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AG-041R, a novel indoline-2-one derivative, induces systemic cartilage
hyperplasia in rats
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Abstract

Ž Ž . ŽŽ . . ŽŽ . . .AG-041R 3R-1- 2,2-diethoxyethyl -3- 4 methylphenyl aminocarbonylmethyl -3- 4-methylphenyl ureido -indoline-2-one is a novel
Ž .small compound synthesized as a cholecystokinin-2 CCK rgastrin receptor antagonist. In the course of the development of this2

compound, we discovered unexpectedly that oral administration of a high dose for 4 weeks markedly induced systemic cartilage
hyperplasia. This change was histologically observed in the auricles, the trachea, the marginal region of the femoral condyle, the xiphoid
process and intervertebral disks in rats. Daily intraarticular injections of AG-041R into rat knee joints for 3 weeks also caused cartilage
hyperplasia in the marginal region of the femoral condyle, but no hyperplasia was observed in any other cartilage. We have confirmed
that chondrogenic activity of AG-041R is an intrinsic property of the compound, and is not due to its CCK rgastrin receptor antagonistic2

actions. These results indicate that AG-041R is a novel stimulator of chondrogenesis, and can be expected to be a potent therapeutic agent
for cartilage disorders. q 2001 Published by Elsevier Science B.V.
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1. Introduction

Ž Ž . ŽŽAG-041R 3R-1- 2,2-diethoxyethyl -3- 4 methyl-
. . ŽŽ .phenyl aminocarbonylmethyl -3- 4-methylphenyl ure-

. .ido -indoline-2-one , a novel indoline-2-one derivative, was
originally synthesized as a CCK rgastrin receptor antago-2

Ž .nist Ding et al., 1997; Fukui et al., 1998 . This compound
Ž .had the most potent activity IC s1.1 nmolrl and50

bioavailability of the numerous indoline derivatives we
synthesized, and was selected as a clinical candidate. It
showed therapeutic efficacy in animal models of gastric

Ž .ulcer on oral administration Baba et al., 1995 .
In a preclinical toxicological study of AG-041R, we

discovered unexpectedly a unique and intense chondro-
genic activity in animals. Daily oral administration of a

Ž .high dose of AG-041R 2000 mgrkg for 4 weeks in rats
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markedly induced systemic cartilage hyperplasia in the
auricles, the trachea, the xiphoid process, the marginal
region of the femoral condyle and intervertebral disks.
Cartilage hyperplasia was also shown by intraarticular
administration of AG-041R, but this was restricted to the
knee where the injection was carried out. We have con-
firmed that the chondrogenic activity of AG-041R is not
due to its CCK rgastrin receptor antagonistic activity.2

Although chondrogenic and cartilage-repairing activities
of many growth factors, such as transforming growth

Ž . Ž .factors TGF-b , bone morphogenic proteins BMP , basic
Ž .fibroblast growth factor bFGF and insulin-like growth

Ž . Žfactor-I IGF-I have been reported Cuevas et al., 1988;
Glansbeek et al., 1998; Sellers et al., 2000; Shida et al.,

.1996; Tsukazaki et al., 1994; Van Beuningen et al., 1998 ,
the clinical application of these factors has not been
achieved. One of the main reasons for this situation is the
formulation difficulty due to the poor stability and short

Žhalf-life of growth factors in vivo Putney and Burke,
.1998 . Therefore, chondrogenic small molecules, such as

AG-041R, which can overcome these problems, are ex-
pected to be powerful alternative to growth factors.
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Fig. 1. Chemical structure of AG-041R. Molecular weight: 544.65.

We now report on the chondrogenic activity of AG-041R
in vivo, demonstrated with a histological method. AG-041R
is the first chemically synthesized small compound that
induces systemic cartilage hyperplasia on oral administra-
tion.

2. Materials and methods

2.1. Materials

ŽAG-041R was synthesized in our laboratory Ding et
.al., 1997; Fukui et al., 1998 . The chemical structure of

AG-041R is shown in Fig. 1.

2.2. Animals

Specific pathogen-free, 6-week-old, male Sprague–
Ž .Dawley rats SLC, Japan and specific pathogen-free, 10-

Žweek-old, male Sprague–Dawley rats Charles River Japan,
. Ž . Ž .Japan were used for oral p.o. and intraarticular i.a.

administration experiments, respectively. Both types of
animal were used after a 7-day acclimation period. All
animal experiments were performed in accordance with the
animal care guidelines of Chugai Pharmaceutical.

