-oxidative stress and immunomodulatory 
effects.29 In this study, we found that the combined treatment of 

F I G U R E  2 Effects of SDMSCs and ADMSCs on joint diameter difference and pathological changes of femoral medial condyle articular 
cartilage in OA rats. (A) Joint diameter difference of OA rats was detected. (B) HE staining and Safranin-O-fast green staining were used 
to observe the pathological changes in cartilage tissue of medial femoral condyle of rats. (***p < 0.001, vs. OA; ^^^p < 0.001, vs. Sham; 
###p < 0.001, vs. OA + ADMSCs; ξξξp < 0.001, vs. OA + SDMSCs)
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ADMSCs and SDMSCs inhibited ROS production and inflammatory 
factor expression more effectively, indicating that the mechanism of 
improving OA by SDMSCs and ADMSCs may be related to reducing 
oxidative stress.

Transcription factor SOX9 is required for chondrogenic differ-
entiation of MSCs,30 which has a synergistic effect on chondrogenic 
differentiation and is a transcription factor necessary for the expres-
sions of COL2A1, Aggrecan and Connexin.31,32 In addition, in the 
articular cartilage of patients with OA, the increase in MMP-13 con-
tent caused the destruction of the cartilage matrix network type-II 
collagen structure, resulting in articular cartilage defects.33 A study 
compared the therapeutic effects of ADMSCs and SDMSCs on OA 
rats, and found that both of them could improve the progress of OA, 
but SDMSCs were better than ADMSCs in subchondral bone and 
cartage mineralization.34 However, in ADMSCs, MSCs derived from 
IPFP showed higher differentiation potential and expressed more 

SOX-9, COL2A1, and Aggrecan than MSCs derived from subcutane-
ous fat.35 Compared with other MSC sources, synovium is the closest 
to articular cartilage and can produce hyaline cartilage under benign 
conditions, so SDMSCs can improve OA by promoting ECM synthe-
sis and increasing cartilage regeneration.36 One study has reported 
that SDMSCs from patients with OA express MSCs markers twice 
as many cells as normal synovium, and moreover, they also have the 
ability to differentiate into chondrocytes in vitro.37 In addition, there 
were no significant differences in the chondrogenic potential of sy-
novial membranes from different sites.38 Of note, chondrocytes can 
resist oxidative stress by producing antioxidant enzymes, while the 
suppressed production of ROS can improve the function of chon-
drocytes.39 In this study, the combined treatment of ADMSCs and 
SDMSCs increased the expression of SOX9, suggesting that the 
combination of ADMSCs and SDMSCs may protect chondrocytes 
from cell dysfunction and cell death by reducing oxidative stress.

F I G U R E  3 Effects of SDMSCs and 
ADMSCs on the levels of inflammatory 
factors and ROS content in joint fluid of 
OA rats. (A) ROS kit was utilized to detect 
the ROS level in cartilage tissues of rats 
in each group. (B) ELISA was applied to 
determine the IL-6 expression in joint 
fluid of OA rats treated with SDMSCs 
and ADMSCs. (C) ELISA was employed 
to measure the TNF-α expression 
in joint fluid of OA rats treated with 
SDMSCs and ADMSCs. (D) ELISA was 
exploited to test the IL-1β expression in 
joint fluid of OA rats after treatment of 
SDMSCs and ADMSCs. (***p < 0.001, vs. 
OA; ^^^p < 0.001, vs. Sham; #p < 0.05, 
###p < 0.001, vs. OA + ADMSCs; 
ξp < 0.05, ξξp < 0.01, ξξξp < 0.001, vs. 
OA + SDMSCs)
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However, this study also has some shortcomings. For instance, 
this study did not use allogeneic transplantation but xenotransplan-
tation, which could not reflect the advantage of MSCs in avoiding al-
logeneic rejection. In addition, although we suggested that ADMSCs 
combined with SDMSCs might improve OA by reducing oxidative 
stress and protecting chondrocytes, the specific mechanism still 
needed to be further clarified.

In summary, ADMSCs and SDMSCs improve OA rats by reducing 
chondrocyte ROS and inhibiting inflammatory response.
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