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ABSTRACT

Trimetoquinol (TMQ), a nonprostanoid compound, inhibits throm-
boxane A, agonist-induced responses in platelets and vascular
smooth muscle. Sixteen TMQ analogs were used to examine
the stereochemical requirements of the interaction with throm-
boxane A./prostaglandin H, (TP) receptor sites in human plate-
lets (HP), and cultured rat vascular endothelial (RVEC) and
smooth muscle (RVSMC) cells. [°H]SQ 29548 was used as the
ligand for TP receptors. The receptor binding affinities of these
TMQ analogs for TP receptors in HP, RVEC and RVSMC were
highly correlated with each other, and to their reported inhibitory
potency values against U46619-induced HP aggregation and
serotonin secretion, and contraction of rat aorta. TP receptor
binding affinities of TMQ and 8-fluoroTMQ isomers were highly
stereoselective (R-isomer > S-isomer), and only the 8-fluoroTMQ

isomers gave qualitatively different functional responses in rat
aorta. The affinity of TMQ for TP receptors was increased by
addition of iodine and fluorine atoms at the 5- and 8-positions of
the catechol ring or by replacement of the methoxy groups with
iodine atoms on the 1-benzyl ring system. The results indicate
that: 1) the stereochemical requirements of TMQ analogs for
interaction with TP receptors in these cell systems are the same;
2) although TMQ analogs act as TP receptor antagonists, differ-
ences in functional responses by 8-fluoroTMQ isomers in plate-
lets and aorta are not explained by their relative binding affinities
to TP receptors; and 3) asymmetric halogenated TMQ analogs
should be useful as affinity probes for further characterization of
TP receptors.

TXA; is one of the most potent naturally occurring activators
of platelet aggregation and vasoconstriction leading to a variety
of cardiovascular disorders (Halushka and Lefer, 1987; Lefer,
1985) by interacting with its specific receptors. In order to
identify TP receptor subtypes, pharmacological and biochemi-
cal characterization of the receptors has been studied exten-
sively in platelets (Armstrong et al., 1983; Dorn, 1989, 1991;
Hanasaki et al., 1988a, 1989; Hanasaki and Arita, 1988; Hedberg
et al., 1988; Kattleman et al., 1986; Mais et al., 1988; Morinelli
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et al., 1989; Swayne et al., 1988; Takahara et al., 1990), and to
a lesser degree in vascular endothelial (Hanasaki et al., 1988b;
Hunt et al., 1992; Sung et al., 1989; Swayne et al., 1988) and
smooth muscle cells (Hanasaki et al., 1989; Hanasaki and Arita,
1989; Morinelli et al., 1989, 1990).

Early functional studies (LeDuc et al., 1981; Lefer et al.,
1980) indicated that TP-mediated responses in platelets and
vascular tissues differ. Subsequently, Mais et al. (1985a,b)
suggested that there are receptor subtypes for TXA; in platelets
and vascular tissue based on differences in the rank order of
functional inhibition by TP-receptor antagonists. Radioligand
binding studies have revealed a similarity in binding specificity
of structurally diverse TP receptor agonists and antagonists in
platelets and vascular tissues (Hanasaki et al., 1988a,b; Mihara
et al., 1989). However, Masuda et al. (1991) reported that a
series of 13-azapinane TXA; analogs differentiated between
TP receptor sites in platelets and vascular smooth muscles.

ABBREVIATIONS: TXA;, thromboxane A.; TP, thromboxane A./prostaglandin Hz; TMQ, trimetoquinol; 5F-TMQ, 5-fluoroTMQ; 8F-TMQ, 8-fluoroTMQ;
U46619, (15S-hydroxy-11a,9a-epoxymethanoprosta-5Z,13E-diencic acid) and SQ 29548, (1S{1a, 2,6(52), 38, 4a])-7-{3+[2-{(phenylamino)carbonyl}-
hydrazino]methyl)-7-oxabicyclo{2.2.1]hept-2-yl]-5-heptenoic acid; EGTA, ethylene glycol bis N, N'-tetraacetic acid; PGE, prostaglandin E,; FCS, fetal
calf serum; trans-APA, trans-13-azaprostanoic acid; HP, human platelets; RVEC, rat vascular endothelial cells; RVSMC, rat vascular smooth muscie

