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Superficial zone protein (SZP) functions as a boundary lubricant in articular cartilage and decreases the co-
efficient of friction. As lubrication of articular cartilage is critical for normal joint function, the ability to secrete
SZP at the surface of tissue-engineered cartilage is a prerequisite for optimal lubrication. Synovium-derived
mesenchymal stem cells (MSCs) are thought to be an attractive cell source for cartilage regeneration. However,
optimization of a three-dimensional environment is necessary for tissue engineering. In this study, we investi-
gated whether synovial explants, which would preserve the physiologic microenvironment for MSCs therein,
have the potential of SZP secretion after chondrogenic differentiation by treatment with transforming growth
factor-b1 (TGF-b1) and bone morphogenetic protein-7 (BMP-7). Immunostaining and enzyme-linked immuno-
sorbent assay analysis demonstrated that synovial explants can synthesize and secrete SZP following chon-
drogenic differentiation in response to TGF-b1 and BMP-7. Interestingly, the combined treatment with TGF-b1
and BMP-7 or treatment first with TGF-b1 followed by BMP-7 was more effective than other treatment groups in
both chondrogenic differentiation and SZP secretion. In conclusion, synovial explants represent not only a
superb source of progenitors/stem cells for the regeneration of the surface zone of articular cartilage, but also a
useful model system for the in vitro differentiation into mature articular cartilage phenotypes in response to
morphogens for tissue engineering of articular cartilage.

Introduction

Normal articular cartilage maintains a well-lubri-
cated surface with an extremely low coefficient of fric-

tion for joint mobility during locomotion.1 Superficial zone
protein (SZP), also known as lubricin and PRG4,2,3 is a mu-
cinous glycoprotein that is synthesized and secreted into the
synovial fluid by the surface zone articular chondrocytes and
synovial membrane lining the joint cavity.4–7 SZP plays an
important role in lubrication of articular cartilage and re-
duces the coefficient of friction.8–10 The loss of SZP influences
the functional properties of synovial joints, and the focal
decrease in SZP in early osteoarthritis (OA) could have a role
in the pathogenesis of cartilage degeneration.11,12

Articular cartilage is an avascular tissue with limited in-
nate potential for repair and regeneration.13 A number of
therapeutic strategies, including autologous chondrocyte
implantation, microfracture, and mosaicplasty, have been
introduced to induce the repair of articular damage due to
injuries or arthritis, but these treatments do not regenerate
tissue that resembles its native form.14 On the other hand,
attention has been focused on stem/progenitor cells for ar-
ticular cartilage tissue engineering, as it presents a promising
potential for the biological repair of articular cartilage.15

Mesenchymal stem cells (MSCs) that can be used for carti-
lage regeneration have been isolated from various tissues,
such as bone marrow (BM),16,17 adipose,18 synovium,19

muscle,20 and periosteum.21 As both synovium and cartilage
are known to originate from a common pool of progenitor
cells,22 it has been suggested that synovium-derived MSCs
(SMSCs) may be tissue specific for articular cartilage tissue
regeneration.14,23 In fact, SMSCs are reported to have a
greater chondrogenic potential than other MSCs derived
from BM, adipose, muscle, and periosteum.24,25 In addition,
it is noteworthy that SMSCs have a high ability to synthesize
and secrete SZP after chondrogenic differentiation,26 because
SZP is a key mediator in boundary lubrication and the ability
to secrete SZP at the surface of tissue-engineered cartilage
may be a prerequisite for proper lubrication.27 Therefore,
SMSCs are thought to be an attractive cell source for cartilage
regeneration.

SMSCs can undergo chondrogenic differentiation in a
three-dimensional (3D) environment with optimal growth
factors.19,24,28 It is suggested that synovial tissue itself might
also provide an optimum environment for chondrogenic
differentiation of SMSCs, as synovium is known to produce
hyaline cartilage in synovial chondromatosis and rheuma-
toid pannus,14 and the physiologic microenvironment of the
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SMSCs would be preserved.29 However, the ability of sy-
novial explants to secrete SZP after chondrogenic differen-
tiation has not been characterized. Therefore, we
hypothesized that synovial explants may have high SZP
secretion potential after chondrogenic differentiation and
could be used as an optimal source for the regeneration of
the surface zone of articular cartilage. In this study, we
investigated the potential of SZP secretion after chondro-
genic differentiation of synovial explants by transforming
growth factor-b1 (TGF-b1) and bone morphogenetic pro-
tein-7 (BMP-7).

