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Abstract 

Background: The role of rabbit synovial fluid-derived mesenchymal stem cells (rbSF-MSCs) in cartilage defect repair 
remains undefined. This work evaluates the in vivo effects of rbSF-MSCs to repair knee articular cartilage defects in a 
rabbit model.

Methods: Cartilage defects were made in the patellar grooves of New Zealand white rabbits. The rbSF-MSCs were 
generated from the knee cavity by arthrocentesis. Passage 5 rbSF-MSCs were assayed by flow cytometry. The multi-
potency of rbSF-MSCs was confirmed after 3 weeks induction in vitro and the autologous rbSF-MSCs and prediffer-
entiated rbSF-MSCs were injected into the synovial cavity. The intra-articular injection was performed once a week 
for 4 weeks. The animals were euthanized and the articular surfaces were subjected to macroscopic and histological 
evaluations at 8 and 12 weeks after the first intra-articular injection.

Results: Hyaline-like cartilage was detected in the defects treated with rbSF-MSCs, while fibrocartilage tissue formed 
in the defects treated with chondrocytes induced from rbSF-MSCs.

Conclusions: Our results suggest that autologous undifferentiated rbSF-MSCs are favorable to articular cartilage 
regeneration in treating cartilage defects.
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Background
Articular cartilage is a non-vascular and non-innervated 
tissue. Because of this unusual structure, injured cartilage 
has poor healing capacity. Therefore, without treatment, 
most cases of cartilage injuries result in osteoarthritis 
(OA) [1]. Numerous techniques are commonly used for 
cartilage repair. Among them, autologous chondrocyte 

implantation (ACI) has been the gold standard for carti-
lage repair in the clinic [2]. However, de-differentiation of 
chondrocytes while culturing cells in vitro compromises 
efficacy [3]. Thus, alternative cell sources are needed.

Mesenchymal stem cells (MSCs) are promising can-
didates for cartilage repair because they are multi-
potent and highly proliferative. MSC based therapies 
have been widely investigated for cartilage repair in 
both preclinical and clinical settings [4, 5]. Because 
there is no risk of immune rejection and host tissue 
engraftment occurs more readily, autologous bone 
marrow-derived MSCs (BM-MSCs) are commonly 
used for cartilage repair. However, conflicting results 
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have been reported for using BM-MSCs in a collagen-
induced arthritis mouse model [6].

Synovial fluid-derived MSCs (SF-MSCs) are another 
well-studied autologous MSC type used for cartilage 
repair. Compared to BM-MSCs, SF-MSCs can be eas-
ily and non-invasively obtained during diagnosis or 
treatment [7]. The population of SF-MSCs in synovial 
fluid greatly increases with joint disease and injury 
[8]. Therefore, SF-MSCs are likely to be an ideal cell 
source for cartilage repair [9, 10].

Both MSCs and differentiated MSCs can repair car-
tilage injury after implantation in the lesion. A predif-
ferentiation procedure prior to treatment has had 
favorable results probably due to similarities to ACI 
[11]. While the cartilage injury environment may not 
favor chondrogenic differentiation, MSCs are more 
active than seed cells in  vivo. The paracrine effect of 
inflammatory factors is more critical for MSC therapy 
when it comes to inflammatory diseases [12–15]. Jun-
stunlin et al. observed comparable results using MSCs 
with or without predifferentiation in their animal 
model, as the predifferentiation procedure may alter 
the paracrine factors released [16].

In the present study, we injected both autologous 
rabbit SF-MSCs (rbSF-MSCs) and predifferentiated 
rbSF-MSCs to the experimental rabbit articular cav-
ity. We first confirmed the therapeutic effects of 
autologous rbSF-MSCs, and then compared the ther-
apeutic effects of rbSF-MSCs and predifferentiated 
rbSF-MSCs. We found that predifferentiation weak-
ened the therapeutic effect of the MSCs, which implies 
that the predifferentiation process alters the paracrine 
factors released by the cells.