cells.
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Several studies (Dorn, 1991; Furci et al., 1991; Kattleman et
al,, 1986; Hanasaki et al, 1988b, 1989; Masuda et al., 1991;
Mihara et al., 1989) have examined the binding characteristics
of prostanoid compounds in platelets and vascular smooth
muscle cells. Only a few nonprostanoid TP receptor-interacting
compounds were included in those studies. Previous reports
from our laboratory (Ahn et al.,, 1988; Mayo et al., 1981; Mu-
khopadhyay et al., 1985; Shin et al., 1991, 1992) demonstrated
that the nonprostanoid compound, TMQ (fig. 1), was a highly
stereoselective (R-isomer >> S-isomer), competitive antagonist
of TP receptors in human platelets and rat aortae. In recent
work, we found that the fluorine-substituted TMQ analogs, 5F-
TMQ and 8F-TMQ (fig. 1) are 16- and 29-fold, respectively
more potent than TMQ as antagonists of U46619-induced
contraction of rat aorta versus human platelet aggregation
(Miller et al., 1988); and the TP receptor binding of these TMQ
analogs was the same in human and rat platelets (Romstedt et
al., 1992). Accordingly, these results imply that the observed
functional selectivities of 5F-TMQ and 8F-TMQ are attributed
to differences in their TP receptor affinities in vascular smooth
muscle and platelets. TMQ, unlike other prostanoid TP antag-
onists, also shows interspecies selectivity for TP-mediated
functional responses in vascular tissues (Ogletree and Allen,
1992). To date, studies of TMQ analog binding interactions
have been limited to platelet TP receptors (Ahn et al., 1988;
Romstedt et al., 1992; Shin et al., 1991, 1992).

The main objective is to establish whether previously ob-
served tissue and species-selective differences in functional
inhibition of TP-mediated responses by nonprostanoid TMQ
analogs are explained by their TP receptor affinities in appro-
priate cell models. The present work characterizes the receptor
binding potencies of TMQ analogs for interaction with TP
receptors on different cardiovascular cell types (blood platelets,

:j SN O
CH
NH/W\/ 3

Trans-13-azaprostanoic acid [trans-APA]

x‘
Abbreviations X, X X3 X, X
™Q H H  OCH, OCH, H
51-TMQ I H OCH, OCH, H
81-TMQ H I OCH; OCH, H
SF-TMQ F H  OoCH, OCH, H
8F - TMQ H F  OCH, OCH, H
5,8-diF-TMQ F F OCH, OCH, H
3'I-TMQ H H I OCH, H
3',5'-diI-TMQ H H I I H
NOZ-THQ H H N02 OCH3 H
NH, -TMQ H H NH, OCH; H
NB-NO, -TMQ H H OCH, OCH, N-(4-NO,benzyl)
NB-NH,-TMQ H H OCH; OCH; N-(4-NH,benzyl)

Fig. 1. Chemical structures and abbreviations of trimetoquinol (TMQ)
and trans-13-azaprostanoic acid. The asymmetric carbon atom
is indicated by the asterisk.
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vascular endothelial and smooth muscle cells). Rat aortic
smooth muscle, rat aortic endothelial cells and human umbilical
venous endothelial cells were selected as representative tissues
(Hanasaki et al, 1988a,b) to assess possible intertissue and
interspecies differences in TMQ analog interactions on TP
receptors. Receptor interactions of these nonprostanoid com-
pounds were studied in these cells using a highly specific TP
receptor antagonist, [*H]SQ 29548 (Hedberg et al., 1988).

We previously reported (Romstedt et al., 1992; Shin et al.,
1991) TP receptor binding and antagonist activities for a lim-
ited number of TMQ compounds in human platelets. The
present work extends these studies and, for the first time,
examines the TP receptor binding affinities of a large series of
structurally related TMQ analogs (fig. 1) in other cardiovas-
cular model cell systems (rat vascular smooth muscle and
endothelial cells). Analogs of TMQ that contained 1-benzyl
group and N- substitutions were chosen because they possessed
functional TP antagonist activities that were more and less
potent than TMQ, respectively (Fedyna et al., 1987; Harrold et
al., 1987, 1988; Shams et al., 1990). Other analogs that exhibited
functional (6,7-dihydroxy ring substitutions) (Miller et al.,
1988; Markovich et al., 1992) or optical selectivities (isomers of
8F-TMQ and TMQ) (Ahn et al., 1988; Shin et al., 1992, Mar-
kovich et al., 1992) for antagonism of TP-dependent responses
in aortae and platelets were also included.

