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Introduction: Peroxisome proliferatoreactivated receptor (PPAR) subfamily play an important role in
chondrogenesis. Previous study has reported that mixture of GW0742 (PPAR-d agonist), hyaluronic acid
(HA) and mesenchymal stem cells (MSCs) enhance chondrogenesis. The purpose of this study is to
compare with efficacies of commercially available HA and demonstrate correlation of PPAR-g and PPAR-d.
Methods: In this experimental study, MSCs were cultured with chondrogenic media and clinical HA gels
(Euflexxa®, Synvisc®, Orthovisc® and Supartz®) using micormass culture method. Expression of type I, II
collagen and matrix metalloprotease-13 (MMP-13) was measured by immunoblotting. MSCs were
cultured with chondrogenic media and/or HA and/or GW0742 and/or rosiglitazone (PPAR-g agonist) and/
or human osteoarthritis synovial fluid. Immunoblotting was used to measure expression of type II
collagen and PPAR-g. To identify the effective dose for chondrogenesis and adipogenesis, either 0.1, 1, 5 or
10 mM of rosiglitazone was added to MSCs in chondrogenic media or adipogenic media.
Results: Clinical HA gels inhibited expression of type I collagen and enhanced the expression of MMP-13.
Type II collagen expression was significantly elevated in all treatment groups except Supartz®. GW0742
decreased the expression of PPAR-g with/without inflammation condition. Rosiglitazone enhanced
adipogenesis in a dose-dependent manner and enhanced the expression of type II collagen under
inflammation condition. Otherwise, the expression of type II collagen and formation of chondrocyte
spheroids showed a dose-dependent manner with a peak at 1 mM of rosiglitazone.
Conclusions: PPAR-g has a considerable anti-inflammatory effect and a strong pro-adipogenic effect,
which inhibits the chondrogenic effect. PPAR-g is related with PPAR-d and shows a chondrogenic effect at
lower concentrations. And clinical HA gels shows various efficacy of chondrogenesis. This study sug-
gested that PPAR-g and PPAR-d are key regulatory factors of chondrogenesis.
© 2020, The Japanese Society for Regenerative Medicine. Production and hosting by Elsevier B.V. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
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1. Introduction

Osteoarthritis (OA) is a progressive, inflammatory joint dis-
order characterized clinically by pain, stiffness, crepitus and in
severe cases, complete destruction of the joint cartilage. Since
cartilage has a limited ability to self-regenerate, once damaged or
in the process of aging, it undergoes degradation. OA is a major
contributor to disability in the United States, with an expected
dramatic increase over the next 20 years due to an increasingly
aging population [1].
sting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:gene44@pusan.ac.kr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.reth.2020.07.003&domain=pdf
www.sciencedirect.com/science/journal/23523204
http://www.elsevier.com/locate/reth
https://doi.org/10.1016/j.reth.2020.07.003
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.reth.2020.07.003
https://doi.org/10.1016/j.reth.2020.07.003


D.H. Kim et al. / Regenerative Therapy 15 (2020) 103e111104
Functional cartilage consists of type II collagen-producing
chondrocytes embedded within an extracellular matrix (ECM)
composed of collagens (type IV, V, IX and XI) and proteoglycans
comprised of protein core and glycosaminoglycans (GAG) [2]. One
of the important components of articular cartilage is hyaluronic
acid (HA). HA is a non-sulfated GAG that is widely distributed
throughout connective tissues. Upon binding to aggrecans via link
proteins, HA forms large negatively charged aggregates that imbibe
water and mediate the compressive, shear, and tensile resistance of
cartilage [3]. HA enhances proteoglycan synthesis in the equine
model [4]. HA provides pores of optimum size that facilitates the
infiltration and chondrogenesis of mesenchymal stem cells (MSCs)
[5,6]. Therefore, HA is very important for the function of articular
cartilage.

OA was once thought to be a degenerative joint disease
(DJD) but is now regarded as an inflammatory form of arthritis
where inflammatory mediators contribute to the deterioration
of the cartilage matrix. In osteoarthritic joints, inflammatory
cytokines, chemokines and inflammatory mediators increase
the expression of matrix metalloproteases (MMPs) and aggre-
canases in damaged chondrocytes, resulting in increased
secretion of MMPs and aggrecanases that degrade cartilage
ECM [7e10]. HA has a strong anti-OA property demonstrated
by suppressed oxidative stress and inflammation [11,12] and
decreased MMP expression [13]. It is not surprising with the
therapeutic properties and benefits of HA on chondrogenesis.
HA by itself can ameliorate the symptoms of OA [14,15]. There
are several well-known HA types available for clinical appli-
cation. Although the varied clinical response to the different
types of HA is known [16], to our knowledge, a comparative
evaluation of the efficacies of different HA types in the for-
mation of cartilage has not been done. More specifically, their
efficacies for the differentiation of MSCs into chondrocyte, the
key initial process of cartilage regeneration, have yet to be
described.