Methods
Animals
Eighteen adult New Zealand white rabbits (6  months 
old and weighing 2 ± 0.5  kg) were used in this study. 
To minimize distress, the rabbits were housed singly 
and allowed to move freely in their cages with unre-
stricted access to water and food. Prior to the animal 
experiment, rabbits were allowed to acclimate to their 
cages for at least 7 days.

The animals were randomly assigned to three groups 
of six. Synovial fluid was obtained from all animals by 
arthrocentesis and then articular cartilage defects were 
induced in the femur condyle. After 2 weeks, the rab-
bits were intra-articularly injected as follows, group 1 
(Control group) with saline, group 2 with predifferen-
tiated rbSF-MSCs, and group 3 with rbSF-MSCs. The 
injections were administrated once a week for 4 weeks.

Rabbit synovial fluid collection
The hair on an area about 3 × 3 cm in size within the rab-
bit knee area was shaved using a safety electric shaver. 
The site was disinfected three times with the povidone 
iodine solution and 75% ethanol. Sterile drape application 
was used to thoroughly dry the area. Isotonic saline solu-
tion (2 mL) was injected into the rabbit knee joint cavity 
from the lateral articular space and the knee was moved 
to full extension and flection several times. Synovial fluid 
was collected along with the saline solution using a ster-
ile injection syringe. The synovial fluid was labeled cor-
responding to each rabbit.

rbSF‑MSC isolation and culture
The synovial fluid was filtered through a 40  μm nylon 
cell strainer (Cell Strainer, BD Falcon) to remove debris 
within 4 h of collection. The filtered fluid was collected in 
sterilized centrifuge tubes and then spun at 1500 rpm for 
10  min at room temperature. The supernatant was dis-
carded after centrifugation. The pellet was washed with 
PBS and resuspended with culture medium [DMEM sup-
plemented with 10% of fetal bovine serum (FBS, Sigma, 
USA), 1% of penicillin and streptomycin (Sigma-Aldrich, 
USA)] and then plated on 100  mm dishes. The dishes 
were incubated at 37 °C in a humidified atmosphere con-
taining 5%  CO2. After 48 h, the non-adherent cells were 
removed by changing the media. Then the media was 
changed every 3 days. The cells adhered to the bottom of 
the flask and cell colonies formed (Passage 1).

After 7–10 days, cells were lifted by 0.05% trypsin (Life 
Technologies, USA) and seeded to 75  cm2 dishes at a 
density of about 2000 cells/cm2. The media was changed 
every 3 days (P2) until the cells reached 80% confluency. 
The cells were passaged several times until the amount 
of cells reached 1 × 108 cells (P5). The cells were used for 
flow cytometry, multipotency assay, qRT-PCR, and intra-
articular injection.

Immunophenotyping identification of rbSF‑MSCs by flow 
cytometry
The rbSF-MSCs were lifted by trypsin and suspended 
in PBS containing 5% bovine serum albumin (Sigma-
Aldrich, USA) at a concentration of 3 × 105  cells/50  μL. 
The cells were incubated with mouse anti-rabbit CD44 
(Bio-Rad, MCA806GA), CD73 (eBiosciences, 25073180), 
CD90 (BD Sciences, 554895), CD31 (Antibodies online 
inc., ABIN153449), CD34 (Gene Tex, GTX28158), and 
CD45 (Bio-Rad, MCA808GA) monoclonal antibody 
(mAb) (1:100 dilution) at 4 °C for 1 h. Then the cells were 
washed with PBS three times and incubated with a FITC-
labeled secondary anti-mouse antibody (Alexa Fluor 
488-labeled secondary anti-rat antibody for CD34) (1:200 
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dilution, Invitrogen) at 4 °C for 30 min. The appropriate 
rabbit isotype antibodies were used as controls. Samples 
were processed using a FACS Canto II flow cytometer 
(BD Biosciences, USA) and analyzed with FlowJo soft-
ware (Tree Star).