Materials and Methods

Materials. [5,6-°H])SQ 29548 (30.0 Ci/mmol) was purchased from
Dupont-New England Nuclear (Boston, MA). Trizma HCl, Trizma
base, EGTA, EDTA, PGE,, heat-inactivated (FCS), antibiotic/anti-
mycotic solution, trypsin-EDTA (5 mg/ml trypsin and 2 mg/ml EDTA),
Hanks’ balanced salt solution (with and without Ca**/Mg**), Masson’s
trichrome staining agents, bovine serum albumin (Fraction V) and
endothelial cell growth supplement were purchased from Sigma Chem-
ical Co. (St. Louis, MO). Type I collagen (Vitrogen 100) was purchased
from Collagen Corporation (Palo Alto, CA). Collagenase type IV was
obtained from Worthington Biochemical Corp. (Freehold, NJ). U46619
was a gift from the UpJohn Company (Kalamazoo, MI). Dulbecco’s
modified Eagles medium (DMEM) and RPMI 1640 were obtained from
the Cell Culture Service of The Ohio State University. Rabbit antihu-
man factor VIII serum, nonimmune rabbit IgG serum and fluorescein-
conjugated swine antirabbit IgG serum were purchased from DAKO
Corp. (Carpinteria, CA). Scintiverse E was obtained from Fisher Sci-
entific (Pittsburgh, PA). Stereoisomers of TMQ [R(+)-TMQ, [ap] =
+24.1, and S(-)-TMQ, [ap] = —26.9] were gifts from Dr. Yoshio
Iwasawa (Tanabe Seiyaku Company, Limited, Saitama, Japan). Trans-
APA and the remaining TMQ analogs were prepared in our laboratory,
and other chemicals were of reagent grade. Unless indicated, TMQ
analogs were used as racemates. Isomers of 8F-TMQ [S(+)-8F-TMQ,
[ap) = +4.4 and R(—)-8F-TMQ, [ap] = —4.2] were prepared in our
laboratory. Chemical structures of trans-APA and TMQ analogs are
given in figure 1. TMQ analogs used and abbreviations are as follows:
racemate, R(+)- and S(—)-isomers of trimetoquinol [TMQ, R(+)-TMQ
and S(-)-TMQJ; racemate, R(—)- and S(+)-isomers of 8-fluoroTMQ
[8F-TMQ, R(-)-8F-TMQ and S(+)-8F-TMQ); 5,8-difluoroTMQ (5,8-
dil-TMQ); 5-fluoroTMQ (5F-TMQ); 8-iodoTMQ (8I-TMQ); 5-
iodoTMQ (5I-TMQ); 2-(4-nitrobenzyl)TMQ (NB-NO.-TMQ); 2-(4-
aminobenzyl) TMQ (NB-NH.-TMQ); 3’-aminocTMQ (NH,-TMQ); 3'-
nitroTMQ (NO,-TMQ); 3’-iodoTMQ (3'1-TMQ); and 3',5'-
diiodoTMQ (3’,5’-dil-TMQ).

Preparation of washed human platelets. Washed platelets were
obtained from platelet-rich plasma (PRP) by a modification of the
method of Hedberg et al. (1988). PRP was prepared from the blood
containing anticoagulant by centrifugation at 200 X g for 15 min. A
sedimented platelet pellet, obtained from centrifugation of PRP at 1000
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X g for 4 min, was resuspended in 50 mM Tris-saline (7.02 g/1 Trizma
HC], 0.67 g/1 Trizma base, and 9 g/l NaCl, pH 7.2) containing 5 mM
EGTA and 1 uM PGE,, and recentrifuged at 1000 X g for 4 min. The
washing procedure was repeated 3 times in the presence of 1 uM PGE,
to promote uniform suspension. Final suspensions were 1 X 10° intact
platelets/ml in 50 mM Tris-saline.