Peroxisome proliferatoreactivated receptors (PPARs) are
ligand-activated transcription factors and a member of the nu-
clear hormone receptor superfamily. PPARs have three isoforms
(PPAR-a, d/b, g) and play important roles in fat and glucose ho-
meostasis [17]. PPAR-d are almost ubiquitously expressed, and
the function of PPAR-d is related to fat metabolism and apoptosis
[18]. PPAR-g are highly expressed in adipocytes but are also
found in a range of tissues. PPAR-g play an important role in
inflammation, fat metabolism, glucose homeostasis and adipo-
genesis [19]. Recently, various authors reported that PPAR-d and
PPAR-g are related to chondrogenesis. Three isoforms of PPAR
receptors were expressed in growth plate chondrocytes [20].
PPAR-g knockout mice exhibited abnormal cartilage growth and
development [21] and showed accelerated spontaneous osteo-
arthritis phenotype [22]. However, the function of the PPAR
subfamily in chondrogenesis remains unclear. A previous study
focused on PPAR-d and reported that PPAR-d selective agonist
(GW0742) showed a strong chondrogenic effect and great syn-
ergic effect with HA [23]. Therefore, this study examined the
chondrogenic effect of PPAR-g in vitro. The anti-inflammatory
effect [19] and pro-adipogenic effect of PPAR-g have already
been reported [24]. The chondrogenic effect of PPAR-d and HA
have also reported [23]. This study shows a comparison between
these properties of PPAR-g and PPAR-d.

This study clearly demonstrates that there are different effi-
cacies among commercially available HA types in the generation
of Type II collagen, a marker of functional hyaline cartilage.
These data also demonstrated the chondrogenic effect and adi-
pogenic effect of PPAR-g with or without inflammation condi-
tion and its correlation with PPAR-d.
2. Methods

2.1. Isolation of bone marrow derived MSCs

In this experimental study, frozen human bone marrow mono-
nuclear cells were used for isolation (AllCells, Alameda, CA, USA)
[25]. Cells were resuspended in a-minimum essential medium (a-
MEM) supplemented with 20% fetal bovine serum (FBS) and 1%
antibiotic-antimycotic solution (Invitrogen, Grand Island, NY, USA).
Mononuclear cells were plated at a density of 1e5� 106 cells per 75
cm2

flask and cultured at 37 �C in a 5% CO2 incubator. After 48 h, the
medium over the MSCs were replaced with fresh medium every
3e4 days for 15 days. The initial density of plated cells was
1� 106 cells/75 cm2

flask and cells were cultured until they reached
70e80% confluence.

2.2. Chondrogenesis with HA micromass culture

Chondrogenic differentiation was performed by three-
dimensional and high-density micromass culturing. MSCs were
subcultured 2e3 times and plated in a 75 cm2

flask, followed by
culturing in a-MEMwith 20% FBS for 1 day at 37 �C with and initial
density of 1.5 � 106 cells/cm2. On the following day, MSCs were
harvested from the 75 cm2

flask, and 80,000 cells were re-plated at
a density of 1.6 � 107 cells/ml in preloaded 70 mL HA gels
(Euflexxa®, 1% sodium hyaluronate; Ferring Pharmaceuticals Inc.,
Parsippany, NJ, USA) on a 96-well plate or 0.1 mg/mL HA on a 24-
well tissue culture plate and incubated in chondrogenesis me-
dium (STEMPRO® Chondrogenesis Differentiation Kit, Gibco-Life
Technology, Grand Island, NY, USA) for 2 h at 37 �C in a 5% CO2
incubator. Clinical HA gels including Euflexxa® (Ferring Pharma-
ceuticals Inc., Parsippany, NJ, USA), Synvisc® (Genzyme Biosurgery,
Ridgefield, NJ, USA), Orthovisc® (Anika Therapeutics, Inc., Bedford,
MA, USA), or Supartz® (Seikagaku Co., Tokyo, Japan) were used for
three-dimensional (3-D) culture. After 2 h, the medium over the
cells mass was replaced with fresh chondrogenesis medium every
2e3 days and incubated for 15 days. A control group of human bone
marrow (hBM) derived MSCs was incubated without chondrogenic
medium.

