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Abstract: Synovial fluid-derived mesenchymal stem cells (SF-MSCs) represent a superior source of stem cells 
and have great potential for autologous transplantation for cartilage regeneration. Transforming growth factor-β3 
(TGF-β3) has been demonstrated to stimulate the chondrogenic differentiation of MSCs. Recently, the small mole-
cule kartogenin (KGN) was reported to enhance chondrogenic differentiation and cartilage regeneration. The effects 
of KGN and TGF-β3 on the in vitro chondrogenic differentiation of rabbit SF-MSCs were studied. The monolayer and 
pellet cultures of rabbit SF-MSCs were stimulated in vitro using either KGN or TGF-β3 alone or in combination for 
21 days. The in vivo therapeutic effects of KGN combined with TGF-β3 were studied using an intra-articular delivery 
of autologous rabbit SF-MSCs to cartilage defects in a rabbit model. Compared to a single treatment, the in vitro 
results demonstrated that the combination of KGN and TGF-β3 resulted in significantly increased protein expression 
levels of type II collagen (COL II) and SRY-box 9 (SOX9) and decreased the expression level of type X collagen (COL 
X). Compared with the regenerated cartilage in the single treatment groups, the intra-articular injection of rabbit SF-
MSCs mixed with TGF-β3 and KGN exhibited substantial amounts of regenerated cartilage in the defective areas in 
the medial femoral condyles. We noted that the thicker, hyaline-like cartilaginous tissue contained abundant levels 
of extracellular matrix, which is characteristic of cartilage. This study demonstrated that TGF-β3 and KGN exhibit 
synergistic effects for the promotion of the chondrogenesis of rabbit SF-MSCs and can effectively repair cartilage 
defects through the regeneration of hyaline cartilage.

Keywords: Mesenchymal stem cells, rabbit synovial fluid, chondrogenic differentiation, kartogenin, transforming 
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Introduction

Articular cartilage plays a critical role in the 
body’s skeletal system because hyaline carti-
lage prevents bone abrasion and absorbs con-
cussion [1]. The innate structural characteris-
tics of articular cartilage lack the ability to 
regenerate after trauma or in cases of patho-
logic conditions. This is a result of poor vascu-
lar supply, lymphatic drainage, and poor pro-
genitor cell access to the lesion location [2]. 
Upon damage, it is difficult for the cartilage to 

self-repair in the absence of intervention. 
Current treatments for damaged articular carti-
lage include microfracture (MF), mosaicplasty 
(MO), autologous chondrocyte implantation 
(ACI) and matrix-induced autologous chondro-
cyte implantation (MACI) [3]. However, these 
treatment methods have been demonstrated to 
have limited restorative effects on the native 
articular cartilage structure and function in clin-
ical applications [4]. To overcome these limita-
tions, regenerative medicine strategies, includ-
ing cartilage tissue engineering (CTE) using 
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mesenchymal stem cells (MSCs), have gained 
increasing attention in regard to defects in car-
tilage repair [5]. 

MSCs are easily isolated, expand in sufficient 
numbers without malignant changes and have 
been demonstrated to be able to differentiate 
into chondrocytes. Therefore, these offer great 
potential for cartilage regeneration [6, 7]. MSCs 
can be isolated from numerous different tis-
sues, including the bone marrow, adipose tis-
sue, periosteum, and synovium [8-10]. The 
presence of MSCs in synovial fluid (SF-MSCs) 
has also been recently demonstrated [11]. 
Further studies have demonstrated that MSCs 
are substantially increased in the synovial fluid 
of patients with joint disease and injury [12, 
13]. We have recently demonstrated that 
SF-MSCs isolated from human synovial fluid 
are capable of differentiating into chondro-
cytes, osteoblasts, and adipocytes [14]. In this 
study, we aimed to use autologous SF-MSCs as 
a promising candidate cell source for cartilage 
repair.  

The terminal induction of MSCs toward hyaline-
like chondrocytes is a critical step for the use of 
MSCs in cartilage repair. It has been well estab-
lished that the use of growth factors, specifi-
cally TGF-β1 and TGF-β3, can function to pro-
mote chondrogenic differentiation and to 
induce the expression of cartilage matrix for-
mation [15-17]. In comparison to TGF-β1, TGF-
β3 has been shown to have better effects on 
MSC chondrogenesis [18]. TGF-β3 has been 
demonstrated to have the ability to promote 
aggrecan and type II collagen expression. 
However, it has also been shown to promote 
type X collagen gene expression in the late 
stages of induction. This has been shown to 
lead to hypertrophy, and this ultimately results 
in the formation of nonfunctional fibrocartilage, 
instead of hyaline cartilage [18, 19]. In addi-
tion, numerous studies have suggested that a 
concentration of 10 ng/mL of TGF-β3 is optimal 
for the promotion of MSC chondrocyte differen-
tiation in vitro [20-23].

