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A series of non-steroidal GPBAR1 (TGR5) agonists was developed from a hit in a high-throughput screen-
ing campaign. Lead identification efforts produced biphenyl-4-carboxylic acid derivative (R)-22, which
displayed a robust secretion of PYY after oral administration in a degree that can be correlated with
the unbound plasma concentration. Further optimisation work focusing on reduction of the lipophilicity
provided the 1-phenylpiperidine-4-carboxylic acid derivative (R)-29 (R05527239), which showed an
improved secretion of PYY and GLP-1, translating into a significant reduction of postprandial blood glu-
cose excursion in an oral glucose tolerance test in DIO mice.

© 2013 Elsevier Ltd. All rights reserved.

The G-protein coupled bile acid receptor 1 (GPBAR1, also re-
ferred to as TGR5) has recently been identified as a mediator of
several important metabolic processes in peripheral tissues.!™
Activated by bile acids at physiologically relevant concentrations
and through Gas stimulation, GPBAR1 elicits an intracellular in-
crease of cAMP. In enteroendocrine cells, GPBAR1 activation has
been shown to promote the secretion of several therapeutically rel-
evant peptides, including the appetite regulating peptide YY (PYY)
and the antihyperglycemic glucagon-like peptide 1 (GLP-1).

Whereas bile acids are also agonists of the farnesoid X receptor
(FXR), a nuclear hormone receptor with a multitude of signalling
functions for bile acid, lipid, and glucose metabolism,” several clas-
ses of selective agonists of the GPBAR1 have been developed in re-
cent years, including the synthetic bile acid INT-777 (1, Fig. 1)® and
a wide variety of non-steroidal compounds.”~'?> GPBAR1 agonists
may complement the GLP-1 dependent therapeutic actions of anti-
diabetic medicines including dipeptidyl peptidase 4 inhibitors.!?
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But in order to assess the pharmacological potential of GPBAR1
agonism there is a need for suitable, orally administered chemical
probes,'4~16 which can be used to establish a plausible PK/PD rela-
tionship. We recently reported the discovery of a series of potent
and selective, HTS-derived 2-phenoxy-nicotinamides with favour-
able in vitro properties, for example, 2 (Fig. 1).!” Unfortunately,
these compounds had poor pharmacokinetic properties in rodents
and were therefore not suited for proof-of-concept studies in vivo.
Here we present a set of structurally unrelated GPBAR1 agonists,
which have culminated in well-behaved, orally bioavailable chem-
ical probes.

INT-777 (1) 2

Figure 1. Selective GPBAR1 agonists.
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hGPBAR1, EC4,= 0.045 uM

mGPBARI, ECy, = 2.0 uM

NCI-H716, EC5, = 2.9 uM

logD,,=3.4

solubility (pH 6.5): <1 mg/L
N~ CYP3A41C, <0.2 uM

3 l mouse Cl ;. = 460 pL/min/mg

Figure 2. Profile of the HTS hit 3.

Oxime 3 was identified in a high-throughput screening cam-
paign of the corporate compound library. The compound was a full
agonist with ECso values of 45nM and 2.0 pM at recombinant
(CHO-expressed) human and mouse GPBAR1, respectively
(Fig. 2). The compound also was able to stimulate cAMP production
(ECsp=2.9 uM) in the human intestinal enteroendocrine cell line
NCI-H716, which endogenously expresses GPBAR1.'® For compari-
son, the reference compound INT-777 (1) was less potent in this
assay (ECso = 13 pM). Oxime 3, although stable in aqueous solution
at pH 1-10 (>90% recovery after 2 h at 37 °C), suffered from poor
physicochemical properties, such as high lipophilicity and poor
aqueous solubility. Moreover, 3 was a sub-micromolar inhibitor
of the CYP450 isoform 3A4.

Oxime 3 was prepared in a straightforward manner by 1,4-addi-
tion of benzeneboronic acid/diethylzinc!® to the known azachal-
cone 4,2%?! followed by condensation of the ketone intermediate
5 with hydroxylamine (Scheme 1).2? The isomeric oximes 3 and
6 could be separated by column chromatography. In comparison
to (E)-oxime 3, the (Z)-isomer 6 was about sixfold less active
(ECsp = 0.27 uM), whereas the ketone intermediate 5 did not show
any in vitro potency (ECsq > 10 uM).

