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A B S T R A C T

We describe a medicinal chemistry approach to the discovery of a novel EP1 antagonist exhibiting high potency
and good pharmacokinetics. Our starting point is 1, an EP1 receptor antagonist that exhibits pharmacological
efficacy in cystometry models following intravenous administration. Despite its good potency in vitro, the high
lipophilicity of 1 is a concern in long-term in vivo studies. Further medicinal chemistry efforts identified 4 as an
improved lead compound with good in vitro ADME profile applicable to long term in vivo studies. A rat fracture
study was conducted with 4 for 4 weeks to validate its utility in bone fracture healing. The results suggest that
this EP1 receptor antagonist stimulates callus formation and thus 4 has potential for enhancing fracture healing.

Prostaglandin E2 (PGE2) is a metabolite of arachidonic acid and
interacts with various important bioactive ligands to exhibit physiolo-
gical functions.1 Most of these functions involve the four prostaglandin
receptors EP1, EP2, EP3 and EP4.2 EP1 is most abundant on the C fibers
of the bladder3 and EP1 antagonistic activity may be useful for the
treatment of overactive bladder (OAB).4 We previously reported pyr-
azole/indazole derivatives which have highly potent EP1 receptor an-
tagonistic activity with good selectivity against EP2-EP4,5–7 and their
anti-OAB effect was identified using a rat cystometry model following
1mg/kg iv administration of the most potent compound 1.7 However,
clinical study results by Ono Pharmaceutical showed that their EP1
receptor antagonist ONO-8539 did not meet their clinical end-point,
leading them to conclude that EP1 receptors may not be promising
targets for OAB treatment.8 And also, KRP-EPA-605, which was co-
development by Kyorin and Kissei, was in phase I clinical trials for the
treatment of overactive bladder. However, the studies was discontinued
in 2014.9 On the other hand, Eli-Lilly reported the generation of EP1−/

− KO mice as a rat-bone fracture model10 and indicated that EP1 re-
ceptor is a negative regulator that acts at multiple stages of the fracture
healing process and that the inhibition of EP1 signaling may enhance
fracture healing. These results encouraged us to evaluate the utility of
EP1 receptor antagonists for the clinical treatment of bone fractures.
However, genetic target validation studies to date have been unable to
determine the interaction between KO mouse features and the effects of
small molecules, in some cases. Consequently, we have conducted

optimization studies of our compounds and target validation studies
with our optimum small molecule.

Our compound, 2-(3-phenyl-6-(trifluoromethyl)-1H-indazol-1-yl)
thiazole-4-carboxylic acid (1) (Fig. 1), exhibits high EP1 antagonistic
activity with excellent selectivity against EP2–EP4 and other GPCR re-
ceptors7 but its high lipophilicity complicates pharmacokinetics upon
oral administration. We therefore increased the number of sp3 atoms or
charged atoms to reduce the lipophilicity and improve the pharmaco-
kinetics of the compound and investigated the long term effects of these
derivatives in in vivo studies.

The structure activity relationship (SAR) results for the derivatives
are summarized in Table 1. 4H-Hydroindazole (2) reduced EP1 activity
and hydro-pyrane at the 3-position of the indazole (3) also showed good
EP1 activity and a lower clogP. 1H-Pyrazolo[3,4-b]pyridine (4) ex-
hibited the best EP1 activity, low clogP, and good metabolic stability.
Moving the nitrogen atom to the 4-position on the indazole to provide
1H-pyrazolo[4,3-b]pyridine (5) or the addition of a carbon at the 1-
position to generate indazole (6) reduced EP1 activity. We synthesized
several derivatives of 1H-pyrazolo[3,4-b]pyridine (7–9) but their ac-
tivities were lower than that of 4, and thus we chose 4 as the most
promising compound for evaluation in an in vivo pharmacokinetics
study (Table 1).

The selectivity of EP1–4 receptors of 4 is shown in Fig. 2-(a). 4
showed excellent selectivity against EP2–4. Additionally, 4 provided a
negative Ames test result. A binding panel test with 4 against other
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GPCR and non-kinetic enzymes showed that 4 has no activity below
1 µM. The in vitro ADME profile of 4 is shown in Fig. 2-(b). The protein
binding ability of 4 was lower than that of 1, indicating that the phy-
sicochemical properties of 4 are superior to those of 1. A pharmacoki-
netic study11 showed that the unbound concentration of 4 was sig-
nificantly higher than that of 1 and thus 4 was chosen as the most
promising compound for further pharmacokinetic studies (Fig. 2-(c)).

Compound 4 was orally administered at 10mg/kg, 30mg/kg and
100mg/kg and its pharmacokinetics are shown in Fig. 3. The corre-
sponding Cmax values were 24.8 µM, 75.1 µM and 179 µM, dose-de-
pendently (Fig. 3). Particularly, a top dose of 100mg/kg showed to be
able to expose the high concentration after 24 h. Indeed, PK study for
4 weeks was performed with doses of 30mg/kg QD, 30mg/kg BID and
100mg/kg QD. The result suggest that all doses showed good exposure
of 4 during 4 weeks as tool compound for long-term in vivo studies
(Supplementary material).

