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Since its introduction in 1978 (Gruntzig, 1978), percutaneous transluminal coronary angioplasty (PTCA) has been universally accepted as the interventional revascularization procedure of choice to relieve symptoms associated with
atherosclerotic vascular disease. Nearly 500,000 PTCAs were
done in the United States in 1996 (American Heart Association, 1999, Heart and Stroke A-Z Guide, http://www.amhrt.
org). Ninety-five percent of patients experience immediate
revascularization. However, 25 to 30% of patients experience
significant restenosis within 6 months, requiring additional
intervention, including repeat PTCA and/or by-pass surgery
(American Heart Association, 1999, Heart and Stroke A-Z
Guide, http://www.amhrt.org). Proliferation of vascular
smooth muscle cells, deposition of extracellular matrix, and
infiltration of inflammatory cells with release of inflammatory mediators are implicated both in the pathogenesis of
primary atherosclerosis and the vascular restenosis seen afReceived for publication June 15, 2000.

nous arachidonic acid. Interestingly, tranilast (up to 1000 M)
had no direct effects on cyclooxygenase I or II activity, nor did
it have significant effects on human type IIA 14 kDa or type IV
85 kDa phospholipase A2 activity. Furthermore, tranilast had no
effect on endotoxin-induced cyclooxygenase II protein expression, suggesting tranilast modulates eicosanoid production and
release by an as yet unidentified mechanism. Alternatively, the
expression of TGF-␤1 was inhibited by tranilast but found to be
due in part to inhibition of PGE2 because exogenous PGE2
could abrogate tranilast-mediated inhibition of TGF-␤1. Taken
together, although a reported direct inhibitor of fibroblast proliferation, we show tranilast also attenuates the proinflammatory activity of human monocytes, adding to its potential efficacy as a therapeutic agent in restenosis.

ter interventional procedures (Ross, 1999). Thus, regulators
of vascular smooth muscle cell proliferation, matrix metabolism, and inflammation are critical potential targets for development of drugs to prevent restenosis.
Tranilast, N-(3,4-dimethoxycinnamoyl) anthranilic acid
(SB 252218), is currently used in Japan as an antiasthma
drug (Azuma et al., 1976). Initially identified as an inhibitor
of mast cell degranulation (Komatsu et al., 1988a), this compound was later found to prevent keloid scarring, presumably through its antiproliferative effects on fibroblasts (Suzawa et al., 1992a). Recently, tranilast was shown, in clinical
trials, to prevent restenosis after PTCA (Tamai et al., 1999).
The mechanisms by which tranilast inhibits restenosis are
likely due to the cumulative effects of its antiproliferative
and its immunomodulatory action. It is unlikely, however,
that mast cells play an important part because mast celldeficient mice readily undergo tranilast-inhibitable fibrosis
after injury (Mori et al., 1991). Other inflammatory cells,

ABBREVIATIONS: PTCA, percutaneous transluminal coronary angioplasty; PG, prostaglandin; LT, leukotriene; TGF, transforming growth factor;
IL, interleukin; COX, cyclooxygenase; PBMC, peripheral blood mononuclear cell; LPS, lipopolysaccharide; TNF, tumor necrosis factor; IFN,
interferon; DMSO, dimethyl sulfoxide; AA, arachidonic acid; ELISA, enzyme-linked immunosorbent assay; PLA2, phospholipase A2; rh, recombinant human; TLC, thin-layer chromatography; PAGE, polyacrylamide gel electrophoresis; TX, thromboxane.
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ABSTRACT
Tranilast (SB 252218) is a compound initially identified as an
anti-atopic agent. Recently the compound has demonstrated
clear beneficial effects in animal models of restenosis. Here we
confirm tranilast has broad and profound effects on human
monocytes, which could contribute to the vascular antifibrotic
activity. Tranilast exhibited significant immunomodulatory activity inhibiting endotoxin-induced prostaglandin E2 (PGE2;
IC50 ⫽ ⬃1–20 M), thromboxane B2 (IC50 ⫽ ⬃10 –50 M),
transforming growth factor-␤1 (TGF-␤1; IC50 ⫽ ⬃100 –200 M),
and interleukin-8 (IC50 ⫽ ⬃100 M) formation, but had no effect
on tumor necrosis factor-␣. Interleukin-12 and -18-induced
interferon-␥ formation by monocytes was also attenuated by
tranilast. A23187-induced monocyte leukotriene C4 or PGE2
formation was inhibited by tranilast at IC50 values of 10 – 40 M
and 2–20 M, respectively, incubated with or without exoge-
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Materials and Methods
Human Monocyte-Stimulated Eicosanoid and Cytokine
Production. Monocytes were isolated from heparinized whole blood
by double gradient centrifugation as previously described (Marshall
et al., 1997). Isolated monocyte-enriched PBMCs were then adhered
to 24-well culture plates at 2 ⫻ 106 cells/ml in RPMI-1640 10% fetal
bovine serum (Hyclone, Logan, UT) for 2 h to further enrich the
monocyte population. The media were then removed, cells washed
once with RPMI-1640, and 1 ml of RPMI-1640 10% fetal bovine
serum was added to the wells. Test compounds were added to the
wells with a final vehicle concentration of 0.5% DMSO. Monocytes
were activated by the addition of 200 ng/ml endotoxin (LPS; Escherichia coli serotype 026:B6) (Sigma, St. Louis, MO) or A23187 (1 M)
and incubated for 24 h or 7 min, respectively. Some assays were
performed with or without the addition of exogenous arachidonic
acid (AA, 20 M; Sigma). For specific activation by cytokines, cells
were incubated with 5 to 10 nM IL-12 (Pharmingen, San Diego, CA)