Trilineage differentiation of the rbSF‑MSCs
Passage 5 rbSF-MSCs were seeded in a 6-well tissue 
culture plate with a density of  103  cells/cm2. Trilineage 
differentiation was induced by the MSC osteogenic dif-
ferentiation medium (MODM, ScienCell, USA), MSC 
adipogenic differentiation medium (MADM, ScienCell, 
USA), and MSC chondrogenic differentiation medium 
without serum (MCDM, ScienCell, USA). For chondro-
genic differentiation, we also used the pellet culture of 
SF-MSCs for the histological staining. 200,000 P5 cells 
were pelleted by centrifuge at 400g to the bottom of the 
conical tube. Then cell pellets were induced by the MSC 
chondrogenic differentiation medium. The induction 
medium was changed every 3  days for 3  weeks. After 
induction, the cells were further processed for histologi-
cal and quantitative real-time PCR (qRT-PCR) analysis.

Histological staining after trilineage differentiation
After osteogenic differentiation, the cells were fixed 
with 4% formaldehyde for 30  min at room temperature 
and stained with 1% Alizarin Red (Sigma-Aldrich, USA) 
for 5 min [17]. After adipogenic differentiation, the cells 
were fixed with 4% formaldehyde for 30  min at room 
temperature and stained with Oil Red O (Sigma-Aldrich, 
USA) for 10 min [18]. After chondrogenic differentiation, 
the pellet was fixed with 4% formaldehyde for 30  min 
at room temperature, sectioned (50  nm thickness) and 
stained with Toduiline blue (Sigma-Aldrich, USA) for 
30 min at room temperature [19]. After staining, the cells 
were washed with PBS and images were captured under a 
microscope.

qRT‑PCR analysis after trilineage differentiation
Total RNA was extracted by using Trizol (Invitrogen). 
The RNA was then reverse-transcribed into cDNA by 
a DNA synthesis kit (TaKaRa, Shiga, Japan). qRT-PCR 
was carried out using the SYBR Green PCR Kit (TaKaRa, 
Shiga, Japan). Rabbit-specific primers were used for ana-
lyzing the transcription level of Osteocalcin and Runx2 
(runt-related transcription factor 2), collagen type II 
alpha 1 (Col2A1) and sex determining region Y-box  9 
(Sox9), peroxisome proliferators-activated receptor γ 
(PPARγ) and lipoprotein lipase (LPL), for the osteogenic, 
chondrogenic and adipogenic samples, respectively. Glyc-
eraldehyde-3-phosphate dehydrogenase (GAPDH) was 
used as an endogenous reference. The primer sequences 
used in this study were listed in Table 1. Real-time PCR 

was performed with a 7500 real-time PCR detection 
system (ABI, Foster City, CA). The  2−ΔΔCT method was 
used to analyze the relative gene expression levels using 
GAPDH as an endogenous control.

Establishment of cartilage defects
Rabbits were placed in a dorsal-recumbent position after 
general anesthesia induced by injecting 3% pentobarbi-
tal sodium into the marginal ear vein at a dose of 1 mL/
kg. The knee previously used for synovial fluid collection 
was used for the operation. The hair on the knee area 
was shaved and the surgical site was disinfected with the 
povidone iodine solution and 75% ethanol three times. 
The rabbits’ knee joints were operated on using a medial 
parapatellar approach. A cylindrical full-thickness car-
tilage defect (3.5 mm in diameter and 1.5 mm in depth) 
was created on the trochlear groove using a special drill 
(Additional file  1: Figure S1A). Then, the joint capsular 
was sutured and closed layer by layer using absorbable 
surgical sutures (VICRYL Plus). After surgery, the rabbits 
were allowed free movement in their cages. The surgical 
site was disinfected with 0.1% povidone iodine twice a 
day for 3 days. Wound healing was monitored for 1 week 
and no infection was observed.

