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Abstract

Background
Osteoarthritis (OA) is a chronic disease that can cause disability. The prevalence of osteoarthritis has
increased year by year, become a disease that mainly causes the elderly to suffer. With the increasing
understanding of bone marrow mesenchymal stem cell (BMSC) in tissue repair, BMSCs shown good
therapeutic effects in OA, it may be due to BMSCs exerted their capacities of differentiation, secretion and
immunoregulatory in the joints. As previous describe, BMSCs culture supernatant is proved that rich in
multiple cytokines. Therefore, how BMSCs injection therapy exerts its ability to exert therapeutic effects,
and whether its therapeutic effect can be replaced by its culture supernatant has become the focus of
this article.

Methods
In vitro, we designed a co-culture system to deepen understand this new stem cell therapy. Through two
kinds of cells cultured alone, direct and indirect cell contact co-culture to observe changes in cell
morphology, quantity and cytoplasmic glycoprotein of these two types of cells and changes of the level
of growth factor in the culture supernatant to explore the interaction of these two types of cells; in vivo,
we induced an OA model and Injected Saline solution, BMSCs and their culture supernatants respectively
for treatment, then we compared the improvement results of OA by evaluating changes in the cartilage
layer after different treatments. And determine the changes of some growth factors and in�ammatory
factors in synovial �uid to analyze the possible mechanisms of multiple treatments.

Result
In the co-culture system, it was found that the direct co-culture of BMSCs and OCs can enhance the
proliferation ability of OCs, OCs can retain more cytoplasmic glycoprotein, and BMSCs did not occurred
abnormal differentiation during the co-culture. In animal experiments, it was found that the ability of
BMSCs injection treatment has obvious therapeutic effect on OA, and the effect is better than its
supernatant injection treatment. BMSCs therapy reduced matrix loss in articular cartilage cells, and
reduced type I collagen production and �brosis on articular cartilage, effectively regulating EGF and TGF-
β1change and inhibited intra-articular in�ammation. Supernatant injection treatment will not signi�cantly
delay the progress of OA, and it cannot replace BMSCs for the treatment of OA.

Conclusion
BMSCs therapy is a potential new therapy for OA. The secretion and regulation ability of BMSCs plays an
important role in the treatment process. BMSCs are activated by the intra-articular environment of OA,
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regulating growth factors such as EGF and TGFβ to promote articular cartilage regeneration, and
reducing intra-articular in�ammation by regulating in�ammatory factors and delaying the progression of
OA. These effects cannot be replaced by the culture supernatant which is rich in multiple factors, and its
regulation function requires the presence of BMSCs. These results provide a relatively comprehensive
understanding of BMSCs cell therapy in OA and provide a new explanation for the possible anti-
in�ammatory effects of BMSCs in the joint.

1. Introduction
Osteoarthritis (OA), is the most common cause of chronic pain and disability [1], is a degenerative
disease characterized by cartilage degeneration caused by sports injuries, obesity, and increased age [2].
Meanwhile, OA is also a nonspeci�c chronic in�ammatory disease affecting the entire joint, in�ammatory
was considered the condition a driver of the OA process [3, 4]. As people's life expectancy is further
prolonged, both its prevalence and incidence would be further increased [5]. OA directly leads to a decline
in people's quality of life and creates a superior social and economic burden in all regions [6]. It will
become a disease that can be overlooked.

There are currently no drugs that can cure OA. Clinically, drug treatment is mostly anti-in�ammatory and
analgesic, controlling symptoms, not suitable for long-term use, and cannot change the disease process
[7]. Although surgical intervention can improve symptoms, it is only limited to the repair of focal defects
[8]. Therefore, we still lack a treatment that is more comprehensive for OA and can alleviate further
deterioration of the joints. MSC cell therapy, in particular BMSC, becomes a spotlight trend in new
research recently. They had shown good therapeutic effects in many OA models, even reversing the
ending of OA [9–11].

BMSCs have excellent multi-directional differentiation potential and the ability to synthesize normal
articular cartilage matrix [12], they also have capacities of growth factors secretion and
immunoregulatory [13]. Several studies had also shown that intra-articular growth factor signaling and
certain in�ammatory factors were related to the occurrence and development of osteoarthritis [14–17].
The BMSCs culture supernatant was rich in multiple growth factors. However, BMSCs were a kind of cell
that easily loses their abilities after multiple passages, they was di�cult to expand in large quantities,
and there was a study design showed that injection-treated MSCs do not survive long in vivo [18].
Therefore, it made sense to explore whether their culture supernatants replace them for treatment in OA.
And it was unclear when exogenously injected BMSCs will exert their differentiation, secretion and
immunoregulatory functions during cell survival in the treatment of OA. This cell therapy needs further
exploration.

In vitro, the present study used a co-culture system to co-culture BMSCs with osteoarthritis chondrocytes,
and the cell slices were evaluated by some kinds of staining kits and their supernatant was detected the
relevant growth factors to explore the interaction between the two cells. In vivo, we used medial meniscus
resection and anterior cruciate ligament transection (ACLT) surgery to induce moderate OA models in rats,
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followed to use the culture supernatant of BMSCs and BMSCs to treat moderate OA models respectively.
We did not add any substances or scaffold. This was promoted to distinguish the understanding of how
BMSCs or their secreted factors are involved in cartilage regeneration. And observed histological changes
at 4, 6, 8 weeks after treatment. Meanwhile, the changes of growth factors TGF-β1 and EGF in the
synovial system and synovial �uid were examined to explore the role of these growth factors in the
treatment of OA. To con�rm the immunomodulatory capacity of BMSCs injection therapy in OA joints, the
present study focuses on the factor IL-10 and TNF-α, they are important anti-in�ammatory factor (IL-10)
and pro-in�ammatory factor (TNF-α) [19, 20]. The present study examined the effects of different
treatments on the concentrations of in�ammatory factors IL-10 and TNF-α in joint synovial �uid, and
evaluated the direction of in�ammation by calculating the change in the ratio of IL-10 / TNF-α.Through
analysis to evaluate the effect of different treatment methods on OA treatment.