and/or IL-18 for 24 h. Recombinant human IL-18 was expressed and
purified in the Department of Gene Expression Sciences, SmithKline
Beecham Pharmaceuticals. Cell-free supernatants were analyzed by
ELISA for TNF-␣ (developed at SmithKline Beecham), PGE2, and
LTC4 (Cayman Chemical, Ann Arbor, MI), TGF-␤1 (no cross-reactivity with TGF-␤2 or 3; Genzyme Corp., Cambridge, MA) and IL-8 and
IFN-␥ (Biosource International, Camarillo, CA). Viability of the cells
was determined by Trypan blue exclusion.
Assessment of Phospholipase A2 (PLA2) and Cyclooxygenase I and II Activities. PLA2 activity of isolated recombinant
enzymes was measured by the acylhydrolysis of [3H]AA E. coli as
previously described (Marshall et al., 1991). Recombinant human
(rh-) type IIA 14-kDa PLA2 or rh-85-kDa PLA2 were added to no
more than 0.5 to 5 ng of protein per assay. Vehicle (DMSO) or drug
solubilized in DMSO was added to no greater than 10% of the total
assay volume. Tranilast or vehicle was incubated with the enzyme
for 10 min at 27°C before substrate addition unless otherwise stated.
Results are calculated as percentage of free fatty acid hydrolyzed
[sample dpms generated minus background (nonspecific hydrolysis)
dpms divided by total dpms added ⫻ 100].
In Vitro Assays of Cyclooxygenase Activity. Microsomal
membrane preparations of COS-1 cells transfected with either the
expression plasmid pOSML-PGHS-1 or pOSML-PGHS-2, which contain the cDNAs for the human COX-I and COX-II enzymes, respectively, were used as the enzyme source for measurements of inhibition of cyclooxygenase activity. Oxygen electrode assays were
conducted as previously described (Laneuville et al., 1994). To measure instantaneous inhibition, 100 g of total microsomal protein
was added to cuvettes containing 10 M arachidonic acid, 28 g/ml
hemoglobin, 1 mM phenol, and the indicated concentration of tranilast or the nonspecific COX inhibitor flurbiprofen, in 3 ml of 0.1 M
Tris-HCl, pH 8.0. For whole-cell assays, COS-1 cells transfected with
the expression plasmids were harvested after 40 h and resuspended
in Dulbecco’s modified Eagle’s medium at a concentration of 2 ⫻ 107
cells/ml. Alternatively, cell suspensions (250 l) were preincubated
with flurbiprofen, tranilast, or vehicle for 5 min at 37°C. [1-14C]arachidonic acid (53 mCi/mM) (NEN, Boston, MA) was added and the
samples were incubated at 37°C for 10 min. Cells were then removed
by centrifugation at 1000g, the supernatants were extracted, and the
products were separated by TLC as previously described (Laneuville
et al., 1994). After overnight exposure of the TLC plates to a storage
phosphor screen, relative production of 14C-prostaglandin products
was determined using a Molecular Dynamics PhosphorImager.
Immunoblot Analysis. Subcellular fractions were prepared as
previously described (Marshall et al., 1997) from human monocytes
yielding a 100,000g supernatant (cytosol, containing TGF-␤1) and
particulate fraction (microsomes, containing COX-II) and these were
used to evaluate the effect of tranilast on cellular protein levels.
Proteins were resolved by SDS-PAGE on 10% polyacrylamide gels
(Bio-Rad, Hercules, CA) and transferred to nitrocellulose (HybondECL, Amersham, Arlington Heights, IL). Immunoblot assays were
performed and immunoreactive proteins were detected using the
ECL Western blotting system (Amersham). Data were evaluated
using scanning densitometry. Polyclonal antisera generated against
human COX-II was produced by David DeWitt (Michigan University,
East Lansing, MI).
Statistical Analysis. All studies were performed using two to six
human donors. Data are expressed as mean ⫾ S.D. (n ⫽ 3 determinations) and analyzed where indicated using the Student’s t test for
independent variables (P ⬎ .05).