Injection of rbSF‑MSCs and predifferentiated rbSF‑MSCs
The rbSF-MSCs were cultured in culture medium or 
chondrogenic differentiation medium for 3  weeks. Cells 
were lifted by trypsin and resuspended in saline solution. 
500 μL saline solution containing 5 × 106 cells were artic-
ularly injected in the knee joint of experimental rabbits 
using large 18G size needles (BD, USA) at 7, 14, 21, and 
28 days after surgery (Additional file 1: Figure S1B). The 

Table 1 Primers used for real-time PCR

Gene name Primer sequence

GAPDH Forward: 5′-GGA GAA AGC TGC TAA-3′

Reverse:5′-ACG ACC TGG TCC TCG GTG TA-3′

Runx2 Forward: 5′-TAT GAA AAA CCA AGT AGC AAG GTT C-3′

Reverse: 5′-GTA ATC TGA CTC TGT CCT TGT GGA T-3′

Osteocalcin Forward: 5′-GTG CAG AGT CCA GCA AAG GT-3′

Reverse: 5′-CTA GCC AAC TCG TCA CAG TC-3′

Col2A1 Forward: 5′-CAG GCA GAG GCA GGA AAC TAAC-3′

Reverse: 5′-CAG AGG TGT TTG ACA CGG AGTAG-3′

Sox9 Forward: 5′-GTA CCC GCA CCT GCA CAA C-3′

Reverse: 5′-TCC GCC TCC TCC ACG AAG -3′

PPARγ Forward: 5′-GAC CAC TCC CAC TCC TTT GA-3′

Reverse: 5′-CGA CAT TCA ATT GCC ATG AG-3′

LPL Forward: 5′-TAC AGG GCG GCC ACA AGT TTT-3′

Reverse: 5′-ATG GAG AGC AAA GCC CTG CTC-3′
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control group animals were injected with 500  μL saline 
solution only.

Macroscopic score and histological evaluation of cartilage 
repair
After 8 and 12 weeks of intra-articular injection, all rab-
bits were sacrificed and the operated distal femur con-
dyles were harvested. The specimens were fixed with 
10% formalin solution (Sigma-Aldrich, USA) for 24 h and 
then decalcified for 24 h with a 10% aqueous solution of 
nitric acid for paraffin embedding (Sigma-Aldrich, USA). 
All specimens were cut into sections of 4  μm thickness 
and stained with hematoxylin–eosin,toluidine blue, Col 
I and Col II (Abcam, UK) for morphological analysis. 
The gross appearance and histological evaluation of the 
defect sites were photographed and blindly scored by 3 
independent observers based on the International Carti-
lage Repair Society (ICRS) macroscopic scoring system 
(Additional file 2: Table S1) and ICRS Visual Histological 
Assessment Scale (Additional file 3: Table S2) [20–22].

Statistical analysis
All data are presented as mean ± standard deviation 
(SD). Statistical analysis was performed using the one-
way ANOVA followed by the Turkey’ post hoc test. All 
experiments were repeated three times. In all groups, P 
values less than 0.05 were considered to indicate a statis-
tically significant difference, and P values less than 0.01 
and 0.001 were considered highly significant differences. 
The Graph-Pad Prism version 6.0 was used for statistical 
analysis.

Results
Characterization of rbSF‑MSCs
Morphology of rbSF‑MSCs
Multiple cell colonies formed on the plate after culturing 
the synovial fluid pellet for several days. The majority of 

passage 2 cells displayed a spindle-like morphology, but 
after further passages the percentage of cells with typical 
fibroblastic cell morphology increased (Fig. 1).

Epitope identification of rbSF‑MSCs
Flow cytometry was used to identify the surface mark-
ers of rbSF-MSCs, according to the MSC identification 
criteria recommended by the International Society for 
Cellular Therapy [23, 24]. The results showed that the 
rbSF-MSCs we cultured met the identification criteria of 
MSCs, as the cells were negative for CD31, CD34, CD45 
(below 3%) and positive for CD44, CD73 CD90 (above 
95%) (Fig. 2).

