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Abstract: Objective: The expressions of Notch, MMP-1 and MMP-13 were detected during the repair of cartilage
injury with bone marrow mesenchymal stem cells (BMMSCs), aiming to explore the interaction among Notch path-
way, MMP-1 and MMP-13 in the cartilage matrix metabolism. Methods: Pluronic F-127 and allogeneic BMMSCs
were used to construct the tissue engineering complexes which were then implanted into the knees of rabbits with
knee osteochondral defect. Results: Low expressions of Notch 1, Jagged 1, MMP-1 and MMP-13 were observed
in normal cartilages. The Jagged 1 and Notch 1 expressions increased significantly at 1 month after implantation
as compared to normal control group (P<0.05) and thereafter returned to normal level at 2 months. At 3 months,
their expressions increased to a certain extent again, and dramatically increased at 6 months (P<0.05). MMP-1
and MMP-13 expressions began to increase at 3 months after implantation, and markedly increased at 6 months
(P<0.05). Conclusion: Notch signal is responsible for the active cell proliferation during the early repair of cartilage
injury with BMMSCs and may induce the differentiation of BMMSCs into chondrocytes in which the expression of
molecules in Notch pathway reduces, leading to the channel closure. In the late repair phase, MMP-1 and MMP-13
expression increase significantly, accompanied by the significant elevation of Jagged 1 and Notch 1 expression. This
implies that Notch pathway may regulate the expression of MMP during the repair of cartilage injury with BMMSCs,
affecting the biomechanical properties of repaired cartilages.
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Introduction stem cells were used to construct tissue engi-
neering complexes, which were then implanted
into knee joints of rabbits with osteochondral

defect at knee joints. Immunohistochemistry,

The repair of cartilage injury with bone ma-
rrow mesenchymal stem cells (BMMSCs) has

achieved favorable efficacy in clinical practice,
but the reconstructed cartilages have poor bio-
mechanical properties and are susceptible to
degeneration [1]. Notch is an important signal-
ing pathway and play important roles in the
regulation of proliferation and differentiation of
chondrocytes, the maintenance of chondrocyte
phenotype and the metabolism of extracellular
matrix [2]. On the other hand, matrix metallo-
proteinases (MMPs) are the major enzymes
responsible for the degradation of ECM [3].
However, the expression of molecules in Notch
pathway and MMPs and their interaction in the
regulation of ECM of tissue engineered carti-
lages are still unclear. In the present study,
Pluronic F-127 temperature curing hydrogel
and allogeneic bone marrow mesenchymal

Western blot assay and real time PCR were
employed to detect the expression of Notch 1,
Jagged 1, MMP-1 and MMP-13 in the injured
cartilages after repairing. Our study aimed to
explore the interaction between Notch pathway
and MMPs in the cartilage repair and ECM
metabolism in the cartilage, which may provide
a new way for the repair of cartilage injury and
the resolution of poor biomechanical proper-
ties of tissue engineered cartilages.

Materials and methods
Reagents

Rabbit anti-human Jagged 1, MMP-1 and
MMP-3 polyclonal antibodies (Santa Cruz), rab-
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Table 1. Randomization of 16 New Zealand white rabbits

Group 1 month after surgery 2 months after surgery

3 months after surgery 6 months after surgery

No 6 15 5 4 13 2 10

1 12 16 14 7 9 8 3

Jagged 1

Figure 1. Immunohistochemistry for Jagged 1 and Notch 1 at 1 month after

implantation (Immunohistochemistry; 200x).

bit anti-human Notch 1 polyclonal antibody
(Abcam) and mouse anti-human -actin mono-
clonal antibody (Shanghai Qiangyao Biotech
Co., Ltd) were used in the present study.

Animal grouping and sample processing

Grouping: Healthy New Zealand white rabbits
(n=16) were randomized into 4 groups and sac-
rificed at 1, 2, 3 and 6 months after surgery,
respectively (Table 1).

Sample processing: Animals were anesthetized
via ear vein with 3% sodium pentobarbital and
then placed in a supine position. The hair at
surgical site was removed, followed by steriliza-
tion. An incision was made at the internal side
of the patella, followed by separation of soft tis-
sues. The patella was pushed outward and the
knee joint was bended to completely expose
the femoral articular cartilage. The full thick-
ness defects were made at the center of the
cartilage with a drill, and then filled with com-
plexes composed of Pluronic F-127 and BMSCs.
The patella was reduced, and then the move-
ment of the knee joint was checked. After flush-
ing and hemostasis, the wound was closed.
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Notch 1

Detection of Jagged 1, Notch
S 1, MMP-1 and MMP-13
% expression by immunohisto-
chemistry

The tissues were embedded

‘ in paraffin and cut into sec-

tions. After deparafinization,

sections were blocked with

3% hydrogen peroxide to inac-

o tivate endogenous peroxi-

> dase. Antigen retrieval was

done in a microwave oven,

and then sections were block-

ed with normal calf serum.