2. Materials And Methods

2.1 Animals
Fifty-two healthy male speci�c pathogen free (SPF) Sprague-Dawley (SD) rats (aged 12 weeks, weighing
between 225 and 250 g) and four SPF SD neonatal rats (aged 10 days, weighing between 18 and 22 g)
were recruited for the study. All animals were provided by Laboratory Animal Center of Southern Medical
University (Guangzhou, China). All experiments were approved by the Southern Medical University
Experimental Animal Ethics Committee. Fifty-two SPF SD rats were acclimatized for 7 days before the
experiments were initiated, 4 neonatal rats were used directly for BMSCs isolation.

2.2 Surgical rat model of osteoarthritis and experimental
grouping.
Rats were divided in �ve groups: Normal (n = 12), Control (n = 12), Supernatant-injected (n = 12), BMSC-
injected (n = 12), Model (n = 4). All groups except the Normal were induced Knee joint OA by medial
meniscus extraction and ACLT surgery. As previously described [21], rats were carried out by abdominal
anesthesia (40 mg/kg) with pentobarbital sodium at a concentration of 15 mg/ml. Right knee joint was
shaved and disinfected, a longitudinal incision was made on the right knee joint, joint cavity was exposed
carefully, push away the patella extremely, the anterior cruciate ligament was transected and the medial
meniscus was carefully removed. The drawer test used to check the surgical result. And then the patella
was reset and the incisions were sutured layer by layer. After the operation, all rats were intramuscular
injected penicillin (400,000 units) once daily and continued for 3 days. The rats were allowed to develop
OA for 4 weeks without limitation of movement. Group Model was only used to isolate osteoarthritic
chondrocytes after 4 weeks. Group Normal did not perform any surgery and was killed as planned with
other groups.

2.3 Isolation and culture of Rat bone marrow-derived
mesenchymal stem cells (BMSCs)
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BMSCs were isolation and collect from the femora of four SD neonatal rats. Brie�y, after euthanasia,
femora were aseptically removed and immersed in phosphate-buffered saline (PBS) containing 100
U/mL penicillin and 100 µg/mL streptomycin. Both ends of the femora were cut. Medullary cavity was
exposed and the bone marrow was �ushed using 5 ml of PBS. The collected �ushed suspension passed
through 70 µm Cell Strainer to remove the bone residue. After Centrifugation and removing PBS. The
bone marrow cell was obtained from the cavities of these bones, followed by cell culture in Dulbecco's
Modi�ed Eagle Medium: Nutrient Mixture F-12 (DMEM/F-12, Gibco) containing 10% fetal bovine serum
(FBS), 100 U/mL penicillin and 100 µg/mL streptomycin. And then plated in T25 cm2 tissue culture �asks
and cultured at 37℃ in a humidi�ed atmosphere of 95% air and 5% CO2. Medium was replaced after one
day in order to remove the non-adherent cell population. Subsequent medium exchanges were performed
every 2 days until Cells were 80%~90% con�uence. The cells were treated with 0.25% trypsin/0.02 mM
EDTA solution for passaging, seeded at a density of 1 × 10^5 cells/cm2, and cultured under the same
conditions for expansion (passage 1). A part of BMSCs were collected at passage 2 and
cryopreservation. Another part was cultured until passage 3, and the BMSCs (passage 3) and its culture
supernatant were collected used for the following experiments [22].

2.4 Differentiation and Identi�cation of BMSCs
Adipogenic differentiation: Osteogenic differentiation: Cells were seeded in a 12-well plate at density of
5000 cells/cm2 and cultured with complete DMEM/F12 medium (10%FBS, 100 U/mL penicillin and
100 µg/mL streptomycin) up to con�uence. Adipogenic differentiation of BMSCs was induced by
incubation with low glucose DMEM (gibco) supplemented with 10% FBS, 100 U/mL penicillin, 100 µg/mL
streptomycin, 10 µg/mL insulin, 200 µM indomethacin, 50 µg/mL 3-isobutyl-1-methylxanthine (Sigma-
Aldrich, USA) and 10 µM dexamethasone. Medium was changed every 3 days, after 21 days of induction,
cells were �xed with 4% paraformaldehyde and stained with Oil red O (Sigma-Aldrich, USA).

Osteogenic differentiation: Cells were seeded in a 12-well plate at density of 5000 cells/cm2 and cultured
with complete DMEM/F12 medium (10%FBS, 100 U/mL penicillin and 100 µg/mL streptomycin) up to
con�uence. Osteoblastic differentiation of BMSC was induced by incubation with low glucose DMEM
(gibco) supplemented with 10% FBS, 100 U/mL penicillin,100 µg/mL streptomycin, 10 mmol/L β-
glycerophosphate(Sigma), 0.1 µmol/L dexamethasone(Sigma), 50 mg/L ascorbic acid (Sigma). Medium
were changed every 3 days, after 21 days of induction, cells were �xed with 4% paraformaldehyde, and
stained with Alizarin red (Leagene, Beijing).