Results
Effect of Tranilast on the Function of Monocyte-Enriched
Human PBMCs
Cytokine production was induced in monocyte-enriched
human PBMCs by 24-h exposure to endotoxin (LPS) as de-
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lymphocytes, tissue macrophages, and circulating blood
monocytes are implicated in fibrotic events, including restenosis (Serrano et al., 1997). Indeed, tranilast has been shown
to inhibit prostaglandin E2 (PGE2), leukotriene C4 (LTC4),
transforming growth factor-␤1 (TGF-␤1), and interleukin-1␤
(IL-1␤) release from mast cells and macrophages (Komatsu et
al., 1988b; Suzawa et al., 1992b) and can reduce expression of
cell surface markers such as major histocompatability complex class II and IL-2 receptors (Kawano and Noma, 1993;
Matsumura et al., 1999).
The exact mechanism for tranilast’s immunosuppressive
activities remains unknown. It has been shown to block calcium entry into mast cells (Komatsu et al., 1988a). But recent
data show it has no effect on the release of calcium from
intracellular stores (Nie et al., 1996, 1997). Early studies
suggest a lack of direct effect on the activities of eicosanoidsynthesizing enzymes such as the 5-lipoxygenase or cyclooxygenase (COX) (Komatsu et al., 1988b). It is hypothesized
tranilast may also effect additional signal transduction
mechanisms such as cAMP levels and induction of phosphatidylinositol turnover (Komatsu et al., 1988a).
Herein we confirm and further demonstrate tranilast has
broad and profound effects on monocyte-enriched human peripheral blood mononuclear cell (PBMC) function. More in
depth studies to elucidate mechanism of action indicate tranilast directly inhibits A23187 and endotoxin (lipopolysaccharide, LPS)-induced monocyte-enriched human PBMC
PGE2 and LTC4 formation, as well as LPS-induced TGF-␤1
expression. We show for the first time that tranilast inhibits
LPS-induced IL-8 formation but not tumor necrosis factor-␣
(TNF-␣) release, and modulates PBMC interferon-␥ (IFN-␥)
formation after treatment with IL-12 and IL-18. Additionally, we show inhibition of prostanoid synthesis is not due to
down-regulation of the inducible COX-II enzyme, nor is it due
to a decrease in activity, suggesting an as yet unidentified
mode of action in eicosanoid modulation. We demonstrate for
the first time that tranilast can modify TGF-␤1 production by
attenuating both protein and mRNA levels and finally, that
PGE2 is able to abrogate tranilast inhibition of TGF-␤1,
indicating that TGF-␤1 inhibition may be secondary to PGE2reducing activities. These direct effects on mediator release
suggest that tranilast efficacy in restenosis may be due to a
combination of its immunomodulatory activities as well as its
effects on fibroblast and smooth muscle cell proliferation.
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scribed under Materials and Methods and the effect of varying concentrations (10 –1000 M) of tranilast was evaluated.
Toxicity by tranilast was noted ranging from 20 to 40% at 300
M to 40 to 60% at the highest dose, 1 mM. Figure 1A
demonstrates that tranilast exhibited no significant inhibition of TNF-␣ production at nontoxic doses. In contrast,
TGF-␤1 (IC50 ⫽ ⬃100 –200 M) and IL-8 production (IC50 ⫽
⬃100 M) were all reduced by tranilast in a concentrationdependent manner. Consistent with other published reports
PGE2 levels (Fig. 1B) were also reduced in a concentrationdependant manner (IC50 ⫽ ⬃1–20 M). We also saw decreases in induced thromboxane B2 (TXB2) (IC50 values ⫽
⬃10 –50 M) levels after exposure to tranilast (Fig. 1B). This
suggests inhibition of prostanoid metabolism by tranilast
was not restricted to PGE2 formation.
To evaluate the ability of tranilast to modulate a more
selective immune-mediated response, monocyte-enriched human PBMCs were isolated as described under Materials and
Methods and cells were incubated with either IL-12, IL-18, or
both in the presence or absence of 100 M tranilast. Figure 2
shows, as previously described (Munder et al., 1998; Yoshimoto et al., 1998), exposure to either cytokine had no effect on
IFN-␥ release, whereas coculture of these cells with both
IL-12 and IL-18 (5 nM) results in the substantial release of
IFN-␥. Addition of tranilast to this system was able to significantly inhibit the induction of IFN-␥ by 33.5% (Fig. 2).
IFN-␥ release after stimulation of PBMCs with higher concentrations of the cytokines (10 nM) was also inhibited by
tranilast (data not shown).