Recently, kartogenin (KGN) was identified as a 
novel, small molecule for the promotion of bone 
marrow-derived mesenchymal stem cell (BM- 
MSC) chondrogenic differentiation, and KGN 
was shown to stimulate the runt-related tran-
scription factor (RUNX) pathway [24]. KGN that 
was encapsulated within scaffolds, such as 
thermogel or nanoparticles, was shown to effe- 

ctively aid cartilage regeneration in vivo, there-
by making this small molecule a critical additive 
for cartilage tissue engineering [25, 26]. In 
addition, studies have demonstrated that KGN 
may function to suppress hypertrophic differen-
tiation through the inhibition of terminal chon-
drocyte differentiation [24]. Based on these 
data, we hypothesized that the combination of 
KGN and TGF-β3 may function to synergistically 
promote the formation of hyaline chondro- 
cytes.

In this study, we studied the chondrogenic dif-
ferentiation effects of TGF-β3 and KGN using 
both monolayer culture and pellet culture. In 
addition, we injected autologous rabbit SF- 
MSCs mixed with TGF-β3 and KGN into the 
defective cartilage to gain a better understand-
ing of the synergistic effects on articular carti-
lage regeneration in a rabbit model. Studies 
have demonstrated that different KGN concen-
trations were capable of differentiating BM- 
MSCs into chondrocytes, and a concentration 
of 10 μM KGN exhibited the most significant 
effect [24]. Therefore, 10 ng/mL TGF-β3 and 
10 μM KGN were adopted for the induction of 
rabbit SF-MSCs chondrocyte differentiation in 
this study. We demonstrated that the combina-
tion of TGF-β3 and KGN could function to 
increase the gene expression of hyaline-like 
cartilage marker in vitro and demonstrated that 
the combination led to an improved repair 
effect in vivo. In summary, the costimulation 
induced by TGF-β3 and KGN is a viable strategy 
for SF-MSC-based articular cartilage regene- 
ration.

Materials and methods

Ethics statement

All of the animal experiments were conducted 
in accordance with the institution’s or the 
National Research Council’s Guide for the care 
and use of laboratory animals. This study was 
approved by the Institutional Animal Care and 
Use Committee of Shenzhen People’s Hospital 
at Jinan University.

Collection of the rabbit synovial fluid 

The New Zealand white rabbits (2.5-3.0 kg, 6 
months old) were placed in the supine position 
after general anesthetization. The knee cavity 
arthrocentesis procedure was performed for 
rabbit synovial fluid collection. 
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Two milliliters of isotonic saline solution was 
injected into the rabbit knee joint cavity from 
the lateral articular space. Then, the knee was 
fully extended and flexed several times. 
Subsequently, the synovial fluid and the saline 
solution were collected using a sterile injection 
syringe.

Cell isolation and culture

Adhesive cultivation with specific MSC culture 
medium was used to isolate and culture the pri-
mary rabbit SF-MSCs. Within 4 hours of aspira-
tion, the synovial fluid was diluted with phos-
phate-buffered saline, filtered through a 40-mm 
nylon filter (Corning, USA) to remove debris, 
plated in 100-mm dishes, and cultured for 1 
week as passage 0 in complete culture medi-
um with basic DMEM (Gibco, USA) that was 
supplemented with 10% fetal bovine serum 
(FBS, Gibco, USA) and 1% penicillin-streptomy-
cin (HyClone, USA). The dishes were incubated 
at 37°C in an atmosphere of 5% humidified 
CO2. After 48 hours, the medium was discarded 
to remove non-adherent cells and was replaced 
with fresh medium. 

Identification of surface markers of rabbit SF-
MSCs

The passage 3 rabbit SF-MSCs were suspend-
ed in PBS containing 5% bovine serum albumin 
(Sigma Aldrich, USA) at a concentration of 
3×105 cells/0.05 mL and were incubated with 
mouse anti-rabbit CD34, CD45, CD73, CD90 
and CD105, and monoclonal antibodies (mAb) 
(1:100 dilution, BD Biosciences, USA) at 4°C for 
1 hour. The cells were washed three times with 
PBS and were then incubated with an FITC-
labeled secondary anti-mouse antibody (1:200 
dilution, Invitrogen) at 4°C for 30 min. The 
appropriate rabbit isotype antibodies were 
used as controls. The samples were processed 
using a FACS Canto flow cytometer (BD 
Biosciences, USA) and were analyzed with 
FlowJo software.

Multidifferentiation of the rabbit SF-MSCs

Osteogenic differentiation: Rabbit SF-MSCs 
from passage 3 were seeded into a 6-well cul-
ture plate at a density of 103 cells/cm2 and 
were cultured in osteogenic induction medium 
(BioWit Technologies, China). The medium was 
changed every 3 days for 3 weeks. The cells 
were fixed with 4% formaldehyde for 30 min at 

room temperature and were stained with 1% 
Alizarin Red for 15 min [27].

Adipogenic differentiation: Rabbit SF-MSCs 
from passage 3 were seeded into a 6-well cul-
ture plate at a density of 103 cells/cm2 and 
were induced by adipogenic induction medium 
(BioWit Technologies, China). After 3 weeks, the 
neutral lipid vacuoles were stained with Oil Red 
O to confirm adipogenic differentiation. The 
cells were fixed with 4% formaldehyde solution 
for 30 min at room temperature in advance 
[28].