The morphology of the Cells (passage 3) were observed by the inverted phase microscope. Phenotype of
expanded BMSCs were evaluated by the expression of CD29 (ebioscience, FICT), CD90(ebioscience ,PE),
and CD45(Bioss,Cy7) molecules: BMSCs (passage 3, 1 × 106 cells) were collected, washed twice by
staining buffer ; The antibodies CD29, CD90 and CD45 were added to the cell suspension and incubated
at 4 ° C for 30 minutes. After the incubation, the cells were washed and the cell samples were collected
and analyzed using the Amnis ImageStreamX Mark II Flow Cytometer System (Merck Millipore) system.
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2.5 Isolation and identi�cation of osteoarthritic
chondrocytes.
Osteoarthritic chondrocytes were isolated from rats in Model, which were euthanasia 4 weeks after
surgery, the cells isolation and culture methods were according to a previously described [23, 24]. Brie�y,
after euthanasia, cartilage slices were collected from the proximal tibia and distal femur of OA rats. The
cartilage slices were sterilized by PBS (containing 100 U/mL penicillin and 100 µg/mL streptomycin) for
three times and cut into pieces ( 1mm3) by surgical scissors. These pieces were digested primarily with
0.25% (w/v) trypsin for 30 min at 37℃ and the supernatants were discarded. Then the pieces were
incubated with 0.2% type II collagenase for 4 h at 37℃. Subsequently, the chondrocytes were
resuspended and �ltered through a 70-µm cell strainer to remove the residues and cultured at1 × 106
cells/mL in six-well plate at 5% CO2 and 37℃ in a tissue culture incubator. The complete DMEM/F12
medium was supplemented with 10% FBS, 100 U/mL penicillin and 100 µg/mL streptomycin. Con�uent
chondrocytes were passaged using trypsin at a ratio of 1:2 and primary chondrocytes were used
throughout the study.The morphology of the primary osteoarthritic chondrocytes were observed by the
inverted phase microscope. Toluidine blue staining was used to identify chondrocytes

2.6 Co-culture and study design
The cryopreserved BMSCs (passage 2) were recovery and continue cultured to passage 3. Before cell
seeding, nine 8 mm diameter round cell slides were paved at the bottom of each well of six-well plates.
Primary osteoarthritic chondrocytes and passage-3 BMSCs were used in the co-culture experiments at a
ratio of 2:1 [25]. For this design, as described previously [26] ,four groups were set up (Table1): (1) OCs
Alone: osteoarthritic chondrocytes were cultured alone; (2) BMSCs Alone: BMSCs were cultured alone; (3)
Direct Co-culture: osteoarthritic chondrocytes and BMSCs were mixed and seeded in the six-well plate; (4)
Indirect cell–cell contact: BMSCs were seeded onto transwell inserts (six-well plates, 0.4-µm porous
membrane, BD Biosciences) and lowered wells were seeded with OCs.

All cells were cultured in F-12 (DMEM/F12; Gibco) containing 5% FBS (Gibco), 100 U/mL penicillin and
100 U/mL streptomycin. Cell were inoculated in the number of previously described [27]. Cell culture
supernatant of each group was collected on day 0, 1, 2, 3, 4, 5, 6, 7 and immediately frozen at -80℃ until
analysis. The cell slides were harvested on day 3 and day 7.
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Table 1
Cell seeding number and grouping.

group Cell type Six-well plate Transwell Total

OCs Alone Osteoarthritic chondrocytes 3.0 × 10^4   3.0 × 10^4

  BMSCs      

BMSCs Alone Osteoarthritic chondrocytes     3.0 × 10^4

  BMSCs 3.0 × 10^4    

Direct Co-culture Osteoarthritic chondrocytes 2.0 × 10^4    

  BMSCs 1.0 × 10^4   3.0 × 10^4

Indirect Co-culture Osteoarthritic chondrocytes 3.0 × 10^4    

  BMSCs   1.5 × 10^4 4.5 × 10^4

Note: OCs: osteoarthritic chondrocytes.

2.7 Histology of cell slides
Cell slides were washed off Medium by PBS and �xed immediately in 4% paraformaldehyde for 10
minutes when they were harvested on day 3 and day 7 in all group. The cells slides were evaluated by
Toluidine blue staining, Trap staining and Alizarin red staining. Three views were randomly selected to
evaluate the results of histological staining and count positive cells. Toluidine blue staining was scored
according to the staining intensity in a similar way as previous study [19]. It rated the intensity of staining
on a scale of 0 to 4: 4, normal; 3, slight reduction; 2, moderate reduction; 1, severe reduction; 0, no
staining.

2.8 Treatment regimens of OA rats
At 4 weeks after surgery, the right knee of rats in Control received intra-articular injection of 60 µl PBS,
Supernatant-injected received intra-articular injection of 60 µl culture supernatant and BMSCs-injected
received intra-articular injection of 1 × 10^6 BMSCs suspended in 60 µl PBS, Normal without intervention.
Four rats of each group above were sacri�ced at 4, 6, 8 weeks respectively after treatment. Synovial �uid
in the joint cavity was �ushed immediately with 1 ml of saline, collected and frozen at -80℃ until
analysis. The proximal tibia and distal femur of all rats were collected and �xed immediately in 4%
paraformaldehyde for 1 day. The �xed samples were immersed in the decalcifying solution (10% EDTA,
Solarbio) for 4 weeks. After that, the bone samples were para�n-embedded. Para�n samples were
selected the coronal plane direction to slice.

2.9 Histology and immunohistochemistry of bone sections
The bone sections were stained by HE staining, toluidine blue staining and Masson's trichrome staining.
Three views were randomly selected to evaluate the results of histological staining.
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Immunohistochemical analysis: Bone sections were pretreated with 0.4 mg/ml Pepsin for 30 minutes at
room temperature for optimal antigen retrieval, incubated in 3%H2O2 for 10 minutes (protect from light)
to remove endogenous peroxidases. Nonspeci�c staining was blocked with PBS containing 10% normal
sheep serum for 30 minutes at room temperature. A primary anti-mouse monoclonal antibody against rat
Type  collagen (1:50) and primary anti-rabbit monoclonal antibody against rat TGF-β1 (1:100) was
applied to the section which was incubated at 4℃ for 12 hours and rinsed again with PBS. Rabbit Two-
step Test Kit and Mouse Two-step Test Kit (ZSGB-BIO, Beijing) were used to binding IgG polymer, followed
immunostaining was detected by Dako REALTM EnVisionTM Detection System(ZSGB-BIO, Beijing).
Immunohistochemical staining will be semi-quantitatively scored according to the previously mentioned
literature, divided into : <5% (0); 5–30% (+); 31–50% (++); 51–75% (+++), and > 75% (++++) according to
the percentage of positive area percentage, divided into: 0, weak staining = 1, moderate staining = 2,
strong staining = 3, very strong staining = 4 according to the intensity of staining. Percentage and
intensity of staining were evaluated by software SPSS 22.0 and Image Pro Plus [28, 29].