Ž . Ž . Ž . Ž . Ž .Fig. 2. Photomicrograph of trachea A, B , xiphoid process C, D, E , femoral condyle F, G , auricle H, I and ventral part of intervertebral disk J, K . A,
Ž) . Ž .C, F, H, J: control. B, D, E, G, I, K: AG-041R 2000 mgrkg. Hyaline cartilage hyperplasia was observed in AG-041R-treated rats B, D, F, K .

Ž ) . Ž . Ž ) .Differentiation of chondrocytes from perichondrium was stimulated by AG-041R in trachea B, , auricle I, arrowhead and intervertebral disk K, . In
Ž . Ž . Ž .the xiphoid process, bone arrowhead and bone marrow arrow were also formed with AG-041R D, E . In the auricle, the content of lipid droplets in the

Ž .chondrocytes cytoplasm was decreased, and hyaline cartilage matrix was increased arrow . In F and G, ac: articular cartilage, gp: growth plate. HE,
Ž . Ž .original magnification: =25 A, B, C, D, H, I, J, K , =40 E, F, G .
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Ž .Fig. 2 continued .

2.3. p.o. administration

A suspension of AG-041R in 3% gum arabic solution
Ž .Wako, Japan was administered orally for 4 weeks, daily,
at 2000 mgrkg. A 3% gum arabic solution was adminis-
tered as the vehicle control.

2.4. i.a. administration

Ž .Fifty microliters of AG-041R solution 1.0 mmolrl in
Ž .50% dimethylsulfoxide DMSO, Junsei Chemical, Japan

Ž .in saline Otsuka Pharmaceutical, Japan was injected daily
into the knee joints of rats, for 3 weeks, under ether
anesthesia. The AG-041R administered amounted to 27.3
mgrday. Fifty microliters of 50% DMSO in saline was
administered as the vehicle control.

2.5. Histopathological examination

The rats were killed after administration for 4 weeks
Ž . Ž .p.o. or 3 weeks i.a. , by exsanguination under ether
anesthesia. In the p.o. administration experiment, the fol-
lowing organs were fixed in 20% neutral buffered forma-

Ž .lin: femora diaphysis, distal metaphysis and epiphysis ,
whole sterna, whole auricles, whole thoracic spines, tra-

chea separated from bronchi. In the i.a. administration
experiment, the knee joints were fixed in 20% neutral-
buffered formalin for 7 days. The auricles were cut longi-
tudinally. The femora, sterna, thoracic spines and knee
joints were cut longitudinally after decalcification in 20%

Ž .EDTA Wako pH 7.5 for 2 weeks, and were embedded in
paraffin. Sections which were 4 mm thick were stained

Ž .with hematoxylin and eosin Merck, Germany . In the i.a.
study, sections were stained with safranin-O and fast green
Ž .Merck .

3. Results

3.1. p.o. study

Orally administered AG-041R induced marked hyaline
cartilage hyperplasia in the trachea, xiphoid process,
femoral condyle, auricle and intervertebral disks in rats.
Tracheal cartilage was markedly thickened by AG-041R

Ž .administration Fig. 2B . In the xiphoid process, AG-041R
induced marked hyaline cartilage hyperplasia, and also

Žinduced bone and bone marrow in the periphery Fig.
.2D,E . AG-041R induced chondrophytes in the marginal

region of the femoral condyle, namely the junction of the
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Ž .Fig. 2 continued .

Žarticular cartilage and the growth plate groove of Ranvier,
.Fig. 2G . In this region, apparent subperiosteal cartilage

growth was observed. In the auricles of AG-041R-treated
rats, the content of lipid droplets in the chondrocyte cyto-