After incubation with primary

- antibody at 4°C over night,

sections were treated with

biotinylated secondary anti-

body at room temperature for

30 min. Visualization was

done with DAB. After dehydra-

tion and mounting, sections

were observed under a light microscope. In

negative control, the primary antibody was

replaced with PBS. Positive cells showed brown
granules.

Detection of Jagged 1, Notch 1, MMP-1 and
MMP-1 expression by Western blotting

Tissues were lysed in RIPA lysis buffer (1x PBS,
1% NP-40, 0.5% sodium deoxycholate, 0.1%
SDS; addition of 0.1 g/L PMSF before use) for
the extraction of total protein from the cartilage
tissues. Protein concentration was determined
with Coomassie brilliant blue method. Then,
100 ug of proteins was loaded for 8% SDS poly-
acrylamide gel electrophoresis at 4°C and 100
mA overnight, followed by transferring onto
PVDF membrane. After blocking in 5% non-fat
mild at room temperature for 1 h, the mem-
brane was independently incubated with
Jagged 1, MMP-1, MMP-13 (1:200), Notch 1
and B-actin (1:1000) at 4°C over night. After
washing, the membrane was treated with
horseradish peroxidase (HRP) conjugated 1gG
secondary antibody at 37°C for 2 h. Visualiza-
tion was done with ECL kit, and the optical den-
sity (OD) of protein bands was determined with
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MMP-1

Figure 2. Immunohistochemistry for Jagged 1, Notch 1, MMP-1 and MMP-13
at 6 months after implantation (Immunohistochemistry; 200x).

gel analysis system as the protein expression.
The protein expression of Jagged 1, Notch 1,
MMP-1 and MMP-13 was normalized to that of
B-actin as the relative expression of target
protein.

Detection of Jagged 1 and Notch 1 mRNA
expression by real time PCR

RNA prep pure kit was used to extract total
RNA. A 20-ul mixture containing RNA was used
for reverse transcription. The primers used for
PCR were as follows: Jaded 1: 5-AGA AGT CAG
AGT TCA GAG GCG TCC-3’ (forward), 5’-AGT AGA
AGG CTG TCA CCA AGC CAA C-3’ (reverse)
(anticipated length: 112 bp); Notch 1: 5-GTG
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" MMP-13

GAT GAC CTA GGC AAG TCG-3’
(forward), 5-GTC TCC TCC
TTGTTGTTCTGCA-3’ (reverse)
(anticipated length: 118 bp);
18S: 5-CGC CGC TAG AGG
TGA AAT TC-3' (forward),
5-CCA GTC GGC ATC GTT
TATGG-3' (reverse) (anticipat-
ed length: 149 bp). A 50-pl
mixture was used for PCR as
follows: predenaturation at
o 94°C for 2 min, followed by
40 cycles of denaturation at
94°C for 25 s and annealing
at 60°C for 30 s. The Ct value
was obtained and the rela-
tively expression of target ge-
ne was calculated with 244t

- o method.

& Statistical analysis

Statistical analysis was per-
. formed with SPSS version
10.0. Data are expressed as
mean * standard deviation.
Pr s Intergroup comparison was
done with t test and a value of
P<0.05 was considered sta-
~ tistically significant.

Results

A total of 16 rabbits were
included for final analysis,
and none died during the
study. All the animals had no
post-operative infection and
presented normal activity,
and stage | wound healing
was observed in these animals. There were no
deformity, redness and swelling, and the range
of motion was normal. Patellar dislocation was
found in the right knee of a rabbit, and manual
reduction was administered without any other
abnormality.