2.10 Modi�ed Mankin's score
A Modi�ed Mankin's score system was used to evaluate the degree of degeneration of cartilage section
[30]. The components for evaluation included: 1) cartilage structure (0–6), 2) cartilage cells (0–3), 3)
Toluidine blue staining (0–4), 4) tidemark integrity (0–1). The articular cartilage structure was graded on
a scale ranging from 0 (normal) to 14 (most severe cartilage injury).

2.11 ELISA

The supernatant of each group of co-culture system was tested by using TGF-β1and EGF ELISA Kits (TB
healthcare). And synovial �uid removed in animal experiments was detected by TGF-β1, EGF, IL-10 and
TNF‐α, ELISA Kits(TB healthcare) as described in their instructions.

2.12 Statistical analysis

SPSS 22.0 (IBM, Armonk, NY, USA) was used for statistical analysis and evaluate the correlation between
the various treatments and the experimental results. Factorial analysis and One Way Anova for more than
two comparisons of samples; T test was also used to determine the differences between two groups, p < 
0.05 was considered signi�cant.

3. Result

3.1 Phenotype and differentiation ability of BMSC.
BMSCs grew well in the T25 cm2 tissue culture �asks. Cells grew in a typical fusiform morphology and
spindle-shaped (Fig. 1A), which is a common form of mesenchymal stem cells [31]. It was found that Oil
red O staining were positive after adipogenic differentiation (Fig. 1B1). And Alizarin red staining was
positive after osteogenic differentiation, the calcium nodules were generated (Fig. 1B2). It indicated that
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BMSCs had good multi-directional differentiation ability. Flow Cytometer showed that BMSCs of passage
3 expressed high levels of double �uorescence CD29 and CD90 on the membrane and expressed low
levels of hematopoietic markers CD45(Fig. 1C1), CD29 + CD90 + CD45- cells purity reached 95%,
(Fig. 1C2). Newly isolated osteoarthritic chondrocytes were adherent to the six-well plate and then
con�uence 70%~80 on the �fth day. Primary chondrocytes showed transparent polygon shape,
cytoplasm rich. (Fig. 1D), Toluidine blue staining was used for chondrocyte identi�cation [32, 33], it
showed in Fig. 1E that cells stain positive for Toluidine blue (Fig. 1E).

3.2 BMSCs were undifferentiated in co-culture system but
regulated factors level.
It found that BMSCs cell cultured alone were negative for toluidine blue staining and their morphology
was quite different from osteoarthritic chondrocytes, (black arrows, Fig. 2 A1). It could select
osteoarthritic chondrocytes with positive staining to compare the staining intensity and quantity. It found
the staining intensity of osteoarthritic chondrocytes in groups OCs Alone, Direct Co-culture and Indirect
Co-culture got 3 ~ 4 score ,which mean that Toluidine blue staining of cell slides were slight reduction or
normal on day 3. And these three group was not signi�cant different. But on the day 7,the staining
intensity of osteoarthritic chondrocytes in group Direct Co-culture were higher than the other two group
(Fig. 2A2). On day 3 and day 7, three random visions of OCs Alone, Direct Co-culture and Indirect Co-
culture were randomly select to count the number of cells. We found that the average number of cells in
group Direct Co-culture and Indirect Co-culture were signi�cantly higher than that in group OCs
Alone(Fig. 2A3). Furthermore, Trap staining was showed negative in each group (Fig. 2B). Alizarin red has
no positive staining in each group, there was not abnormal calcium accumulation in each group (Fig. 2C).
It mean that BMSCs co-culture with OCs did not cause their differentiation into osteoblasts or
osteoclasts.

It showed that TGF-β1 detected in group BMSCs Alone, Direct Co-culture and Indirect Co-culture and it
peaked on the day 3 and fell in the following time, and there was high concentrations of TGF-β1 can be
detected in group BMSCs Alone during all its culture periods; while Direct Co-culture and Indirect Co-
culture can only detect trace on days 2 to 4. But in group OCs Alone, no TGF-β1 concentration was
detected (Fig. 2D). Conversely, it was found that EGF can be detected in group OCs Alone, Direct Co-
culture and Indirect Co-culture but not in group BMSCs Alone, EGF continues to increase in these three
group during the cultivation period, and on day 7 ,the highest EGF concentration was detected in Direct
Co-culture ( Fig. 2E, p < 0.05).

3.3BMSCs delay cartilage degradation, delay �brosis and inhibit intra-articular in�ammation

As showed in Fig. 3, histological staining and immunohistochemistry of Normal were used as references.
After treatment regime, HE staining result showed that BMSC-injected had the best cartilage tissues
appearance and intact tideline at all periods, and cartilage tissues and intact tideline was both destroyed
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in Supernatant-injected and Control at 8 weeks (Fig. 3A1); To evaluate the proteoglycan content
(glycosaminoglycan) of articular cartilage in the studied groups, Toluidine blue staining was
performed[34]. Toluidine blue staining showed that cartilage tissue of all groups had different degrees of
reduction. In 6 weeks, Toluidine blue staining showed more cartilage tissues were present in BMSC-
injected and Supernatant-injected but less in Control, And at 8 weeks, group BMSC-injected had the
largest range of cartilage tissue than the other two groups(Fig. 3A2). Masson trichrome staining was
evaluated the �brosis of joints after treatment. It found that all groups inevitably produced progressive
�brosis of articular cartilage during OA progression except Normal. Before 6 weeks the degree of joint
�brosis of BMSCs-injected was signi�cantly lighter than that in Supernatant-injected and Control, But, at
8 weeks, there was no signi�cant difference among the three groups (Fig. 3A3).The Modi�ed Mankin
scores was obtained from above three histology staining. Compared with the Control and Supernatant-
injected, the BMSC-injected was signi�cantly decreased the Modi�ed Mankin score in all periods,
Supernatant-injected also reduced the Modi�ed Mankin score but not as signi�cantly as BMSC-injected
(p < 0.05, Fig. 3A4). This indicates that injection of BMSCs was signi�cantly better than injection of PBS
or Supernatant for OA treatment.