Studies on Tranilast Mechanism of Cellular Eicosanoid
Modulation
Addition of Exogenous AA Substrate. In an attempt to
elucidate the mode of PGE2 inhibition, LPS-stimulated
monocyte-enriched human PBMCs were cultured with or
without 20 M AA for 24 h. This would override the need for

Fig. 2. Tranilast inhibits IFN-␥ release by cytokine-stimulated monocyteenriched human PBMCs. Cells were collected as described under Materials and Methods and were cultured (2 ⫻ 106/ml) for 24 h with 5 nM
IL-12 and IL-18, either alone or in combination, with or without 100 M
tranilast. Tranilast was delivered in 100% DMSO to a final concentration
of 0.5%. Cell-free supernatants were analyzed by ELISA. Shown is a
graph from one representative donor. All experiments were conducted in
two to six donors. Data are expressed as nanograms per milliliter release,
mean ⫾ S.D. (n ⫽ 3), *P ⬍ .05 compared with IL-12/IL-18 stimulation
alone. Toxicity was determined by Trypan blue exclusion.
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Fig. 1. Tranilast selectively inhibits inflammatory mediator release from LPSstimulated monocyte-enriched human
PBMCs. Cells were collected as described
under Materials and Methods and were
cultured (2 ⫻ 106/ml) with increasing concentrations of tranilast (1 M–1 mM)
with and without stimulation by 200
ng/ml LPS for 24 h. Tranilast was delivered in 100% DMSO to a final concentration of 0.5%. Cell-free supernatants were
analyzed by ELISA. A, release of IL-8,
TNF-␣, and TGF-␤1 from one representative donor. B, release of PGE2 and TXB2
from one representative donor. All experiments were conducted in two to six donors. Data are expressed as nanograms
per milliliter released, mean ⫾ S.D. (n ⫽
3), *P ⬍ .05 compared with LPS stimulation alone. Toxicity was determined by
Trypan blue exclusion.

1064

Capper et al.

tranilast to inhibit A23187-induced PGE2 (IC50 ⫽ ⬃3–10
M) or LTC4 (IC50 ⫽ ⬃30 M) synthesis.
Assessment of Inducible COX-II Expression. COX-II
protein levels were examined in 24 h LPS-stimulated monocyte-enriched human PBMCs cultured with or without tranilast (300 M). Particulate fractions (100,000g) were prepared and analyzed by SDS-PAGE and Western blot as
described under Materials and Methods (Fig. 4). As previously reported (Fu et al., 1990), little or no COX-II exists in
untreated monocytes (Fig. 4, lane 2), whereas LPS stimulation over 24 h induced a significant up-regulation of protein
(Fig. 4, lane 3). Treatment of unstimulated monocytes with
tranilast had no significant effect on the basal levels of
COX-II protein (Fig. 4, lane 4). Addition of up to 300 M
tranilast, although clearly able to inhibit LPS-induced PGE2
levels as shown in Fig. 1B, showed no inhibition of COX-II
protein expression in LPS-stimulated cells (Fig. 4, lane 5).
Enzymatic Analysis of Tranilast on Phospholipase
A2 and Cyclooxygenase-II Enzyme Activities. To provide
more insight on the possible mechanisms of action, tranilast
was evaluated for activity against PLA2 enzymes, which provide AA as a substrate for conversion to eicosanoids, and on
the COX-I and -II enzymes, which catalyze the first step of
prostanoid production. Figure 5B shows tranilast moderately
inhibited rh-85-kDa PLA2, giving only an ⬃47% reduction of

