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ABSTRACT We report the development and characterization of compound 22
(MK-5046), a potent, selective smallmolecule agonist of BRS-3 (bombesin receptor
subtype-3). In pharmacological testing using diet-induced obese mice, compound
22 caused mechanism-based, dose-dependent reductions in food intake and body
weight.
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The mammalian bombesin G-protein-coupled receptor
subfamily1 comprises three structurally related mem-
bers, the receptors for neuromedin B (NMBR or BB1),

gastrin-releasing peptide (GRPR or BB2),2 and bombesin
receptor subtype-3 (BRS-3 or BB3).3 BRS-3 is an orphan
receptor whose natural ligand is not known and which,
despite its name, does not bind bombesin with high affinity.
BRS-3 is expressed predominantly in the central nervous
system (CNS). Mice lacking functional BRS-3 develop mild
obesity and insulin resistance, suggesting a role for the
receptor in the regulation of energy homeostasis.4 In addi-
tion, BRS-3 aswell as the othermammalian familymembers
are expressed by several human carcinoma cell lines, where
they may play a role in growth regulation.3 Until recently,
there have been limited reports of peptide5 or small-
molecule6-9 pharmacological tools to further elucidate
the role of the receptor and determine its potential as a drug
target.

Our laboratory has described the lead identification and
initial optimization of the first reported series of small-
molecule BRS-3 agonists with efficacy in body weight
lowering.10-12 Exploratory medicinal chemistry efforts fo-
cused on lead 1. The potency at the human receptor was
improved through the incorporation of branched substitu-
ents at the 4-position of the imidazole, while systemic and
CNS exposure were increased through replacement of the
benzoic acid moiety with pyridine. This work eventually led
to the identification of 2 (Bag-1), the first key pharmacolog-
ical tool in our program. Results of in vivo testing with this
compound furnished a preclinical proof of concept for the
BRS-3 mechanism: Administration of the BRS-3 agonist in
established diet-induced obese (eDIO) mice caused a sig-
nificant reduction of acute food intake and increase in fasting
metabolic rate, and these effects were not evident in Brs3

null (KO)mice.13 Furthermore, subchronic dosing (100mpk
BID, 8 days) led to mechanism-based body weight lowering
in eDIOmice,while it had no significant effects in KOmice.13

Undesirable features of 2 were its poor oral pharmacoki-
netics in preclinical species and a suboptimal off-target
profile that included low micromolar binding to the human
inward rectifying potassium ion channel (hERG, IC50=1.2μM)
as well as the diltiazem (DLZ) site of the rabbit calcium ion
channel (IC50 = 0.5 μM).

The low unbound exposure of compound 2 was shown to
be due primarily to high intrinsic clearance. A bile duct
cannulated rat study was performed to examine the fate of
the compound after in vivodosing. For this purpose, a tritium
radiolabel was incorporated in the 5-position of the pyridine
ring. Biliary excretion ofmetabolized 2 accounted for∼65%
of the recovered radioactivity after both iv and po dosing,
suggesting good absorption. Therewas extensive hydroxyla-
tion and concomitant loss of the radiolabel, suggesting
oxidative metabolism of the pyridine ring. In addition,
hydroxylation of both the 2-substituent (ethyl linker) and
the 4-substituent (branched alkyl chain) of the imidazolewas
observed. Together, these oxidative processes were the
cause for the poor pharmacokinetic profile of these early
leads.

To advance the series, we searched for motifs that might
furnish more metabolically stable structures for further
structure-activity relationship (SAR) and identified ana-
logue 3 bearing a 5-fluoropyridine. When we assessed the
stability of this compound by incubation with rat liver
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microsomes, it had an improved half-life in comparisonwith
2. However, off-target activities remained problematic, with
reduced selectivity vs the two key ion channels (hERG, Ki =
0.4 μM; DLZ, IC50 = 0.2 μM), as well as some activation of
human PXR (IC50 = 3.5 μM with 44%maximal activation).

More information was garnered from early SAR focused
on the imidazole substituent: In a survey of branched alkyl
groups, use of a 2,2-dimethylpropane in place of the 2,2-
dimethylbutane contained in compounds 2 and 3 resulted in
∼4-fold reduction in activity at human BRS-3. While a loss in
potency and selectivity is not ideal, we considered it a small
price to pay for increased metabolic stability and proceeded
to incorporate the fluoropyridine and truncated substituent.