The Type I collagen and TGF-β1 changes in the cartilage layer were evaluated from
Immunohistochemistry. It used Image Pro Plus software to compare the staining intensity where the area
above the black arrow(Cartilage layer)(Fig. 3B1, C1), and uses SPSS22.0 software to quantitatively
compare the quanti�ed positive staining range percentage (Fig. 3B2, C2). And it got a table to semi-
quantitatively evaluate (Table 2).The results showed that staining intensity of type I collagen was absent
staining in all periods of Normal(Fig. 3B1). In the sixth week and eighth week after treatment, The ES of
Control (IS = 2; ES = ++, P 0.01) and Supernatant-injected (IS = 2; ES = ++, P 0.01) were both more lager
compared with that in BMSCs-injected (IS = 1, ES = +) Fig. 3B2 . It indicated that type I collagen also has
abnormal increased expression in the long-term disorder of OA and BMSCs can reduce the production of
this type of collagen within eight weeks after being injected. The Fig. 3C1 showed that staining intensity
of TGF-β1 was absent staining in all periods of Normal as well. In the Immunohistochemistry assay of
other three groups, TGF-β1 staining changes were mainly focused on super�cial and intermediate
cartilage rather than deep tissue (Fig. 3C1). At the fourth week, the ES of Supernatant-injected (IS = 1/2;
ES = +, P 0.05) and BMSCs-injected (IS = 1; ES = +, P 0.01) were less than that in Control (IS = 3; ES =
+/++), At the sixth week the ES of BMSC(IS = 2;ES = +, P 0.01) were lower than that in Control(IS = 3/4; ES
= +/++, P 0.01) and Supernatant-injected(IS = 2/3; ES = +/++)(Fig. 3 C2). This suggested that the long-
term wear of cartilage tissue can stimulate the increased of TGF-β1 in the matrix, while the injection of
BMSCs can reduce the concentration of TGF-β1 in cartilage layer.

It examined changes in the concentration of EGF and TGFβ1 in synovial �uid of each group. As showed
in Fig. 3D1, the concentration of TGF-β1 detected in the synovial �uid of the Normal group was lower than
the lowest detection concentration of the kit. At 4 weeks, we found that the concentration of TGF-β1 in
groups of Control, Supernatant-injected and BMSCs-injected was 19.79 ± 0.44 pg/ml, 19.31 ± 0.29 pg/ml,
18.58 ± 0.25 pg/ml. And, at 6 weeks, the concentration was 20.57 ± 1.10 pg/ml, 20.89 ± 1.26 pg/ml, 18.32 
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± 0.68 pg/ml. the concentration of TGF-β1 in BMSCs-injected was signi�cantly lower than that in Control
and Supernatant-injected at 4 weeks and 6 weeks (p < 0.05, Fig. 3D1). At 8 weeks, there was no signi�cant
difference in the concentration of TGF-β1 compare groups with each other; In contrast, the concentration
of EGF factor can be detected in the synovial �uid of each group, and the Normal was much higher than
the other three groups. It found that the concentration of EGF in BMSCs-injected was higher than the
Control at 4 weeks and 6 weeks, (p < 0.05, Fig. 3D2). And the concentration of EGF in Supernatant-injected
was higher than Control and lower than BMSCs-injected in all periods, but it was no signi�cant compared
with the other two groups. At 8 weeks, there was no signi�cant difference between the three groups. It
examined changes in the concentration of IL-10 and TNF-α in synovial �uid after different treatments as
well. Due to the difference of experimental individuals, simple factor changes are not su�cient to
represent the direction of in�ammatory changes in the joints, so we introduce IL-10/TNFα ratios to assess
the direction of veri�cation. For IL-10, at 4 weeks, Control, Supernatant-injected and BMSCs-injected were
23.71 ± 2.30 pg/ml, 28.47 ± 1.78 pg/ml, 28.30 ± 3.95 pg/ml respectively. At 6 weeks, they were 25.25.20 ± 
2.25 pg/ml, 25.65 ± 1.39 pg/ml, 32.94 ± 2.89 pg/ml respectively. At 8 weeks, they were 21.36 ± 1.24 pg/ml,
22.30 ± 0.88 pg/ml, 25.25 ± 1.89 pg/ml respectively; For TNF-α, at 4 weeks, the concentration of TNF-α in
Control, Supernatant-injected and BMSC-injected was 163.60 ± 5.26 pg/ml, 165.74 ± 2.88 pg/ml, 135.47 ± 
12.36 pg/ml respectively. At 6 weeks, they were 177.98 ± 3.94 pg/ml, 174.84 ± 8.84 pg/ml, 129.19 ± 
8.19 pg/ml respectively. At 8 weeks, they were 220.65 ± 17.17 pg/ml, 216.24 ± 15.53 pg/ml, 177.30 ± 
13.67 pg/ml respectively. From the above data, it drawn the IL-10/TNFα ratios chart in Fig. 3D3. we can
found that, in the Normal group, the IL-10/TNFα ratios were higher than the other three groups in all
periods, it maintain a stable anti-in�ammatory environment. At 4 weeks, the IL-10/TNFα ratios of the
Supernatant-injected and BMSC-injected were higher than that of the Control(p 0.01, Fig. 3D3). At 6 and 8
weeks, the BMSC-injected was higher than the Supernatant-injected and Control, and there was no
difference between the Supernatant-injected and Control(p 0.005, Fig. 3D3). And it found that the BMSC-
injected had the highest ratio at 6 weeks, but it declined at 8 weeks (Fig. 3D3), This shown that the
injection of supernatant and BMSCs can promote the anti-in�ammatory effect within 4 weeks, but only
the injection of BMSCs can be maintained until the 8 weeks, and this effect reached the highest ratio at 6
weeks, and then began to decline.
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Table 2
Semi-quantitative scoring of TGF-β1 levels and Type 1 collagen immunostaining.