Chondrogenic differentiation: Chondrogenic in- 
duction was performed in pellet culture. A total 
of 5×105 of rabbit SF-MSCs from passage 3 
were centrifuged (1,500 rpm, 10 min) in a 15 
mL polypropylene tube to form a pellet. The cell 
pellet was cultured for 3 weeks with chondro-
genic induction medium (BioWit Technologies, 
China). The medium was changed every 3 days 
for 3 weeks. After 3 weeks, the cell pellet was 
embedded in paraffin, cut into 4 μm slices, and 
stained with 0.1% toluidine blue for 30 min at 
room temperature [29].

In vitro chondrogenic induction of rabbit SF-
MSCs 

Two-dimensional monolayer culture: A total of 
1×105 rabbit SF-MSCs were seeded into glass-
bottom cell culture dishes (NEST Biotechnology, 
China). After 24 hours, the media was changed 
to serum-free chondrogenic medium consisting 
of DMEM, 1% insulin-transferrin-selenous acid 
premix (BD Biosciences, USA), 100 nM dexa-
methasone, 50 mM L-ascorbic acid-2-phos-
phate, 1 mM sodium pyruvate, and 0.35 mM 
L-proline (Sigma-Aldrich, USA). Then, the cells 
were treated with 10 ng/mL TGF-β3 (RD 
Systems, USA) or 10 μM KGN (RD Systems, 
USA) or both for 21 days. The experimental 
groups were treated as follows: control group 
(serum-free chondrogenic medium without 
TGF-β3 and KGN), TGF-β3 group, KGN group, 
KGN + TGF-β3 group.

High-density pellet culture

For the chondrogenic differentiation experi-
ments from high-density pellet cultures, 5×105 
rabbit SF-MSCs from passage 3 were placed 
into a 15 mL polypropylene tube (BD 
Biosciences, USA) and were centrifuged (1,500 
rpm, 10 min) to form a pellet. The pellets were 
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cultured in serum-free chondrogenic medium, 
which consisted of DMEM, 1% insulin-transfer-
rin-selenous acid premix (BD Biosciences, 
USA), 100 nM dexamethasone, 50 mM L- 
ascorbic acid-2-phosphate, 1 mM sodium pyru-
vate, and 0.35 mM L-proline (Sigma-Aldrich, 
USA). Then, 10 ng/mL TGF-β3, 10 μM KGN or 
10 μM KGN + 10 ng/mL TGF-β3 was added to 
the medium, according to the above groups. 
The medium was changed twice a week for 3 
weeks. The cartilage nodules formed by these 
cell pellets were embedded with O.C.T (optimal 
cutting temperature compound) (Tissue-Tek, 
Sakura, USA), frozen, sectioned into 4 μm slic-
es and then stained with H&E (Sigma-Aldrich, 
USA) and toluidine blue (Sigma-Aldrich, USA).

Immunofluorescence staining of collagen II 
and aggrecan

The rabbit SF-MSCs induced for 3 weeks were 
fixed using 4% phosphate paraformaldehyde 
(Sigma-Aldrich, USA) for 20 min at room tem-
perature followed by incubation with 0.2% 
Triton X-100 solution (Sigma-Aldrich, USA) for 
30 min at room temperature to permeabilize 
the cells. The cells were blocked with 5% bovine 
serum albumin for one hour at room tempera-
ture. Then, the cells were incubated with fluoro-
phore-conjugated goat anti-rabbit antibodies 
against COL II and AGG (1:100, RD Systems, 
USA) for one hour at room temperature. 
Subsequently, the samples were washed with 
PBS three times, and the nuclei were stained 
blue with 4, 6-diamidino-2-phenylindole DAPI 
(1:1000, Invitrogen, USA) for 5 min and rinsed 
with PBS. Then, the cells were rinsed with PBS, 
and the cells were visualized using laser scan-
ning confocal microscopy (ZEISS, Germany).

RNA purification and quantitative polymerase 
chain reaction (qPCR)

After 3 weeks of in vitro chondrogenic induc-
tion, the cells were lysed with TRIzol Reagent 
(Invitrogen, USA), and the total RNA was extract-
ed following the manufacturer’s instructions. 

COL10A1 were determined by real-time PCR 
using SYBR Premix EX Taq (Takara, China) fol-
lowing the recommended protocols. GAPDH 
was used as an internal control. Each sample 
was analyzed in triplicate. The data were ana-
lyzed using the comparative CT method (2-ΔΔCT 
method). The relative fold transcript levels were 
expressed as the mean ± SD and were plotted 
as bar graphs. The statistical analysis was per-
formed at the level of ∆CT to exclude potential 
bias due to averaging data that had been trans-
formed through the 2-ΔΔCT equation [30].