2.3. Chondrogenesis with PPAR-g/-d agonist

A group of hBM-MSCs (0.3 � 106 cells) were incubated in
chondrogenic medium with GW0742 for 14 days, while a control
group was incubated without chondrogenic medium. In order to
compare the inflammation situation, human osteoarthritis (OA)
synovial fluid was used. In order to compare the correlation of
PPAR-g and type II collagen under inflammation conditions,
another group of hBM-MSCs was incubated in chondrogenic me-
dium with/without 1 mM GW0742 and with/without HA (70 mL
Euflexxa®) in 50% human OA synovial fluid for 14 days. Euflexxa®
was used as a representative merchandized hyaluronic acid
because of chondrogenic ability and cost-effectiveness [23]. The
mixture of GW0742, HA and MSCs is named by Chondrogenic Hy-
aluronic AcideMesenchymal Stem CellsePPAR-d agonist (CHAMP).
On the 14th day, chondrocytes were processed for immunoblotting
using antibodies to type II collagen, PPAR-g and b-actin. The
expression of type II collagen, PPAR-g and b-actin was measured to
examine the efficacy of chondrogenesis and the correlation be-
tween PPAR-d and PPAR-g.

In order to compare chondrogenic ability of PPAR-g and
PPAR-d agonist under inflammation conditions, various combina-
tions were used for experiments. hBM-MSCs (0.3 � 106 cells) was
incubated in chondrogenic medium with 50% human OA synovial
fluid (control) for 14 days. Either 1 mM GW0742 or 1 mM
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rosiglitazone (Sigma-Aldrich) was added in this mixture to
compare chondrogenic capacity of PPAR-g and PPAR-d agonist.
Three groups (control, rosiglitazone, GW0742) with/without 70 mL
Euflexxa® were used to identify and compare synergic effect with/
without HA. The expression of type II collagen and b-actin was
measured by immunoblotting.

The expression of type II collagen and transforming growth
factor-beta (TGF-b) and formation of chondrocyte spheroids were
measured to identify the effective dose of rosiglitazone for chon-
drogenesis. hBM-MSCs were incubated with rosiglitazone (0.1, 1, 5
or 10 mM), HA (70 mL Euflexxa®) and chondrogenic medium for 14
days. The expression of type II collagen, TGF-b and b-actin were
measured by immunoblotting. To measure formation of chon-
drocyte spheroid formation, either 0.1, 1, 5 or 10 mM rosiglitazone
was added to hBM-MSC with HA (70 mL Euflexxa®) and chon-
drogenic medium. Quantification of chondrocyte spheroids was
performed three times (on the 7th, 10th and 14th days).

2.4. Quantification of chondrocyte spheres

In order to compare the size and number of chondrocyte
spheroids, Alcian blue was used. First, chondrocyte pellets in each
well were washed with phosphate-buffered saline (PBS, Sigma-
Aldrich, St. Louis, MO, USA). The washed pellets were fixed with
4% formaldehyde in PBS for 30 min and stained with 1% Alcian Blue
in 0.1 N HCl (Sigma-Aldrich, St. Louis, MO, USA) for 10 min. Cell
pellets were washed three times with 0.1 N HCl for pH neutrali-
zation and then washed with distilled water. The images of stained
cell pellets were taken using a light microscope. The number and
size of chondrocyte sphere were quantified using ‘Metamorph’
software (Molecular Devices, Inc., Downingtown, PA, USA).