Ž . Ž .Fig. 3. Photomicrograph of femoral condyle after intraarticular injections of vehicle control A, 50% DMSO, 50 mlrday or AG-041R B, 27.3 mgrday
Ž) .for 21 days. Chondrophyte caused by AG-041R had safranin-O-positive hyaline cartilage-like extracellular matrix. In chondrophytes, the arrangement

of chondrocytes was somewhat irregular in comparison with that of normal articular cartilage. ac: articular cartilage, gp: growth plate, m: meniscus
Safranin-O and fast green, original magnification: =25.
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plasm was decreased, and the hyaline cartilage matrix was
Ž .increased Fig. 2I . In the intervertebral disks, hyaline

cartilage hyperplasia was induced by AG-041R in the
dorsal and ventral marginal regions. In these tissues, chon-
drocyte recruitment from the chondroprogenitor was stimu-
lated by AG-041R. Chondrocytes within hyperplastic carti-
lage were recruited from the perichondrium in the trachea
Ž . Ž . ŽFig. 2B , auricles Fig. 2I and intervertebral disks Fig.

.2K . In the femoral condyle of AG-041R-treated rats,
chondrocytes were recruited from the periosteum contigu-

Ž .ous to articular cartilage Fig. 2G . No histopathological
change was observed in the stomachs of these animals.

3.2. i.a. study

Intraarticular injections of AG-041R to rat knee joints
resulted in the stimulation of chondrophyte formation in

Ž .femoral condyle Fig. 3B , as observed in the p.o. proto-
col. The chondrophyte induced by AG-041R was stained
strongly by safranin-O, and histologically resembled hya-
line cartilage. In chondrophyte induced by AG-041R, the
chondrocyte arrangement was disarrayed in comparison
with normal articular cartilage, in which there is a colum-
nar arrangement of chondrocytes. In contrast to oral ad-
ministration, no hyperplasia was observed in other perma-
nent cartilage.

4. Discussion

In the present study, we clearly demonstrated that AG-
041R, a novel indoline-2-one derivative, induced systemic
cartilage hyperplasia. This chondrogenic activity was un-
expectedly discovered in an oral chronic toxicological
study in rats during the development of AG-041R as a
gastric ulcer agent. With oral administration, no
histopathological change was observed in the stomachs of
AG-041R-treated rats. The maximal plasma level of AG-
041R was 80.5"6.3 mgrml after administration of AG-
041R for 27 days in the p.o. experiment. At this concentra-
tion, cartilage hyperplasia was accompanied by weight loss
and elevation of several serum biochemical markers of
hepatic injury such as glutamic–pyruvic transaminase.

AG-041R induced cartilage hyperplasia in permanent
cartilage such as the auricles, trachea, marginal regions of
the femoral condyle, xiphoid process and intervertebral
disks, on oral administration. I.a. administration of AG-
041R also induced cartilage hyperplasia, without change in
any other untreated joints. On the basis of the histological
observations, cartilage hyperplasia induced by AG-041R
was probably due to both chondrocyte recruitment from
chondroprogenitors and increase of peripheral hyaline car-
tilage matrix. These changes were not generalized, but
occurred in specific sites of cartilaginous tissue such as the
femoral groove of Ranvier, outer perichondrium of tra-
chea, dorsal and ventral margin of intervertebral disks.
Since the rats used in this study were growing, cartilage

hyperplasia induced by AG-041R might have been a spe-
cific change in growing animals. Further examination in
skeletally mature animals is needed to characterize the
chondrogenic activity of AG-041R in vivo.

The chondrogenic activity of AG-041R on local ad-
ministration suggested that AG-041R itself, rather than
its metabolites, is the genuine active compound. The chon-
drogenic activity of AG-041R has also been shown in
in vitro experiments, using rat articular chondrocytes
Ž .data not shown . Major metabolites of AG-041R iden-
tified in rats were the following three compounds:

Ž . ŽŽ .1 - 2,2 - diethoxyethyl - 3 - 4 - hydroxymethylphenyl ami-
. ŽŽ . .nocarbonylmethyl - 3 - 4 - methylphenyl ureido -indoline-

Ž . ŽŽ .2-one, 1- 2,2-diethoxyethyl -3- 4-methylphenyl ami-
. ŽŽ . .nocarbonylmethyl -3- 4-hydroxymethylphenyl ureido - in-

Ž . ŽŽdoline-2-one, and 1- 2-oxoethyl -3- 4-methylphen-
. . ŽŽ . .yl aminocarbonylmethyl -3- 4-methylphenyl ureido -indo-

line-2-one. Since these metabolites had no chondrogenic
activity in vitro in an AG-041R-responsive murine chon-

Ž .drogenic cell line data not shown , they probably did not
contribute to the cartilage hyperplasia induced by AG-041R
in vivo.