We next aimed to improve the selectivity for BRS-3 over
off-target effects by introducing heteroatom substituents on
the central ethylene linker to increase polarity and reduce
the number of lowenergy, unfavorable configurations for the
central ethyl linker region. We envisaged that such substitu-
tions would also improve metabolic stability, given that the
benzylic C-H would no longer be available for oxidation.
Other attempts to further reducemetabolism in the pyridine
region focused on incorporation of alternate heterocycles.
Finally, we sought to further address the metabolism of the
branched alkyl chain by incorporating metabolically more
stable fluoroalkyl and cyclopropyl modifications.

Modular syntheses were developed to access the desired
compounds. Both approaches relied on the deprotonation of
suitably substituted imidazole precursors and their subse-
quent reaction with electrophiles.

To access the series of compoundswith substituents attached
to the carbon adjacent to the imidazole, 2-lithiated imidazoles
were reacted with esters to generate ketone intermediates. For
the purposes of the current series, reaction of 3,3-dimethylbu-
tyraldehyde (4)with TosMIC generated 4-(2,2-dimethylpropyl)-
1H-imidazole, which was subsequently protected as the

dimethylsulfamoyl derivative 5. Lithiation of 5, followed by its
reaction with methyl 4-bromophenylacetate, led to ketone 6,
which was coupled to the stannane generated in situ from
2-bromo-5-fluoropyridine via palladium catalysis. Finally,
the addition of methylmagnesium bromide, deprotection,
and chiral separation afforded two enantiomeric alcohols.
Compound 7 is the more potent isomer.

To access the series with substituents attached to the
carbon distal from the imidazole, 1-trityl-2-methyl-4-(2,2-
dimethylpropyl)imidazole, synthesized in three steps from

Figure 1. Structures of leads 1-3.

Table 1. Human BRS-3 Activity and Rat Liver Microsomal (RLM)
Stability of 1-3

compd
hBRS-3a

EC50 (nM) (% act)b
T1/2 (RLM incubation)

(min)

1 1900 (760 (74( 33%) NDc

2 47(4 (99(4%) 1

3 66( 16 (97( 4%) 3
aData expressed as means ( SDs (g3 independent experiments).

b%act represents themaximumactivation of tested compound relative
to that of the dYpeptide {[D-Tyr6,β-Ala11,Phe13,Nle14]bombesin(6-14)}.
cNot determined.

Scheme 1a

aReagents and conditions: (a) (i) TosMIC, KOtBu, THF; (ii) NH3, MeOH.
(b) Me2NSO2Cl, NMM, DME. (c) (i) n-BuLi, THF; (ii) 4-bromophenyla-
cetic acid methyl ester, THF. (d) Pd(PPh3)4, 2-bromo-5-fluoropyridine,
Me3SnSnMe3, dioxane. (e) MeMgBr, THF. (f) HCl, MeOH. (g) Chiral
separation (Chiralpak AD-H, IPA/heptane).

Scheme 2a

aReagents and conditions: (a) Pd(PPh3)4, 2-bromo-5-fluoropyridine,
K2CO3, toluene/MeOH. (b) MeMgBr, THF. (c) Compound 11a: 4-bro-
moacetophenone, K2CO3, rac-trans-N,N0-dimethylcyclohexane-1,
2-diamine (cat.), CuI (cat.), pyrazole, toluene; 11b: 40-bromo-2,2,2-tri-
fluoromethylacetophenone, K2CO3, rac-trans-N,N0-dimethylcyclohex-
ane-1,2-diamine (cat.), CuI (cat.), pyrazole, toluene (d) NOþBF4

-,
MeCN. (e) TiCl3, MeOH (f) Ph3CCl, Et3N, CH2Cl2. (g) (i) n-BuLi, THF;
(ii) 9 or 11, THF. (h)HCl, dioxane. (i)Chiral separation (Chiralpak AD-H,
IPA/heptane).
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4,4-dimethylpentene, was lithiated in the R-position via treat-
ment with n-butyllithium and subsequently reacted with
methylaryl ketones 9 and 11a or the trifluorinated analogue
11b. As before, deprotection and chiral separation furnished
agonists 14 and 15. Similarly, the use of the trityl-protected
imidazole 20 (derived in five steps from 2-methylimidazole)
led to compounds 21 and 22.14