Trilineage differentiation of rbSF‑MSCs
To further evaluate the stem cell properties of rbSF-
MSCs, we assayed their potential to differentiate to 
osteogenic, adipogenic, and chondrogenic lineages. 
After culturing the rbSF-MSCs in osteogenic media for 
3  weeks, the formation of calcium mineral deposition 
was clearly observed by Alizarin Red staining (Fig. 3a, d). 
Also, Osteocalcin and Runx2 were strongly induced when 
compared to the control cells (Fig. 4a, d). To assess adi-
pogenesis, cells were induced by adipogenic medium for 
3  weeks. Oil Red O staining indicated the formation of 
lipid droplets (Fig. 3b, e). Up-regulation of the adipocyte 
marker genes, PPARγ and LPL, further confirmed adipo-
genic differentiation (Fig.  4b, e). When the rbSF-MSCs 
were cultured in chondrogenic medium for 3 weeks, they 
successfully differentiated into chondrocytes, which was 
confirmed by both Toduiline blue staining (Fig. 3c, f ) and 
the up-regulation of Col2A1 and Sox9 (Fig. 4c, f ).

Cartilage repair effects of rbSF‑MSCs and predifferentiated 
rbSF‑MSCs
Gross observation of repaired cartilage
Rabbits were sacrificed 8 and 12  weeks after the first 
intra-articular injection and the femoral condyles were 

Fig. 1 Cell morphology observed by microscope. A Colonies formed on the plate (passage 1), B Passage 2 cells, C Passage 4 cells. Scale 
bar = 100 μm
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harvested. We first evaluated the performance of car-
tilage repair by gross observation (Fig.  5A–F). The 
saline-treated control group still had a clear boundary 
between the normal tissue and the defect after 8 and 
12 weeks (Fig. 5A, D). The defects in the predifferenti-
ated rbSF-MSCs group was covered by a thin  layer of 
fibrous tissue at 8  weeks, and was completely covered 
with white hyper-proliferative fibrous tissue at 12 weeks 
(Fig.  5B, E). The regenerated tissue in the rbSF-MSCs 
group covered more than 80% of the defects at 8 weeks 
and the defect was completely repaired at 12  weeks 
(Fig.  5C, F). Therefore, rbSF-MSCs exhibited better 
repair effects than the predifferentiated rbSF-MSCs. 
We further evaluated repair using the ICRS macro-
scopic scores. Both the predifferentiated rbSF-MSCs 
and rbSF-MSCs treatments had much higher scores 
than the control group at the two time points, indicat-
ing that the treatments with both cells were effective 
(Fig.  5G, H). However, surprisingly the predifferenti-
ated rbSF-MSCs group had significantly lower scores 
than the rbSF-MSCs group. Therefore, based on gross 
observation, we found that injection of both cells aids 

in cartilage repair, but rbSF-MSCs produced better 
outcomes.

Histological analyses of repaired cartilage
Cartilage damage without intervention resulted in obvi-
ous hollowing and the formation of fibrous tissues after 
8 weeks (Fig. 6A, B). The damaged area decreased after 
12  weeks, and was covered by some inflammatory tis-
sue (Fig.  6C, D). Animals injected with predifferenti-
ated rbSF-MSCs obtained better repair compared with 
the control group. However, the regenerated tissue 
was fibrous and the gap between newly grown tissue 
and native cartilage was obvious at 8  weeks (Fig.  6E, 
F). After 12  weeks, the regenerated tissue was primar-
ily hyper-proliferated fibrous tissue, while only a small 
part was cartilage-like tissue as indicated by Collagen I 
immune-histological staining and Toluidine blue staining 
(Figs. 6G, H, 7). The rbSF-MSCs group regenerated carti-
lage better than the predifferentiated rbSF-MSCs group, 
which was similar to the gross observation (Fig.  6I, J). 
With the injection of rbSF-MSCs, there was newly-
formed cartilage tissue in the defect at 8 weeks (Fig. 6I, J). 

