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ABSTRACT-SM-10902 ((+)-methyl [2-[(2R,3aS,4R,5R,6aS)-octahydro-5-hydroxy-4-[(E)-(3S,5S)-3-hy
droxy-5-methyl-l-nonenyl]-2-pentalenyl]ethoxy]acetate) and its free acid, SM-10906 are new stable 3-oxa
methano prostaglandin (PG) I1 analogs. Their affinities for [3H]iloprost and [3H]PGE2 binding sites in hu
man platelets and human umbilical vascular endothelial cells were compared with those of the PGI2 analog 
iloprost, PGE1 and PGE2 by the radioligand binding assay method. The cyclic AMP (cAMP) synthesis 
activity of these drugs were also determined in human umbilical vascular endothelial cells. We found that 
SM-10906 apparently displaced [3H]iloprost binding to the membrane fractions in those cells since the pK; 
values were 6.30 in platelets, 7.52 in vein endothelial cells and 6.31 in the arterial endothelial cells. The 

pK, values of SM-10906 for [3H]PGE2 binding sites were significantly lower than those obtained for [3H]il
oprost binding. SM-10902, which is a prodrug of SM-10906, showed low affinity for [3H]iloprost binding 
sites in those cells. SM-10906 also dose-dependently enhanced the cAMP level in the vascular endothelial 
cells. Thus, these findings indicate that SM-10906 binds to [3H]iloprost binding sites and exhibits pharma
cological functions such as an anti-platelet action and a cytoprotective action in endothelial cells through 
the elevation of intracellular cAMP contents.
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 Prostaglandin (PG) 12 and PGE1 have been shown to be 

potent peripheral vasodilators (1-3) and inhibitors of 
platelet aggregation (2-4). Their biological activity is 
mediated by receptor interaction and expressed through 

the activation of adenylate cyclase and the subsequent in
crease in the cyclic AMP (cAMP) level (2). PGI2 receptors 

(IP receptors) have been identified on platelets, neuronal 
hybrid cells and many other tissues (5  8) by using the 
PGI2 analog [3H]iloprost. There is evidence that these 

PGs bind to receptors on platelets and smooth muscles, 
suggesting that they may inhibit platelet aggregation in 

the treatment of thrombotic diseases and act as vaso
dilators in the treatment of vascular occlusive diseases 

(9-12). In addition, PGI2 is also synthesized in mono
layer cultures of human umbilical vein endothelial cells, 
and its release may contribute to the functional modula

tion of endothelial cells (13). These actions of PGI2 may 
be involved in the modification of the circulatory in

suffciency caused by endothelial cell injury such as local 
ischemia and skin ulcers. 

 PG12 has the disadvantages of chemical and metabolic 
instabilities (14). Therefore, we developed a new stable 3

oxa-methano PGI, analog, SM-10902, which has been



shown to be the prodrug whose active form is the free 
acid SM-10906 (Fig. 1). SM-10906 was shown to exert its 

anti-platelet and vasodilatory activities through the in
crease of the cAMP level (15, 16). SM-10906, but not 

SM-10902, was demonstrated to be an agonist for IP 
receptors, and SM-10906 stimulated adenylate cyclase 
activity in mastocytoma P-815 cells (17). Moreover, we 

(18) suggested that SM-10902 ointment promotes wound 
healing through the stimulation of angiogenesis and im

proves blood flow during the neovascularization of a 
repairing wound and may be useful in the treatment of 

skin ulcers caused by peripheral circulatory insufficiency. 
 Thus, the present study examined the affinity for [3H]

iloprost binding sites and cAMP synthesis activity of 
SM-10906 and SM-10902 in human platelets and human 
vascular endothelial cells. 

MATERIALS AND METHODS 

Materials 

 [3H]Iloprost (514 GBq/mmol) and [5,6,8,11,12,14,15
3H]-PGE2 (6327.0 GBq/mmol) were purchased from 

Amersham International plc (Buck, UK) and stored at 
-20-C . SM-10902 ((+)-methyl [2-[(2R,3aS,4R,5R,6aS)

octahydro-5-hydroxy-4-[(E)-(3S,5S)-3-hydroxy-5-methyl
1-nonenyl]-2-pentalenyl]ethoxy] acetate) and SM-10906 

(the free acid of SM-10902) were produced by Sumitomo 
Pharmaceutical Co. (Osaka). PGI2, PGE1 and PGE2 were 

purchased from Funakoshi Co. (Tokyo) or Wako Pure 
Chemical Industries (Osaka). All compounds were dis

solved in ethanol, stored in a freezer and then diluted 
with distilled water or 15 mM Hepes/Hanks buffer con
taining 1 % bovine serum albumin before use. 