Some initial SAR data around the HTS hit 3 are shown in Table 1.
Oxime O-methylation is not tolerated (compound 7), nor is
replacement of the 4-pyridyl head group by 2- or 3-pyridyl, phenyl,
or 4-fluorophenyl (compounds 8-11). In contrast, the SAR around
the phenyl substituent (R? in Table 1) is rather flat (compounds
12-15), with an ortho methyl slightly enhancing the potency,
whereas replacement of the phenyl by small alkyl groups such as
ethyl is not tolerated (compound 16).

The o-tolyl derivative 17 was used as a template for further
evaluation (Table 2). Like the HTS hit 3, compound 17 was a potent
inhibitor of the CYP3A4 isoform, which is a well-known property of
lipophilic ortho-unsubstituted pyridines.?> The interaction with
CYP3A4 could be disrupted by introduction of a methyl group next
to the pyridine nitrogen without compromising the potency at the
human GPBAR1 (18, ECso = 28 nM). Alternatively, an N-methylpyri-

Scheme 1. Reagents and conditions: (a) PhB(OH),, Et,Zn, toluene, 60 °C (62%); (b)
NH,OHHCI, NaOAc, EtOH, reflux (86%, E/Z ca. 6:1).

done head group was identified as a suitable bioisosteric replace-
ment for the 2-methylpyridine (compound 19, ECso =8 nM). To
improve the drug-likeness of the highly lipophilic (logD7.4 > 4)
and metabolically unstable (mouse Clpyic=730 puL min~' mg™!)
bromide 18, various carboxylic acid derivatives were prepared
(compounds 20-23). Of these, para-substituted biphenylcarboxylic
acid 22 was the most potent one and was chosen as lead com-
pound for more extensive characterisation.

The individual enantiomers of 22 were obtained by preparative
chiral HPLC separation, revealing that the (R)-enantiomer is about
fivefold more potent than the (S)-enantiomer (Table 3).24 For a
more efficient access to enantiomerically pure compounds we de-
vised a different synthetic route, which could be scaled up to mul-
tigram amounts (Scheme 2). Thus, 3,3-diarylpropionic acid 26,
which was produced in accordance with literature procedures,?>2%
was transformed into the Weinreb amide 27 under standard condi-
tions.2” This intermediate could be easily separated into its enanti-
omers (—)-(R)-27 and (+)-(S)-27 by preparative HPLC on a
Chiralpak-AD column (1 kg scale).

For the synthesis of compounds with a 2-methylpyridin-4-yl
head group, 4-bromo-2-methylpyridine was lithiated at —100 °C
(the low temperature was necessary to minimise side reactions
owing to the C-H acidity of the 2-picoline subunit) and reacted
with 27, leading to ketone 28. Benzoic acid derivative 22 was ob-
tained by Suzuki coupling?®?° of 28 with 4-carboxybenzeneboron-
ic acid, followed by reaction of the coupling product with
hydroxylamine and acidic equilibration towards the thermody-
namically more stable (E)-stereoisomer. Piperidine-4-carboxylic
acid derivative 29 was produced from 28 by Buchwald-Hartwig
amination®® with ethyl piperidine-4-carboxylate, followed by ester
hydrolysis, oxime formation, and acidic equilibration.

The synthesis of compounds with a 1-methyl-2-oxopyridin-5-yl
head group started from 5-bromo-2-methoxypyridine, which after
halogen-lithium exchange was reacted with Weinreb amide 27,
followed by acidic ether cleavage and methylation of the pyridone
nitrogen, leading to ketone intermediate 30. The (Z)- to (E)-equili-
bration of oximes 22 and 29 likely involves protonation of the basic
pyridine nitrogen, which pyridones 31 and 32 are devoid of; there-
fore the synthetic sequence had to be slightly adapted. For benzoic
acid 31, ketone 30 was first transformed into the corresponding
oxime, which after selective precipitation of the desired (E)-isomer
from ethyl acetate was coupled with 4-carboxybenzeneboronic
acid. Methylsulfone 32 was produced from 30 by a copper(I)-cata-
lysed process using sodium methanesulfinate,*! followed by oxime
formation and HPLC separation from the undesired (Z)-isomer.

Biphenyl-4-carboxylic acid (R)-22 was a potent agonist both at
the mouse and human GPBARI1 (Table 3), whereas it was inactive
in the FXR transactivation assay.3?33 The submicromolar potency
was also preserved in NCI-H716 cells, displaying a high efficacy rel-
ative to lithocholic acid. In comparison with the HTS hit 3, lipophil-
icity is lower, which results in appreciable aqueous solubility.
Likewise, the reduced microsomal clearance of (R)-22 translates
into a favourable PK in mice with high bioavailability.