Since AG-041R was originally synthesized as a
ŽCCK rgastrin receptor antagonist Ding et al., 1997; Fukui2

.et al., 1998 , we examined the involvement of this activity
in chondrogenesis. There is a large discrepancy between
doses of AG-041R effective in the gastric ulcer models
Ž . Ž .10 mgrkg Baba et al., 1995 and those effective in

Ž .chondrogenesis 2000 mgrkg . Several derivatives of AG-
041R showed chondrogenic activity, but no correlation

Ž .with anti-gastrin activity data not shown . The other
Ž . Žgastrin receptor antagonists, 3R q -N- 2, 3-dihydro-1-

. Xmethyl-2-oxo-5-phenyl-1 H-1, 4-benzodiazepin-3-yl -N -
Ž . Ž .3-methylphenyl urea L-365,260, Konturek et al., 1991

Ž . w Ž X .and R -1- 2, 3-Dihydro-1- 2 -methyl-phenacyl -2-oxo-
x Ž .5-phenyl-1 H-1,4-benzodiazepin-3-yl -3- 3-methylphenyl -

Ž .urea YM-022, Nishida et al., 1994 , had no in vitro
Žchondrogenic activity at any concentration tested data not

.shown . These results indicate that CCK rgastrin receptor2

antagonistic activity is not related to the chondrogenic
activity of AG-041R. Further studies are required to clarify
the mechanisms of the chondrogenic actions of AG-041R.

Articular cartilage lesions are still a commonly encoun-
tered medical problem, because no satisfactory treatment
has been established. AG-041R might be a potent thera-
peutic agent for cartilage disorders according to its chon-
drogenic activity. Its physicochemical properties of
metabolic stability and lipophilicity might be great advan-
tages for clinical application. These properties are suitable
for a formulation that would achieve controlled release.
This issue has been a major problem for clinical applica-
tion with cartilage-repairing growth factors such as bFGF,
BMP-2 and TGF-b, which have a short half-life in vivo
ŽCuevas et al., 1988; Sellers et al., 2000; Van Beuningen et
al., 1998; Shida et al., 1996; Glansbeek et al., 1998;

.Putney and Burke, 1998 . Since chondrophyte is an unde-
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sirable change for a joint, localization of the chondrogenic
effect of AG-041R inside lesions must be achieved for
clinical application.

Ž . Ž . w ŽThe chondrogenic activity of 2 R, 4S - y -N- 4- Di-
. xethoxyphosphorylmethyl phenyl -1, 2, 4, 5-tetrahydro-4-

methyl-7, 8-methylenedioxy-5-oxo-3-benzothiepin-2-
Ž . Žcarboxamide TAK-778 was reported recently Akiyama

.et al., 1999 . TAK-778 promotes cartilage repair when
injected into knee joints. The chondrogenic activity of
TAK-778 was restricted to the osteochondral defect region,
and no cartilage hyperplasia in the marginal region of
articular cartilage was reported. This suggested that the
target cells of TAK-778 in the knee joint of the osteochon-
dral defect model were bone marrow-derived mesenchy-

Ž .mal cells within the defect region Hunziker, 1999 . In
contrast, our histological findings suggested that the target
cells of AG-041R were chondroprogenitor cells in the
periosteum and chondrocytes in the knee joint. The differ-
ence between target cells suggests the different modes of
action of these two compounds. Moreover, systemic carti-
lage hyperplasia caused by AG-041R administration
showed that the target cells of AG-041R were distributed
in various regions of permanent cartilage. Therefore, AG-
041R is expected to be applicable to disorders in various
regions of permanent cartilage, including the auricle and
intervertebral disks, and not to be limited to the articular
cartilage.

In conclusion, AG-041R is a novel small molecule with
systemically chondrogenic activity. It is expected to be a
potent therapeutic agent for cartilage disorders, and may
also be a useful tool for the elucidation of regulatory
mechanisms of chondrogenesis.

Acknowledgements

We thank Drs. R. Thornhill, T. Tamura, K. Akamatsu,
E. Murayama and T. Yamazaki for their valuable advice
on editing this manuscript.