Cultures of rat aortic vascular and human umbilical venous
endothelial cells. Primary cultures of endothelial cells from rat tho-
racic aorta of male Sprague-Dawley rats weighing 250 to 350 g were
prepared on cold collagen gels according to the method of McGuire and
Orkin (1987). The cells were cultivated in complete media (RPMI 1640
+20% FCS + 50 ug/ml ECGS + 200 mM glutamine + antibiotics) and
subcultured with 0.05% trypsin/0.02% EDTA. Cells between 5th and
8th passages were used for the binding experiments. Endothelial cells
were identified using immunofluorescence with factor VIII antigen
according to the method of Cole et al. (1986).

Human umbilical venous endothelial cells were provided by The
Ohio State Cell Culture Service facility. Umbilical veins were rinsed
and incubated with 0.1% collagenase in cold phosphate buffered saline
(pH = 7.4) for 20 min, and the veins were massaged to remove
endothelial cells. Cells were isolated by centrifugation at 900 X g for
10 min, resuspended into 20% FCS, and seeded in culture dishes coated
with human fibronectin (5 ug/cm?®) and passaged using 0.05% trypsin/
0.02% EDTA. Confluent cells between the 5th and 8th passages were
used for the experiments.

Cultures of rat aortic vascular smooth muscle cells. Rat vas-
cular smooth muscle cells were prepared from explants of the thoracic
aorta of 250 to 350 g male Sprague-Dawley rats by the modification of
the method of Ross (1971). The explants were incubated with DMEM
supplemented with 20% FCS and antibiotics at 37°C in an air-flow
chamber. After serial subculture with a 0.1% trypsin/0.04% EDTA
solution, cells were harvested between the 5th and 12th passages.
Typical ’hill’ and 'valley’ morphology at confluence were the charac-
teristics of the vascular smooth muscle cells. Light microscopy with
Masson’s trichrome stain also revealed the syncytial network of ribbon-
like cells, slender nuclei and multiple small nucleoli, and longitudinal
cytoplasmic striations (Pollak and Kasai, 1964).

Radioligand binding experiments. Human platelet binding ex-
periments were conducted essentially as described by Hedberg et al.
(1988). Platelets (1 % 10°) were incubated with 0.5 nM [*H]SQ 29548
in the absence or presence of 50 uM unlabeled SQ 29548 in Tris-saline
buffer with a final volume of 0.5 mL. Inhibition of specific [°H]SQ
29548 binding to washed platelets by TMQ isomers was determined
using different concentrations of the drugs or trans-APA as a positive
control. Samples were filtered rapidly by vacuum through Whatman
GF/B glass fiber filters on a model 12R ucell harvester (Brandel
Gaithersburg, MD) and washed for 10 sec with ice-cold Tris saline.
The filters were dried for 5 min, placed in plastic vials containing 10
ml of an emulsion-type scintillation fluid (Scintiverse E), and the
amount of radioactivity was measured by liquid scintillation spectrom-
etry. Specific binding and net activity (mean + S.E.) in platelets were
86.3 + 1.9% and 2265 + 375 cpm (n = 36). The K, and B, (fmol/10®
platelets) were 3.1 and 0.49, respectively, and they gave a Hill coeffi-
cient of 1.2 (Shin et al., 1992).

Binding assays for vascular human and rat endothelial and smooth
muscle cells were conducted by a modification of Hanasaki et al.
(1988a,b). Trypsinized cells (1.5 to 2 X 107 cells/ml) were incubated
with 5 nM [*H]SQ 29548 in the absence or presence of 10 uM unlabeled
SQ 29548 in 50 mM Tris-saline buffer containing 0.1% bovine serum
albumin (pH 7.2). Inhibition of specific [*H]SQ 29548 binding to the
cells by TMQ analogs was determined using different concentrations
of the drugs. The rest of the procedures was the same as in human
platelets. The specific binding and net activity (mean + S.E.) were 66.1
+ 1.2% and 72 + 2.2%, and 1683 + 115 cpm and 727 + 73 cpm in rat
vascular smooth muscle cells (n = 31) and endothelial cells (n = 24),
respectively. Hill coefficients were equal to 1.0 in both cell systems.
The K, and B, (fmol/10° cells) values for SQ 29548 in rat vascular
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smooth muscle and endothelial cells were 2.9 and 1.6, and 1.8 and 2.1,
respectively (Shin et al., 1992).

Data analysis. Experimentally determined K, and B,..., values, and
Hill coefficients for SQ 29548, and the dissociation constants (K;) for
competing drugs were calculated using the LIGAND computer program
(McPherson, 1985) and the equation of Cheng and Prusoff (1973).
Comparisons of functional and binding data in different cells and
tissues were analyzed by linear regression. Regression data were ex-
pressed as slope (s), correlation coefficient (r) and level of significance
(P value) for the correlation.