group Intensity of Immune Staining (IS) and Percentage of Immuneopositive Area (Extent
Score = ES)

4 weeks 6 weeks 8 weeks Immunostaining

Control Weak/absent
immunostaining
(IS = 1;ES = +)

Weak/ moderate
immunostaining
(IS = 2;ES =++)

Weak/moderate
immunostaining (IS = 
2;ES = ++)

Type Icollagen

Supernatant Weak/absent
immunostaining
(IS = 1;ES = +)

Weak/ moderate
immunostaining
(IS = 2;ES = ++)

Weak / moderate
immunostaining (IS = 
2;ES =++)

BMSC Weak/absent
immunostaining
(IS = 1;ES =+)

Weak/absent
immunostaining
(IS = 1;ES = +)

Weak/immunostaining
(IS = 1;ES =+)

Control Very strong
immunostaining
(IS = 3;ES = +/++)

Very strong
immunostaining
(IS = 3/4;ES =
+/++)

Moderate/ strong
immunostaining

(IS = 2;ES = +)

TGF-β1

Supernatant Strong/moderate
immunostaining
(IS = 1/2;ES = +)

strong
immunostaining
(IS = 2/3;ES =
+/++)

Moderate/ strong
immunostaining

(IS = 2;ES = +)

BMSC Moderate/ strong
immunostaining
(IS = 1;ES = +)

Moderate/strong
immunostaining
(IS = 2;ES = +)

Moderate/ strong
immunostaining

(IS = 2;ES = +)

Note: It used Image Pro Plus software to compare the staining intensity where the area above the
black arrow, intensity(Intensity of staining = IS)was graded on a scale of 0–4, according to the
following assessment: 0, no detectable staining; and uses SPSS22.0 software to quantitatively
compare the quanti�ed positive staining area percentage (Extent Score = ES): <5% (0); 5–30% (+); 31–
50% (++); 51–75% (+++), and > 75% (++++).

4. Discussion

4.1 The therapeutic function of BMSCs cannot be replaced
by its culture supernatant
BMSCs therapy is a potential option for OA treatment, provides a substitute way for autologous MSCs
that may have been affected by OA injury [35].Mesenchymal stem cells (MSCs) possessed well
differentiation capacity, anti-in�ammatory and regenerative functions, and were typically used for OA
treatment [36]. BMSCs was an excellent cell which was more proliferative and differentiated than MSCs
from other sources [37], and previous studies have shown that allogeneic BMSCs do not induce any
adverse local or systemic response [38].
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In our co-culture system, the osteoarthritic chondrocytes would be co-cultured with BMSCs to mimic the
cell treatment process. In our animal design,after total medial meniscectomy and ACLT to induce OA
model, in vitro expanded culture of allogeneic BMSCs and its cultured supernatant were respectably
injected into the joint cavity. And In our study, there were no substances or scaffold be used to exclude
other interference, thereby, it accurately simulates the process of BMSCs in contact with articular
chondrocytes after injection. In our co-culture system, we found that BMSCs did not differentiate into
chondrocytes when BMSCs are direct cell-cell cultured with osteoarthritic chondrocytes. We used a similar
method to evaluate chondrocytes [39, 40]. We found that when BMSCs were directly co-cultured with OCs,
they could delay the loss of OCs cytoplasm on the 7th day, and there was no such obvious effect when
they were not directly contacted., And whether it is exposed or not, it can promote the proliferation of
chondrocytes, which may be achieved by adjusting the concentration of cytokines in the culture medium.
Moreover, after 7 days of co-cultivation of BMSCs, no positive staining of BMSCs cells to osteoblasts,
osteoclasts or chondrocytes was found. Although there are literatures indicating that BMSCs have a
tendency to differentiate into chondrocytes during OA treatment, In our experimental results, BMSCs did
not differentiate into cartilage within 7 days, This showed that the differentiation of BMSCs did not play a
major function in the early stage of treatment but mainly through contact with chondrocytes to delay
chondrocyte cytoplasmic substance loss, and to regulate cartilage proliferation by factors in the culture
medium.

After treatment with BMSCs, we found that the Modi�ed Mankin score was lower in BMSCs-injected
compared to the Control. But it does not show statistical between Supernatant-injected and Control,
although the average value of the Modi�ed Mankin score of Supernatant-injected appeared were lower
than that of the Control group. It also found that the glycosaminoglycan of osteoarthritic chondrocytes
were protected when osteoarthritic chondrocytes were direct co-cultured with BMSCs. Corresponding, the
cartilage sections of the BMSCs-injected possessed the smoothest super�cial cartilage, with the least
loss of glycosaminoglycan, and the most complete cartilage tissue. Meanwhile, BMSCs can prevent
�brosis of joints. Compared with the other two groups, Masson's trichrome staining of BMSCs-injected
was closer to normal. As previously study described, Type I collagen was increased in OA joint due to the
lost joint range of motion [41]. This research was found the same result. In the Normal, type I collagen
was hardly appeared in cartilage surface, which was increased in cartilage surface in the other three
groups. And type I collagen staining with the least range and lowest intensity was found in group BMSCs-
injected compare with Control and Supernatant-injected at the same period. The result of
immunohistochemical showed that BMSCs therapy can decrease type I collagen expression. In short,
BMSCs therapy protected cartilage, reduced the abnormal differentiation and proliferation and �brosis in
the knee articular cartilage, thus slow down the process of cartilage degradation. BMSCs cell therapy
reduced cartilage degradation and decreased Modi�ed Mankin score. The function of BMSCs required
contact with chondrocytes, and the regulation of cytokines also required its presence, it mean the
therapeutic function of BMSCs cannot simply be replaced by its culture supernatant.