Preparation of platelet-rich fraction 

 Blood was collected from healthy adult volunteers (age 
range 20-54-years-old) whose informed consent was ob
tained after they had received a full explanation of the 

study. The blood samples were put into plastic syringes 
containing 1 vol. of 3.8010 trisodium citrate to 9 vol. of 

blood. This blood was centrifuged at 180 x g for 15 min at 
room temperature, and then the supernatant was again 

centrifuged at 30,000 x g for 10 min at 41C. The resultant 

platelet-rich pellet was suspended in the incubation me
dium (60 mM Tris-HCI, 20 mM MgC12, pH 7.4) and 
homogenized using a Polytron homogenizer (Brinkmann, 

Switzerland). Aliquots were taken for protein determina
tion according to the method of Lowry et al. (19). The 

platelet-rich pellet was then frozen in liquid nitrogen, 
stored at  80'C and then diluted to appropriate concen
trations immediately before use for the binding assay.

Culture of the endothelial cells 
 Human umbilical vein or arterial endothelial cells were 

purchased from Dainippon Pharmaceutical Co. (Osaka) 
and were stabilized overnight at 371C in a humidified 

atmosphere of air containing 5010 CO2. After washing 
with phosphate-buffered saline, the endothelial cells were 

dispersed in 0.025% trypsin / 0.01 % EDTA solution 

(Kurabo, Osaka). The culture medium (endothelial-SFM 
supplemented with 10010 fetal bovine serum, 5 ng/ml 
epidermal growth factor and 50 pg/ml bovine pituitary 

extract (Gibco-BRL, Grand Island, NY, USA)) and 1 

pg/ml hydrocortisone (Nacalai Tesque, Inc., Kyoto) was 
added to the solution. The medium containing the endo

thelial cells was centrifuged at 150 x g for 5 min at 41C. 
The resultant pellet was suspended in the culture medium 

and the endothelial cells were seeded onto a plastic culture 
flask (150 cm2; Iwaki Glass, Chiba) coated with 0.1010 

gelatin. The culture medium was changed every 2-3 
days. The endothelial cells were used for the binding 

assay and for the determination of cAMP content after 
three to five passages. The confluent cells were harvested 

using a rubber policeman and suspended in the incuba
tion medium (60 mM Tris-HCI, 20 mM MgC12i pH 7.4). 
The endothelial cells were immediately frozen in liquid 

nitrogen and stored at  80V until used for the binding 
assay. 

Binding assay 

 The [3H]iloprost and [3H]PGE2 binding sites on plate
lets and both types of vascular endothelial cells were as

sessed with [3H]iloprost and [3H]PGE2 as radioligands. 
Saturation experiments on these cells were performed in 
the range of 5 -100 nM [3H]iloprost and 1 8 nM [3H]

PGE2. The displacement experiments were carried out 
using 12, 16 and 24 nM [3H]iloprost in platelets, vein endo

thelial cells and arterial endothelial cells, respectively, 
and 2 nM [3H]PGE2 in all cells. A membrane suspension 

of 0.4 mg protein/ml in platelets or 0.12 mg protein/ml in 
the endothelial cells including [3H]iloprost or [3H]PGE2 
and various PG reagents in 0.5 ml of 60 mM Tris-HCl 

and 20 mM MgC12, pH 7.4 was incubated for 60 min at 
37'C. The incubation was terminated by rapid filtration 

under vacuum through a glass fiber filter (GF/C; What
man International Ltd., Maidstone, Kent, UK) using an 

Automatic Cell Harvester Labomash (LM-101; Labo 
Science, Tokyo). A 1-ml aliquot of toluene-triton based 

scintillation fluid was added to the resultant filters. 
The radioactivity was counted by scintillation spectrom
etry (2200 Tri-Carb Scintillation Analyzer; Packard 

Instrument Co., Inc., Downers Grove, IL, USA). The 
specific bindings of [3H]iloprost and [3H]PGE2 were de
fined as the difference between the total binding and the 

non-specific binding in the absence or presence of 0.1



mM iloprost or PGE2. The range of percentages of non
specific bindings to total bindings of [3HJiloprost to the 

membranes of platelets, vein and arterial endothelial cells 
were 32-56%, 39-79% and 38-47%, respectively. The 

values of the dissociation constants (Kd) and the maximal 
binding sites (Bmax) were calculated by Scatchard analysis. 