Cartilage defects in a rabbit model and carti-
lage repair by rabbit SF-MSCs

Defective cartilage establishment: Each rabbit 
was anesthetized with a marginal ear vein injec-
tion of 3% pentobarbital sodium. The rabbit 
was placed in a dorsal-recumbent position, and 
the rabbit’s right knee joint was operated on 
with a medial para-patellar approach. Then, a 
cylindrical full-thickness cartilage defect (4.0 
mm in diameter and 2.5 mm in depth) was cre-
ated on the trochlear groove using a special 
drill. The joint capsule was sutured, and the 
incision was closed layer by layer.

Postoperative treatment

After surgery, the rabbits were allowed free 
movement in their cages, and the wounds were 
disinfected with 0.1% povidone iodine twice a 
day for 3 days. Wound healing was observed for 
3 weeks to ensure that there were no infections 
in the wounds.

Cartilage repair by intra-articular injection 
of autologous rabbit SF-MSCs with KGN and 
TGF-β3 

In this study, the rabbits were randomized into 
the following four experimental groups (6 in 
each group): control group (1×107/mL rabbit 
SF-MSCs in 1 mL isotonic saline application), 
TGF-β3 group (1×107/mL rabbit SF-MSCs + 10 
ng/mL TGF-β3), KGN group (1×107/mL rabbit 

Table 1. Primer sequences used for real-time PCR
Genes Forward primer (5’-3’) Reverse primer (5’-3’)
GAPDH GGAGAAAGCTGCTAA ACGACCTGGTCCTCGGTGTA
COL2A1 CAGGCAGAGGCAGGAAACTAAC CAGAGGTGTTTGACACGGAGTAG
SOX9 GTACCCGCACCTGCACAAC TCCGCCTCCTCCACGAAG
ACAN GCTACGGAGACAAGGATGAGTTC CGTAAAAGACCTCACCCTCCAT
COL10A1 CACCTTCTGCACTGCTCATC GGCAGCATATTCTCAGATGGA

The total RNA from each sam-
ple was reverse transcribed 
to cDNA using RT-PCR for 
first-strand cDNA synthesis 
(US Everbright Inc., USA) fol-
lowing standard protocols 
and primers (Table 1). The 
mRNA expression levels of 
COL2A1, SOX9, ACAN and 
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SF-MSCs + 10 μM KGN), KGN + TGF-β3 group 
(1×107/mL rabbit SF-MSCs + 10 μM KGN + 10 
ng/mL TGF-β3). Each rabbit was treated with 
autologous rabbit SF-MSCs, which were cul-
tured in vitro. Three weeks after the operation, 
all the wounds healed well, and the stitches 
were removed. All animals were injected with 
different 1 mL isotonic saline solutions accord-
ing to the above treatment groups; the injection 
was done using an 18G sterile hypodermic 
syringe into the knee joint cavity from the lat-
eral articular space. The rabbits were adminis-
tered an intra-articular injection once a week 
for 3 weeks.

Macroscopic score evaluation of repaired car-
tilage

The rabbits in each group were sacrificed, and 
the operated femur condyles were dissected 
and harvested for macroscopic score evalua-
tion 12 weeks after the surgery. The gross 
appearance of the defect sites was photo-
graphed and blindly scored by 3 independent 
observers using the International Cartilage 
Repair Society (ICRS) macroscopic scoring sys-
tem, which contains the four following catego-
ries: degree of repair, integration to border 
zone, macroscopic appearance and overall 
repair assessment [31] (Table S1).

Histological examination of the repaired carti-
lage

The specimens for histological analysis were 
fixed in 10% neutral formalin (Sigma-Aldrich, 
USA) after macroscopic evaluation for 24 hours 
at 4°C and were then decalcified with a 10% 
ethylenediaminetetraacetate (EDTA)-buffered 
saline solution (Sigma-Aldrich, USA) for 28 
days. The specimens were embedded in paraf-
fin (Sigma-Aldrich, USA) and were cut into 5 μm 
thick sections. The coronal sections were 

stained with hematoxylin-eosin (Sigma-Aldrich, 
USA) and toluidine blue (Sigma-Aldrich, USA). 
They were then immunostained for COL II fol-
lowing the manufacturer’s protocol (Abcam, 
UK). The sections were blindly scored by 3 dif-
ferent experienced pathologists using an ICRS 
Visual Histological Assessment Scale. This 
scale had a maximum score of 25 and a mini-
mum score of 0 [32, 33] (Table S2).

Statistical analysis

All data are presented as the mean ± standard 
deviation (SD). All experiments were repeated 
three times. The statistical significance was 
determined using the SPSS 18.0 statistical 
analytical software (SPSS Inc., USA). In all 
cases, P-values less than 0.05 were consid-
ered to indicate statistically significant differ-
ences, and P-values less than 0.01 and 0.001 
were considered to be highly significant. Graph-
Pad Prism version 6.0 was used for the statisti-
cal analysis.

Results

Characterization of the rabbit SF-MSCs

After one week of pellet culturing the rabbit 
synovial fluid, we observed the formation of cell 
colonies. These cells were observed to be spin-
dle-shaped and were attached to the plastic 
plates. The cells were observed to have diverse 
cell types and sizes. Upon subculturing the 
cells, the spindle-shaped cells were observed 
to predominate and proliferate over the course 
of numerous passages (Figure 1).