4.2 BMSCs reduce TGF-β1 level and increase EGF level
during OA.
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TGF-β1, which is abundant in the bone matrix but little in normal joint synovial �uid [42, 43], is a
ubiquitous multi-functional cytokine that regulates the proliferation, differentiation and production of
extracellular matrix of various biological tissues [44]. While the knee joint was slightly abrasion TGF-β1
was stimulated to secreted from bone matrix to maintain healthy joint tissues and recruitment of BMSCs
to the bone remodeling surfaces in the coupling process and promoting cartilage formation [42, 45], But
there was another point suggest that high levels of active TGF-β1 has been shown to induce pathological
effects associated with osteoarthritis, such as in�ammation, synovial �brosis, and the formation of
osteophytes [46]. BMSCs had two-sided regulation of TGF-β1. In co-culture system, we can found that
separate culture BMSCs secreted TGF-β1 to enhance self-proliferation (p < 0.05, Fig. 2D). But when
BMSCs co-cultured with osteoarthritic chondrocytes, BMSCs were stimulated by chondrocytes with
in�ammatory phenotype to stimulate their inhibitory effects on TGFβ1. It can be observed that BMSCs
reduce the concentration of GFβ1 in the supernatant of co-culture system. In animal experiments, we also
observed a similar pathological process. TGF-β1 was stimulated to secrete from bone matrix caused by
joint wear. In the bone tissue section at week 4, it can be seen that high concentration of TGFB1 leads to
abnormal increase in the cartilage layer (Fig. 3A2). In the BMSCs injection treatment group, the high
concentration of TGFB1 and in�ammation levels in the joints activated the regulation of BMSCs, and the
concentration of GFβ1 in the synovial �uid decreased. However, injection-treated BMSCs do not survive
long in vivo [18], Therefore, it has a more obvious therapeutic effect only in the �rst 6 weeks. Therefore,
an elevated TGFβ concentration was detected at 8 weeks.

Osteoarthritic chondrocytes had been shown to have EGF expression, and it has been shown that EGF
was related to its growth and proliferation [47]. EGF was indeed a general growth factor exerting various
actions including cell migration and proliferation in a wide variety of cells [48]. In this co-culture system,
except for BMSCs Alone, EGF was detected in the culture supernatant of the other three groups. The
highest concentration was detected in Direct Co-culture at day 7, and there was no signi�cant difference
between OCs Alone and Indirect Co-culture. Considering the differences in culture methods, it found that
the difference was Direct Co-culture had the cell-to-cell contact between BMSCs and OCs. Therefore, it
had reason to believe that cell -to-cell contact play an important way to exert their function. BMSCs can
enhance the regulation of chondrocytes on EGF levels. As previous studies had shown, EGF was naturally
present in joint synovial �uid[48], and EGF maintained the super�cial layer of articular cartilage [14]. In
this animal experiment, EGF concentration was detected in all groups. The concentration of EGF was
highest in the Normal, This indicates that the concentration of EGF in the OA synovial �uid is reduced
compared to normal joint synovial �uid. However, after different types of therapeutic intervention, we can
detect the highest concentration of EGF in BMSCs-injected group. This indicated that the injection of
BMSCs can regulate the concentration of EGF in the joint cavity. BMSCs do not directly secrete EGF to
regulate, but maintain the normal phenotype of chondrocytes and increase the concentration of EGF in
the joint cavity. Furthermore, MSCs possess EGF receptors that respond to soluble EGF [49], and EGF
stimulates MSCs proliferation without altering differentiation process and potentials [50]. And EGF does
not cause abnormal differentiation of BMSCs. Therefore, it can be considered that BMSCs cell therapy is
not only safe, but is actually a synergy between the two cells.
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4.3 BMSCs inhibit intra-articular in�ammation to protect
articular cartilage regeneration.
TNF-α and IL-10 were the typical pro-in�ammatory and anti-in�ammatory markers respectively [19, 20]. It
recognized that IL-10 level was low in the synovial �uid of OA [51]. IL-10 can suppress in�ammation and
accelerates healing [52–54]. TNF-α was a typical pro-in�ammatory factor and its abnormal elevations
were usually associated with loss of proteoglycan [55]. Normal joint activity causes joint wear and
increases TNF-α secreted by the cartilage matrix stimulated [56], and it can enhance the expression of
matrix metalloproteinase, which cause excessive degradation of the cartilage matrix and it led to
increased levels of in�ammation [20]. The in�ammation level in each joint was different, this mean the
absolute amounts of pro-in�ammatory and anti-in�ammatory factors were not consistent. So the IL-
10/TNF-α ratios were used to evaluate the balance between pro-in�ammatory and anti-in�ammatory
factor and clarify the direction of changes in the in�ammation balance [57]. As shown in the above data,
the IL-10/TNF-α ratio of the Normal group was signi�cantly higher than that of the other three groups, this
indicated that the wear and tear of daily activities leads to slight in�ammation of the joints. IL-10 is
activated by this slight in�ammation and increases expression in joints, which results in Inhibit
in�ammation in joints and tend to a kind of in�ammatory balance. But this in�ammatory balance was
broken in the knee joint of OA. Although the absolute amount of the anti-in�ammatory factor IL-10 was
increasing during the progression of OA, the in�ammatory factor TNF-α was also greatly increased. The
�nal result was that it leads to IL10 / TNF-α ratio decline, the intra-articular in�ammation was further
exacerbated and caused joint destruction. BMSCs were a kind of cell that can regulate pro-in�ammatory
and anti-in�ammatory factors [13]. In this study, it found that BMSCs main exerted their anti-
in�ammatory effects on the treatment of OA. As revealed in Fig. 3D3, the IL-10/TNF-α ratio of
Supernatant-injected was higher than the Control at 4 weeks. This may be due to the presence of anti-
in�ammatory factors in the BMSCs culture supernatant. This shown that the effect of this supernatant
injection treatment can be maintained for about only 4 weeks. The IL-10/TNF-α ratios of BMSCs-injected
were higher than the Supernatant-injected and Control in all periods, and the highest IL-10/TNF-α ratio
was found at 6 weeks. There was a study shown that BMSCs by exogenous injected cannot survive for a
long time in vivo [18]. So it found the ratio dropped at 8 weeks. This shown that the effect of these cells
injection treatment can be maintained for about 8 weeks. In terms of cartilage matrix, proteoglycan was a
matrix substance sensitive to in�ammation. We only observed good cartilage matrix proteoglycan
content in the 4 and 6 week bone sections of the BMSCs-injected. Therefore, the inhibitory effect of
BMSCs on in�ammation was an extremely important part in the treatment of OA. Although its culture
supernatant also had an inhibitory effect on in�ammation in the early stage of treatment, this ability of
regulate in�ammation cannot be replaced by its culture supernatant.