Material and Methods

Acquisition and culture of synovial explants

Stifle (knee) joints from 3-month-old calves were obtained
within 6 h of slaughter and dissected under aseptic condi-
tions. The synovium was harvested from the suprapatellar
pouch, rinsed in sterile phosphate-buffered saline, and cut
into small pieces (approximately 2 · 2 mm). After determin-
ing the wet weight of synovial explants, they were sand-
wiched between two layers of agarose to maintain them for
an extended period and to minimize the outgrowth of
chondroprogenitor cells,29–31 in which the nutritional and
oxygen-tension conditions are similar to those operating
physiologically.29 Initially, each well of 24-well plates was
precoated with 250mL of 1% low-melting agarose (Bio-Rad)
in the chondrogenic medium consisting of high-glucose
Dulbecco’s modified Eagle’s medium (DMEM; Life Tech-
nologies) supplemented with 1% ITS + Premix (BD Bio-
sciences), 100 nM dexamethasone (Sigma-Aldrich), 0.4 mM
proline (Sigma-Aldrich), 50mg/mL ascorbate-2-phosphate
(Sigma-Aldrich), and antibiotics. After gelation, one explant
was introduced and covered with 750 mL of 0.5% agarose in
the chondrogenic medium. Each agarose-sandwiched ex-
plant was then covered with 1 mL of chondrogenic medium.
TGF-b1 (10 ng/mL; R&D Systems) and/or BMP-7 (3000 ng/
mL; a generous gift from Dr. D. Rueger; Stryker Biotech)
were supplied to the medium for 3 weeks as following six
groups; (1) no growth factors (control), (2) TGF-b1, (3) BMP-
7, (4) 1-week TGF-b1 followed by 2-week BMP-7, (5) 1-week
BMP-7 followed by 2-week TGF-b1, and (6) a combination of
TGF-b1 and BMP-7. The medium was changed every 3–4
days. All cultures were incubated at 37�C in a moist atmo-
sphere of 5% carbon dioxide and 95% air.

Histology and immunohistochemistry

After 3 weeks of culture, synovial explants were fixed in
4% paraformaldehyde, followed by paraffin embedding and
sectioning at 5 mm. Toluidine blue staining and im-
munostaining for collagen type II (Col II) and SZP were
performed. For immunohistochemistry, sections were de-
paraffinized and endogenous peroxidase was blocked with
3% H2O2. Thereafter, sections were blocked with normal
blocking serum. The sections were incubated overnight at
4�C with a mouse monoclonal antibody (mAb) for Col II
(1:200; Thermo Fisher Scientific) or mouse mAb S6.7932 (a
generous gift from Dr. T. Schmid, Rush Medical Collage,
Chicago, IL) for SZP (1:5000), or without a primary antibody
as a negative control. The sections were incubated with a
biotinylated horse anti-mouse immunoglobulin G for 30 min,

followed by a 30-min incubation with Vecatatin� ABC re-
agent (Vector Laboratories). Observation was achieved using
diaminobenzine (DAB)/peroxidase reaction (ImmPACT�
DAB peroxidase substrate; Vector Laboratories) resulting in
brown precipitate.

Measurement of tissue weight
and glycosaminoglycan content

The wet weight of synovial explants was determined be-
fore and after culturing. After 21 days of chondrogenic dif-
ferentiation, the explants were digested with 0.1% papain
(Sigma-Aldrich), 0.1% proteinase K (Sigma-Aldrich), and
5 mM L-cysteine (Sigma-Aldrich) in 10 mM Tris HCl for 18 h
at 60�C. The concentration of glycosaminoglycan (GAG) of
the digests was determined using a dimethylmethylene blue
(Sigma-Aldrich).29 Chondroitin sulfate was used as a stan-
dard. All GAG values were normalized to the total amount
of DNA, which was determined using a Quanti-iT PicoGreen
dsDNA Assay Kit (Life Technologies).