2.5. Examination of the expression of proteins chondrocytes

Chondrocyte pellets were dissolved in citrate-EDTA buffer (55
mM/5 mM; pH 6.8) for 10 min at 37 �C and centrifuged at 10 K rpm
for 15 s. Then, the cell pellet was washed five times with PBS and
resuspended in 200 mL of SDS-NuPAGE buffer for NuPAGE gel
(Invitrogen, Grand Island, NY, USA) running. Immunoblotting was
performed using monoclonal antibodies against Type I collagen,
Type II collagen (1:1000 dilution; EMD Millipore, Billerica, MA,
USA), MMP-13 (Abcam, Cambridge, MA, USA) TGF-b (1:1000 mg/
mL; Santa Cruz Biotechnology, Inc., Dallas, TX, USA) and PPAR-g
(Abcam, Cambridge, MA, USA). The loading control, b-actin, will be
detected using anti-b-actin antibody (1:10,000 dilution; Abcam,
Cambridge, MA, USA). Secondary antibodies tagged horseradish
peroxidase (HRP) (rabbit for TGF-b 1:20,000 dilution andmouse for
type II collagen and b-actin, 1:5000 dilution) was used. Proteins
separated in the gel and the gel were transferred to nitrocellulose
membrane (GE Healthcare Life Sciences, Pittsburgh, PA, USA) using
TE77XP semidry blotter with 10 V for 3 h (Hoefer, Inc., Holliston,
MA, USA). Protein band signals on blots were detected on Amer-
sham Hyperfilm which was enhanced chemiluminescence (GE
Healthcare Life Sciences, Pittsburgh, PA, USA) using SuperSignal
West Pico Chemiluminescent Substrate kit (Thermo Fisher Scien-
tific, Rockford, IL, USA).

2.6. Adipogenesis

In order to identifying the effect of PPAR-g on adipogenesis and
the effective dose of rosiglitazone for adipogenesis, either 0.1, 1, 5 or
10 mM rosiglitazonewas added to hBM-MSC in adipogenic medium.
MSCs (passages 2e3) were plated in a 75 cm2

flask at a density of
1.5� 106 cells/cm2 and cultured in a-MEMwith 20% FBS for 1 day at
37 �C. On the next day, MSCs were harvested from the 75 cm2

flask
and 80,000 cells were re-plated at a density of 1.6 � 107 cells/ml on
a 24-well tissue culture plate and incubated in adipogenic medium
for 2 h at 37 �C in a 5% CO2 incubator. The adipogenic medium
consisted of complete culture medium supplemented with DMEM-
high glucose, 10% FBS, 10 mg/mL insulin, 0.5 mM dexamethasone
(SigmaeAldrich, St. Louis, MO), 0.5 mM isobutylmethylxanthine
(SigmaeAldrich, St. Louis, MO) and 0.1 mM indomethacin (Sigma-
eAldrich, St. Louis, MO). In order to identify the effective dose of
rosiglitazone for adipogenesis, 0.1, 1, 5 or 10 mM rosiglitazone was
added to hBM-MSCs in adipogenic media.

On the 14th day, adipogenic differentiation medium was
removed and the cells were washed with Dulbecco's modified
phosphate-buffered saline (DPBS) without Caþþ and Mgþþ
(Thermo Fisher Scientific) and fixed for 30 min with a 4% formal-
dehyde solution (Sigma-Aldrich). DPBS washing was performed
two times, and the cells were stained for 30 min with Oil Red O
solution (Sigma-Aldrich). After the staining, DPBS washing was
performed two more times. Adipocytes were quantified by optical
density (OD), which was measured at wavelength of 405 nm.
2.7. Statistical analyses

The Fisher method of analysis of multiple comparisons
(P < 0.05) was used to determine statistical significance between
experimental group. For comparison between treatment groups, a
single-factor analysis of variance (ANOVA) for multiple groups or
the unpaired t-test for two groups was used. Differences between
experimental groups were evaluated with ANOVA with Bonferroni
corrections. Statistical significance was set at p < 0.05.
3. Results

3.1. Comparison of chondrogenesis efficacy between various HA gels

Wemeasured the spheroid formation at day 5,10 and 15 on both
the control and the MSCs treated with 0.1 mg/mL HA mixed with
chondrogenic media. This demonstrated increased formation of
spheroid (Suppl. 1 A). On the 15th day, there was an increased
number of spheroids formed compared to the control (Suppl. 1 B).

We examined whether or not cultivation of hMSCs on different
types of hyaluronan gels enhanced chondrogenesis to different
extents. hMSCs were seeded either on matrigel-coated wells
(control) or on 60 mL of hyaluronan gel (Euflexxa®, Orthovisc®,
Supartz®, or Synvisc®) in the wells of 96-well plates and incubated
in chondrogenic medium for 15 days. The images of chondrocytes
and chondrocyte spheroids on different types of hyaluronic acids
were taken using a light microscope (Suppl. 2 A). On the 15th day of
chondrogenesis, spheroids on Euflexxa® appeared to be more
compacted and surrounded by denser GAGs compared to those on
Orthovisc® and Supartz®. Compared to spheroids formed on HA
gels, those formed on the culture plate without HA gel were
shrunken and GAGs formation was reduced. Then, in order to
quantify the extents of chondrogenesis, we measured the size of
spheroids that were formed on the control and on the various HA
gels after 15 days. Euflexxa® showed the highest efficacy in the
formation of large chondrocyte spheroids compared to the other
HA gels and the control. Synvisc® showed the second highest ef-
ficacy in the formation of large chondrocytes (Suppl. 2 B).