To further characterize the rabbit SF-MSCs, we 
utilized flow cytometry to determine the pres-
ence of surface markers. We analyzed the mes-
enchymal markers (CD34, CD45, CD73, CD90 
and CD105) of passage 3 cells as described by 

Figure 1. Morphological features of rabbit SF-MSCs. A. Passage 0; B. Passage 1; C. Passage 3. Scale bar = 100 μm.
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the MSC identification criteria recommended 
by the International Society for Cellular Therapy 
[34]. These results demonstrated that the cul-
tured rabbit SF-MSCs were negative for CD34 
(0.49%) and CD45 (0.32%), and were positive 
for CD90 (94.6%), CD73 (97.3%) and CD105 
(98.9%) (Figure 2). Thus, these cultured rabbit 
SF-MSCs met the identification criteria of 
MSCs.

In addition to these cell surface markers, the 
tri-lineage differential potential is another indi-
cator of MSCs; thus, we further induced osteo-
genesis, adipogenesis, and chondrogenesis in 
rabbit SF-MSCs (Figure 3). Alizarin red staining 
of calcium compounds revealed the formation 
of mineralized nodules following 3 weeks of 
osteogenic induction (Figure 3D). We observed 
the accumulation of lipid-rich vacuoles in rabbit 
SF-MSCs using intracellular Oil Red O staining, 
and this is indicative of the success of adipo-
genic differentiation (Figure 3E). Under chon-
drogenic conditions, the rabbit SF-MSC pellet 

was positively stained with toluidine blue, and 
this indicated the emergence of chondrocyte-
like cells (Figure 3F).

The chondrogenic induction of KGN and 
TGF-β3 in vitro

To compare the effects of KGN and TGF-β3 on 
the chondrogenic differentiation of rabbit 
SF-MSCs, we first carried out in vitro experi-
ments. After incubating the cells under the indi-
cated conditions for 21 days, we analyzed the 
expression levels of numerous genes using 
qPCR (Figure 4). Relative to the expression lev-
els in the control cells, KGN or TGF-β3 treat-
ment alone or a combined TGF-β3 and KGN 
treatment significantly increased the expres-
sion levels of COL2A1, SOX9, ACAN, and 
COL10A1. The combined treatment of TGF-β3 
and KGN was found to result in significantly 
higher expression levels of the chondrogenic 
genes COL2A1 and ACAN relative to the expres-
sion levels from either KGN or TGF-β3 treat-

Figure 2. Flow cytometry analysis of the expression of rabbit SF-MSC surface markers. A. Representative dot plots 
and histograms (overlaid) of marked cell populations (oval). B, C. The cells were negative for the endothelial cell 
marker CD34 (0.49%) and hematopoietic cell marker CD45 (0.32%). D-F. The cells were positive for CD90 (94.6%), 
CD73 (97.3%), and CD105 (98.9%).
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COL10A1 expression levels, 
which led to the formation of 
fibrocartilage in vivo. Fortu- 
nately, with KGN addition, the 
COL10A1 expression levels 
were found to decrease signifi-
cantly. In summary, the combi-
nation of TGF-β3 and KGN 
demonstrates a promising 
strategy for cartilage repair 
because it was found to favor 
the formation of hyaline car- 
tilage. 

To further confirm the chon-
drogenic differentiation of rab-
bit SF-MSCs, we immuno-st- 
ained cells for COL II and AGG 
protein expression following 
induction (Figure 5). Confocal 
microscopy images demon-
strated the expression of AGG 
and COL II protein expression 
in rabbit SF-MSCs that was 
induced by either KGN or TGF-
β3 treatment alone or togeth-

Figure 3. Osteogenic, adipogenic and chondrogenic differentiation of rabbit SF-MSCs 21 days after induction. A-C. 
Differentiation medium in the absence of an induced cytokine served as the negative control. D. The positive stain-
ing of Alizarin red demonstrated the formation of mineralized nodules in the rabbit SF-MSCs 21 days after osteo-
genic induction. E. 21 days after adipogenic induction, the presence of intracellular Oil Red O staining indicated the 
formation of small lipid-rich vesicles in the cells. F. Toluidine blue staining of the rabbit SF-MSC pellet 21 days after 
chondrogenic induction. The scale bar is 100 μm.

Figure 4. Analysis of the expression levels of COL2A1 (A), ACAN (B), SOX9 
(C) and COL10A1 (D) using real-time qPCR over the 3 weeks of chondro-
genic differentiation in the presence of TGF-β3 or KGN alone or together. 
The housekeeping gene (GAPDH) was used as an internal control. The data 
are presented as the mean ± SD. The statistical significance indicated by ** 
(P<0.01). No significant differences are indicated by n.s.

ment alone. As reported previously, TGF-β3 is 
able to induce the formation of hypertrophic 

chondrocytes in the later stages. This phenom-
enon was confirmed by the observation of high 
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er. The control group exhibited the weakest flu-
orescence signal among all the experimental 
groups. This suggests that the rabbit SF-MSCs 
do not undergo chondrogenesis in the absence 
of external cytokines. The KGN-induced group 
exhibited a similar staining pattern as the TGF-
β3-induced group. The KGN and TGF-β3 dual-
induced group exhibited increased staining 
compared to the staining in both the single-
induced groups. These findings correlated well 
with the qPCR results and further confirmed 
the pronounced effects of KGN and TGF-β3 on 
chondrogenic induction.  