Immunohistochemistry for Notch 1, MMP-1
and MMP-13

Positive expression of Jagged 1 and Notch 1
was observed on the membrane of normal
chondrocytes. At 1 month after implantation,
the Jagged 1 and Notch 1 expression increased
significantly as compared to normal knees
(Figure 1). At 2 months after implantation, the
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Table 2. Jagged 1, Notch 1, MMP-1 and MMP-13 protein expression

Jagged 1 Notch 1 MMP-1 MMP-13
Normal cartilage tissues 0.158+0.045 0.119+0.012 0.251+0.079 0.412+0.038
1 month 0.316+0.073" 0.297+0.041" 0.248+0.023 0.392+0.026
2 months 0.172+0.021 0.210+0.017 0.312+0.019 0.346+0.061
3 months 0.373+0.019" 0.357+0.082" 0.506+0.026" 0.621+0.036"
6 months 0.563+0.012"" 0.461+0.044"" 0.857+0.079"" 0.862+0.053""

Notes: “P<0.05 vs normal cartilage tissues; “*P<0.01 vs normal cartilage tissues.
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normal controls (P<0.01). The
MMP-1 and MMP-13 expres-
sion increased significantly

*kk at 3 months after implanta-
tion (P<0.05) and further in-
creased at 6 months (P<0.01)
(Table 2).

MRNA expression of mol-
ecules in Notch pathway

m
o
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Figure 3. MRNA expression of molecules in Notch pathway. The mRNA ex-
pression of Jagged 1 and Notch 1 at 1 month after implantation was signifi-
cantly higher than in normal cartilage tissues (*, P<0.05); the Jagged 1 and
Notch 1 mRNA expression increased at 3 months (**, P<0.05) and signifi-
cantly increased at 6 months after implantation (***, P<0.01).

Jagged 1 and Notch 1 expression returned to
normal level, thereafter increased to a certain
extent at 3 months and significantly increased
at 6 months after implantation (P<0.05). Po-
sitive expression of MMP-1 and MMP-13 was
found in the cytoplasm of normal chondrocytes.
The MMP-1 and MMP-13 expression at 6
months after implantation was significantly
higher than in normal chondrocytes (Figure 2).

Western blotting

The expression of Jagged 1, Notch 1, MMP-1
and MMP-13 was at a low level in normal carti-
lage tissues. At 1 month after implantation, the
Jaded 1 and Notch 1 expression increased sig-
nificant as compared to normal cartilage tis-
sues (P<0.05), but it returned to normal level at
2 months, and thereafter increased to a cer-
tain extent at 3 months (P<0.05). The Jaded 1
and Notch 1 expression at 6 months after
implantation was significantly higher than in
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& The mRNA expression of
Jagged 1 and Notch 1 at 1
month after implantation was
significantly higher than in
normal cartilage tissues (P<
0.05). At 2 months after im-
plantation, the Jagged 1 and
Notch 1 mRNA expression
was similar to the normal
level (P > 0.05). Thereafter,
the Jagged 1 and Notch 1
MRNA expression increased slowly at 3 months
(P<0.05) and significantly increased at 6
months after implantation (P<0.01) (Figure 3).

Discussion

Articular cartilages are the most common site
that is affected by osteoarthritis, and the dam-
age to articular cartilages is regulated by chon-
drocytes. Chondrocytes can synthesize a lot of
growth factors and cytokines, and a variety of
signaling pathways in the chondrocytes are
responsible for the formation, rebuilding,
homeostasis and post-injury repair of cartilage
tissues. In case of osteoarthritis, any pathologi-
cal factor may directly or indirectly affect the
chondrocytes to induce a series of cascades,
resulting in cartilage injury and disruption. To
date, studies have confirmed that signal trans-
duction play important roles in the occurrence
and development of osteoarthritis, and Notch
pathway is one of important one involved in the
osteoarthritis.
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Notch signaling pathway is composed of 4
receptors, 5 ligands and CSL protein. It is a
highly conservative and responsible for the pro-
liferation and differentiation of chondrocytes,
the maintenance of chondrocyte phenotype,
and the control of matrix metabolism in the car-
tilages [4-7]. The binding between ligand and
receptor is required for the activation of Notch
signaling pathway. It has been confirmed that
there are 4 Notch receptors in mammalians:
Notch 1, Notch 2, Notch 3 and Notch 4 [8].
Notch 1 receptor expression is observed in the
articular cartilage of > 70% of adults [9, 10].
Karlsson et al [11] found that blocking of Notch
signaling pathway could inhibit the proliferation
of chondrocytes. In case of arthritis, the Notch
signaling pathway is activated in the cartilages.
Mahjoub et al [7] found the Notch signaling
pathway was significantly activated in the
injured cartilages as compared to normal carti-
lages. Karlsson et al [12] also confirmed the
Notch signaling pathway was activated in the
cartilages in case of osteoarthritis, and the
expression of Jagged 1, HES5 and Notch 1
increased significantly. Jagged 1 is a key ligand
in the activation of Notch signaling pathway
and very important for the differentiation of
mesenchymal stem cells into chondrocytes
[12]. Jagged 1 protein may directly activate
Notch signaling pathway to further increase
the ligands in the Notch signaling pathway.
Oldershaw et al [13] found Jagged 1 was highly
expressed in early stage of cartilage formation,
suggesting that Jaded 1 initiates the Notch 1
signaling pathway activation.