Results

A series of TMQ analogs was selected to examine the chem-
ical specificity for binding to TP receptor sites in these cell
systems (fig. 1; see also “Materials and Methods”). In prelimi-
nary experiments with human umbilical venous endothelial
cells (n = 3), the specific binding of [*H)SQ 29548 (0.1-8.0 nM)
did not exceed 10% of the total binding, whereas 67 to 85%
specific binding was observed in rat vascular endothelial cells
by SQ 29548 over the concentration range of 0.1 to 8.0 nM.
Because of the small extent of binding, no further studies were
conducted with TMQ analoge as competing drugs in human
umbilical venous endothelial cells.

The binding of [*H]SQ 29548 to washed human platelets, rat
vascular smooth muscle cells and rat vascular endothelial cells
was displaced by nonprostanoid TMQ analogs (15-16 com-
pounds) and trans-APA in a concentration-dependent manner
(fig. 2, table 1). The prototypical prostanoid TP receptor an-
tagonist, trans-APA, gave similar K; values (parentheses) in
human platelets (26.4 uM), rat vascular smooth muscle cells
(4.0 uM) and rat vascular endothelial cells (12.7 uM) (table 1).
As shown in figure 2, the rank order of receptor affinity for a
series of 1-benzyl group-substituted TMQ analogs was the same
in each of the cell systems [3’, 5’-dil-TMQ > 3'I-TMQ = TMQ
> NO,-TMQ > NH,-TMQ].

From a structure-activity evaluation of the data given in
table 1, greater receptor binding affinities were observed for
those TMQ analogs possessing halogen or nitro group substi-
tution on the 1-benzyl group (3'I-TMQ, 3’, 5’-dil-TMQ and
NO,-TMQ), those analogs with halogen substitution on the
catechol ring (5F-TMQ = 8F-TMQ > 8I-TMQ > 5I-TMQ),
and TMQ and 8F-TMQ isomers of the R-absolute configura-
tion. In each cell system, R-TMQ and R-8F-TMQ were 564- to
933-fold and 7- to 35-fold, respectively, more potent than the
corresponding S-isomers. In contrast, 3’-amino (NH,-TMQ)
and N- (NB-NO,-TMQ and NB-NH;-TMQ) substituted TMQ
analogs were 16- to 105-fold less potent than TMQ as inhibitors
of specific [*H)SQ 29548 binding in these receptor systems.

The rank orders and affinity values (pK;) against the specific
[*H]SQ 29548 binding of TMQ analogs were highly correlated
between human platelets and rat vascular endothelial cells (fig.
3, upper panel; s = 0.86, r = 0.95, P < .001), human platelets
and rat vascular smooth muscle cells (fig. 3, middle panel; s =
0.75, r = 0.89, P < .001), and rat vascular endothelial cells and
rat vascular smooth muscle cells (fig. 3, lower panel; s = 0.88,
r=0.95, P <.001).

The inhibitory potency values (pICs or pK,) of the TMQ
analogs against U46619 (a TXA,-agonist)-induced human
platelet activation and vasoconstriction in rat thoracic aorta
(Mukhopadhyay et al., 1985; Harrold et al., 1988; Shams et al.,
1990; Romstedt et al., 1992) were highly correlated with their
affinity values for the inhibition of specific [*H]SQ 29548
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Fig. 2. Competitive inhibition of specific [*H]SQ 29548 binding to washed
human platelets (upper panel), rat vascular smooth muscle cells (middie
panel) and rat vascular endothelial cells (lower panel) by selected TMQ
analogs. Data are presented as the mean + S.E. of n = 7 to 14 from
three different preparations. Key: ® = 3’,5’-dil-TMQ; A = 3'I-TMQ; B =
racemic-TMQ; O = NO.-TMQ; and & = NH-TMQ (see fig. 1 for structures
and abbreviations).

binding in washed human platelets (fig. 4, upper panel; s =
0.74, r = 0.89, P < .001 for aggregation; and fig. 4, middle panel;
8 =0.70, r = 0.88, P < .001 for serotonin secretion) and cultured
rat aortic vascular smooth muscle cells (fig. 4, lower panel; s =
0.81, r = 0.83, P < .001), respectively.