Because chondrogenic differentiation has been 
demonstrated to work better with high-density 
cell cultures, we carried out an in vitro chondro-
genesis experiment in a pellet culture system. 
Under chondrogenic conditions, the cell pellet 
will increase in size due to the production of 
extracellular matrix [35]. We observed that the 
KGN + TGF-β3 group exhibited the largest pel-
let among all of the groups, which could be 
indicative that this group has the highest level 
of extracellular matrix production (Figure 6A-D). 
We then stained the cells using H&E, toluidine 
blue and anti-COL II. These results demonstrat-
ed that the KGN + TGF-β3 group exhibited 
greater cartilage matrix synthesis following 
induction, which was found to be especially 
true in the case of the hyaline cartilage marker 
protein COL II (Figure 6E-P). 

In vivo cartilage regeneration assisted by 
TGF-β3 and KGN

A cartilage defect with a 4.0 mm diameter and 
a 2.5 mm depth was successfully created on 
the trochlear groove of the knee. The intra-
articular injection procedure of rabbit SF-MSCs 
combined with TGF-β3 and KGN treatment was 
completed successfully three weeks following 
the model operation (Figure S1A, S1B). All rab-
bits survived the surgical procedure and the 
postoperative treatment. All rabbits were 
observed to have returned to normal activity. 
No surgical or intra-articular injection site infec-
tions were detected. The rabbits were sacri-
ficed 12 weeks following intra-articular injec-
tion and the cartilage specimens were obtained 
for both macroscopic gross evaluation and his-
tological evaluation.

Macroscopic evaluation of cartilage repair

Following 12 weeks, the cartilage defects re- 
mained unrepaired in the control group. The 
defect border was found to be destroyed and 
resulted in an even worse defect (Figure 7A1). 
Fibrocartilage-like tissue, which indicates over-
growth on the cartilage surface, was found to 
have filled in the cartilage defects in the TGF-β3 
group (Figure 7B1). The cartilage defects in the 
KGN group were approximately 60% covered 

Figure 5. Immuno-staining of chondrocyte marker proteins in the induced cells. Confocal images of immunofluores-
cence staining with AGG antibodies (A-D, green) and COL II antibodies (E-H, red) are shown, and the cell nuclei were 
labeled with DAPI (blue). Original magnification: 20× for (A-D) (scale bar is 20 μm), 10× for (E-H) (scale bar is 50 μm).
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with cartilage-like tissue (Figure 7C1). At 12 
weeks, the cartilage defects in the KGN +  
TGF-β3 group were almost 100% covered with 
cartilage-like tissue, which was found to inte-
grate well with the surrounding cartilage (Figure 
7D1). The defect sites of the femoral condyles 
were imaged and blindly evaluated by 3 differ-
ent investigators based on the International 
Cartilage Repair Society (ICRS) scoring system 
(Table S1). All experimental groups exhibited 
significantly higher ICRS scores compared to 
those in the control group. The KGN group 
exhibited a similar, but slightly higher score 
compared to the TGF-β3 group. The KGN + TGF-
β3 group possessed the most significant, and 
the highest scores, which were 4.6-fold greater 
than the control group at 12 weeks, and almost 
reached the identical level of normal cartilage. 

Therefore, the combination of TGF-β3 and KGN 
was found to greatly assist the cartilage regen-
eration ability of rabbit SF-MSCs.

Histological evaluation of cartilage repair 

Following macroscopic evaluation, specimens 
were cut into 4 μm sections and were stained 
with hematoxylin and eosin (H&E), toluidine 
blue, and anti-COL II following the standard pro-
tocols. From the histological images, we ob- 
served obvious cartilage defects in the control 
group, and the defect area was found to be cov-
ered with inflammatory cells and necrotic tis-
sue (Figure 7A2-A4). In the TGF-β3 treatment 
group, the defect was replaced by non-func-
tional fibrous scar tissue, which was observed 
to protrude out of the normal cartilage tissue. 