References

Akiyama, H., Fukumoto, A., Shigeno, C., Ito, H., Mukai, S., Hoshino, T.,
Makino, H., Nakamura, T., 1999. TAK-778, a novel synthetic 3-ben-

zothiepin derivative, promotes chondrogenesis in vitro and in vivo.
Biochem. Biophys. Res. Commun. 261, 131–138.

Baba, A., Hoshino, E., Onoma, M., Esaki, T., Takeda, K., 1995. Pharma-
cological profiles of AG-041R, a novel selective gastrinrCCK-B
antagonist. Gastroenterology 108, A950.

Cuevas, P., Burgos, J., Baird, A., 1988. Basic fibroblast growth
Ž .factor FGF promotes cartilage repair in vivo. Biochem. Biophys.

Res. Commun. 156, 611–618.
Ding, X.Q., Lindstrom, E., Hakanson, R., 1997. Evaluation of three novel

cholecystokinin-Brgastrin receptor antagonists: a study of their ef-
fects on rat stomach enterochromaffin-like cell activity. Phamacol.
Toxicol. 81, 232–237.

Fukui, H., Kinoshita, Y., Maekawa, T., Okada, A., Waki, S., Hassan, S.,
Okamoto, H., Chiba, T., 1998. Regeneration gene protein may medi-
ate gastric mucosal proliferation induced by hypergastrinemia in rats.
Gastroenterology 115, 1483–1493.

Glansbeek, H.L., Van Beuningen, H.M., Vitters, E.L., Van der Kraan,
P.M., Van den Berg, W.B., 1998. Stimulation of articular cartilage
repair in established arthritis by local administration of transforming
growth factor-beta into knee joints. Lab. Invest. 78, 133–142.

Hunziker, E.B., 1999. Biologic cartilage repair. Defect models in experi-
mental animals and matrix requirements. Clin. Orthop. 367, S135–
S146.

Konturek, S.J., Dembinski, A., Warzecha, Z., Jaworek, J., Konturek,
P.K., Cai, R.Z., Schally, A.V., 1991. Antagonism of receptors for
bombesin, gastrin and cholecystokinin in pancreatic secretion and
growth. Digestion 48, 89–97.

Nishida, A., Miyata, K., Tsutsumi, R., Yuki, H., Akuzawa, S., Kobayashi,
A., Kamato, T., Ito, H., Yamano, M., Katuyama, Y., Satoh, M., Ohta,

Ž ŽM., Honda, K., 1994. Pharmacological profile of R-1- 23-Dihydro-1-
Ž ) . .2 -methyl-phenacyl - 2 -oxo-5 -phenyl-1H-14-benzodiazepin-3-yl -3-
Ž . Ž .3-methylphenyl urea YM022 , a new potent and selective gastrinr
cholecystokinin-B receptor antagonist, in vitro and in vivo. J. Pharma-
col. Exp. Ther. 269, 725–731.

Putney, S.D., Burke, P.A., 1998. Improving protein therapeutics with
sustained-release formulations. Nat. Biotechnol. 16, 153–157.

Sellers, R.S., Zhang, R., Glasson, S.S., Kim, H.D., Peluso, D., Daugusta,
D.A., Beckwith, K., Morris, E.A., 2000. Repair of articular cartilage
defects one year after treatment with recombinant human bone mor-

Ž .phogenetic protein-2 rhBMP-2 . J. Bone Joint Surg. 82-A, 151–160.
Shida, J., Jingushi, S., Izumi, T., Iwaki, A., Sugioka, Y., 1996. Basic

fibroblast growth factor stimulates articular cartilage enlargement in
young rats in vivo. J. Orthop. Res. 14, 265–272.

Tsukazaki, T., Usa, T., Matsumoto, T., Enomoto, H., Ohtsuru, A.,
Namba, H., Iwasaki, K., Yamashita, S., 1994. Effect of transforming
growth factor-beta on the insulin-like growth factor: I. Autocriner
paracrine axis in cultured rat articular chondrocytes. Exp. Cell Res.
215, 9–16.

Van Beuningen, H.M., Glansbeek, H.L., Van der Kraan, P.M., Van den
Berg, W.B., 1998. Differential effects of local application of BMP-2
or TGF-beta 1 on both articular cartilage composition and osteophyte
formation. Osteoarthritis Cartilage 6, 306–317.