Fig. 3. Addition of exogenous arachidonic acid does not abrogate tranilastmediated inhibition of eicosanoid release from monocyte-enriched human
PBMCs. Cells were cultured (2 ⫻ 106/
ml) with increasing concentrations of
tranilast (1 M–1 mM) with and without 20 M exogenous AA followed by
stimulation with 200 ng/ml LPS for
24 h (A) or 1 M A23187 (B) for 7 min.
Tranilast was delivered in 100%
DMSO to a final concentration of
0.5%. Cell-free supernatants were analyzed by ELISA. Shown are graphs
from one representative donor. All experiments were conducted in two to
six donors. Data are expressed as
nanograms per milliliter release,
mean ⫾ S.D. (n ⫽ 3), *P ⬍ .05 compared with stimulation alone. Toxicity
was determined by Trypan blue exclusion.
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endogenous AA liberation via PLA2 by providing the COX-II
enzyme with substrate directly. LPS-stimulated cells exposed to AA produced 5 times more PGE2 than LPS-stimulated cells alone, as expected (Fig. 3A). Tranilast potently
inhibited PGE2 production (IC50 ⫽ ⬃2 M in two donors) in
the absence of exogenous AA, as had been shown in Fig. 1.
The ability of tranilast to inhibit PGE2 was not altered by
culturing cells in the presence of 20 M AA.
Monocyte-enriched human PBMCs were also stimulated
with the broadly activating calcium ionophore A23187 (1 M)
for 7 min, again, with and without exogenous AA. Both prostanoids and leukotrienes are made in Ca2⫹ ionophore-stimulated cells with COX-I as the primary prostanoid-synthesizing enzyme. This differs from the LPS system where
prostanoids are generated by the inducible COX-II enzyme
(Marshall et al., 1997). Figure 3B illustrates the effect of
tranilast on PGE2 and LTC4 formation induced by A23187.
Again, cells exposed to exogenous AA produced 5 to 6 times
more PGE2 or LTC4 than A23187-stimulated cells alone.
Tranilast inhibited both A23187-induced PGE2 (IC50 ⫽
⬃2–20 M) and LTC4 (IC50 ⫽ ⬃20 – 40 M) formation in
concentration-dependent manners. Indomethacin (1 M) was
used as a control and inhibited PGE2 by 85 to 90% but, as
expected, had no effect on LTC4 formation (Fig. 3B). Again,
addition of AA had no significant effect on the ability of
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Fig. 4. Tranilast has no effect on the expression levels of COX-II protein
in LPS-stimulated monocyte-enriched human PBMCs. Cells (2 ⫻ 106/ml)
were cultured for 24 h with (lanes 3 and 5) or without 200 ng/ml LPS
stimulation (lanes 2 and 4) in the presence (lanes 4 and 5) or absence
(lanes 2 and 3) of tranilast at 300 M. Tranilast was delivered in 100%
DMSO to a final concentration of 0.5%. Particulate fractions were resolved by SDS-PAGE (50 g/lane) and analyzed by Western blot for
COX-II levels. Lane 1 is a COX-II standard. Shown is a blot from one
representative donor. Experiments were conducted in two to four donors.

Further Evaluation of Tranilast Action on Monocyte TGF␤1 Formation
Immunoblot analysis of TGF-␤1 was performed on cytosolic fractions of monocyte-enriched human PBMCs stimulated
with LPS over 24 h with or without tranilast (300 M) as
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described under Materials and Methods. Untreated monocytes expressed TGF-␤1 protein (Fig. 7, lane 1) most likely
induced by adherence of the monocytes to the culture plate.
LPS stimulation induced, on average, a 2-fold increase in the
TGF-␤1 levels over 24 h, as assessed by densitometry (Fig. 7,
lane 2). Tranilast (300 M) treatment did not affect protein
levels in unstimulated cells (Fig. 7, lane 3) but did reduce the
production of TGF-␤1 in LPS-stimulated cells to levels near
or below those expressed by unstimulated monocytes (Fig. 7,
lane 4). Northern analysis was performed on one donor in a
parallel experiment and the results mirrored that seen in the
Western blots (data not shown). TGF-␤1 mRNA was present
in unstimulated cells and tranilast was found to have no
effect on these basal levels. LPS-stimulation produced a
2-fold up-regulation of TGF-␤1 mRNA. This increase was
almost totally blocked by treatment of the cells with 300 M
tranilast.
Effects of Exogenous PGE2 on TGF-␤1 Production in
PBMCs. To evaluate the possibility that the PGE2 produced
in response to activation may play a role in regulation of
TGF-␤1 formation, monocyte-enriched human PBMCs were
stimulated with LPS and cultured in the presence of tranilast
(300 M) with or without exogenous PGE2 (2–200 ng/ml).
The levels of the PGE2 used were up to 10 times that measured in the conditioned media from LPS-activated PBMCs
in the previous assays. Figure 8 shows the TGF-␤1 measurements of one representative donor. Tranilast (300 M) inhibited TGF-␤1 levels as expected. Addition of 200 ng/ml exogenous PGE2 to the culture media was able to reverse the
tranilast-mediated inhibition of TGF-␤1 release. Complete
restoration of TGF-␤1 release was seen at concentrations of
PGE2 as low as 20 ng/ml (data not shown). Together, the data
suggest an important role for PGE2 in the mechanisms behind tranilast modulation of TGF-␤1 output.