Figure 6. Chondrogenic differentiation of rabbit SF-MSCs by pellet culture for 21 days. The cartilage nodule formed 
by rabbit SF-MSCs following the induction period is shown (A-D). H&E staining (E-H), toluidine blue (I-L) and type II 
collagen immunohistochemical staining (M-P) of cartilage nodules formed by rabbit SF-MSCs in different experimen-
tal groups (10 ng/mL TGF-β3 and 10 μM KGN as group (K + T), KGN group and TGF-β3 group, and control pellets) 
are shown. The scale bar is 100 μm in (E-P).
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The control sections of toluidine blue and COL II 
staining indicated that the regenerated tissue 
was not hyaline-like cartilage (Figure 7B2-B4). 
In the case of the KGN group, the defect was 
observed to be partially covered with hyaline-
like cartilage (Figure 7C2-C4). Unsurprising- 
ly, the KGN + TGF-β3 group exhibited the best 
repair effect based on the histological staining 
results, as the defect was entirely filled with 
hyaline-like cartilage and had a smooth and 
shiny surface. In addition, the thickness of the 
regenerated hyaline-like cartilage was observed 
to be similar to the native cartilage, and the 
regenerated tissue was found to be well inte-
grated with the surrounding normal cartilage 
(Figure 7D2-D4). Altogether, this result indicat-
ed that we were able to successfully regenerate 
tissue that was similar to normal cartilage char-

acteristics with the assistance of TGF-β3 and 
KGN treatment.

We also studied regenerated cartilage using 
the ICRS visual histological scoring evaluation 
system (Figure 8). All of the experimental 
groups were found to have significantly higher 
scores compared to the scores from the control 
group. The KGN group (14.7±0.5) was found to 
have a comparable but lower score compared 
to the score from the TGF-β3 group (17.6±0.5). 
The KGN + TGF-β3 group exhibited the highest 
scores (23.7±0.2), which correlated well with 
the results described above. 

In summary, we obtained excellent cartilage 
repair using the coinjection of TGF-β3 and KGN 
with rabbit SF-MSCs. 

Figure 7. Cartilage repair following 12 weeks of rabbit SF-MSCs administration combined with TGF-β3 or KGN or 
both. (A1-D1) The macroscopic appearance of the femoral condylar specimens harvested at 12 weeks is shown 
with (A2-D2) H&E staining, (A3-D3) toluidine blue staining, (A4-D4) and immunohistochemistry staining of type II 
collagen. All results indicate that the KGN + TGF-β3 group exhibited the best repair effects for hyaline-like cartilage 
regeneration. Scale bar: 2 mm in (A1-D1), 1.5 mm in (A2-D4).
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Figure 8. ICRS macroscopic scores and the visual histological assessment 
scales of the repaired cartilage at 12 weeks. The KGN + TGF-β3 group had the 
highest score compared to the scores of any other group. The data are pre-
sented as the mean ± SD (n=6, **P<0.01, ***P<0.001, ****P<0.0001).

Discussion

Cartilage defects are a leading cause of disabil-
ity among adults [1, 2]. Thus, novel strategies 
that can induce hyaline-like cartilage regenera-
tion are needed. In this study, we investigated 
the effect of two additives, KGN and TGF-β3, on 
chondrogenic differentiation in vitro and on 
hyaline-like cartilage formation in vivo using 
rabbit SF-MSCs. The results from our study 
demonstrated that both KGN and TGF-β3 were 
able to increase the expression levels of chon-
drocyte marker genes in vitro and benefited 
cartilage repair in vivo. In addition, the combi-
nation of these two additives was found to 
exhibit the best effect both in vitro and in vivo. 
In the case of chondrogenic differentiation, 
KGN was shown to inhibit the hypertrophy 
induced by TGF-β3, while TGF-β3 was shown to 
increase the differentiation capability of KGN. 
For in vivo cartilage regeneration, the addition 
of KGN was able to counteract the formation of 
the fibrocartilage that was induced by TGF-β3; 
TGF-β3 was able to enhance the regenerative 
capability of KGN. In summary, we observed 
that TGF-β3 and KGN work synergistically to 
promote hyaline-like cartilage regeneration. 

Due to the limited source of autologous chon-
drocytes, the differentiation of MSCs into carti-
lage chondrocytes has emerged as the most 
promising potential strategy for cartilage regen-
eration [5, 36]. MSCs can be isolated from 
numerous tissues [8-10]. Among all MSCs, 
SF-MSCs are superior because they can be 
easily and noninvasively obtained from patients 
with joint injuries or disease during the treat-
ment process. In addition, the amount of 
SF-MSCs in the synovial fluid has been shown 

tion of nonfunctional cartilage in vivo [18, 38]. 
In this study, we observed that the small mole-
cule, KGN, favored the formation of hyaline car-
tilage. This was likely through the activation of 
the CBFβ-RUNX1 pathway to induce early chon-
drocyte differentiation without inducing late 
hypertrophic differentiation. Thus, the COL X 
expression level was observed to be decreased 
upon the addition of KGN to TGF-β3-induced 
cells. In addition, numerous studies have 
reported a crosstalk mechanism between the 
CBFβ/RUNX and Smad pathways for the modu-
lation of chondrogenesis [39, 40]. It has been 
well established that TGF-β functions to acti-
vate the Smad2/3 pathway during chondrogen-
ic differentiation [41]. However, the TGF-β fami-
ly also functions to promote Runx2 through the 
smad1/5/8 pathway. This leads to the forma-
tion of hypertrophic chondrocytes. KGN demon-
strated a chondroprotective effect by increas-
ing the Smad2/3 expression levels while sup-
pressing the Smad1/5/8 expression levels 
[24]. Therefore, the combination of TGF-β3 and 
KGN was shown to synergistically promote 
chondrogenic differentiation via the Smad2/3 
pathway, and KGN was shown to simultaneous-
ly inhibit the hypertrophy induced by TGF-β3 via 
the Smad1/5/8 pathway. Overall, we found that 
TGF-β3 and KGN function to assist the genera-
tion of hyaline-like cartilage both in vitro and in 
vivo. 