The values of inhibition constants (Ki) were also calcu
lated by displacement experiments and are expressed as 

pKi values (-log Ki). The values of Hill coefficients of 
each drug tested here in the platelets and endothelial cells 
were between 0.91 and 1.16. 

Determination of cAMP in vascular endothelial cells 

 Vein and arterial endothelial cells were cultured on 
12-well plastic plates coated with 0.1 % gelatin. The 

confluent endothelial cells were washed with 15 mM 
Hepes/Hanks buffer containing 1 % bovine serum albu

min. The cells were allowed to preincubate with 15 mM 
Hepes/Hanks buffer containing 0.5 mM 3-isobutyl-l
methylxanthine (IBMX, Nacalai Tesque) and 1 % bovine 

serum albumin for 15 min at 37C before the addition of 
test drugs. The reactions were terminated by the addition 

of 6% trichloroacetic acid (TCA) after the removal of 
supernatant. The sample was mixed with water-saturated 

ether to remove TCA, and the cAMP was extracted. The 
contents of cAMP in the vascular endothelial cells were 

determined by radioimmunoassay using a cAMP kit 

(Yamasa Shoyu Co., Tokyo). 

Statistical analyses 
 Values are expressed as the means±S.E.M. The sig

nificant difference between the pKi value for [3H]iloprost 

binding sites and that for [3H]PGE2 binding sites for each 
drug was analyzed by an unpaired Student's t-test. 
Statistical analysis of the pKi value for [3HJiloprost bind

ing sites and the amount of cAMP produced by the test 
drugs was performed by Dunnett's multiple comparison 
after analysis of variance. Differences were considered to 

be significant when the P value was less than 0.05.

Table 1. Binding characteristics of [3H]iloprost in human platelets, 
human umbilical vein endothelial cells and human umbilical arterial 
endothelial cells

Values are each a mean±S.E.M. The significant differences were 

analyzed by Student's t-test: #P < 0.05, ##P < 0.01.

Table 2. The pK, values of several drugs for [3H]iloprost and [3H]
PGE2 binding sites in human platelets

Numbers in parentheses indicate the number of experiments. Values 
are each a mean±S.E.M. The significant differences between the 
pK; value for [3H]iloprost binding sites and that for [3H]PGE2 bind
ing sites for each drug were analyzed by an unpaired Student's 
t-test: #P < 0.02, ##P < 0.01.

RESULTS 

Binding characteristics of [3H]iloprost in human platelets 
and vascular endothelial cells 

 Table 1 shows the values of Kd and Bmax of membranes 

of platelets, vein endothelial cells and arterial endothelial 
cells obtained from the Scatchard analysis. The [3H]il

oprost binding sites in these cells exhibited a single class 
of binding sites. The Kd values obtained in the platelets 

were lower than those of the endothelial cells.

The affinity for [3HJiloprost and [3H]PGE2 binding sites 
in human platelets and vascular endothelial cells 

 Table 2 shows the pKi values of each drug in the dis

placement experiments using [3H]iloprost and [3HJPGE2 
binding to human platelets. SM-10906 had a higher pKi 
values (6.30±0.21) than SM-10902 (5.43±0.02). The 

order of affinities of the test drugs for [3H]iloprost bind
ing sites was iloprost>SM-10906>SM-10902=PGE1= 

PGE2. The affinities of iloprost, SM-10906 and SM-10902 
for [3H]PGE2 binding sites in platelets were very low. 

 Tables 3 and 4 show the pKi values of SM-10906 for 

[3H]iloprost binding sites in vein and arterial endothelial 
cells, respectively. The pKi values of SM-10906 were 

higher than those of SM-10902. The affinities of iloprost, 
SM-10906 and SM-10902 for the [3HJPGE2 binding sites 

were lower than those obtained for the [3H]iloprost bind
ing sites. The rank order of affinities of these drugs for 

[3HJiloprost binding sites in the endothelial cells was 
similar to that in platelets. 

