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a b s t r a c t

The restoration of damaged articular cartilage is a long-pursued goal in regenerative medicine.
Chondrocyte-specific differentiation of mesenchymal stem cells (MSCs) may be an effective means of
repairing damaged cartilage. We identified small molecule 6 with sulfonamide as an agent that promotes
specific chondrogenic differentiation of human adipose-derived MSCs (hASCs). Unlike other chondro-
genic differentiation media composed of various defined components, simply adding compound 6 into
culture medium was sufficient to induce chondrogenesis in this study. In an animal osteoarthritis model,
both the small molecule 6 and the 6-treated hASCs exhibited enhanced recovery of injured articular car-
tilage. This work provides new insight into MSC differentiation induced by small molecules and potential
new therapeutic approaches for articular cartilage injury.

� 2016 Published by Elsevier Ltd.

Chondrogenesis is a primary process in skeletal development
and is regulated by numerous growth factors and a network of
transcription factors.1,2 Chondrocytes are a major element of artic-
ular cartilage, a simple and dense connective tissue that has the
potential to maintain the cushion between bones and joints.3 Artic-
ular cartilage injuries cause severe pain, the loss of chondrocytes
and their function, and an irreversible debilitation. However, dam-
aged articular cartilage is incapable of self-recovery.4 As temporary
expedients, exercise, non-steroidal anti-inflammatory drugs
(NSAIDs), intra-articular hyaluronic acid injection, and replace-
ment with artificial joints are used for treatment and pain relief.5

For more effective and successful treatment, the fields of regener-
ative medicine and tissue engineering have utilized chondrocytes
and/or mesenchymal stem cells (MSCs).6 To date, strategies using

druggable small molecules in adult stem cell therapies have
focused on identifying molecules for more specific and selective
control of MSC proliferation and differentiation.7 Nevertheless,
only a handful of studies in which small molecules induced potent
and specific chondrogenic differentiation of MSCs have been pub-
lished.8–10 Therefore, the identification of a small molecule that
promotes chondrogenesis is important for the development of a
novel therapeutic agent to treat damaged articular cartilage.
Herein, we report the identification and characterization of a small
molecule containing sulfonamide that promotes direct human adi-
pose-derived MSC (hASC) differentiation into chondrocytes.

In our previous study, we demonstrated that protein kinases
play crucial roles in modulating stem cell fate. In that particular
study, we screened our house protein kinase inhibitor library com-
posed of six major subfamilies, and the results indicated that a pro-
tein kinase A (PKA) inhibitor H-89 (N-[2-(p-bromo-cinnamylamino)
ethyl]-5-isoquinolinesulfonamide�2HCl, Fig. 1) had the potential to
induce chondrogenic differentiation in MSCs.11 In the present
study, we further validated that a chemical compound can be used
to induce chondrogenesis in MSCs.
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In an effort to identify a novel synthetic small molecule with
chondrogenic potential, we designed and synthesized a series of
sulfonamide analogues based on the structure of H-89. The syn-
thetic procedure of sulfonamide analogues involved a simple and
one-step reaction, the coupling of a sulfonyl chloride with a pri-
mary or secondary amine,12–14 and these analogues have two sub-
stituents, R1 and R2. The R1 substituents consisted of quinoline,
naphthyl, biphenyl, 4-tert-butyl, or 4-methylbenzene, and the R2

substituents were composed of benzene, naphthyl, or cyclohexyl
with substituents (Scheme 1 and all synthetic products can be
found in Supplementary data). Generally, sulfonamide compounds
are well kwon for antibiotics,15,16 and then among our synthesized
compounds, some compounds reported that they have potential
medicinal applications including antibacterial,17 antiviral,18 and
antitumor activity.19,20 However, chondrogenic properties of sul-
fonamides remain to be uncovered.

To examine the chondrogenic activity of the synthesized sulfon-
amide analogues, hASCs were cultured in a complete growth med-
iumwith 1 lM or 10 lM of sulfonamide analogues for 11 days. The
expression of aggrecan, a chondrogenesis marker, was determined
by sandwich enzyme-linked immunosorbent assay (ELISA) and
was used to evaluate the chondrogenic potential of analogues.
The aggrecan expression analyses indicated that six analogues
(6–11) increased aggrecan expression approximately 2-fold com-
pared with the control at both concentrations used (1 lM and
10 lM). Other analogues failed to induce the expression of aggre-
can at the lower concentration used (Fig. 2a).