Intra-articular MSC injections are widely used 
in clinical trials to study the effects on cartilage 
repair [42, 43]. However, no relevant resear- 
ch has been applied to SF-MSCs for cartilage 
repair in an animal model with cartilage defects. 
For the first time, we have obtained successful 

to dramatically increase in 
joint disease cases [11-14], 
and this allows autologous 
MSC implantation to be av- 
ailable. 

MSCs can differentiate into 
chondrocytes with the addi-
tion of special growth factors 
that accelerate cartilage re- 
pair [21, 37]. While TGF-β3 is 
well known for its chondrogen-
ic induction of MSCs, the cells 
are always differentiated in- 
to hypertrophic chondrocytes, 
and this results in the forma-
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results from in vivo experiments in the present 
study.

Currently, over 5 cases of autologous SF-MSC-
based cell therapy for cartilage injury repair 
have been carried out in our hospital. However, 
these therapies are processed though the 
transplantation of differentiated SF-MSCs, whi- 
ch possesses limitations and require improve-
ment. The animal experimental results present-
ed here can lead to new clinical trials with the 
direct, intra-articular injection of SF-MSCs/
TGF-β3/KGN. This can simplify the process and 
potentially result in an improved outcome.  

We note that this study possesses several limi-
tations. The first limitation is that the optimal 
cell number of rabbit SF-MSCs for intra-articu-
lar injection is currently uncertain. Second, it 
remains unknown if the newly regenerative tis-
sue was completely induced by the injected 
rabbit SF-MSCs. Third, in animal studies; we 
observed and evaluated the 12 week results. 
This follow-up time may be too short to exhibit 
more significant differences in repair quality.

Conclusions

This study demonstrates that KGN could func-
tion to inhibit the hypertrophic differentiation 
induced by TGF-β3. Simultaneously, KGN works 
synergistically with TGF-β3 to promote the for-
mation of hyaline-like cartilage both in vitro and 
in vivo. Thus, the use of SF-MSCs induced by 
the combination of TGF-β3 and KGN represents 
a promising strategy for cartilage repair in the 
future. 
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Table S1. ICRS macroscopic evaluation of cartilage repair
Categories Scores
Degree of defect repair
    In level with surrounding cartilage 4
    75% repair of defect depth 3
    50% repair of defect depth 2
    25% repair of defect depth 1
    No repair of defect depth 0
Integration to border zone
    Complete integration with surrounding cartilage 4
    Demarcating border_1 mm 3
    Three-quarters of graft integrated, one-quarter with a 2
    Notable border_1 mm in width
    One-half of graft integrated with surrounding 1
    Cartilage, one-half with a notable border_1 mm
    From no contact to one-quarter of graft integrated 0
    With surrounding cartilage
Macroscopic appearance
    Intact smooth surface 4
    Fibrillated surface 3
    Small, scattered fissures or cracks 2
    Several small or few large fissures 1
    Total degeneration of grafted area 0
Overall repair assessment
    Grade I: normal 12
    Grade II: nearly normal 8-11
    Grade III: abnormal 4-7
    Grade IV: severely abnormal 1-3

Table S2. ICRS visual histological assessment scale
Features Scores
Surface 
    Smooth/continuous 3
    Discontinuities/irregularities 0
Matrix 
    Hyaline 3
    Mixture: hyaline/fibrocartilage 2
    Fibrocartilage 1
    Fibrous tissue 0
Cell distribution 
    Columnar 3
    Mixed/columnar-clusters 2
    Clusters 1
    Individual cells/disorganized 0
Cell population viability 
    Predominantly viable 2
    Partially viable 1
    <10% viable 0
Subchondral Bone 
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    Normal 3
    Increased remodeling 2
    Bone necrosis/granulation tissue 1
    Detached/fracture/callus at base 0
Cartilage mineralization (calcified cartilage) 
    Normal 1
    Abnormal/inappropriate location 0
Toluidine blue stain
    Normal 4
    Slight reduction 3
    Moderate reduction 2
    Severe reduction 1
    No staining 0
Type II collagen staining of the matrix
    Normal or nearly normal 3
    Moderate staining 2
    Slight staining 1
    None 0

Max 25

Figure S1. A. A cartilage defect with a 4.0 mm diameter and a 2.5 mm depth was successfully created on the troch-
lear groove of the knee. B. The intra-articular injection procedure of rabbit SF-MSCs combined with TGF-β3 and KGN 
was completed successfully three weeks following the model operation.