Discussion
Tranilast is currently used as an antiallergic agent due to
its potent inhibition of mast cell degranulation (Komatsu et
al., 1988a). Tranilast possesses other immunomodulatory activities, such as inhibition of major histocompatability complex class II expression (Kawano and Noma, 1993; Matsumura et al., 1999), but one of its most potent activities is
reduction of eicosanoid synthesis (Komatsu et al., 1988b).
Tranilast inhibits PDGF-induced proliferation and TGF-␤1mediated collagen deposition (Suzawa et al., 1992a;
Miyazawa et al., 1995). Additional studies show it has other
significant effects, which make it an attractive potential therapeutic for restenosis (Miyazawa et al., 1997; Ward et al.,
1998). Here we make a more in depth evaluation of tranilast
immune modulatory activities and attempt to elucidate or
define its mechanism of action. In addition, we provide evidence that tranilast efficacy as a therapeutic agent in restenosis stems, in part, from its immunomodulatory activity in
conjunction with its reported direct effects on proliferation
(Tanaka et al., 1994; Nie et al., 1996).
In studies evaluating tranilast effects on the function of
human monocytes, we confirm tranilast is a potent inhibitor
of PGE2 and LTC4 release (IC50 ⫽ 1– 40 M) (Komatsu et al.,
1988b). Prostanoid inhibition is not specific for PGE2 because
tranilast also inhibits TXB2 with IC50 values in the same
range as those seen for PGE2 release. Moreover, these data
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activity at 500 M. Although this in vitro inhibition reached
statistical significance, the concentration of tranilast was
50-fold higher than the substrate-transition site 85-kDa
PLA2 inhibitor AACOCF3 (IC50 ⫽ ⬃10 M) (Lehr, 1997) and
10-fold higher than the concentrations needed to inhibit eicosanoid production in activated cells; therefore, it seems
highly unlikely that this inhibition would be physiologically
meaningful. Tranilast showed no effect on the in vitro sn-2
acylhydrolytic activity of rh-type IIA 14-kDa PLA2 (Fig. 5A).
The ability of tranilast to affect prostanoid production by
directly inhibiting cyclooxygenase activity was addressed in
two separate in vitro assays. At concentrations as high as
1000 M tranilast showed no inhibition of either COX-I or -II
activity. In the oxygen electrode assay (Laneuville et al.,
1994), microsomal preparations of COS-1 cells overexpressing COX-I (Fig. 6, triangles) or COX-II (Fig. 6, squares)
enzymes were incubated with increasing concentrations of
tranilast (Fig. 6, closed symbols) or flurbiprofen (Fig. 6, open
symbols), a nonspecific COX inhibitor. Tranilast had no effect
on the ability of either enzyme to oxygenate arachidonic acid,
even at doses as high as 1 mM (Fig. 6). This is in contrast to
the flurbiprofen-treated microsomal preparations. Both cyclooxygenase enzymes were potently inhibited by flurbiprofen in a dose-dependent manner (Fig. 6). The possibility of
time-dependent inhibition was addressed as well. Preincubation of rh-COX-I- and -II-enriched microsomes with tranilast
had no effect on enzyme activity in the oxygen electrode
assay (data not shown). In all assays the incorporation of
oxygen was dependent on the addition of arachidonic acid
(data not shown). Tranilast activity was also evaluated in the
more sensitive, whole-cell cyclooxygenase assay. COS-1 cells
expressing either rh-COX-I or COX-II were preincubated
with either vehicle or compound for 5 min before the addition
of 14C-labeled AA substrate. After 10 min the supernatants
were extracted and examined for radiolabeled prostanoids by
thin-layer chromatography. Table 1 shows tranilast, up to
200 M, had no significant effect on the ability of either the
rh-COX-I or COX-II-transfected whole cells to make PGE2,
PGD2, or PGF2␣. In this assay treatment with flurbiprofen
(10 M) resulted in 80 to 90% inhibition of both enzymes.
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Fig. 5. Tranilast does not significantly
affect the sn-2 acylhydrolytic activity
of recombinant human phospholipase
A2. Tranilast was assessed for its effect on rh-type IIA (A) or rh-85-kDa
PLA2 (B). Enzymes were incubated
with compound or vehicle before the
addition of 3H-E. coli substrate. Liberation of tritiated arachidonic acid was
analyzed as described under Materials
and Methods. Data are presented as
percentage of control hydrolysis; *P ⬍
.05.

suggest tranilast exerts equivalent effects on both the cyclooxygenase and lipoxygenase pathways or perhaps interferes
with a common pathway.
In an attempt to elucidate a mechanism for eicosanoid
reduction, tranilast activity against several recombinant human enzymes important in the arachidonic acid cascade were
evaluated. Tranilast had no effect on the in vitro activity of
rh-type IIA PLA2 and showed slight but not physiologically
significant activity against the rh-85-kDa cytosolic PLA2.
The lack of direct effect on sn-2 acylhydrolytic activity was
further supported when, in cell assays using two different
stimulatory mechanisms, LPS or ionophore, the addition of
exogenous AA substrate was unable to abrogate the inhibitory effects of tranilast on eicosanoid release (Fig. 3, A and
B). Taken together, these data suggest tranilast could act
downstream of AA release. We show tranilast was ineffective
at inhibiting rh-COX-I and -II enzyme activity either measured directly, using O2 uptake, or through evaluation of
prostaglandin production by cells transfected with recombinant COX-I or -II enzyme. This is in line with previous
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Fig. 6. Tranilast does not effect the activity of recombinant human COX-I
or -II in transfected COS-1 cell microsomal preparations. Microsomal
preparations of COS-1 cells transfected with rh-COX-I (Œ, ‚) or -II (f, 䡺)
were incubated with increasing concentrations of tranilast (Œ, f) or
flurbiprofen (‚, 䡺). Incorporation of oxygen onto the arachidonic acid
substrate was evaluated via oxygen electrodes as described under Materials and Methods. Data are represented as the average specific activity
as measured by the nanomoles of arachidonic acid oxygenated per minute
per milligram of protein. In the absence of compounds specific activities
were, on average, 68 nmol of AA/min/mg for COX-I and 180 nmol of
AA/min/mg for COX-II. No oxygen consumption was detected in the
absence of added arachidonate.

