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TAK-778, a novel synthetic 3-benzothiepin deriva-
ive, stimulates the formation of cartilaginous nodules
n mouse chondroprogenitor-like ATDC5 cells in vitro
n association with upregulation of the gene expres-
ion of transforming growth factor-b2, but not bone
orphogenetic protein-4 and insulin-like growth

actor-I. One-shot injection of the TAK-778-containing
ustained-release microcapsules accelerated the re-
air process of the full thickness defects of articular
artilage in rabbit knees. Our in vitro and in vivo re-
ults indicate that TAK-778 may be a therapeutically
seful synthetic agent for articular cartilage repair.
1999 Academic Press

Many patients with arthrosis may benefit from suc-
essful joint resurfacing. However, articular cartilage
s notorious for the limited capability to repair itself.
revious attempts toward joint resurfacing have
ained some favorable results as well as drawbacks:
njection into the joint cavity of growth/differentiation
actors such as fibroblast growth factor (FGF)-2 and
one morphogenetic protein (BMP)-2 resulted only in
istological improvement of the regenerated articular
urface [1, 2] while these affected the surrounding nor-
al articular cartilage and lead to the chondrophyte

ormation. Transplantation of autologous chondrocytes
as recently been applied clinically [3]. Although good
esults have been obtained at least in a short-term
eriod, surgical intervention is prerequisite to this
ethod. We thought that the synthesis of a new agent,
hich selectively acts on cartilage lesions without an
ffect on normal articular cartilage upon local admin-

1 The first two authors equally contributed to the work.
2 To whom correspondence should be addressed at Department of
rthopaedic Surgery, Graduate School of Medicine, Kyoto Univer-

ity, Sakyo, Kyoto 606-8507, Japan. Fax: 81 75 751 8409. E-mail:
kiy@kuhp.kyoto-u.ac.jp.
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stration, will prove useful as a therapeutic agent for
oint resurfacing.

We previously reported that ipriflavone (7-isopro-
oxyisoflavone) enhanced bone-like tissue formation in
itro due to stimulation of differentiation of rat bone
arrow stromal cells [4]. This finding led us to search

or compounds with more potent effects on cellular
ifferentiation of mesenchymal cells, especially chon-
roprogenitors. In this study, we evaluated the effects
f TAK-778, a novel 3-benzothiepin derivative [5], on
hondrogenesis during a process of the articular carti-
age repair in vitro and in vivo.

ATERIALS AND METHODS

Materials. In a search for therapeutic agents, we found that
-benzothiopyran-1-carboxamide derivatives, derived from ipriflavone
s a lead compound, increased cellular alkaline phosphatase activity in
ultures of rat bone marrow stromal cells. Further modification has
ed to the more potent 3-benzothiepin-2-carboxamide derivatives. Of
hese, TAK-778, (2R,4S)-(2)-N-[4-(Diethoxyphosphorylmethyl)phenyl]-
,2,4,5-tetrahydro-4-methyl-7,8-methylenedioxy-5-oxo-3-benzothiepin-
-carboxamide, was selected for further investigation as a new drug
timulating chondrogenesis [5].

Cells and culture conditions. ATDC5 cells were cultured as pre-
iously described [6]. In the present study we plated ATDC5 cells in
log growth phase in 24- or 6-multiwell plastic plates (Corning, New
ork, NY, U.S.A.) at an initial cell density of 4 3 104 or 8 3 104

ells/well respectively and cultured these cells with DMEM/Ham’s
12 hybrid medium (Flow Laboratories, Irvine, U.K.) containing 5%

vol/vol) FBS (GIBCO BRL, Gaithersburg, MD), 10 mg/ml human
ransferrin (Boehringer Mannheim GmbH, Mannheim, Germany),
3 1028 M sodium selenite (Sigma Chemical Co., St. Louis, MO) and
0 mg/ml bovine insulin (Wako Pure Chemical, Osaka, Japan) (the
ifferentiation medium) in a 5% CO2/95% air atmosphere. Under
hese conditions, undifferentiated ATDC5 cells reached confluence
n day 5, cellular condensation occurred on day 7 and cartilaginous
odule formation occurred on day 9 [6].

Measurement of cartilage-specific proteoglycan. ATDC5 cells were
lated in 24-multiwell plastic plates and cultured in the differenti-
tion medium. After 2 days, the medium was replaced with fresh
edium containing TAK-778 (1027, 1026 and 1025 M, each) or vehicle

nd the culture was continued for further 10 days with medium
0006-291X/99 $30.00
Copyright © 1999 by Academic Press
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hange every other day. Cartilaginous nodule formation was as-
essed under a phase-contrast microscope on days 12. After a total of
2 day incubation, cells were rinsed twice with ice-cold PBS (2), fixed
ith methanol (2 minutes, 220°C), rinsed once with distilled water,
nd then stained overnight at room temperature with 0.1% Alcian
lue (Alcian Blue 8 GX, Sigma Chemical Co., St. Louis, MO) in 0.1 N
Cl. Cells were rinsed three times with distilled water, and the
mount of cell-associated dye was measured at 620 nm after extrac-
ion with 6 M guanidine-HCl (400 ml/well) [7]. Statistical significance
as assessed by one-way analysis of variance and unpaired Stu-
ent’s t-test.