Enzyme-linked immunosorbent assay for SZP

To investigate the SZP-secretion potential of synovial ex-
plants after chondrogenic differentiation, the medium be-
tween days 18 and 21 from synovial explant cultures was
collected, and quantitatively analyzed for SZP by sandwich
enzyme-linked immunosorbent assay (ELISA) using purified
SZP as the standard.7 Each well of 96-well MaxiSorp plates
(Nalge Nunc International) was coated with 1 mg/mL peanut
lectin (EY Laboratories) in a 50 mM sodium carbonate buffer
(pH 9.5). Then, the wells were blocked with 1% BSA in the
same buffer. Aliquots of the culture medium were incubated
in the wells. The wells were incubated with mAb S6.79
(1:5000) as the primary antibody and goat anti-mouse IgG
conjugated with horseradish peroxidase (1:3000; Bio-Rad) as
the second antibody. Finally, SuperSignal ELISA Femto
Maximum Sensitivity Substrate (Thermo Fisher Scientific)
was used and quantified by measuring relative light units in
a luminometer. Wells were washed with phosphate-buffered
saline containing 0.05% Tween 20 (Sigma-Aldrich) between
all steps. SZP levels were calculated using a SZP standard,
which was purified by affinity chromatography on a peanut
lectin column;4,32 purity was verified by immunoblot anal-
ysis and quantified using a Micro BCA Protein Assay Kit
(Thermo Fisher Scientific).6,31,33

Real-time polymerase chain reaction analysis

Before the gene expression analysis, each cultured syno-
vial explant was stored in RNAlater reagent (Qiagen). The
samples were homogenized in QIAzol lysis reagent (Qiagen),
and RNA was extracted using the RNeasy lipid tissue mini
kit (Qiagen) with on-membrane DNase I (Qiagen) digestion
to avoid genomic DNA contamination. Total RNA was
reverse transcribed into single-strand cDNA using a High-
Capacity cDNA Reverse Transcription Kit (Applied Bio-
systems). Real-time polymerase chain reaction (PCR) was
performed in triplicate on the cDNA with an Applied Bio-
systems 7900HT Fast Real-Time PCR System and Fast SYBR�

Green Master Mix (Applied Biosystems) following the re-
commended protocols. Results were normalized to glycer-
aldehyde 3-phosphate dehydrogenase (GAPDH) levels and
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expressed relative to the control culture levels (DDCT meth-
ods; Applied Biosystems). Primers for bovine GAPDH, type
II collagen (Col II), aggrecan, and Sox9 were generated as
previously described.34

Statistical analysis

All the quantitative data are presented as mean – standard
deviation of six or eight individual experiments using six or
eight different animals. The paired t-test was performed
using StatView statistics (SAS Institute, Inc.) to determine the

difference between the control and treated groups. p Values
less than 0.05 were considered significant.

Results

Histological and immunohistochemical analysis
for GAG and Col II after 3-week
chondrogenic differentiation

The chondrogenic potential of synovial explants was
evaluated histologically with toluidine blue staining for

FIG. 1. Toluidine blue staining (A–F) and immunostaining with a monoclonal antibody against collagen type II (Col II) (G–
L) or superficial zone protein (SZP) (M–R), or without the primary antibody as negative control (NC; S–X) of synovial
explants cultured in the chondrogenic medium by treatment with transforming growth factor-b1 (TGF-b1) (10 ng/mL) and/
or bone morphogenetic protein-7 (BMP-7) (3000 ng/mL) for 21 days. *agarose. Scale bar = 100 mm. Col II, collagen type II; SZP,
superficial zone protein; TGF-b/BMP-7, 1-week TGF-b1 followed by 2-week BMP-7; BMP-7/TGF-b1, 1-week BMP-7
followed by 2-week TGF-b1; combined treatment of TGF-b1 and BMP-7, combination of TGF-b1 and BMP-7. Color images
available online at www.liebertpub.com/tea
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metachromasia in the extracellular matrix and immunohis-
tochemical staining for Col II (Fig. 1). Toluidine blue staining
demonstrated the production and accumulation of GAGs in
the groups treated with TGF-b1 followed by BMP-7 and the
combination of TGF-b1 and BMP-7 was highest among six
groups, while the groups treated with TGF-b1 and BMP-7
followed by TGF-b1 showed less production of GAGs. There
was no production of GAGs in the control and BMP-7 alone.
The differentiation of synovial cells into a chondrocytic
phenotype with lacunae was most abundant in the group of
TGF-b1 followed by BMP-7, followed by the group with a
combination of TGF-b1 and BMP-7. Immunohistochemical
staining revealed that Col II was produced in the groups
treated with TGF-b1 followed by BMP-7 and the combina-
tion of TGF-b1 and BMP-7. On the other hand, the untreated
control and BMP-7 alone showed no deposition of Col II.

Analysis of the wet weight change and GAG content
in the synovial explant after 3-week chondrogenic
differentiation

The GAG content of synovial explants after 3-week
chondrogenic differentiation was evaluated (Fig. 2A). The
GAG content significantly increased in the groups treated by
TGF-b1 followed by BMP-7 and the combination of TGF-b1
and BMP-7 compared to the control, while other groups
showed no influence on GAG content. The wet-tissue weight
of synovial explants was significantly increased in the groups

treated with TGF-b1 followed by BMP-7 and the combina-
tion of TGF-b1 and BMP-7 after 3-week chondrogenic dif-
ferentiation (Fig. 2B).