Effects of SM-10906, PGI2 and PGE1 on cAMP produc
tion in vascular endothelial cells 

 Figure 2 shows the time course of the effects of SM



10906, PGI2 and PGE1 on cAMP production in human 

vein and arterial endothelial cells. In these cells, the 

production of cAMP induced by the test drugs was very 
slight (data not shown), so the cAMP contents were de
termined in the presence of 0.5 mM IBMX, a cAMP

phosphodiesterase inhibitor. The production of cAMP 
began immediately after treatment with SM-10906 at 1 
uM and reached a peak level at 10 min. PGE1 and PGI2 

also caused the production of cAMP, similar to SM
10906. The cAMP contents were compared 10 min after 

the addition of these PGs at various concentrations to the 
vascular endothelial cells treated with IBMX. 

 Tables 5 and 6 show the effects of the test drugs on the 
cAMP production in vein and arterial endothelial cells, 

respectively. In these two types of cells, SM-10906 in
duced a dose-related elevation of the cAMP level and 

showed a significant effect above a concentration of 100 
nM. The rank order of cAMP production by these drugs 
in vein and arterial endothelial cells was SM-10906= 

PGE1 ? PGI2 and PGE1 > SM-10906_> PGI2, respectively.

Table 3. The pK, values of several drugs for [3H]iloprost and [3H]

PGE2 binding sites in human umbilical vein endothelial cells

Numbers in parentheses indicate the number of experiments. Values 
are each a mean±S.E.M. Significant differences between the pKi 
value of SM-10906 and that of the other drugs for [3H]iloprost 
binding sites were analyzed by Dunnett's multiple comparison: 
*P<0 .05, **P<0.01. Significant differences between the pK1 value 
for [3H]iloprost binding sites and that for [3H]PGE2 binding sites for 
each drug were analyzed by Student's t-test: ##P <0.01.

Table 4. The pK, values of several drugs for [3H]iloprost and [3H]
PGE2 binding sites in human umbilical arterial endothelial cells

Numbers in parentheses indicate the number of experiments. Values 
are each a mean±S.E.M. Significant difference between the pK, 
value of SM-10906 and that of the other drugs for [3H]iloprost 
binding sites was analyzed by Dunnett's multiple comparison: 
*P<0 .05. Significant differences between the pK, value for [3H]il
oprost binding sites and that for [3H]PGE2 binding sites for each 
drug were analyzed by Student's t-test: #P <0.02, ##P <0.01.

Fig. 2. Time course of the effects of SM-10906, PGI2 and PGE1 on cAMP production in the vascular endothelial cells. In the 
presence of 0.5 mM IBMX for 15 min, the amount of cAMP induced by 1 pM SM-10906 (0), PGI2 (A) or PGE1 (/) was de
termined in the vein endothelial cells (a) and the arterial endothelial cells (b). The cAMP production with or without 0.5 mM 
IBMX is also shown by 0 (a and b). The results shown are each the mean±S.E.M. of three wells.

DISCUSSION 

 IP receptors have been identified on the membranes of 

platelets (20, 21), human gel-filtered platelets (22), mouse 
mastocytoma P-815 cells (23) and many other tissues (12). 
In the present radioligand binding study using platelets, 
the [3H]iloprost used as a radioligand for the IP receptor 

was observed to have a Kd value (38.9±5.3 nM, Table 1) 
similar to those previous observed in platelet membranes 

(13.4 nM, Ref. 20), human gel-filtered platelets (45.2 nM, 
Ref. 22) and washed human platelets (18.5 nM, Ref. 21). 

 We report here that SM-10906 bound to the [3H]il

oprost binding sites not only in platelets but also to those



in the cultured vascular endothelial cells and that it had a 
slightly lower affinity than iloprost in terms of the dis

placement of [3H]iloprost binding to these cells. The 
methyl ester of SM-10906, SM-10902, which is the so

called prodrug for SM-10906, was tenfold weaker than 
SM-10906 in the binding assay. In a previous study using 
mouse mastocytoma P-815 cells, SM-10906 showed a 

high affinity for IP receptors, while SM-10902 had little 
affinity for IP or [3H]PGE2 binding (EP) receptors (17). 

