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a b s t r a c t

Novel indole-propionic acid derivatives were developed as sphingosine-1-phosphate (S1P) receptor ago-
nists through a systematic SAR study. The optimized and S1P3 selective S1P1 agonist 9f induced periph-
eral blood lymphocyte reduction in vivo and has an excellent efficacy in mouse experimental
autoimmune encephalomyelitis (EAE).

� 2012 Elsevier Ltd. All rights reserved.
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Sphingonsine-1-phosphate1 (S1P) induces a range of cellular re-
sponses by its interaction with the S1P family of G-protein coupled
receptors (GPCRs). A total of five S1P receptors are known: S1P1–
S1P5. The in vivo immunosuppressive efficacy of a non-selective
S1P receptor agonist has been evidenced by the numerous preclin-
ical and clinical studies of FTY720 (fingolimod, Fig. 1), which has
been recently approved for the treatment of remitting relapsing
multiple sclerosis (RRMS) by FDA.2 Recent studies have demon-
strated that S1P receptor agonists affect lymphocyte trafficking
and an interaction with S1P1 receptors on lymphocytes drives
the observed pharmacodynamics.3 On the other hand, fingolimod’s
S1P3 activity has been linked to mediate vascular side effects seen
in clinical trials.4 Hence, there is a need for S1P1 receptor agonist
compounds with selectivity over S1P3 which is expected to show
a reduced tendency to induce bradycardia and hypertension.4

The understanding of FTY720 unique mode of action has triggered
intensive effort towards the discovery of S1P1 agonists with in-
creased degree of selectivity versus S1P3.

5 Herein, we report our ef-
forts to identify orally active S1P1, selective over S1P3.

We recently identified 3-[4-(5-aryl-1, 2, 4-oxadiazol-3-yl)-1
H-indol-1-yl]propanoic acid series (4) (Fig. 2) are potent S1P1

receptor agonists without S1P3 activity.6 In order to fully under-
stand the SAR, we synthesized different substituent patterns of
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1,3,4-oxadiazole and propanoic acids at the indole ring (5). As
showed in Scheme 1, treatment of the nitrile (5a) with hydroxyl-
amine provided N-hydroxylamidine (5b), which was coupled with
various benzoic acids followed by dehydration at elevated temper-
ature to afford the oxadiazole esters (5c). The esters were hydro-
lyzed to afford the desired acids (5). The indole derivatives and
benzoic acids used to prepare the new analogs were synthesized
based on literature precedents.7

A direct comparison of different substitution patterns of the
indole showed that pEC50 of the agonists varied depending on the
orientations of the indole in Tango assay8 (Table 1). The selectivity
over S1P3 is generally good as determined by S1P3 Ca2+ mobilization
in hS1P3 assay.9 In this set, 6c showed the best S1P1 potency and
S1P3 selectivity, therefore, was selected for further exploration.
2, R = H, FTY720
3, R = PO(OH)2, FTY720 phosphate

Figure 1. Structure S1P (1), FTY720 (2), FTY720 phosphate (3).
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Table 2
S1P1 and S1P3 pEC50 values for compounds (6c and 7a–7k)
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Table 1
S1P1 and S1P3 pEC50 values for compounds (6a–6e)
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Scheme 1. Synthesis of indole propanoic acids. Reagent: (a) NH2OH�HCl, NaHCO3,
EtOH; (b) R3COOH, EDC, HOBt, TBAF, THF; (c) NaOH, MeOH, H2O and then HCl.
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Figure 2. General structures of 3-[4-(5-Aryl-1,2,4-oxadiazol-3-yl)-1H-indol-1-
yl]propanoic acid (4) series and the new scaffold (5).
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As shown in (Tables 2 and 4) -isopropoxyl substituted aromatic
rings are crucial for the in vitro potency (6c and 7a–7c). Replace-
ments of the isopropoxyl group with other alkoxyl groups
(7e–7h) or aliphatic rings (7j–7k) yielded much less activity. The
4-isopropoxyl substituted phenyl ring (6c) is more potent than
its pyridine analogs (7a). Compounds with electron withdrawing
groups such as –Cl, –CF3, showed higher potency than that with
electron donating group such as –Me, –OMe. Based on these data,
3-chloro-4-isopropoxyl phenyl group was chosen as the moiety for
further investigation.

