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Abstract

Accelerated coronary arteriosclerosis remains a major problem for the long-term survival of cardiac transplant recipients. However, the
pathogenesis of graft vasculopathy is poorly understood and there is no effective therapy. Tranilast is a promising drug that may prevent post-
angioplasty restenosis. Here, we investigated whether orally administered tranilast inhibits the development of intima hyperplasia in a mouse
model of cardiac transplantation. Cardiac allografts from BALB/c mice were transplanted heterotopically into C3H/He mice. Mice were
administered either vehicle or tranilast everyday by gavage. Morphometrical analysis of the cardiac allografts harvested at 2 months revealed
that the administration of tranilast significantly reduced the development of coronary atherosclerosis. In the mice treated with tranilast, up-
regulation of the cyclin-dependent kinase inhibitor p21 was observed in the allografts, accompanied by a reduced number of proliferating
cells. Tranilast also suppressed transforming growth factor-3 (TGF-3) expression. Tranilast may be effective in preventing transplant-
associated arteriosclerosis through its anti-inflammatory and anti-proliferative effects. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Although recent advances in immunosuppressive ther-
apy have contributed to the dramatically enhanced early
survival of cardiac transplant recipients (Billingham, 1987),
accelerated coronary arteriosclerosis has emerged as the
major problem facing long-term recipient survival. Histo-
pathological examination of the arteriosclerotic lesions in
the long-term cardiac allografts reveals the characteristic
diffuse concentric lesions that are distinct from the usual
coronary atherosclerotic lesions. The pathogenesis of graft
vasculopathy is poorly understood and there is no effective
therapy.

Tranilast, N-(3' 4 -dimethoxycinnamoyl)-anthranilic acid
(N-5), is a drug that may prevent angiographic restenosis
after percutaneous transluminal coronary revascularization,
since the results of middle scale, randomized, double-blind,
placebo-controlled trials have shown that tranilast signifi-
cantly lowers the incidence of restenosis after conventional
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balloon-angioplasty (Tamai et al., 1999), directional coro-
nary atherectomy (Kosuga et al., 1997) and coronary stenting
(Hsu et al., 1996). A multicenter, double-blind, placebo-
controlled trial is currently underway to evaluate the effects
of tranilast on clinical, angiographic, and intravascular ultra-
sound findings of restenosis (Holmes et al., 2000).

Despite the clinical interest in this drug, the pharmaco-
logical actions of tranilast remain relatively unexplored,
particularly with regard to its action on the vasculature.
Tranilast was originally discovered as an anti-allergic drug
that inhibits the release of various cytokines from mast cells
and macrophages. Moreover, tranilast has been shown to
interfere with the migration of vascular smooth muscle cells,
a component of post-angioplasty restenosis, in vitro (Miya-
zawa et al., 1995). Recently, it was reported that tranilast
inhibits vascular smooth muscle cell proliferation, another
component of restenosis, and this activity was correlated
with the up regulation of the cyclin-dependent kinase
inhibitor p21™*"" in vitro (Takahashi et al., 1999).

Here, we explored the therapeutic potential of tranilast to
prevent neointimal hyperplasia occurring in the coronary
arteries of cardiac allografts. Our findings demonstrate that
tranilast, a widely prescribed drug without severe adverse
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effects, may serve as a prophylactic treatment of graft
vasculopathy via its anti-inflammatory and anti-proliferative
actions.

2. Materials and methods
2.1. Mice

BALB/c H-2¢ and C3H/He H-2 mice were purchased
from Japan SLC (Shizuoka, Japan). Adult, male, 6- to 8-
week-old mice were used throughout the study. All mice
were kept in microisolator cages on a 12-h day/night cycle
and fed on regular chow. All procedures involving exper-
imental animals were carried out in accordance with the
protocols approved in the local institutional guidelines for
animal care of The University of Tokyo and complied with
the Guide for the Care and Use of Laboratory Animals
(NIH publication No. 86-23, revised 1985).

2.2. Heterotopic cardiac transplantation

Cardiac transplantation was performed according to the
method of Corry et al. (1973). In brief, donors and recipients
were anesthetized intraperitoneally prior to surgery with 4%
chloral hydrate at 0.01 ml/g body weight. Donor hearts from
BALB/c mice were perfused with chilled, heparinized saline
via the inferior vena cava. The aorta and pulmonary artery
of the donor hearts were anastomosed to the abdominal
aorta and inferior vena cava of the recipient C3H/He mice
using a microsurgical technique. All recipients were treated
with tacrolimus (FK506, Fujisawa Pharmaceutical, Osaka,
Japan) intraperitoneally at a dose of 0.3 mg/kg daily to
prevent the rejection of the cardiac allograft. The recipient
mice were administered either vehicle (n=6) or tranilast
(300 mg/kg/day, n=06) everyday by gavage.