In the present study, the affinities of SM-10906 for [3H]il
oprost binding sites obtained from platelets and the cul
tured vascular endothelial cells coincided with that in 

mastocytoma P-815 cells. In contrast, both 3-oxa-meth
ano PGI1 analogs and iloprost have very weak affinities for 

EP receptors. 
 Thus, the present findings indicate that SM-10906 and 

iloprost selectively bind to [3H]iloprost binding sites in 

human platelets and vascular endothelial cells and that 

there are separate, distinguishable receptors for PGI2 and 
PGE2 on these cells. 

 PG12 and its analogs are known to stimulate cAMP

synthesis through IP receptors in platelets and mastocy
toma P-815 cells (24, 25). In platelets, SM-10906 increases 
the cAMP level through the activation of adenylate cy

clase in crude membrane fractions, and it inhibits platelet 

aggregation and the release of adenine nucleotides stimu
lated by thrombin (15, 16). In our study, SM-10906 in
duced an elevation of cAMP levels in the vascular endo

thelial cells. These findings support the existence of IP 
receptors on these cells as well as platelets.

Table 5. Effects of SM-10906, PGI2 and PGE, on cAMP production in human um

bilical vein endothelial cells

In the presence of 0.5 mM IBMX for 15 min, the amount of cAMP produced 10 min 

after the addition of the test drugs was determined in human umbilical vein endothelial 

cells. Values are each a mean±S.E.M. The significant differences were analyzed by 

Dunnett's multiple comparison: *P<0.01 vs control group.

Table 6. Effects of SM-10906, PGI2 and PGE, on cAMP production in human um

bilical arterial endothelial cells

In the presence of 0.5 mM IBMX for 15 min, the amount of cAMP produced 10 min 

after the addition of the test drugs was determined in human umbilical arterial endo

thelial cells. Values are each a mean±S.E.M. The significant differences were analyzed 

by Dunnett's multiple comparison: *P <0.01 vs control group.

 PGI2 is known to prevent damage to endothelial cells 

(26) and the cells of various other tissues (27  3 1); that is, 
it has a so-called cytoprotective action. SM-10906 pre

vents the endothelial cell injury induced by H202 (32). 
The specific [3H]iloprost binding sites in endothelial cells 

should be examined because these sites may have an im

portant role in the cytoprotection of these cells. PGI2 
analogs are also known to prevent damage to endothelial 
cells (33-35), implying that these analogs show a 

cytoprotective action through the increase of cAMP 

production and consequently cause an increase in endo
thelial antithrombotic activity. Thus, the cell damage



in ischemic disease is closely related to the production of 

cAMP, thereby causing a decrease in cytosolic Ca2+ con
tents and inhibiting vascular endothelial cell damage. 

 In the vascular endothelial cells, the existence and the 
characteristics of IP receptors are not fully understood. 

Skidgel and Printz (36) reported that vascular arterial 
homogenates appear to generate substantial amounts of 

PGI2i but venous homogenates do not, generating PGE2 
instead in rats. Schroder and Schror (37) also demon

strated that a continuous basal PGI2 generation occurs in 

porcine aortic endothelial cells and that this may be 
sufficient to completely desensitize PGI2-dependent 

adenylate cyclase activation, presumably at the receptor 
or GTP-binding protein level. In the present study, higher 

pK, values of iloprost for [3H]iloprost binding sites in vein 
endothelial cells rather than arterial endothelial cells were 

observed. Thus, the difference of the pK, value of iloprost 
between vascular endothelial cells may result from the 

down-regulation of IP receptors caused by endogenous 
PGI2 generation and/or the existence of different receptor 

subtypes in both types of vascular endothelial cells. 
However, there are not sufficient data at present to ex

plain why iloprost has a similar potency to SM-10906 in 
the arterial endothelial cells. Although the IP receptor 
mRNA was expressed only in arteries and not in veins, 

this expression was limited to smooth muscle cells and 
was not seen in endothelial cells by in situ hybridization 

studies in mice (38). Our present radioligand binding as
say results suggested that the specific [3H]iloprost binding 

sites existed in the vein and arterial vascular endothelial 
cells, the same as in platelets. Further investigation is re

quired to reveal the characteristics of these [3H]iloprost 
binding sites. 

 In conclusion, the present findings suggest that the new 

stable 3-oxa-methano PGI1 analog SM-10906, which is an 
active form of SM-10902, selectively binds to [3H]iloprost 

binding sites and not to [3H]PGE2 binding sites and in
duces an elevation of intracellular cAMP contents, with 

pharmacological functions such as an antiplatelet action 
and a cytoprotective action in endothelial cells. 
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