A femoral fracture study12 was performed with 30mg/kg twice a
day (BID), 30mg/kg once a day (OD) and 100mg/kg OD of 4 as an in
vivo validation study of bone fracture healing. Closed femur fractures
were created in 8-week-old SD mice. The most significant effect of 4
was observed in the callus area at all doses (Fig. 4-(a)): after 4 weeks
administration, the callus area was significantly broader than in the
vehicle control and large gaps in the bone were filled by mineralization,
demonstrating that 4 stimulates the formation of callus. Photos of bone
following the administration of 100mg/kg OD are shown in Fig. 4-(b).
The result was that 9 bodies out of 19 bodies showed completely cured
the bone fracture (red rectangle highlighted). However, in some mice
there was a delay in bone fracture healing, in contrast to EP1−/− mice.
Thus, EP1 receptor antagonists may aid fracture healing but their effi-
cacy and mechanism of action via EP1 receptor antagonists remain
unclear. Mechanistic studies are currently underway and the results will
be reported in the near future.

The synthesis of compound 2 is shown in Scheme 1. Claisen con-
densation of 10 with benzoyl chloride was followed by (NH2)2-H2O to
give fused-pyrazole 11 in 11% yield following a literature protocol.13

Next, Ullmann coupling with copper and amine catalyst led to N-ar-
ylation on the pyrazole nitrogen.14 Finally, the hydrolysis of 12 pro-
vided 2 in 76% yield (Scheme 1).

The synthesis of compound 3 is shown in Scheme 2. The indazole
cyclization via oxime ether based on a literature methodology provided
the indazole 14 in 37% yield. After iodation and Boc-protection, Suzuki
coupling with 2H-dihydro-pyran boronic acid to give the 3-2H-dihy-
dropyranyl indazole in 39% yield. Finally, Ullmann type coupling with
ethyl 2-bromo thiazole carboxylate and hydrolysis yielded compound 3
(Scheme 2).

The synthesis of compound 4 and 5 is shown in Scheme 3. LDA-
mediated lithiation of 2-fluoro-6-trifluoromethyl pyridine 1915 was
followed by Weinreb amide to give 3-benzoyl pyridine, and subse-
quently treated with (NH2)2-H2O to give fused-pyrazole 21 in 62% yield
as 2 steps. Next, Ullmann coupling led to N-arylation on the pyrazole
nitrogen to give 22. Finally, hydrolysis of 22 provided 4 in 90% yield.
In a similar manner, the Ullmann type coupling of commercially
available 23 gave 24 in 19% yield, followed by hydrolysis to give 5
(Scheme 3).

Fig. 1. 2-(3-Phenyl-6-(trifluoromethyl)-1H-indazol-1-yl)thia-zole-4-carboxylic
acid (1).

Table 1
Summary of the optimization studies of 1.

No. Structure EP1 reporter
Assay IC50

(nM)

cLog P Clint Rat/
human (ml/
min/kg)

MDCK
(cm/s)

1 0.6 5.56 186/192 17.8

2 12 4.40 170/102 26.77

3 0.7 3.82 232/146 39.02

4 0.3 4.26 94/70 23.47

5 12 4.47

6 12 5.39 111/48 19.66

7 12 3.94

(continued on next page)
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Table 1 (continued)

No. Structure EP1 reporter
Assay IC50

(nM)

cLog P Clint Rat/
human (ml/
min/kg)

MDCK
(cm/s)

8 40 3.49

9 11%
inhibition
@100 nM

4.05

Cpd. EP1 EP2 EP3 EP4

Reporter-gene 
assay IC50 (nM)

Binding assay Ki (nM)

4 0.3 8.7 >8700 >5000 >2700

Cpd. cLogP Cmax

(μM)
AUC(0-8)

(μM/L•h)
Protein 
Binding

F (%)

1 5.56 5.34 9.27 99.95 31%

4 4.26 2.62 5.71 97.40 26%

(a)

(b)

(c)

Fig. 2. (a) Selectivity of EP receptor of 1 and 4; (b) in vitro ADME profile of 4, F
(%): bioavailability; (c) Relative ratio of the plasma unbound concentration to
the in vitro IC50 of 4 (pharmacokinetics (PK): rat, p.o., 10 mg/kg, IC50: reporter-
gene assay).

Fig. 3. The pharmacokinetics of 4 following oral administration.

Fig. 4. (a) Time course of thickening in the callus area; (b) Photos of bone
following the administration of 100mg/kg OD.

Scheme 1. Reagents and conditions: (a) LHMDS, PhCOCl, THF, rt, then (NH2)2-
H2O, rt, (11%); (b) ethyl 2-bromothiazole-4-carboxylate, (1S,2S)-N1,N2-di-
methylcyclohexane-1,2-diamine, CuI, K3PO4, 185 °C (41%); (c) 5 M NaOH(aq),
EtOH, rt (76%).
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N-alkylation of indazole 25 with NaH led to 26, followed by hy-
drolysis to give compound 6 (Scheme 4).

Compounds 7–9 were synthesized using the Merck protocol16 for
generation of the 1H-pyrazolo[3,4-b]pyridine ring to provide 28–30 in
24%, 79% and 6% yield, respectively. Then, Ullmann coupling with
31–33 and subsequent hydrolysis provided compounds 7–9 in 32%,
40% and 30% yield, respectively (Scheme 5).

In conclusion, we identified 4 as the lead compound exhibiting the
best EP1 antagonistic activity, physicochemical properties, and oral
pharmacokinetics. A rat bone fracture study with 4 showed that 4
broadened the callus area but did not hasten healing. In future we will

disclose our findings from molecular biology mechanistic studies.
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