The high exposure of (R)-22 is paralleled by sustained PYY
secretion in C57Bl/6 mice, reaching plasma concentrations that
are significantly above the baseline levels of 100-200 pg mL™! after
a single oral dose of 50 or 100 mg kg~'. Figure 3 illustrates the
plasma concentration—-effect relationship of (R)-22 determined at
various time points (0.1 h <t < 25 h). The timing of maximal plas-
ma levels for (R)-22 and PYY suggests a direct response mechanism
systemically mediated. When corrected by these plasma binding
effects (plasma free fraction about 0.2%), the in vitro ECso of
140 nM translates into a total plasma exposure of about
31,500 ng mL~'. The intravenous dose at 2 mg kg~ showed only
a trend for increased PYY secretion at the highest exposures, in line
with the lower plasma levels achieved through this route.
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Table 1
In vitro activity data for oximes 7-16 produced according to Scheme 1
Compd R! R2 R? hGPBAR1 ECso? (M) mGPBART ECs® (M) NCI -H716 ECsoP (uM)
R3 7 Pyridin-4-yl Phenyl CH3 >10 (9)
| 8 Phenyl Phenyl H >10(19)
N~ RZ 9 4-F-phenyl Phenyl H >10 (42)
10 Pyridin-3-yl Phenyl H >10 (19)
R’ 11 Pyridin-2-yl Phenyl H >10 (17)
N 12 Pyridin-4-yl 2-CH;-phenyl H 0.025 (124) 0.70 (150) 1.04 (127)
| 13 Pyridin-4-yl 3-CH3-phenyl H 0.079 (69) 1.5 (202) 2.75 (74)
14 Pyridin-4-yl 4-CHs-phenyl H 0.1 (155) 1.1 (136)
15 Pyridin-4-yl Pyridin-2-yl H 0.38 (144) 1.6 (115)
16 Pyridin-4-yl Ethyl H >10 (56)

2 ECsp values are the average of determinations performed in triplicate. For experimental details see Ref. 22. Values in parentheses are the efficacies (%) measured as
maximum response relative to the response by stimulation with 10 pM lithocholic acid.

b ECs, values are the average of determinations performed in triplicate, values in parentheses are the efficacies (%) measured as maximum response relative to the response
by stimulation with 10 uM lithocholic acid. For experimental details see Ref. 37.

Table 2
In vitro profiling data for oximes 17-23
Compd R! R? hGPBAR1, ECso* mGPBAR1, ECso* NCI -H716 ECs(° CYP3A4 ICso°
(1M) (1M) (1M) (LM)
17 Pyridin-4-yl Br 0.012 (124) 0.31 (99) 0.88 (102) <0.2
18 2-CH3-Pyridin-4-yl Br 0.028 (93) 0.74 (97) 0.50 (106) 5.0
19 1-Methyl-2-oxopyridin- Br 0.008 (105) 1.42 (250) 0.17 (104) >50
5-yl
20 2-CHs-pyridin-4-yl COOH 0.26 (89) 3.7 (109) >50
21 2-CHs-pyridin-4-yl CH,COOH 0.70 (89) 6.1 (87) >50
22 2-CHs-pyridin-4-yl 4- 0.02 (81) 0.093 (123) 0.58 (131) >50
Carboxyphenyl
23 2-CHs-pyridin-4-yl 3- 0.29 (84) 0.86 (100) >50
Carboxyphenyl

2 ECsp values are the average of determinations performed in triplicate. For experimental details see Ref. 22. Values in parentheses are the efficacies (%) measured as
maximum response relative to the response by stimulation with 10 uM lithocholic acid.

b ECsq values are the average of determinations performed in triplicate, values in parentheses are the efficacies (%) measured as maximum response relative to the response
by stimulation with 10 pM lithocholic acid. For experimental details see Ref. 37.

¢ CYP3A4 inhibitory potency determined by incubation in human liver microsomes using midazolam as substrate.