FIG. 1. Effects of TAK-778 on the cartilaginous nodule formati
TDC5 cells were plated as described under Materials and Methods
, each) and its vehicle (day 2–12). Cells were then assessed for car

tained with Alcian Blue (B). Alcian Blue-stainable proteoglycan cont
m. Data are the mean 6 SD of five wells, and are representative of
orresponding control groups at p , 0.001.
132
RNA extraction and northern analysis. ATDC5 cells were plated
n 6-multiwell plastic plates and cultured for the indicated time
eriods and cells were exposed to the different doses of TAK-778 or
heir vehicle. Total RNA (20 mg) was denatured, separated by 1%
garose gel electrophoresis, and transferred on Nytran membranes
Schleicher & Schuell, Dassel, Germany) [6, 7]. The following cDNA
ragments were used as hybridization probes: a 0.33 kb cDNA frag-
ent for TGF-b2 cDNA, and a 0.6 kb cDNA fragment for BMP-4

DNA. After hybridization, the membranes were exposed at 280°C
o X-Omat films (Kodak, Rochester, NY) with Cronex lightening plus
ntensifying screens (DuPont, Boston, MA).

and Alcian Blue-stainable proteoglycan content. Undifferentiated
d cultured for a total of 12 days with TAK-778 (1027, 1026 and 1025

ginous nodule formation under a phase-contrast microscope (A), or
(C) was determined. Original magnification, 3100. Bar denotes 100

ee similar experiments. *Statistically significant difference from the
on,
an

tila
ent
thr
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RT-PCR. The RT-PCR was performed as described previously
6]. Briefly, first-strand cDNA was synthesized using SuperScript II
Nase H- reverse transcriptase (GIBCO BRL, Gaithersburg, MD)
ith total RNA extracted from ATDC5 cells. The oligonucleotide
rimers for PCR amplification of IGF-I as follows; 59-GGACCA-
AGACCCTTTGCGGGG-39 (sense primer) and 59-GGCTGCTTTTG-
AGGCTTCAGTGG-39 (antisense primer). The PCR conditions were
4°C for 30 seconds, 58°C for 30 seconds, 72°C for 30 seconds for 32
ycles, and final extension at 72°C for 5 minutes. The primers were
pecific for mouse glyceraldehyde 3-phosphate dehydrogenase
G3PDH) gene (Clontech, Palo Alto, CA) used as a positive control for
DNA amplification. Aliquots (8 ml) of each PCR products were
esolved on 3% NuSieve 3:1 agarose gels (FMC Bioproducts, Rock-
and, Maine) alongside the markers. The amplified products were
tained with ethidium bromide. The amplified PCR products were
ubcloned into pCRII (Invitrogen, San Diego, CA), and the nucleotide
equences of all cDNA fragments were verified by an ALF Express
equencer (Amersham-Pharmacia, Uppsala, Sweden).

Preparation of TAK-778-containing sustained-release microcap-
ules. In this study we used TAK-778-containing sustained-re-
ease microcapsules consisted of a biodegradable polymer, copoly
Dl-lactic/glycolic acid) (PLGA). PLGA with a copolymer ratio 85/15
ol/mol and an average molecular weight 15,000 (Wako, Osaka,

apan) was used. A mixture of TAK-778 and the PLGA (1:9 w/w)
ere dissolved in dichloromethane. This solution was poured into an
queous 0.1% polyvinyl alcohol solution with stirring by a homoge-
izer to make an oil in water emulsion. To evaporate the dichlo-
omethane, the oil in water emulsion was further stirred for 3 hours.
fter removing large particles by sieving, the resulting microcap-
ules (30 mm in diameter) were collected by centrifugation and then
yophilized into a powder. When the microcapsules suspended in 0.5

l of a dispersing vehicle containing 2.5% D-sorbitol, 0.9% NaCl,
.1% polysorbate 80, 0.5% calboxymethylcellulose sodium, and 0.07%
a2HPO4 were subcutaneously injected into rats, the microcapsules

eleased TAK-778 over four weeks after the injection (data not
hown).