Protein expression analysis of untreated cultures and cultures
treated with HA gel cultures were performed using Western blot
analysis. Results show that Type I collagen expression was only
evident in MSCs (Fig. 1a and b). Type II collagen expression was
significantly elevated in all treatment groups except Supartz®,
when compared to the control (Fig. 1a and c). Given that MMP-13



Fig. 1. Comparison of chondrogenesis efficacy between various HA gels. Chondrocytes differentiated 80,000 cells of hMSCs were seeded either on matrigel-coated wells on 60 mL
of hyaluronan gel (Euflexxa®, Orthovisc®, Supartz® and Synvisc®) or without HA (control) in the wells of 96-well plates and incubated in chondrogenic medium for 15 days. (a) The
expression of Type I collagen, Type II collagen and MMP-13 was measured by immunoblot analysis. (b) The expression of Type I collagen was only shown in MSC group. (c) Type II
collagen expression was significantly elevated in all treatment groups except Supartz®. There was no statistical difference among Euflexxa®, Orthovisc® and Supartz®, (a, b, g
P > 0.05) (d) MMP-13 expression was highly elevated in all HA treatment groups.
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induces cartilage degradation, MMP-13 expression was highly
elevated in all treatment groups (Fig. 1a and d).
3.2. Treatment with PPAR-d agonist inhibits the expression of PPAR-
g

Given that the PPAR-d agonist is a good chondrogenesis
enhancer, we examined the correlation between PPAR-d and
PPAR-g. PPAR-d agonist (GW0742) was administered every second
day for 14 days. Immunoblotting was performed using the anti-
bodies to type II collagen, PPAR-g and b-actin (loading control).
GW0742 increased the expression of type II collagen, while inhib-
iting the expression of PPAR-g (Fig. 2a).

We examined whether the relationship between PPAR-d and
PPAR-g was maintained under inflammation condition. We incu-
bated hBM-MSCs (0.3� 106 cells) on plus/minus 70 mL Euflexxa for
2 h. When cells were aggregated, we added plus/minus 1 mM
GW0742 to chondrogenic medium with 50% human OA synovial
fluid and incubated the combinations for 14 days. Addition of
either GW0742 or HA gel to hBM-MSCs did not increase the
expression of type II collagen and significantly decreased the
expression of PPAR-g under inflammation condition. Human OA
synovial fluid contains significantly higher concentration of pro-
inflammatory cytokine such as IL-6, TNF-a, IL-1b than healthy
synovial fluid (Suppl. 3). In contrast, the complete combination of
hBM-MSCs, GW0742, and HA gel (CHAMP) significantly increased
the protein expression of type II collagen and inhibited the
expression of PPAR-g within human OA synovial fluid. When the
expression of PPAR-g decreases, the expression of type II collagen
shows an increasing trend under the PPAR-d treatment condition
(Fig. 2b).

In order to compare the chondrogenic effect of PPAR-g with
that of the PPAR-d agonist under inflammation conditions, we
incubated hBM-MSCs (0.3 � 106 cells) on plus/minus 70 mL
Euflexxa® for 2 h. When cells were aggregated, we added plus/
minus 1 mM GW0742 or 1 mM rosiglitazone to chondrogenic
medium with 50% human OA synovial fluid and incubated the
combinations for 14 days. Then, we examined the extent of
chondrogenesis by quantifying the expression levels of type II
collagen, given that the PPAR-d agonist with HA and MSCs
(CHAMP) is a strong inducer of chondrogenesis. Rosiglitazone
with HA significantly enhanced the production of type II
collagen (Fig. 3). There are several studies that show that
collagen induced arthritis was improved by rosiglitazone treat-
ment in mice [26]. However, the type II collagen expression
capacity of rosiglitazone has not yet been reported. It is novel
data which shows the synergism effect of HA and rosiglitazone
and the chondrogenic effect of rosiglitazone.
3.3. Treatment with a PPAR-g agonist increases chondrogenesis at
proper concertation