Table 3

In vitro/in vivo profiling data for advanced compounds
Cpd.  hGPBAR1 ECs¢® (M) mGPBAR1 ECso® (UM)  NCI-H716 ECso® (uM)  logD;4°  Solubility (pH 6.5)!  Clinic® Mouse pharmacokinetic fuk (%)

parameters
crts v e 2e F(dose)

(R)-22 0.011 (100) 0.14 (145) 0.36 (192) 2.7 9 70 15 05 0.3 80(23) 02
(5)-22  0.057 (95) 0.19 (167) 1.6 (124) 2.7 4 22
(R)-29 0.004 (102) 0.028 (163) 0.08 (255) 1.5 270 13 5 0.4 1.7 100 (30) 1.9
(5)-29 0.023 (83) 0.13 (174) 0.75 (300) 1.6 230 22
(R)-31  0.06 (102) 0.45 (151) 2.0 (115) 13 250 15 5 0.5 0.7 67 (49) 04
(5)-31 0.32(93) 0.62 (183) 6.4 (92) 1.5 230 4
(R)-32 0.026 (95) 1.3 (125) 0.46 (104) 1.7 300 58 67 3.3 2.2 29 (22) 11
(5)-32  0.08 (95) 3.0 (116) 1.4 (175) 1.9 240 84

@ ECsp values are the average of determinations performed in triplicate, for experimental details see Ref. 22. Values in parentheses are the efficacies (%) measured as
maximum response relative to the response by stimulation with 10 pM lithocholic acid.

b ECs values are the average of determinations performed in triplicate, values in parentheses are the efficacies (%) measured as maximum response relative to the response
by stimulation with 10 pM lithocholic acid. For experimental details see Ref. 37.

¢ Distribution coefficient at pH 7.4; for experimental details see Ref. 38.

4 Kinetic solubility, (mgL™").

¢ Clearance in mouse microsomes (c =1 pM, 0.5 mg/mL protein), (1L min~! mg~1).

f Clearance, (mL min~' kg~ ').

¢ Dose: 1 mgkg ! iv.

" Volume of distribution at steady state, (L kg™).

I Half-life, (h).

4 Oral bioavailability, (%); (dose, (mg kg™ ).

k Free fraction in mouse plasma.

The high exposures and doses required for a PYY response Therefore, optimisation of (R)-22 focused on reduction of the lipo-
in vivo suggest that the activity of (R)-22 is limited by the low free philicity (logD54) and/or replacement of the carboxylic acid by a
fraction, which is characteristic for lipophilic carboxylic acids.>* polar uncharged group.
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Scheme 2. Reagents and conditions: (a) ethyl cyanoacetate, morpholine, reflux (87%); (b) o-tolylmagnesium chloride, 2-methyltetrahydrofuran, rt (quant.); (c) HOAc, H,SOy,
15h, 110°C (72%); (d) HNMe(OMe)HCl, TBTU, Et3N, DMF (91%); (e) Reprosil Chiral-NR, heptane/2-propanol 4:1 (46% (—)-(R)-27 and 42% (+)-(5)-27); (f) 4-bromo-2-
methylpyridine (2.5 equiv), n-BuLi (2.5 equiv), THF, —100 °C (70%); (g) 5-bromo-2-methoxypyridine (2.5 equiv), n-BulLi (2.5 equiv), THF, —78 °C (77%); (h) 37% aq HCl, 1,4-
dioxane, 100 °C, 90 min (95%); (i) iodomethane, K;CO3, N,N-dimethylacetamide (80%); (j) 4-carboxybenzeneboronic acid, PdCl,(dppf), aq Na,COs, 1,4-dioxane (73-82%); (k)
NH,OHHCI, NaOAc, aq EtOH, reflux (50-95%); (1) HCI, 1,4-dioxane or DME; (m) ethyl piperidine-4-carboxylate, Pd,(dba); (0.05 equiv), X-Phos (0.05 equiv), NaOtBu, toluene,
85 °C, then LiOH, H,0 (76%); (n) sodium methanesulfinate, L-proline, NaOH, Cul, DMSO (93%); (o) Chiralpak-AD, heptane/ethanol 3:2 (70%).
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Figure 3. Plasma concentrations of total PYY (y-axis) and (R)-22 (x-axis) at various
time points after administration of (R)-22 at 100 mg kg~ po (¢), 50 mg kg~! po (M),
or 2mg kg~' iv (A), in C57B1/6 DIO mice. The vertical dashed lines correspond to
the ECs of (R)-22 at the mouse GPBAR1 (140 nM = 63 ng mL™!) and to the plasma
binding corrected mouse ECso of (R)-22 (63 ng mL™'/f,=31,500 ng mL~!, with
fu=0.002).