Fig. 2 Cell surface marker analysis by flow cytometry. Passage 5 rbSF-MSCs were positive for CD44 (95.4%), CD73 (96.8%), and CD90 (95.4%), and 
negative for CD31 (2.8%), CD34 (1.2%), and CD45 (0.16%)
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After 12  weeks, the regenerated tissue completely filled 
the defect, which had a similar histological staining as 
the native hyaline cartilage as indicated by Toluidine blue 
and Collagen II staining (Figs. 6K, L, 8).

We further evaluated the repair effect based on the 
ICRS Visual Histological Assessment Scale system 
(Fig. 6M, N). Similar with our other observations, treat-
ment with both cell types resulted in obvious repair com-
pared to the control group. However the rbSF-MSCs 
showed a significantly higher repair score than the predif-
ferentiated rbSF-MSCs. Overall, the rbSF-MSCs showed 
the best effect in regenerating cartilage after damage.

Discussion
Articular cartilage tissue repair is challenging because 
of the limited self-regenerative potential of native carti-
lage [25, 26]. MSC-based therapy holds great promise 
for restoring cartilage defects [27]. SF-MSCs are easily 
obtained and are highly proliferative, making them an 
ideal cell source for cartilage repair [28, 29]. In this study, 
we injected autologous rbSF-MSCs into the experimental 
rabbit articular cavity. Results of this study showed that 
the cartilage defect was fully repaired with undifferen-
tiated rbSF-MSCs after 12  weeks. This is the first study 
to demonstrate the superiority of autologous rbSF-MSC 
injection for cartilage repair in a rabbit model.

It has been reported that predifferentiation ben-
efits repair because it mimicks ACI [11]. We therefore 

injected predifferentiated rbSF-MSCs for cartilage defect 
repair. However, our results showed that the regener-
ated tissue after injecting predifferentiated rbSF-MSCs 
was mainly composed of fibrous tissue, which is unfa-
vorable for cartilage repair. Therefore, predifferentiation 
might hinder the regenerative effects of rbSF-MSCs, 
which contradicts result reported by others. Several stud-
ies have reported that MSCs function in  vivo as seed 
cells and in the production of bioactive factors [30–32]. 
The predifferentiation process could also weaken the 
stemness of rbSF-MSCs as well as altering the autocrine 
and paracrine factors [33–35]. Recently, it’s been shown 
that exosome released from MSCs can be used to treat 
inflammatory diseases, including osteoarthritis [36, 37]. 
Besides osteoarthritis, Zhu et  al. reported that a stem 
cell-derived exosome-laden hydrogel could regenerate 
cartilage tissue in a rabbit model after 12  weeks, which 
confirmed the repair effects of the paracrine factors [38].

Carrying bioactive factors may cause the differences 
between our study and others. Researchers often seed 
the pre-differentiated cells on a scaffold [39–41]. When 
implanting the cell-scaffold complex in a defect, they 
implanted the paracrine factors from the cells and the 
extracellular matrix together. However, in this study, 
we digested the cells from the culture flask before injec-
tion. Therefore, only the differentiated cells was injected 
without the paracrine factors. Junstunlin et  al. injected 
resuspended cells for cartilage repair as well, but they 

Fig. 3 Trilineage differentiation of rbSF-MSCs characterized by histological staining. a, d Alizarin red staining for osteogenic differentiation; b, e oil 
red O staining for adipogenic differentiation; c, f toduiline staining for chondrogenic differentiation. Scale bar = 100 μm
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administrated cells together with platelet-rich plasma, 
which had plentiful bioactive factors [16]. They observed 
comparable repair effects for both undifferentiated MSCs 
and predifferentiated MSCs. Without the nutrition of 
the bioactive factors from the platelet-rich plasma, the 
predifferentiated MSCs may have less repair activity. We 
remain in need of further investigations to clarify the 
physiological mechanisms.