Among all carboxylic acids with various distances, the 3-indole-
propionic acid 6c was the most potent S1P1 agonist (Table 3). We
also evaluated carboxylic acid bioisosteres including the primary,
secondary amides and tetrazoles which provided similar potency.

As the final step, we focused on various substituents on the in-
dole moiety for further SAR study. Methylated indole ring 9a was
found to be optimal to enhance S1P1 potency. Depending on the
electron properties and position, other substituents on the indole
ring significantly affected the S1P1 pEC50. Electron withdrawing
groups are favorable over electron donating groups (9f vs 9e).
4- or 5-F substituted molecules gave much improved S1P1 potency
than 6-F substituted one (9f, 9g vs 9h).



Table 5
In vivo profile of 9f

Assay 9f

Lymphopeniaa 21%@4 h
114@24 h

Brain/Blood ratiob 0.35@1 h
0.48@2 h
0.48@4 h

Mouse PKc CLb (mL/min/kg) 3.22
Vss (L/kg) 0.84
Cmax (ng/mL) 1700
T1/2 (h) 3.83
F, po (%) 100

a Effect of a single po dose (1 mg/kg) on circulating lymphocyte counts in naïve
B6 mice over 24 h. Presented as % cells relative to time 0 normalized against vehicle.

b The brain and blood concentration was analyzed after a single ip dose (2 mg/
kg).

c Male C57BL/6 mice, 1/2 mg/kg (iv/po).
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Figure 3. EAE results of compound 9f.

Table 3
S1P1 and S1P3 pEC50 values for compounds (7c and 8a–8g)
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Compound R2 S1P1 pEC50 S1P3 pEC50

8a –COOH 8.3 <5.0
8b –CH2COOH 7.4 <5.0
6c –(CH2)2COOH 10.9 <5.0
8c –(CH2)3COOH 9.4 <5.0
8d –(CH2)4COOH 10.3 <5.0
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Table 4
S1P1 and S1P3 pEC50 values for compounds (9a–9h)
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Compound R4 R5 S1P1 pEC50 S1P3 pEC50

9a –Me / 11.2 <5
9b –Et / 9.5 <5
9c –Pr / 6.7 <5
9d –iPr / 7.7 <5
9e –Me 4-OMe 8.2 <5
9f –Me 4-F >11 <5
9g –Me 5-F >11 <5
9h –Me 6-F 7.6 <5
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With these data, 9f was tested in an in vivo peripheral lympho-
cyte reduction assay.10 Following a single administration at an oral
dose of 1 mg/kg, 9f led to 21% peripheral lymphocyte reduction in
mice at 4 h. Next we measured the time course for 9f lymphopenia
profile and whether the effects could be reversed upon time. The
lymphocyte count normalized at 24 h after the single dose. Com-
pared to fingolimod,11 9f showed much less severe and more tran-
sient lymphopenia effect (Table 5). Given the promising
lymphopenia data, we further evaluated 9f in CNS, PK and EAE
study. Mice CNS penetration assays demonstrated that 9f was able
to enter the CNS with a brain to blood ratio of 0.48. Pharmacokinet-
ics analysis of 9f in mice revealed a low systemic clearance, low
volume of distribution and high Cmax. Compound 9f also had good
oral bioavailability (100%) and a moderate terminal half-life
(3.83 h) (Table 5). On the basis of its S1P1 receptor agonist potency,
selectivity and pharmacokinetic profiles, 9f was evaluated in a
mouse experimental autoimmune encephalomyelitis (EAE) model
with a head-to-head comparation with fingolimod.12 As shown in
Figure 3, compound 9f showed a comparable in vivo efficacy to
fingolimod.

In conclusion, we conducted a systematic SAR analysis and
identified potent and selective S1P1 receptor agonists. Within the
set of indole compounds, 9f showed excellent PK profile and sim-
ilar efficacy to fingolimod. Details of further evaluation of 9f in
other preclinical studies and safety evaluation will be reported in
due course.
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