The lipophilicity may be reduced by replacement of the 2-meth-
ylpyridin-4-yl head group with 1-methyl-2-oxopyridin-5-yl, as al-
ready evidenced by compound 19. Indeed, biphenyl-4-carboxylic
acid (R)-31 is more than one order of magnitude less lipophilic
than (R)-22, but its free fraction is only slightly higher and does
not fully compensate for the lower activity at the target. Also, the
pharmacokinetic properties in mice are not significantly improved
in comparison with (R)-22, despite a lower clearance in vivo
(Table 3).

Replacement of the carboxyphenyl subunit of (R)-31 by a meth-
ylsulfonyl group resulted in compound (R)-32, which is roughly

equipotent to (R)-31 and also comparable in terms of lipophilicity
and solubility. As anticipated (R)-32 has a significantly higher free
fraction (11%), but the rather poor pharmacokinetic properties due
to high clearance and low oral bioavailability (Cpax = 870 ng mL™!
at 22 mg kg~! po) precluded any further consideration of this com-
pound (Table 3).

The piperidine-carboxylic acid derivative (R)-29 was selected as
the chemical probe of choice. (R)-29 is the most potent compound
of this series both at recombinant mouse and human GPBAR1 as
well as in NCI-H716 cells (Table 3). (R)-29 is only moderately lipo-
philic (logD7 4 = 1.5) and reasonably soluble (270 mg L' at pH 6.5).
In comparison to (R)-22, (R)-29 has a 10-fold higher free fraction
and more favourable pharmacokinetic properties in mouse most
likely due to lower clearance (Cpax = 41,000 ng mL~! at 30 mg kg !
po).

Similar to (S)-22, the enantiomeric compounds (S)-29, (S)-31,
and (S)-32 were somewhat less potent than the respective (R)-
enantiomers (Table 2).

Compounds (R)-29 and (R)-22 were tested in an oral glucose
tolerance test in GPBAR1-KI mice—mice that express human
GPBAR1 instead of mouse GPBAR1.>> In this experiment, (R)-29
administered orally 2 h before the glucose challenge at 10 or
30mg kg~ as well (R)-22 at 100 mg kg~! produced an approxi-
mately 30% decrease in postprandial glucose excursion (AUCy_120,
area under the curve, 0 — 120 min). Meanwhile, plasma PYY and
GLP-1 levels were markedly increased in all treatment groups, with
(R)-29 at 10mgkg~! being similarly efficient as (R)-22 at
100 mg kg~ ! (Fig. 4). However, (R)-29 was unsuitable for chronic
administration because it was found to be an inducer of CYP3A4,3¢
resulting in decreased systemic exposure over time.

In summary, we have discovered a new class of HTS-derived
oxime derivatives. The starting point (3) was already fairly potent
at the GPBAR1 but required improvement in terms of physico-
chemical properties. These efforts have delivered the highly
selective,> moderately lipophilic, and orally bioavailable piperi-
dine-4-carboxylic acid (R)-29, which acts as a strongly efficacious
PYY/GLP-1 secretagogue and reduces postprandial blood glucose
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Figure 4. (A) Oral glucose tolerance test (2 g kg™ ! glucose) in male 12 week old GPBAR1-KI mice [B6 Gpbarlxtm1(GPBAR1)Ait] treated with vehicle ® (Klucel 2%, Tween
0.1%), (R)-29 A (10 mgkg™"), (R)-29 7 (30 mg kg™ ') or (R)-22 < (100 mg kg~ '). Animals were first dosed with compound or vehicle 60 min before glucose bolus. Data
represent the mean + S.E.M. (B) Plasma PYY levels measured in male 12 week old GPBAR1-KI mice [B6 Gpbar1«tm1(GPBAR1)Ait]**> 60 min after oral treatment with vehicle
(Klucel 2%, Tween 0.1%), (R)-29 (10 mg kg~ 1!), (R)-29 (30 mg kg~ ?!) or (R)-22 (100 mg kg '). Data represent the mean # S.E.M. (C) Plasma total GLP-1 levels measured in male
12 week old GPBAR1-KI mice [B6 Gpbar1xtm1(GPBAR1)Ait] 60 min after oral treatment with vehicle (Klucel 2%, Tween 0.1%), (R)-29 (10 mg kg~'), (R)-29 (30 mg kg~ ') or (R)-

22 (100 mg kg™ '). Data represent the mean + S.E.M.

levels in mice. An in-depthaccount of the biochemistry and phar-
macology of (R)-29 (RO5527239) is presented in a separate
paper.®
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