We examined whether a PPAR-g agonist can function as a
chondrogenic agent for MSCs. First, we examined the extent to
which incubation of hBM-MSCs with rosiglitazone, a PPAR-g
agonist, increases TGF-b and type II collagen production. We



Fig. 2. Treatment with PPAR-d agonist inhibits the expression of PPAR-g. (a) MSCs were cultured with chondrogenic media and PPAR-d agonist (GW0742) was administered
every other day for 14 days. GW0742 increased the expression of type II collagen, while inhibiting the expression of PPAR-g. *P < 0.05 versus control. **P < 0.05 versus control (b)
MSCs were cultured plus/minus 1 mM GW0742 to chondrogenic medium with 50% human OA synovial fluid for 14 days. The complete combination of hBM-MSCs, GW0742, and HA
gel (CHAMP) significantly increased the protein expression of type II collagen and inhibited the expression of PPAR-g within human OA synovial fluid. aP < 0.05 versus control. bP <
0.05 versus control. yP < 0.001 versus control. zP < 0.05 versus control.

Fig. 3. Synergistic effect of PPAR-g agonist (rosiglitazone) and HA. MSCs were
cultured plus/minus 70 mL Euflexxa® for 2 h, plus/minus 1 mM GW0742, plus/minus
1 mM rosiglitazone to chondrogenic medium with 50% human OA synovial fluid
for 14 days. The expression of type II collagenwere significantly enhanced in treatment
of PPAR-~a agonist (Rosiglitazone) and HA. *P < 0.001 versus control. yP < 0.05
versus control. zP < 0.05 versus control. **P < 0.05 versus control. ***P < 0.05 versus
control.
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treated hBM-MSCs in HA gel (Euflexxa®) every second day with 0,
0.1, 1, 5, or 10 mM of rosiglitazone in chondrogenic media for 14
days. Then, chondrocytes were processed for immunoblotting
using the antibodies to type II collagen and TGF-b (b-actin: loading
control). Rosiglitazone increased the protein level of TGF-b in a
dose-dependent manner with a peak at 1 mM (Fig. 4). We then
examined whether rosiglitazone enhances the expression of type II
collagen as it did for TGF-b. Rosiglitazone indeed increased the
protein level of type II collagen in a dose-dependent manner with a
peak at 1 mM (Fig. 4). These results suggest that the PPAR-g agonist,
rosiglitazone, is a strong inducer of TGF-b and type II collagen.

We examined the effect of rosiglitazone on the production of
chondrocyte spheroids by Alcian blue staining (Fig. 5). Because of
HA gel is also stained by Alcian blue, HA gel was not used in this
experiment. hBM-MSCs on plastic walls in chondrogenic me-
diumwere treated with 0, 0.1, 1, 5, or 10 mMof rosiglitazone for 14
days. hBM-MSCs with 0.1 mM rosiglitazone generated signifi-
cantly more chondrocyte spheroids than the control group
(without rosiglitazone). However, treatment with more than
1 mM of rosiglitazone inhibited the production of chondrocyte
spheroids.
3.4. Treatment with a PPAR-g agonist enhances the production of
adipocytes

In order to determine the effect of rosiglitazone on adipo-
genesis, hBM-MSCs on plastic walls in adipogenic medium were
treated with 0, 0.1, 1, 5, or 10 mM of rosiglitazone for 14 days.
Without rosiglitazone, only a small number of adipocytes were
generated, but with rosiglitazone, the production of adipocytes
increased in a dose-dependent manner with a peak at 10 mM
(Fig. 6). This data shows clearly that rosiglitazone exerts a strong



Fig. 4. Chondrogenic effect according to concentration of rosiglitazone. hBM-MSCs in HA gel were cultured with 0, 0.1, 1, 5, or 10 mM of rosiglitazone in chondrogenic
media for 14 days. The protein level of TGF-b and type II collagen also increased in a dose-dependent manner with a peak at 1 mM. *P < 0.05 versus control. yP < 0.05 versus
control.
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adipogenic effect by enhancing the formation of functional
adipocytes.
4. Discussion

There are various differences between the HA gels available
(Table 1, from package insert). The difference between the HA gels
was felt to influence the differentiation of the MSCs into Type II
collagen-producing chondrocyte, and this influence was investi-
gated. Type II collagen was expressed and enhanced with all HA
gels tested except Supartz® in day 14. Type II collagen expression,
which is expected as a marker of active, functional chondrocytes,
has been noted previously in day 14 [27]. The lack of expression
with Supartz® is theorized to be secondary to the lower molecular
weight (Table 1) which allowed cells to settle into the gel imme-
diately upon application. The cells settling into the gel did not allow
for support from the chondrogenic media for the functional
maturation of the spheroid. Other possibilities include the combi-
nation of the lower concentration of HA and the structure.