reports assessing tranilast activity on prostanoid-synthesizing enzymes in microsomal preparations from rat peritoneal
exudate cells (Komatsu et al., 1988b).
Tranilast was recently reported to reduce COX-II-like immunoreactivity in IL-1␤-stimulated fibroblasts (Inoue et al.,
1997). In the studies reported here, Western blot analysis of
monocyte-enriched human PBMCs activated by LPS showed
COX-II levels to be unaffected by tranilast treatment. This
discrepancy in tranilast-mediated regulation of COX-II expression could be accounted for by differences in cell type,
stimulation protocols, or antibody affinity. The previously
published work (Inoue et al., 1997) used an anti-mouse
COX-II antibody reported to cross-react with human isoforms, whereas our antibody was raised specifically against
human COX-II, the enzyme under investigation in our studies. Nonetheless, in our hands, tranilast did not effect COX-II
expression.
The ability of tranilast to affect eicosanoid release from
PBMCs without directly affecting enzyme activity still leaves
the question of mechanism. It has been shown the activity of
eicosanoid-processing enzymes can be regulated at many levels, including transcription (Roshak et al., 1996) or phosphorylation (Lin et al., 1993) and, although not specifically addressed here, might be sites for tranilast intervention.
Indeed, in preliminary studies using reporter assays the
effect of tranilast on nuclear factor-B activation has been
inconclusive (data not shown), however an in-depth investigation into the ability of tranilast to modulate nuclear factor-B activation remains to be completed.
Tranilast has also been shown to affect calcium influx in a
number of different cell types (Komatsu et al., 1988a; Nie et
al., 1997). The importance of calcium mobilization to inflammatory processes is well documented. Many of the enzymes
involved in arachidonic acid release and eicosanoid biosynthesis require Ca2⫹ for activation (Marshall and McCarteRoshak, 1992) and/or translocation to substrate-rich membranes (Clark et al., 1991; Peters-Golden and McNish, 1993).
The processes of exocytosis also require Ca2⫹-dependent
membrane fusion and evidence suggests tranilast may perturb intercellular calcium equilibrium and hence degranulation via interactions with specific Ca2⫹-binding proteins (Shishibori et al., 1999). The ability of tranilast to cumulatively
block the calcium-mediated activities necessary for eicosanoid biosynthesis is a potential mechanism that must still
be explored.
In addition to eicosanoid regulation, we show, for the first
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TABLE 1
Tranilast does not inhibit prostaglandin synthesis by rh-COX enzymes in transfected COS-1 cells
Values given are the percentage of total radiolabeled product generated by COS-1 cells transfected with COX-I or -II after incubation with 10 M [1-14C]AA. Assays in intact
cells were carried out as described under Materials and Methods. Prior to the addition of radiolabeled substrate, the cells were incubated with either vehicle, flurbiprofen
(10 M), or tranilast (50 and 200 M). Reactions were terminated after 10 min at 37°C and supernatants were extracted and subjected to TLC.
% Product
Drug

COX-I

COX-II

No inhibitor
10 M flurbiprofen
50 M tranilast
200 M tranilast
No inhibitor
10 M flurbiprofen
50 M tranilast
200 M tranilast

PGE2

PGD2

PGF2␣

3.13
0.6
3.42
6.57
12.77
1.57
12.55
9.22

21.12
0.25
21.07
24.07
47.12
3.62
47.4
43.98

18.83
0.094
19.83
18.16
22.73
3.37
22.6
19.17

Fig. 8. Addition of exogenous PGE2 can reverse the tranilast-mediated
inhibition of TGF-␤1 release in human monocyte-enriched PBMCs. Cells
(2 ⫻ 106/ml) were cultured for 24 h with 200 ng/ml LPS stimulation in the
presence or absence of tranilast at 300 M. PGE2 (200 ng/ml) was added
to the media. Tranilast was delivered in 100% DMSO to a final concentration of 0.5%. Cell-free supernatants were analyzed for TGF-␤1 by
ELISA. Shown is a graph from one representative donor. All experiments
were conducted in two to six donors. Data are expressed as nanograms
per milliliter release, mean ⫾ S.D. (n ⫽ 3). *P ⬍ .05 compared with
stimulation alone.