Osteochondral defect models. Twelve male Japanese white rab-
its (Japan SRL Co., Hamamatsu, Japan) weighing 3.0–3.5 kg were
nesthetized with an intravenous injection of pentobarbital sodium
30 mg/kg of body weight) and an intramuscular injection of xylazine
1.6 mg/kg of body weight). Knee joints were approached through
edial parapatellar incision. Single full-thickness osteochondral de-

ect, 3 mm wide and 3 mm deep, was drilled through the articular
artilage into the subchondral bone in the trochlear groove of each
emur using a hand drill. All rabbits were returned to their cages and
llowed to move freely immediately after recovery from anesthesia.
welve days after operation, animals were anesthetized with an

ntramuscular injection of ketamine (40 mg/kg of body weight) and
ylazine (1.6 mg/kg of body weight), and TAK-778 (5 mg)-containing
ustained-release microcapsules (60 mg total) suspensed in 250 ml of
edium was injected into the knee joint on one side in each animal.

Scores on the Histological Gra

Cell
morphology

Matrix
staining

Surf
regula

AK-778 (n 5 6) 1.5 1.2 0.
ontrol (n 5 6) 2.7 2.5 1.

† Values are given as the average.
* Values are given as the average score for each category, as ass

** The total scores for the TAK-778-treated group were significan
133
he knee joint on the other side in each animal received injection of
0 mg of sustained-release microcapsules only and served as a con-
rol. Under the conditions of a control, a repair process of the full
hickness defects of articular cartilage is completed at twelve weeks
fter operation (data not shown).

Histological evaluation. The rabbits were sacrificed at 4 weeks
fter TAK-778 injection. The distal part of the femurs was fixed in
0% neutral buffered formalin, decalcified in Gooding and Stewart
olution, and embedded in paraffin. Four mm thick serial sagittal
ections were stained with hematoxylin-eosin, toluidine blue or sa-
ranin O-fast green, and subjected to histological grading of cartilage
epair tissues as previously described by Wakitani et al. [8]. Statis-
ical significance was assessed by the Mann–Whitney U-test.

ESULTS

Effects of TAK-778 on chondrogenesis in ATDC5
ells. During a repair process of the full thickness
efects of articular cartilage, marrow-derived mesen-
hymal cells may exhibit the repertoire of reparative
ells including chondroprogenitors. Recently, we and
thers showed that clonal mouse EC cells, ATDC5,
isplay a number of characteristics as committed to
hondroprogenitors [6, 7, 9, 10]. When cultured in the
resence of insulin, ATDC5 cells form cartilaginous
odules (chondrogenesis), and enter into sequential
hondrocytic maturation processes. In the present
tudy, therefore, we assessed the effects of TAK-778 on
hondrogenesis in chondroprogenitors using ATDC5
ells.
In undifferentiated ATDC5 cells, TAK-778 markedly

timulated in a dose-dependent manner the forma-
ion of cartilaginous nodules and the accumulation of
lcian Blue-stainable cartilage-specific proteoglycan

Fig. 1A–C). We recently found that undifferentiated
TDC5 cells express BMP-4, TGF-b2 and IGF-I, which

hen play roles in regulating chondrogenesis in these
ells (data not shown). TAK-778 upregulated in time-
nd dose-dependent manners the gene expression of
GF-b2 but not BMP-4 or IGF-I in undifferentiated
TDC5 cells (Fig. 2A–D). Both the recent evidence

hat TGF-b2 is a potent promoter of chondrogenesis
oth in vitro [11] and in vivo [12] and our in vitro
esults support the notion that TAK-778, during the
rocess of the articular cartilage repair, may stimulate

ng Scale for Cartilage Defect

Category*

y
Thickness
of cartilage

Integration of donor to
host adjacent cartilage

Total
score†

0.5 0.0 3.7**
0.3 0.0 7.3

ed by two different investigators.
different (p , 0.05) from those for the control group.
di

ace
rit

5
8

ess
tly
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GF-b2 expression and thereby promote chondrogene-
is in chondroprogenitors.

Results of TAK-778 in a rabbit model of full thickness
steochondral defects. We used a rabbit model of full
hickness osteochondral defects in knee joints and ad-
inistered TAK-778 as sustained-release microcap-

ules by one-shot injection into the joint cavity. We
sed adult Japanese white rabbits (3.0–3.5 kg) and
ade a single defect, 3 mm wide by 3 mm deep, in the

rochlear groove and histologically evaluated the artic-
lar cartilage repair 4 weeks after injection. In the
ontrol group, the defect was filled entirely with fibrous
issue: Its extracellular matrix did not stain either
ith safranin O-fast green or metachromatically with

oluidine blue, thus lacking the staining characteris-
ics pertinent to cartilage (Fig. 3a–c). On the other
and, in the TAK-778 treated group, the defect was
ompletely filled with cartilage-like tissue stained with
afranin O-fast green as well as metachromatically
ith toluidine blue (Fig. 3d–f ). Histologically, the re-
air tissue appeared indistinguishable from the sur-
ounding normal articular cartilage and subchondral