Traditionally, cell culture of the chondrocyte has been per-
formed using the spin down method [28]. Unfortunately, this
represents a two-dimensional culture and does not result in the
appropriate environment for spheroid formation. Therefore, a
cell mass culture using HA gels was developed by our authors.
Type I collagen was only expressed in MSCs (Fig. 1a and b). This is
to be expected as Type I collagen does not express itself in the
early stages of chondrogenesis [29].

MMPe13 is traditionally thought to be a degradative enzyme to
cartilage [30]. However, it was highly expressed at day 14 in our
study. This is in accord with the observation of Salinas et al. who
clearly demonstrated increased MMPe13 expression by hMSCs be-
tween day 7 and 14 [31]. MMPe13 expression is theorized to have
increased expression in HA gel samples secondary to the increased
spheroid formation in both number and size (See Suppl. 2).

Our study demonstrated a close relation between PPAR-g and
PPAR-d. PPAR-d agonist (GW0742) decreases the expression of
PPAR-g and enhanced the expression of type II collagen. In
inflammation circumstances, the property of PPAR-d agonist
which inhibit PPAR-g expression was maintained. The negative
correlation of PPAR-g and type II collagen was also shown. Robert
et al. reported the contrasting roles of PPAR-g and PPAR-d in
regulating metabolism in white adipose tissue [32]. This data
suggested that PPAR-d inhibits the expression of PPAR-g in
chondrogenesis. The importance of PPAR-g on chondrogenesis has
been well reported. Shao et al. reported the presence of PPAR
isoforms in growth plate cartilage [20]. PPAR-g knockout mice
exhibited spontaneous osteoarthritis [22]. Deletion of PPAR-g
caused abnormal endochondral ossification and impairment of
cartilage growth [21]. These studies show that PPAR-g is an
important regulatory factor for osteogenesis and chondrogenesis.
However, PPAR-g has a stronger pro-adipogenic effect than it does
a chondrogenic effect. This property makes PPAR-g an improper
candidate for chondrogenic enhancement.

Osteoarthritis synovial fluid activates the inflammation
cascade, and inflammation conditions inhibit chondrogenesis
[33]. When comparing the expression of type II collagen with
synovial fluid (Fig. 3: chondrogenic media þ 50% synovial fluid þ
1 mM rosiglitazone) and without synovial fluid (Fig. 4:



Fig. 5. The production of chondrocyte according to concentration of rosiglitazone. The production of chondrocyte was quantified by number of spheroids stained by Alcian
blue. hBM-MSCs on 96 well plate in chondrogenic medium were treated with 0, 0.1, 1, 5, or 10 mM of rosiglitazone for 14 days. hBM-MSCs with 0.1 mM rosiglitazone generated
significantly more chondrocyte spheroids than the control group (without rosiglitazone). More than 1 mM of rosiglitazone was reduced the production of chondrocyte spheroids,
compared to the results of the control group. zP < 0.05 versus control. *P < 0.05 versus control.

Fig. 6. Adipogenic effect of PPAR-d. hBM-MSCs in adipogenic mediumwere treated with 0, 0.1, 1, 5, or 10 mM of rosiglitazone for 14 days. The lipid droplets of adipocytes increased
in a dose-dependent manner with a peak at 10 mM. *P < 0.05 versus control. yP < 0.001 versus control. zP < 0.001 versus control. **P < 0.05 versus control.

D.H. Kim et al. / Regenerative Therapy 15 (2020) 103e111 109
chondrogenic media þ 1 mM rosiglitazone), there is no significant
change in the expression of type II collagen. It was shown that the
chondrogenic effect of rosiglitazone was not affected by
inflammation circumstance. The anti-inflammatory effect of
PPAR-g agonists including rosiglitazone has been reported [19].
This study suggests a considerable anti-inflammatory effect of



Table 1
Differences between the hyaluronic acid gels.