In the present study, Pluronic F-127 tempera-
ture curing hydrogel and allogeneic BMSCs
were used to construct tissue engineering com-
plexes which were then implanted into the
injured knee joints of rabbits. Immunohisto-
chemistry, Western blotting and real time PCR
were employed to detect the expression of
Jagged 1 and Notch 1 in the cartilages. Results
showed Jagged 1 and Notch 1 expression was
detectable on the membrane of normal chon-
drocytes, which was consistent with previously
reported. Karlsonn et al [14] and Ustunel et al
[9] also confirmed that Notch 1 receptor locat-
ed in the superficial cells of articular cartilages
of cows and mice. In the present study, the
Jagged 1 and Notch 1 expression increased
significantly at 1 month after implantation as
compared to normal cartilage tissues. This indi-
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cates that the Jagged 1 mediated activation of
Notch 1 pathway is a key event in the initiation
of differentiation into chondrocytes, and the
transient Notch signaling pathway activation
causes the cascade reaction to activate down-
stream molecules and up-regulate key genes,
leading to the differentiation into chondrocytes
[15]. At 2 months after implantation, Jagged 1
and Notch 1 expression returned to normal
level. These changes indicate the Notch path-
way is inhibited at late stage of differentiation
into chondrocytes, which assures the forma-
tion of chondrocytes. Oldershaw et al [16] also
confirmed Notch signaling pathway was inhibi-
tory on the formation of cartilages. Thus, in the
late stage of differentiation, the inhibition of
Notch signal pathway is helpful for the normal
differentiation into and formation of cartilages.
At 3 months after implantation, the Jagged 1
and Notch expression increased again and fur-
ther increased at 6 months. This indicates that
the expression of molecules in Notch signaling
pathway increases significantly at the late
stage of cartilage repair. The Jagged 1 and
Notch 1 protein expression increased gradual-
ly, which was consistent with the increase in
Notch 1 mRNA expression.

The expression of MMP-1 and MMP-13 is close-
ly related to arthritis and cartilage degenera-
tion. A meta-analysis of Zeng et al [17] con-
firmed that MMP-1 was highly expressed in
case of arthritis. Abd-Allah et al [18] also draw
similar conclusion and also speculated that
MMP-1 could serve as a marker of arthritis.
Ozler et al [19] investigated the MMP-13
expression in late stage of arthritis, and their
results showed MMP-13 expression increas-
ed significantly. This suggests that MMP-13
expression is closely related to the occurrence
and development of arthritis and inhibition of
MMP-13 expression might be able to delay
the progression of arthritis [19, 20]. In the pres-
ent study, MMP-1 and MMP-13 expression
increased at 3 months after implantation,
which was consistent with the changes in the
expression of molecules in Notch pathway.
Thus, we speculate that these may affect the
biomechanical properties of cartilages after
repair.

There were limitations in this study: 1) Our
results did not elucidate the mechanism under-
lying the interaction between Notch pathway
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and MMP-1/13, and more studies with elegant
design are required; 2) BMSCs have potent
capabilities of division and proliferation. The-
oretically, there is the possibility of tumorigen-
esis. However, BMSCs are easy to collect, have
potent proliferation, are easy to culture, have
favorable plasticity and relatively stage genetic
background. The collection of BMSCs is mini-
invasive, and BMSCs transplantation has been
confirmed to be safe and only induces mild
rejection.

Taken together, Notch signaling pathway is acti-
vation for the cell proliferation in early stage of
cartilage repair after implantation of tissue
engineering complexes and may induce the
differentiation of BMSCs into chondrocytes.
During the differentiation of BMSCs into chon-
drocytes, Notch signaling pathway is inhibited.
In late stage of cartilage repair, MMP-1 and
MMP-13 expression increases, accompanied
by elevated expression of Jagged 1 and Notch
1. These finding suggest that Notch signaling
pathway may regulate MMP expression to
affect the biomechanical properties of repaired
cartilages after implantation of tissue engi-
neering complexes containing BMSCs.
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