Thirdly, the inherent advantages of the SF-MSCs could 
establish their potential role in cartilage damage treat-
ment. Jones et al. reported that the number of SF-MSCs 
in knee joints significantly increased sevenfold during the 
early stages of osteoarthritis (OA) [8]. The increased SF-
MSCs could contribute to maintaining the physiological 
homeostasis of joints. In addition, treatment with autol-
ogous SF-MSCs has no dispute about safety and immu-
nogenicity. Furthermore, the SF-MSCs possess highly 
immunosuppressive properties in vivo [7]. Compared to 
the BM-MSCs and synovium-derived mesenchymal stem 
cells (SM-MSCs), SF-MSCs prefer differentiation into 

functional chondrocytes and secrete a large amount of 
extracellular matrix, making them an excellent alterna-
tive cell source for cartilage regenerative therapy [42–44].

This study also had several limitations. The optimum 
cell number of rbSF-MSCs for intra-articular injection 
remains unknown. It is also uncertain whether the newly 
regenerated tissue was completely induced from injected 
rbSF-MSCs. Finally, in our animal study, we observed 
and evaluated results after 8 and 12  weeks. This follow 
up time may be too short to show more significant differ-
ences of the repair quality.

Conclusions
In summary, we confirmed the repair effects of autolo-
gous rbSF-MSCs in a rabbit model. We found that a 
predifferentiation process was not helpful for cartilage 
repair, which could be explained by loss of paracrine func-
tion of MSCs by predifferentiation. Intra-articular injec-
tion of autologous undifferentiated rbSF-MSC represents 

Fig. 4 Trilineage differentiation of rbSF-MSCs characterized by qRT-PCR analysis. a, d Induced rbSF-MSCs had much higher levels of the osteogenic 
marker gene (Runx2 and Osteocalcin) than control cells. b, e Induced rbSF-MSCs had up-regulatd PPARγ and LPL compared with control cells. c, 
f Chondrogenic differentiation markers (Col2A1, Sox9) were significantly increased after induction compared to the control. Gene expression was 
normalized to GAPDH, and obtained from at least three independent experiments. (****P < 0.0001)
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Fig. 5 Macroscopic assessment of repaired cartilage. A–F Photographs of rabbit knee articular defects 8 and 12 weeks after cell injection. Black 
dotted circles indicate the original defect margin. G, H ICRS macroscopic scores of repaired cartilage at 8 and 12 weeks. Data are presented as 
mean ± SD (n = 6, **P < 0.01, ****P < 0.0001)
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Fig. 6 Histological evaluation of repaired cartilage. A–L Representative H&E and toluidine blue staining of repaired cartilage at 8 and 12 weeks. 
Scale bar: 100 μm. M, N ICRS Visual Histological Assessment Scale for repaired cartilage at 8 (M) and 12 (N) weeks. Data are presented as mean ± SD 
(n = 6; *P < 0.05, **P < 0.01, ***P < 0.001)
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Fig. 7 Immuno-histological staining of Collagen I. A–C Representative Collagen I staining of repaired cartilage at 12 weeks. a–c Enlarged image of 
the dashed box in A–C, respectively. Scale bar: 100 μm

Fig. 8 Immuno-histological staining of Collagen II. A–C Representative Collagen II staining of repaired cartilage at 12 weeks. a–c Enlarged image of 
the dashed box in A–C, respectively. Scale bar: 100 μm



Page 11 of 12Jia et al. J Transl Med  (2018) 16:123 

a better approach for efficient and effective treatment 
for articular cartilage lesions. This in vivo research could 
contribute to the use of SF-MSC-based therapeutics in 
cartilage tissue engineering.
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