Euflexaa® Synvisc® Orthovisc® Supartz®

Distributor
(Manufacturer)

Ferring Pharmaceutical Inc.
(Bio-Technology Group)

Sanofi-aventis U.S. LLC
(Sanofi)

DePuy Mitek, Inc.
(Anika Therapeutics Inc.)

Bioventus LLC
(Seikagaku Co.)

HA source Bacterial cells Avian (Rooster combs) Bacterial cells Avian (Rooster combs)
Molecular Weight (dalton) 2.4e3.6 M 6 M (Average) 1.0e2.9 M 0.62e1.17 M
HA Concentration 1% sodium Hyaluronate 0.8% sodium Hyaluronate 1.5% sodium Hyaluronate 1% sodium Hyaluronate
HA Structure Single-chain Cross-linked Single-chain Single-chain
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PPAR-g agonists. PPAR-g/d agonist shows synergistic effect with
HA (Fig. 3). Synergistic effect of PPAR-d agonist and HA was
already report [23] but, synergistic effect of PPAR-g and HA have
not been reported yet. This novel data was observed in expression
of type II collagen and similar synergistic effect was shown be-
tween PPAR-d and HA.

Rosiglitazone (PPAR-g agonist) enhances the expression of type
II collagen and TGF-b. However, rosiglitazone at a concentration of
greater than 5 mM decreases the enhancement effect of type II
collagen and TGF-b expression. The expression of PPAR-g has a
negative correlation with the expression of type II collagen under
PPAR-d treatment (Fig. 2). These results suggest that a PPAR-g
agonist is not a good chondrogenesis enhancer. It shows different
concentration of rosiglitazone to maximize the efficacy of chon-
drogenesis between formation of chondrocyte spheroid and the
expression of type II collagen. Formation of chondrocyte spheroid
and the expression of type II collagen present different properties of
chondrogenesis. This hypothesis may explains the reason why
those two are different in proper concentration. PPAR-d agonist
inhibits the expression of PPAR-g. This property of PPAR-d main-
tains a lower expression of PPAR-g, and a PPAR-g agonist shows a
chondrogenic effect at lower concentrations. Our previous study
reported that a PPAR-d agonist has a significant chondrogenic effect
[23]. PPAR-g regulated by PPAR-d gives a clue to the mechanism of
chondrogenesis. Additional research such as analysis of siRNA and
administration of PPAR-g/d agonist is necessary.

PPAR-g agonist stimulates adipogenesis and inhibits osteo-
genesis [24]. This pro-adipogenic effect was enhanced with
increasing concentrations of PPAR-g agonist (Fig. 6). A PPAR-g
agonist inhibits chondrogenesis of MSCs under GW0742 treatment
conditions. The anti-chondrogenic effect was enhanced as the
PPAR-g agonist concentration increased. The number of chon-
drocyte spheroids shows a similar trend to the expression of TGF-b.
TGF-b plays an important role in chondrogenesis [23]. This result
support hypothesis that PPAR regulates chondrogenesis through
TGF-b. The influence of PPAR-g agonists on chondrocyte and
adipocyte spheroid formation in vitro has not been reported. Our
study shows the anti-chondrogenic effect and pro-adipogenic ef-
fect of PPAR-g agonist in vitro.

In limitation, whether synergistic effects are affected by
inflammation circumstance were not identified. The synergistic
effect of HA and PPAR-d in the expression of type II collagen was
reported [25]. Some author demonstrated that the function of
PPAR-d agonist is affected by inflammation circumstance [23]. It is a
remarkably interesting question whether synergistic effect is
influenced by inflammation circumstance. Further studies are
required to investigate the synergistic effect of PPAR-d.
5. Conclusions

In conclusion, HA gel in 3-D culture facilitates the proliferation
and differentiation of hMSCs into Type II chondrocytes. Differences
in the clinically available HA gels, such as in their source, molecular
weight, concentration and structure, may be responsible for the
functional changes of hMSC differentiation in this 3-D culture
system. Furthermore, various properties of PPAR-g in chondro-
genesis were revealed. PPAR-g has a considerable anti-
inflammatory effect and a strong pro-adipogenic effect, which in-
hibits the chondrogenic effect. PPAR-g is regulated by PPAR-d and
shows a chondrogenic effect at lower concentrations. This study
suggested that PPAR-g and PPAR-d are key regulatory factors of
chondrogenesis.
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