Discussion

Previous reports have indicated that TMQ: 1) does (Ahn et
al., 1988) or does not (Armstrong et al., 1983) interact with TP
receptor sites in human platelets; 2) acts at multiple inhibitory
sites in human platelets (Ahn et al., 1988); and 3) acts in a
qualitatively different manner from other TP receptor antago-
nists in smooth muscle tissues (Ogletree and Allen, 1992). We
have reported recently that TMQ isomers and 1-benzyl group-
substituted TMQ analogs inhibit specific [PH)SQ 29548 binding
in a concentration-dependent and highly stereoselective man-
ner in human platelets (Shin et al., 1991, 1992). To further
investigate the specificity of TMQ analog interactions with TP
receptors, we have utilized human platelets, cultured rat aortic
vascular endothelial cells and smooth muscle cells as repre-
sentative TP receptor systems. The TP receptor antagonist,
[*H])SQ 29548, bound only to a single class of saturable, high
affinity receptor sites in these tissues (Shin et al., 1992), as

TABLE 1
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Comparison of the K, values for inhibition of specific [*H]SQ 29548
binding to human platelets (HP), rat vascular endothelial cells
(RVEC) and rat vascular smooth muscle cellis (RVSMC)*

Compound Tested® KuM
HP RVEC RVSMC
trans-APA 264 +88 127 £ 21 4.03 + 0.86
™Q 0.98 + 0.08 0.41 +£0.10 0.46 £ 0.13
R(+)}TMQ 0.36 £ 0.05 0.28 £ 0.05 0.26 + 0.08
S(-)}»T™MQ 336 + 57 158 + 16 233 + 38
3'I-TMQ 0.21 £ 0.04 0.21 £ 0.06 0.25 £ 0.06
3',5'dil-TMQ 0.12+0.02 0.089 + 0.022 0.38 + 0.07
NH-TMQ 105+7.8 240+29 9.69 + 2.54
NO-TMQ 837 £ 1.11 1.52 +£0.18 2.63 +£0.43
NB-NH-TMQ 70.5+5.2 8.02 + 1.52 7.34 £ 2.60
NB-NO-TMQ 68.2+8.8 165+ 2.2 239+37
5F-TMQ 108+ 26 104 +55 nd?
8F-TMQ 3.82+0.85 243 + 0.64 459 +1.08
R(-)-8F-TMQ 1.47 £ 0.36 238 +£0.73 377+ 1.1
S(+)-8F-TMQ 519+75 163+ 24 406 +9.8
5,8-diF-TMQ 354165 53.2 + 12.6 453+ 8.8
5-TMQ 35.9+8.1 218 +£2.82 8.29 + 2.37
8l-TMQ 147 £ 32 8.67 + 1.84 9.46 + 2.08
* Data represent the mean + S.E. of 7 to 31 experiments from at least three
different cell preparations.

° Abbreviations and structures of TMQ s are given in figure 1.
° K, values were calculated from the equation of Cheng and Prusoff (1973).
? nd = not determined.

previously reported (Hanasaki et al., 1988a,b; Hedberg et al.,
1988).

All TMQ analogs were concentration-dependent inhibitors
of the specific binding of [*H]SQ 29548 with similar potencies
in human platelets and cultured rat vascular endothelial and
smooth muscle cells. Furthermore, inhibitory potencies of these
compounds in platelets, vascular endothelial cells and smooth
muscle cells were highly correlated (fig. 3). Thus, the ligand
binding site recognized by TMQ analogs and SQ 29548 is
similar in these TP systems.

Heterogeniety of TP receptor populations has been based on
pharmacological differences in the antagonist activity of pros-
tanoids (Mais et al., 1985a,b; Tymkewycz et al., 1991). A goal
of these studies was to determine whether functional effects of
TMQ analogs against TXA;-agonist-induced responses corre-
lated favorably with TP receptor affinities in platelets and
vascular smooth muscle. The present work demonstrates that
TMQ analogs bind to TP receptor sites in platelets and vascular
smooth muscle cells with similar rank orders of potencies (fig.
3). The binding affinities of TMQ analogs also were highly
correlated to previously reported inhibitions of TP-mediated
pharmacological responses in platelets and rat aorta (fig. 4).
Collectively, the results of our studies with nonprostanoid TMQ
analogs are consistent with the previous reports that the TP
receptors have similar recognition sites for prostanoid and
nonprostanoid analogs in platelets, vascular endothelial and
vascular smooth muscle cells (Hanasaki et al., 1988a,b; Huzoor-
Akbar et al., 1985; Swayne et al., 1988).