In summary, BMSCs therapy can inhibit intra-articular in�ammation, reduce intra-articular in�ammatory
in�ltration and delay joint degeneration, and provide a good environment for cartilage self-healing and
maintain proteoglycan in its cytoplasm. This cell therapy was very safe. Looking forward to this therapy,
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in order to maintain the continuous anti-in�ammatory effect of BMSCs, continuous injection at intervals
of 6 weeks may become a feasible treatment plan in the future.

5. Conclusion
In conclusion, the present experiments indicated that growth and in�ammatory factors play a very
important role in protecting the joints from degeneration. Disturbance of factor levels in joint synovial
�uid and uncontrolled in�ammation regulation accelerate joint degeneration. BMSCs therapy was a very
potential new therapy can truly delay joint degeneration and reduce the loss of cell matrix and
proteoglycan in the articular cartilage layer. And it indicated that the early stage of BMSCs injection into
the joint cavity was due to its role in reducing the abnormal increase of TGF-β in joint synovial �uid and
joint matrix, increase the concentration of EGF in joint synovial �uid, and inhibit in�ammation in joint
cavity. In addition, despite the presence of multiple growth factors and in�ammatory factors in the
BMSCs culture supernatant, the injection therapy of BMSCs culture supernatant cannot replace the
BMSCs for more durable and precise regulation.
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Figure 1

Culture and identi�cation of BMSCs and osteoarthritic chondrocytes. (A) Morphological pictures of
BMSCs at passage 3. (B1). Oil red O staining after induced differentiation of BMSCs. (B2).Alizarin red
staining after induced differentiation of BMSCs. (C1) Fluorescent photos taken on maker CD29, CD90,
CD45 by Amnis ImageStreamX Mark  Flow Cytometer System. (C2) Flow cytometry analysis of BMSCs.
(D) Morphological pictures of primary osteoarthritic chondrocytes. (E) Toluidine blue staining of primary
osteoarthritic chondrocytes.
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Figure 2

Staining evaluation and factor concentration detection in co-culture systems. (A1) Toluidine blue staining
of cell slides in each group, black arrows indicate BMSCs. A2 Staining intensity of cells in each group
A3 Chondrocyte count with positive Toluidine blue staining in OCs Alone, Direct Co-culture and Indirect

Co-culture (Error bar: mean ± SEM. *p < 0.05, versus Direct Co-culture). (B) Alizarin red staining of cell
slides in each group on day 7. (C) Trap staining of cell slides in each group on day 7. (D). Concentration
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of TGF-β1 (left) and EGF (right) in culture supernatant of co-culture system in each group (Error bar: mean
± SEM. #p <0.05, versus BMSCs Alone). E). Concentration of EGF in culture supernatant of co-culture
system in each group (Error bar: mean ± SEM. *p < 0.05, versus Direct Co-culture).

Figure 3

Representative data of histological analysis of articular cartilage and changes of factors in joint �uid
after different ways of treatment. (A1) HE staining of bone sections in different groups. (A2) Toluidine
blue staining of bone sections in different groups. (A3) Masson's trichrome staining of bone sections in
different groups. (A4) Modi�ed Mankin score was obtained from histology staining in each group (Error
bar: mean ± SEM. *p < 0.05, **p < 0.01 versus Control; #p<0.01; #p < 0.05 versus Supernatant-injected).
(B1) Expression of Type I collagen protein in para�n sections of bone sections detected by
immunohistochemical staining in each group; (B2) Type I collagen positive area evaluation and
Comparison (Error bar: mean ± SEM. *p < 0.05, ***p < 0.005 versus Control; ##p<0.01; ###p < 0.005
versus Supernatant-injected). (C1) Expression of TGF-β1 in para�n sections of knee joints detected by
immunohistochemical staining in each group; (C2)TGF-β1 positive area evaluation and Comparison
(Error bar: mean ± SEM. *p < 0.05, **p < 0.01 versus Control; ##p < 0.01 versus Supernatant-injected).
(D1) Concentration of EGF in synovial �uid of different groups (Error bar: mean ± SEM. ***p <0.005
versus Control; #p < 0.05, ##p <0.01versus Supernatant-injected); (D2) Concentration of TGF-β1 in
synovial �uid of different groups (Error bar: mean ± SEM. *p <0.05, ***p < 0.005 versus Control). (D3) The
IL-10/TNF-α ratio in different groups (Error bar: mean ± SEM. ***p <0.005 versus Control; #p <0.05, ##p
<0.01, ###p <0.005 versus Supernatant-injected).