2.3. Morphometric analysis

At 2 months, the cardiac allografts were harvested and
embedded in paraffin. Serial sections (5 pm) were deparaffi-
nized and stained with hematoxylin and eosin. Middle-sized
coronary arteries were analyzed (n=10 arteries for each
graft). The image was digitized using a Fujix Digital Camera
(HC-300/0OL, Fuji film, Tokyo) on a PROVIS AX80 micro-
scope (Olympus, Tokyo). Morphometric analysis was per-
formed using image analysis software (LIA32 for WIN-
DOWS95 version 0.372, Kazukiyo Yamamoto, Nagoya,
Japan).

2.4. Immunohistochemical analysis

Paraffin-embedded sections (5 pm thick) were stained
with an anti-p21™*"" antibody (sc-397, Santa Cruz) or an
anti-transforming growth factor-31 (TGF-31) antibody (sc-
146, Santa Cruz), followed by the avidin—biotin complex

technique and Vector Red (Vector). The immunostaining for
the proliferating cell nuclear antigen (PCNA) was performed
using an anti-PCNA mouse monoclonal antibody (sc-56,
Santa Cruz) and an M.O.M. immunodetection kit (Vector).
The sections were counter-stained with hematoxylin.

2.5. Statistical analysis

All data were expressed as the mean value + S.E.M.
Mean values were statistically compared by the analysis

Vehicle Tranilast

0.9
08
07
06
05 <

04
03 1
02

Intima / Media ra

Vehicle Tranilast

Fig. 1. Inhibitory effect of tranilast on neointimal hyperplasia in the graft
coronary arteries. (A) Cross-sections harvested at 2 months were stained
with hematoxylin and eosin (n= 6 for each group). Black arrows and white
arrow heads indicate the internal and external laminae, respectively. Bar, 50
pm. (B) The area occupied by the intima and media was measured in
middle-sized arteries (10 arteries for each graft). The data are expressed as
the mean value+ S.E.M.
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Fig. 2. Anti-proliferative effects of tranilast on murine cardiac allografts.
(A) Expression of le“’afl on the sections harvested at 2 months. The
proportion of p21™*™-positive nuclei was counted and expressed as the
mean value+S.E.M. Arrows indicate internal elastic lamina. Bar, 25 pm.
(B) Proliferating cells were identified by immunostaining for anti-
proliferating cell nuclear antigen. The proportion of PCNA-positive cells
was counted and expressed as the mean value+S.E.M. Arrows indicate
internal elastic lamina. Bar, 25 pm.

of variance (ANOVA) followed by Student’s #-test. A P
value of <0.05 was considered to be significant (n=6 for
each group).
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3. Results
3.1. Inhibition of neointimal hyperplasia by tranilast

Cardiac allografts from BALB/c mice were transplanted
into C3H/He mice heterotopically. Acute rejection was
controlled by the administration of FK506 and the trans-
planted grafts continued to beat. At 2 months after the
transplantation, the grafts were harvested for histopatholog-
ical examination. The coronary arteries of the allografts
developed severe arteriosclerosis (Fig. 1A). The graft athe-
rosclerosis diffused through the entire artery rather than
being focal. The internal proliferation of graft atheroscle-
rosis occurred without significant damage to the internal
elastic lamina. These pathological findings were consistent
with those observed in human cardiac grafts (Billingham,
1987). Administration of tranilast (300 mg/kg/day) signifi-
cantly inhibited the development of neointimal hyperplasia
(intima/media ratio: 0.79 = 0.05 vs. 0.45 £ 0.04; n=06 for
each group) (Fig. 1B).

3.2. Induction of p21"*“" and inhibition of cell proliferation
by tranilast

Next, we investigated the molecular mechanisms by
which tranilast inhibited neointimal hyperplasia of the al-
lografts. Previously, it was proposed that tranilast inhi-
bited smooth muscle cells proliferation via a p21™*", a
cyclin-dependent kinase inhibitor, -dependent pathway
(Takahashi et al., 1999). We studied the effect of tranilast
on the expression of p21™*" in the coronary arteries of
the allografts (Fig. 2A). In the grafts from the recipient
mice treated with vehicle, p21Wafl expression was sparsely
detected in the coronary arteries (22.9 &+ 7.6%). Tranilast
significantly increased the number of p21%*"-positive
cells in the coronary arteries (75.9 + 6.4%). The up-
regulation of p21™*" coincided with a decreased number
of proliferating cells as determined by anti-PCNA immu-
nostaining (69.5 + 5.4% vs. 23.5 +7.8%, p<0.05) (Fig.
2B).
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Fig. 3. Anti-inflammatory effects of tranilast on murine cardiac allografts. TGF-31 expression was detected by immunohistochemistry on the cardiac allografts

treated with vehicle or tranilast. Bar, 25 pm.
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Fig. 4. Cellular composition of the intimal lesions. Two months after transplantation, the cardiac grafts treated with vehicle or tranilast were harvested. The
paraffin-embedded sections were stained with antibodies against a-smooth muscle actin, F4/80, and CD3¢ to detect smooth muscle cells, macrophages and T

cells, respectively. Bar, 25 pm. SMC, smooth muscle cell; My, macrophage.