The functional effects of halogenated TMQ analogs, previ-
ously reported to exhibit tissue selectivity (Miller et al. 1988;
Markovich et al. 1992), did not correlate to TP receptor affin-
ities. In this regard, 5F-TMQ and 8F-TMQ are selective antag-
onists of U46619-induced responses in rat aorta versus human
platelets in comparison to TMQ (Miller et al., 1988). Although
8F-TMQ was 3.2 times more potent (ECs = 0.44 uM) than
TMQ (ECs = 1.4 uM) as an antagonist of U46619-induced
contractions on rat aortae, it possessed a 10-fold lower affinity
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Fig. 3. Graphical correlation of receptor affinity (pK)) of TMQ analogs for
inhibition of specific [*H}SQ 29548 binding to washed human platelets
(HP) vs. cultured rat aortic vascular endothelial cells (RVEC) (upper
panel), washed human platelets (HP) vs. cultured rat aortic vascular
smooth muscle cells (RVSMC) (middie panel); and cultured rat aortic
endothelia cells (RVEC) versus rat aortic vascular smooth muscle cells
(RVSMC) (lower panel). Each point is the mean value of 3 to 31 experi-
ments performed in three different preparations.

for TP receptors in smooth muscle cells (table 1). Furthermore,
the optical isomers of 8F-TMQ showed a high stereoselectivity
(R > S) for binding to TP receptors on platelets (35-fold
difference) and smooth muscle cells (11-fold difference), and
they produced qualitatively different functional effects on rat
aortae. Whereas R-8F-TMQ was 14 times more potent than
the S-isomer as a TP antagonist of U46619-induced responses
on platelets, only the S-isomer (ECs = 1.9 uM) was an agonist
in rat aorta, and the contractile responses were not blocked by
SQ 29548 (< 1 uM) (Markovich et al., 1992). Further, there
was a 17-fold difference between receptor affinity and func-
tional activity for the S-isomer of 8F-TMQ in smooth muscle
cells and rat aorta. Previous reports also indicate that certain
TP prostanoid antagonists exhibit contractile activities in vas-
cular smooth muscle systems (Lefer et al., 1980; Morinelli et al.
1989). Thus, the functional selectivities of these halogenated
TMQ analogs are independent of TP receptor affinities, and
may be associated, in part, with differences in tissue distribu-
tion or metabolism of the TMQ analogs or to an interaction of
the TMQ analogs with other prostanoid receptor sites in vas-
cular smooth muscle.

Nonprostanoid TMQ analogs did not discriminate between
TP receptor populations in platelets and vascular cells. This
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Fig. 4. Correlations of inhibitory potency values (pK, or pK,) of TMQ
analogs for inhibition of specific [*H]SQ 29548 binding to washed human
platelets (HP) vs. U46619-induced aggregation (upper panel) and sero-
tonin secretion (middie panel) in human platelet-rich plasma, and inhibition
of specific [*H]SQ 29548 binding to cultured rat aortic vascular smooth
muscle cells (RVSMC) vs. inhibition of U46619-induced vasoconstriction
in rat thoracic aortae (RTA) (lower panel). piCso Or pK, values were taken
from our previous papers. Each point is the mean value of at least four
experiments and is analyzed by a linear regression analysis.

finding agrees favorably with earlier radioligand binding studies
of structurally diverse TP receptor agonists and antagonists in
platelets and vascular tissues (Hanasaki et al., 1988a,b; Mihara
et al., 1989). However, unlike TMQ analogs, structural deriva-
tives of the 13-azapinane series of TXA; analogs differentiate
between TP receptor populations present in platelets and vas-
cular smooth muscle cells (Masuda et al., 1991). The inability
of TMQ analogs to differentiate between these subclasses of
TP receptors may be related to the chemical nature of the
radioligand used (Masuda et al., 1991), or to an interaction with
TP receptor domains that do not reveal heterogeneity between
these proposed subclasses.