Using sandwich ELISA, a structure–activity relationship (SAR)
analysis was conducted. Quinoline was the most active, whereas
4-methylbenzen was less active than other substituents in R1 (5
vs. 7). Neither having substituent (2-hydroxyethyl) cyclohexyl in
R2 position (23–25), having a long carbon chain between sulfon-
amide and R2 (27–29), nor introducing N-ethyl in sulfonamide
(31 and 32) affected aggrecan expression at 1 lM and 10 lM. In
the case of naphthalenol in R2, the position of hydroxyl influenced
the activity; 4-hydroxy (11) > 5-hydroxy (4) > 7-hydroxy (5) and
hydroxy- and chloro- (15), fluoro- (18) or nitro- (22) substituted
benzene were more active than only hydroxy-substituted benzene
(3) in R2 at 10 lM. This suggested that chondrogenic activity was
more influenced by R1 substituents than R2 substituents. Although
the number of analogues exhibited good aggrecan-inducing ability,
we focused on compound 6 (Fig. 1) because it exhibited the highest
aggrecan expression at 1 lM and was an appropriate chondrogenic
inducer of hASCs based on SAR analysis.

Lineage-specific differentiation of hASCs in the presence of
compound 6 was further confirmed by alcian blue staining. The
intensity of alcian blue staining increased approximately 3-fold
in the hASCs treated with compound 6 for 11 days (Fig. 2b). Addi-
tionally, aggrecan expression was dose-dependently increased
with compound 6 treatment (Fig. 2c). During chondrogenic differ-
entiation by compound 6, we observed a time-dependent increase
of ERK phosphorylation (Fig. 2d). The inhibition of the ERK signal-
ing pathway by a selective MEK inhibitor U0126 suppressed aggre-
can expression even in the presence of compound 6 (Fig. 2c, d).

To evaluate the effects of compound 6-treated hASCs and com-
pound 6 alone in vivo, we used the collagenase type II-induced
chronic joint injury (osteoarthritis; OA) model.21,22 Knee joints
from each group (intra-articular injection of (1) hASCs, (2) hASCs

treated with compound 6 or (3) compound 6 in 50 ll of PBS on
days 7 and 21) were harvested and prepared for sectioning and
immunohistochemical analysis 6 weeks later.

The sections were strained with safranin O/Fast Green for
detecting sulfated glycosaminoglycans (GAGs). The thickness of
articular cartilage significantly decreased in the OA group com-
pared with the normal group (Fig. 3a, b). However, thickness recov-
ered in the group injected with compound 6-treated hASCs as well
as in the group injected with compound 6 alone (Fig. 3d, e). In
addition, the proteoglycan contents were increased in the com-
pound 6-treated hASCs-injected group compared with the OA
and hASCs-injected group (Fig. 3b–d). The compound 6 alone-
injected group exhibited similar recovery effects to that of the
compound 6-treated hASCs-injected group (Fig. 3e). The results
of safranin O/Fast Green staining are also correlated with aggrecan
immunohistochemistry. Compared with normal articular cartilage,
the OA model exhibited low aggrecan expression levels (Fig. 4a, b),
whereas the hASC injection group exhibited slightly increased
levels of aggrecan (Fig. 4c) and treatment with compound 6-
induced chondrogenic-differentiated hASCs dramatically increased
aggrecan expression (Fig. 4d) compared with the OA group. Nota-
bly, the compound 6 injection group also exhibited higher expres-
sion levels of aggrecan (Fig. 4e) relative to the OA group. These
results implied that compound 6 induces naïve chondrocyte prop-
erties in hASCs and raises the possibility that both compound 6-
treated hASCs and compound 6 itself impart protective effects
against the damaged articular cartilage.

Stem cell-based approaches for the treatment of OA have
focused on cellular regenerative properties, including the prolifer-
ation and differentiation of chondrocytes. However, these studies
exhibit some limitations, such as poor cell survival and regenera-
tion potential.23 Furthermore, the major chondrogenic agent TGF-
b can cause nonspecific differentiation and undesired phenotype
changes, such as hypertrophic maturation and osteophyte forma-
tion, which leads to the defunctionalization of joints and is unsuit-
able for cartilage regeneration.24–26 To overcome these limitations,
in the current study, we focused on compound 6 with a sulfon-
amide moiety as a therapeutic reagent that has chondrogenic
activity and confirmed that it restores articular cartilage in an OA
rat model. Although many signaling pathways are related to
chondrogenesis27 and there is controversy regarding whether the
MEK/ERK signaling cascade is necessary for chondrogenic differen-
tiation,28 we confirmed that the chondrogenic differentiation
mechanism of compound 6 is associated with an increase in the
ERK phosphorylation state. Certainly, undifferentiated hASCs
can partially repair cartilage degradation; however, we observed
that chondrogenically differentiated hASCs by compound 6
could be more easily appropriated for cartilage regeneration. Per-
haps the chondrogenically differentiated states of hASCs have
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Figure 1. Structure of H-89 and compound 6.
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Scheme 1. General synthesis of sulfonamide derivatives.
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