FIG. 2. Time- (A, C) and dose- (B, D) dependent modulation of the
TDC5 cells. Cells were grown in the differentiation medium for 5 d

1025 M) or for 48 hours to either vehicle or TAK-778 (1027, 1026 and 1
ection and subjected for Northern analysis (20 mg of total RNA per l
taining of the gel. Three independent experiments were performed
134
one except the discontinuities between the repair and
ormal tissues. The articular surface of the repair car-
ilage was smooth, and near complete restoration up to
he original bone-articular junction was observed.
oreover, the cells in the repair tissue were round or

olygonal in shape, morphologically similar to the ar-
icular chondrocytes (Fig. 3g and h). Furthermore, the
hondrophyte formation was not observed (Fig. 3i).
hen evaluated by the histological grading scale for

artilage defect by Wakitani et al. [8], TAK-778 treated
efects displayed significantly better scores than con-
rols (treated vs control; 3.7 6 0.5, 7.3 6 0.6, mean 6
D (n 5 6), p , 0.05) (Table 1).

ISCUSSION

Chondrogenesis is initiated by transient cellular con-
ensation of mesenchymal chondroprogenitors to form
cartilaginous core where chondrogenic differentia-

ion takes place to yield differentiated chondrocytes.
e recently showed that chondrogenesis of ATDC5

ells initiates and promotes endogenously expressed

nscript levels of TGF-b2, BMP-4 and IGF-I genes in undifferentiated
, and then exposed either for the indicated time periods to TAK-778
5 M, each). Total RNA was prepared as described under the Methods
) (A, B) or RT-PCR (C, D). The lower panel shows ethidium bromide
d gave similar results.
tra
ays
02

ane
an
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FIG. 3. Histological appearance of the repair tissue in full-thickness osteochondral defects of rabbit knee joints at 40 days after operation.
he knee joints received injection of sustained-release microcapsules only served as a control (a–c, g) and TAK-778-containing sustained-
elease microcapsules were injected into the knee joints (d-f, h, i): (a, d) hematoxylin-eosin staining, (b, e) toluidine blue staining and (c, f )
afranin O-fast green staining of the repair tissue were shown. Original magnification, 340. (g, h) Reparative cells were observed by toluidine
lue staining. Original magnification, 3200. (i) The surrounding normal cartilage was shown by hematoxylin-eosin staining. The arrow
ndicated the repair tissue. Original magnification, 340.
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FIG. 3—Continued
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GFs, TGF-b2 and BMP-4 signals (Akiyama, H., sub-
itted). In this study, we demonstrated that TAK-778
arkedly stimulates chondrogenesis in chondropro-

enitor-like ATDC5 cells in vitro. These observations
aise the possibility that TAK-778 may promote chon-
rogenesis of not only chondroprogenitor-like ATDC5
ells in vitro but bone marrow-derived mesenchymal
ells in vivo.

The in vivo effect of TAK-778 was tested using a
abbit model of full thickness osteochondral defects in
nee joints. TAK-778 possesses the unique activity in
ivo. Histological studies showed that TAK-778 in-
uced chondrogenesis of mesenchymal cells in osteo-
hondral defects of articular cartilage and dramatically
ccelerated the articular cartilage repair, while this
gent had no adverse effects on the surrounding nor-
al cartilage. Although it remains to be elucidated
hether this reparative tissues have cellular charac-

eristics as well as mechanical properties of normal
yaline cartilage, these observations favor the notion
hat TAK-778 stimulates chondrogenesis via selec-
ively acting on chondroprogenitors in the cartilage
esions.

TGF-b is a potent stimulator of chondrogenesis in
ivo. Additionally, we recently indicated that TGF-b2 is
equired for the onset of chondrogenesis in ATDC5
ells (Akiyama et al., submitted). As shown in Fig. 2,
AK-778 stimulated the expression of TGF-b2 mRNA

n undifferentiated ATDC5 cells, suggesting that stim-

FIG. 3—
137
latory effect of TAK-778 on chondrogenesis may be
ediated by the expression of TGF-b2 in both ATDC5

ells in vitro and chondroprogenitors in vivo. Verifica-
ion of the possibility needs further studies.

The apparent specificity to the repair process of os-
eochondral defect gives TAK-778 the clinical advan-
age as a local therapeutic agent over the growth/
ifferentiation factors, such as TGF-bs and BMPs,
hich also possess chondrogenesis promoting activity.
dditionally, the non-invasiveness in administering
AK-778 contrasts sharply to the surgical intervention
andatory to autologous chondrocyte transplantation

echnique. Thus, successful cartilage repair by topical
dministration of a synthetic low-molecular agent,
AK-778, selectively acting on chondroprogenitors in
artilage lesions, may open a whole new approach in
oint resurfacing.
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