Analysis of chondrogenic gene expression
after 3-week chondrogenic differentiation

Chondrogenic differentiation of synovial explants after 3-
week chondrogenic differentiation was further confirmed by
real-time PCR (Fig. 3). The gene expression of Col II and
aggrecan was dramatically increased in the groups treated
with TGF-b1, TGF-b1 followed by BMP-7, and the combi-
nation of TGF-b1 and BMP-7 compared to the control. The
expression of Col II was highest in the group with the
combination of TGF-b1 and BMP-7, while the expression of

FIG. 2. GAG content (A) and the change in wet-tissue
weight (B) after 3-week chondrogenic differentiation by
treatment with TGF-b1 (10 ng/mL) and/or BMP-7
(3000 ng/mL). Values are mean – standard deviation (n = 8).
*p < 0.01 compared to the control. GAG, glycosaminoglycan;
C, control; T, TGF-b1; B, BMP-7; T/B, 1-week TGF-b1
followed by 2-week BMP-7; B/T, 1-week BMP-7 followed
by 2-week TGF-b1; T + B, combination of TGF-b1 and
BMP-7.

FIG. 3. Quantitative real-time polymerase chain reaction
analysis of synovium explants after 3-week chondrogenic
differentiation by treatment with TGF-b1 (10 ng/mL) and/or
BMP-7 (3000 ng/mL). The mRNA expression levels of Col II
(A), aggrecan (B), and Sox9 (C) are expressed relative to
those for the control and presented as a fold increase. Values
are mean – standard deviation (n = 6). *p < 0.01 and **p < 0.05
compared to control. GAG, glycosaminoglycan; C, control; T,
TGF-b1; B, BMP-7; T/B, 1-week TGF-b1 followed by 2-
week BMP-7; B/T, 1-week BMP-7 followed by 2-week TGF-
b1; T + B, combination of TGF-b1 and BMP-7.
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aggrecan was highest in the group of TGF-b1 followed by
BMP-7. The gene expression of Sox9 was higher in all groups
treated with growth factors compared to control.

SZP expression after 3-week chondrogenic
differentiation

We next evaluated SZP expression in synovial explants
after 3-week chondrogenic differentiation by immunohisto-
chemical analysis. The control group showed slightly posi-
tive staining for SZP in synovial explants, while other groups
showed less SZP deposition (Fig. 1). On the other hand, the
agarose in contact with the synovial explant (*agarose in Fig.
1) showed strong SZP staining in the groups treated with
TGF-b1, TGF-b1 followed by BMP-7, and the combination of
TGF-b1 and BMP-7. As SZP was reported to be not retained
in the extracellular matrix, but is mostly secreted into the
synovial fluid,4 we investigated the SZP accumulation in the
media from synovial explant cultures between days 18 and
21 of culture (Fig. 4). SZP accumulation in the media was
robustly upregulated in the groups treated with TGF-b1,
TGF-b1 followed by BMP-7, and the combination of TGF-b1
and BMP-7 compared to control.

Discussion

It is well established that stem cells reside, proliferate,
and differentiate within a 3D environment that surrounds
them in native tissue, and these niches provide the correct
biochemical signals to the stem cells in response to a physi-
ological change.35–37 Therefore, optimization of a 3D envi-
ronment is necessary for tissue engineering of articular
cartilage, including surface zone cartilage. In this study, we
utilized synovial explants, which would preserve the phys-
iologic microenvironment for MSCs therein, and investigated
their ability to secrete SZP after chondrogenic differentiation
with TGF-b1 and BMP-7. Our results indicated that synovial
explants had a high ability to synthesize and secrete SZP
after chondrogenic differentiation in response to TGF-b1 and
BMP-7.