time, tranilast’s ability to modulate LPS-induced PBMC
IL-8, a potent chemoattractant and activator of neutrophils.
Although this required higher levels, inhibition was concentration-dependent (IC50 ⫽ ⬃100 M). The ability of tranilast
to lower IL-8 levels at the site of tissue damage would, in
theory, augment the tissue repair profile through a reduced
granulocyte influx. Interestingly, tranilast had no effect on
monocyte TNF-␣ release, indicating the lack of a general

0
83
⫺5
⫺8
0
86
0
10

immunotoxic effect and suggesting a distinct mechanism(s)
of action.
Macrophage responsiveness at wound sites would, potentially, also be effected by tranilast via the attenuation of
IFN-␥, the most potent activator of macrophages. In a cytokine activation system, combinatorial treatment with IL-12
and IL-18 drives mononuclear cells to produce IFN-␥. Tranilast was an inhibitor in this system (33.5% at 100 M).
This would presumably attenuate the IFN-␥ activation loop,
reducing overall macrophage responsiveness during an immune-mediated response.
Human monocytes are known to be an important source of
the growth factor TGF-␤1 (Letterio and Roberts, 1998).
TGF-␤1 is a key regulator of matrix deposition, which directly impacts tissue repair and remodeling (Derynck, 1994).
Tranilast has been shown to inhibit the release of TGF-␤1 in
a number of species and cell systems (Suzawa et al., 1992b;
Ward et al., 1998). Its ability to prevent keloid formation
correlates to reduced TGF-␤1-induced extracellular matrix
deposition by fibroblasts (Suzawa et al., 1992a; Yamada et
al., 1994). Several animal models of hyperproliferation and
fibrosis, where TGF-␤1 activity is deemed instrumental,
have seen attenuation by treatment with tranilast (Isaji et
al., 1994; Mori et al., 1995), including several models of
vascular restenosis (Kikuchi et al., 1996; Miyazawa et al.,
1997; Ward et al., 1998).
Initial reports of tranilast-mediated TGF-␤1 reduction in
mononuclear cells was shown not to be concentration-dependent (Suzawa et al., 1992b) but this may have been due to the
use of an overwhelming amount of stimulus (i.e., LPS at 1
mg/ml). We show here that tranilast reduces TGF-␤1 levels
in a concentration-dependent manner (IC50 values ⫽ ⬃100 –
200 M) in LPS-stimulated monocytes (LPS at 200 ng/ml; a
dose lying on the linear portion of a concentration versus
activation curve). In agreement with this we show, for the
first time, that intracellular protein levels of TGF-␤1 are
reduced in monocytes treated with tranilast (Fig. 7). Preliminary Northern analyses suggest this inhibition is transcriptional although the exact mechanisms by which tranilast
specifically attenuates TGF-␤1 expression are not known.
However, tranilast’s lack of effect on COX-II expression and
its inability to attenuate TNF-␣ levels suggests specific
mechanistic activities distinct from those of a general transcriptional inactivator. Because the monocyte/macrophage is
a key source of TGF-␤1 at sites of injury and inflammation,
attenuation of TGF-␤1 formation would impact heavily on
over-reactive tissue repair processes.
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Fig. 7. Tranilast exposure down-regulates the intracellular expression of
TGF-␤1 protein in human monocyte-enriched PBMCs. Cells (2 ⫻ 106/ml)
were cultured for 24 h with (lanes 2 and 4) or without 200 ng/ml LPS
stimulation (lanes 1 and 3) in the presence (lanes 3 and 4) or absence
(lanes 1 and 2) of tranilast at 300 M. Tranilast was delivered in 100%
DMSO with a resulting assay concentration of 0.5%. Particulate fractions
(100,000g) were resolved by SDS-PAGE (35 g/lane) and analyzed by
Western blot for TGF-␤1 levels. Shown is a blot from one representative
donor. Experiments were conducted in two to four donors.
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Fig. 9. Schematic representation of tranilast activity in modulating immune-mediated wound repair. A, representation of the possible signaling
events mediating the complex phenomena of aberrant tissue repair after
PTCA, leading ultimately to restenosis. B, representation of how downregulation of immune-mediated signaling cascades initiated by PTCA via
therapeutic intervention with tranilast might allow for normal wound
healing sequelae.

the influx of additional immune cells. Interferon-␥ inhibition
would stop the continued activation of proinflammatory cascades, whereas blockade of PGE2 production would impact
the production of TGF-␤1. As a consequence, we believe the
efficacy of tranilast in preventing fibrosis and restenosis
stems from a synergy between its immunomodulatory and
antiproliferative activities, which culminate to attenuate aberrant tissue repair.
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