The recent cloning and expression of human TP receptors
(Hirata et al., 1991) also led to a proposal that a high degree of
homology exists for TP receptor in platelets and vascular
tissues. We have reported that the isomers of TMQ show a
similar stereodependency (R-isomer > S-isomer) for displace-
ment[*H])SQ 29548 from TP binding sites in platelets, vascular
endothelial and smooth muscle cells of rat (Shin et al., 1992),
and further, that the rank orders of potencies for halogenated
TMQ analogs are the same in rat versus human platelets
(Romstedt et al, 1992). In the analysis of structure-affinity
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relationships for the TMQ analogs (fig. 3), the slope values of
correlations in human platelets versus rat vascular endothelial
cells, and in human platelets versus rat vascular smooth muscle
cells, deviated from unity. Thus, small intertissue or species
differences may exist in the binding of TMQ analogs to TP
receptor populations in these cell types. Indeed, Ogletree and
Allen (1992) reported that R(+)-TMQ does not inhibit the
U46619-induced contraction of guinea pig aorta and portal vein,
indicating that differences may exist between TMQ and other
nonprostanoid or prostanoid TP receptor antagonists in these
preparations. Until the receptors from different cell types are
cloned and expressed, it is not possible to conclude whether TP
receptors in these tissues are different. Nevertheless, these
nonprostanoid TMQ analogs may be useful to resolve the
underlying basis for the observed species and intertissue differ-
ences in TP receptor populations.

TP receptors have been identified in rat vascular endothelial
and bovine pulmonary artery and bovine aortic endothelial
cells (Hanasaki et al, 1988a; Hunt et al., 1992; Sung et al.,
1989), and Yamada et al. (1989) reported that platelet aggre-
gation induced by TXA, was inhibited in the presence of human
umbilical vein endothelial cells; this action may be related to
prostacyclin synthesis or release from endothelial cells. In our
studies, rat vascular endothelial cells, but not human umbilical
endothelial venous cells, were found to contain a population of
high affinity TP receptors. Because specific [H)SQ 29548
binding was not observed in human umbilical venous endothe-
lial cells studied under the same experimental conditions as rat
vascular endothelial cells, we suggest that human endothelial
cells do not contain TP receptor binding sites. This interpre-
tation should be viewed with caution, inasmuch as the isolated
human umbilical venous endothelial cells may not express or
lose TP receptors under the culturing conditions. Thus, the
question of species or tissue differences in the distribution of
TP receptors in endothelial cells remains to be elucidated.

Our results demonstrate that the nonprostanoid TMQ ana-
logs inhibited specific [*H)SQ 29548 binding in a concentration-
dependent and highly stereoselective manner (R-isomer > S-
isomer) in human platelets and rat cultured vascular endothe-
lial and smooth muscle cells. The stereodependency of the TMQ
isomers (564- to 933-fold isomeric activity ratio; see table 1) is
at least a log unit greater than that reported for isomers of 13-
azaprostanoic acid (Huzoor-Akbar et al., 1985), an indole-
propanoic acid derivative (L-654, 664) (Mais et al., 1990; Ma-
suda et al., 1991) or the related prostanoid analogs, S-145 (Dube
et al., 1989), difluorothromboxane (Morinelli et al., 1989) and
13-azapinane analogs (PTA-OH and ONO 11120) (Masuda et
al., 1991). Thus, the optical isomers of TMQ should be valuable
as nonprostanoid, stereospecific probes to characterize TP
receptors.

A comparison of the rank orders of radioligand binding
inhibition indicates that nonprostanoid TMQ analogs exhibit
similar affinities for TP receptors in platelets, endothelial and
smooth muscle cells. Our findings indicate that: 1) recognition
sites of TMQ analogs reflect the pharmacological relevancy of
TP receptors in both human platelets and rat vascular smooth
muscle cells; 2) nonprostanoid TMQ analogs recognize the high
affinity site that is labeled by a TP receptor antagonist, SQ
29548, with the same specificity in human platelets, rat vascular
endothelial cells and vascular smooth muscle cells; 3) functional
tissue selectivities of halogenated TMQ analogs in aorta may
not be explained by differences in affinities for TP receptor

Vol. 267

populations; and 4) enantiomeric halogenated TMQ analogs
that possess high receptor affinity for TP receptors should be
useful as affinity labels for the characterization of receptor
binding domains for this nonprostanoid chemical class of com-
pounds in these cells.
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