3.3. Suppression of TGF-3 expression by tranilast

Tranilast was initially identified as an anti-atopic agent.
Besides its anti-proliferative effects, inhibition of cytokine
release from mast cells and macrophages is supposed to
contribute to the inhibitory effects of tranilast in the animal
models of post-angioplasty restenosis (Ward et al., 1998).
Thus, we studied the effects of tranilast on the expression of
TGF-3, which has been shown to be a major cytokine ac-
counting for the pathogenesis of various vascular lesions
(Clark et al., 2001; Morrell et al., 2001; Nabel et al., 1993;
Waltenberger et al., 1996). Consistent with previous in vitro
data (Capper et al., 2000), TGF-3 expression was sup-
pressed in the graft coronary arteries, when the recipients
were treated with tranilast (Fig. 3).

3.4. Effects of tranilast on the cellular composition of the
intimal lesions

We investigated the effects of tranilast on the cellular
composition of the graft vasculopathy. Two months after
transplantation, we harvested the cardiac grafts treated with
vehicle or tranilast. In both groups, the neointima was
exclusively composed of smooth muscle cells (Fig. 4). We
seldom detected macrophages or T cells in the vascular
lesions as determined by immunostaining for F4/80 (Fig. 4)
or CD3e (data not shown), respectively. These results
indicate that tranilast has little effect on the cellular compo-
sition of the intimal lesions.

4. Discussion

We examined the effects of tranilast on graft-arterio-
sclerosis in a murine cardiac transplant model. We found
that orally administered tranilast strongly inhibited the
development of graft neointimal hyperplasia, which was

mainly composed of smooth muscle cells. Tranilast up-
regulated the expression of cyclin-dependent kinase inhib-
itor p21™*", coinciding with a decreased number of pro-
liferating smooth muscle cells. TGF-31 expression in the
allografts was also suppressed by tranilast. Taken together,
the strong inhibition of graft vasculopathy by tranilast was
likely due to its cumulative anti-proliferative and anti-in-
flammatory effects.

The precise pathogenesis of transplant arteriosclerosis is
largely unknown, but like common atherosclerosis, it is
believed to result in great part from a localized inflamma-
tory-fibroproliferative response (Ross, 1996). It has been
observed that monocytes and T lymphocytes adhere to the
endothelium at earlier time points (Hruban et al., 1990;
Russel et al., 1994). These activated inflammatory cells
secrete various cytokines that induce the migration and
proliferation of smooth muscle cells, resulting in an increase
of connective tissue. Therefore, various molecular strategies
that target the inflammatory response to the graft (Allan et
al.,, 1997; Larsen et al., 1996; Sata et al., 2001) and the
subsequent proliferation of smooth muscle cells (Kawauchi
et al., 2000; Suzuki et al., 1997) have been tested in animal
models of transplantation. However, given the more com-
plex pathology of human graft vasculopathy, no treatment
has been established to prevent clinical transplant-associated
arteriosclerosis. Consistent with this notion is the clinical
evidence that immunosuppresants, such as cyclosporin A or
FK506, are known to paradoxically accelerate graft vascul-
opathy (Billingham, 1987; Calne et al., 1989; Demetris et
al., 1985; Meiser et al., 1991; Sommer et al., 1985), pro-
bably stimulating the expression of mitogens for vascular
smooth muscle cells such as endothelin (Bunchman and
Brookshire, 1991) and TGF-3 (Hojo et al., 1999). Therefore,
a pharmacological strategy targeting both inflammatory
response and proliferation have been desired. Our data,
along with previously published results, indicate that trani-
last may be an effective therapy for preventing graft-
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vasculopathy via both anti-inflammatory and anti-prolifer-
ative effects.

Up to now, it was thought that medial smooth muscle cells
migrated into the subendothelial layer, where they prolifer-
ated (Ross, 1996). However, we and the others recently
reported that the lesions developed in the allograft coronary
arteries were composed of the cells from the recipient, and
we proposed the existence of putative smooth muscle pro-
genitor cells that attach to the graft endothelia, proliferate
and contribute to graft vasculopathy (Saiura et al., 2001;
Shimizu et al., 2001). It is plausible that tranilast affects
homing, differentiation and proliferation of putative smooth
muscle progenitor cells derived from the recipient.

In conclusion, our results reveal a new therapeutic action
of tranilast, i.e., the prevention of graft vasculopathy. Trani-
last has been widely used as an anti-allergic medication to
treat asthma, hives, atopic dermatitis, rhinitis and conjuncti-
vitis, with a relatively low incidence of adverse effects. Tra-
nilast is an anti-atopic/allergic drug, for oral use, and known
to be safe in humans without significant immunosuppressive
effects. While the safety and efficacy of gene therapy is still
controversial (Friedman, 2000), pharmacological interven-
tion for patients with cardiac allograft-arteriosclerosis seems
to be more feasible. Thus, tranilast may be administered as a
prophylactic treatment for transplant-associated arterioscle-
rosis along with conventional immunosuppresive drugs,
when clinical studies prove its efficacy.
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