The chondrogenesis of SMSCs or synovial explants has
been induced by using the members of the TGF-b super-
family, including TGF-b1, TGF-b2, TGF-b3, BMP-2, and
BMP-7.24,26,28,29,31,38 However, the effects of the combinato-
rial treatment with TGF-b isoform and BMP isoform on
chondrogenic differentiation of synovial explants have not
been investigated. In the current study, the production of
GAGs in the synovial explants was highest in the groups of
TGF-b/BMP-7 and combined treatment of TGF-b1 and
BMP-7, and the gene expressions of Col II, aggrecan, and
SOX9 were most upregulated in the same groups, indicating
that treatment with TGF-b1 followed by BMP-7 and the
combination of TGF-b1 and BMP-7 have profound effects on
chondrogenic differentiation of synovial explant, similar to
the pellet culture as reported.26,38

The ability to synthesize and secrete SZP was determined
after chondrogenic differentiation of synovial explant. The
ELISA analysis of the media between days 18 to 21 showed
that SZP accumulation was robustly upregulated in the
groups of TGF-b1, TGF-b/BMP-7, and combined treatment
of TGF-b1 and BMP-7. Immunohistochemical analysis also
showed strong SZP staining of the agarose in the groups of
TGF-b1, TGF-b1 followed by BMP-7, and combined treat-
ment of TGF-b1 and BMP-7. These results are consistent with
the findings that TGF-b isoforms robustly stimulate SZP se-
cretion in monolayer culture of synoviocytes or pellet culture
of SMSCs after chondrogenic differentiation, described in
previous studies.7,26 In contrast, immunohistochemical
staining revealed that the retention of SZP in the synovium
in all treated groups was limited compared to that in the
control. This might be because SZP was not retained in the
extracellular matrix, but is mostly secreted into the synovial
fluid.4

This study has also shown the new patterns of order of
addition of growth factors and morphogens in chondrogenic
differentiation; TGF-b1 followed by BMP-7, and BMP-7 fol-
lowed by TGF-b1. Our results demonstrated that the ability
of chondrogenic differentiation and SZP secretion in synovial
explants was significantly stimulated by the treatment with
TGF-b1 followed by BMP-7 compared to BMP-7 followed by
TGF-b1. These findings suggested that in the initial stages of
chondrogenic differentiation, TGF-b1 is indispensable for
chondrogenic differentiation of MSCs in the synovial ex-
plant, which is supported by previous reports that TGF-beta
isoforms regulate chondrogenesis at early stages of chon-
drocyte differentiation.39

It is reported that synovium contains MSCs with high
potential of chondrogenic differentiation and SZP secretion
in 3D culture systems, including micromass culture and
pellet culture, which is thought to be crucial for the chon-
drogenic differentiation of SMSCs.24–26 However, these cul-
ture environments cannot be directly used in most clinical
therapies because of the limitations in their mass size.40 In
addition, there was very little knowledge about the proper-
ties of MSCs in its native environment, despite the emerging
information about MSCs and their use in cell-based strate-
gies. In this study, we utilized the explant culture system,
where the physiologic environment of MSCs would be pre-
served, and demonstrated that synovial explants are useful
for the in vitro culture of MSCs therein to form articular
cartilage with SZP-producing potential. As synovium have
the potential of self-regeneration after removal from

FIG. 4. SZP accumulation in the media after 3-week
chondrogenic differentiation by treatment with TGF-b1
(10 ng/mL) and/or BMP-7 (3000 ng/mL). SZP accumulation
was quantified by ELISA and expressed per milligram of
preculture wet-tissue weight. Values are mean – standard
deviation (n = 8). *p < 0.01 and **p < 0.05 compared to the
control. SZP, superficial zone protein; C, control; T, TGF-b1;
B, BMP-7; T/B, 1-week TGF-b1 followed by 2-week BMP-7;
B/T, 1-week BMP-7 followed by 2-week TGF-b1; T + B,
combination of TGF-b1 and BMP-7.
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joints,41,42 synovium might be an attractive source for the
treatment of a large size of cartilage defect.

A potential limitation of synovial explants is that they are
a mixed population of various cell types and produce large
amount of type I collagen (Col I). The change of Col I amount
was not investigated in this study, Shintani et al. reported
that Col I mRNA expression was not appreciably lowered
even after 6 weeks of culturing in chondrogenic induction.29

Therefore, the hyaline-like qualities of the cartilage, includ-
ing Col I expression must be improved for clinical use. An-
other limitation is that this study does not include the
comparison between the synovial explant and other culture
conditions, including the 3D pellet culture system. Therefore,
further investigation is needed to discuss the superiority of
the synovial explant culture system to other culture systems.

In conclusion, this investigation demonstrated that synovial
explants had the potential to synthesize and secrete SZP after
chondrogenic differentiation in response to TGF-b1 and BMP-
7. Synovial explants represent not only a superb source of
progenitors/stem cells for the regeneration of surface zone of
articular cartilage, but also a useful model system to investi-
gate and gain mechanistic insights into the terminal differen-
tiation into articular cartilage phenotypes, a topic at the crux
of regeneration and tissue engineering of cartilage in OA.
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