Human BRS-3 binding potency and functional potency for
the compounds are summarized in Table 2.15 The introduc-
tion of a tertiary alcohol on either carbon of the linker
resulted in compounds that maintained similar activity to
lead 3. Substitution distal from the imidazole (14 vs 7) gave
slightly higher potency. Compounds 7 and 14 afforded
improved off-target profiles relative to 3. In particular, bind-
ing to the hERGpotassium channel was diminished (Ki=5.9
and 4.2 μM for 7 and 14, respectively).

The initial leads 7 and 14 were assessed in rat pharmaco-
kinetic studies. Although compound 7 had lower in vivo rat
plasma clearance than 14 (14 vs 28 mL/min/kg), the un-
bound fraction (Fu) in plasma was considerably lower,

suggesting higher intrinsic clearance. This was reinforced in
studies assessing the stability of the compounds in incubations
with rat liver microsomes. The half-life for compound 7 was
significantly shorter than that for compound 14, indicating its
propensity for higher metabolic intrinsic clearance (the two
had similar unbound fractions under the conditions of the
assay; Fu = 20%). On this basis, we focused our efforts on
analogues of 14, leading to the identification of pyrazole 15
with improved human potency. The rat pharmacokinetic pro-
file of 15 was notable for very high total clearance, which was
largely a function of increased plasma unbound fraction as
compared to the other compounds. To further reduce the
potential for oxidative metabolism, our attention turned to
the remaining region (common to compound 2) that was
identified to be susceptible to oxidation in rats: the imidazole
4-substituent. After considerable efforts, trifluoromethyl-sub-
stituted methyl cyclopropane was incorporated to furnish
compound 21, where both the unbound fraction in rat plasma
and the plasma clearance were reduced.

The pharmacokinetic properties of 21were also evaluated
in the dog where the half-life was found to be unacceptably
short (Table 4). Replacement of the remaining methyl group
with a trifluoromethyl group gave 22. The compound ex-
hibits overall improvements in dog pharmacokinetic proper-
ties relative to 21, while maintaining good potency and
improved selectivity over off-target activities (hERG potas-
sium channel binding Ki > 8 μM).

Compound 22 was evaluated in a screen of >100 recep-
tors, ion channels, and enzymes. Eight off-target activities
were identified with IC50 values in the range of 0.5-10 μM,

Scheme 3a

aReagents and conditions: (a) MeONHMe, EDC, HOBt, NMM, CH2Cl2.
(b) Na2CO3, I2, dioxane/H2O. (c) Na2SO3, EtOH/H2O. (d) Ph3CCl, Et3N,
CH2Cl2. (e) (i) EtMgBr, CH2Cl2; (ii) 17, CH2Cl2. (f) H2NNH2, KOH,
ethylene glycol. (g) (i) BuLi, THF; (ii) 11a or 11b, THF. (h) HCl, dioxane.
(i) Chiral separation (Chiralpak AD-H, IPA/heptane).

Table 2. Human BRS-3 Binding and Functional Potency for Com-
pounds 3-22

compd
hBRS-3a

IC50 (nM)
hBRS-3a

EC50 (nM) (% act)b

3 16(6 66(16 (97( 4%)

7 82( 16 220(22 (99( 4%)

14 17( 5 67(13 (99( 2%)

15 5( 1 16(3 (94(5%)

21 11(2 14( 4 (94(6%)

22 27(13 25(3 (102( 6%)

aData expressed as means ( SDs (g3 independent experiments).
b% act represents the maximum activation of tested compounds
relative to that of dY peptide.

Table 3. Rat Plasma Clearance,a Protein Binding,b and Stabilityc

for Compounds 3-22

rat in vivo rat microsomal incubation

compd
Clp

(mL/min/kg)
plasma Fu

(%)
T1/2
(min)

Fu
(%)

3 12 ND 3 NDd

7 14 0.1 1 20

14 28 0.4 5 20

15 110 6.8 ND ND

21 52 3.2 ND ND

22 20 1.0 ND ND
aPlasmaclearance (Clp) calculated following1mg/kg ivdose. bProtein

binding assessed using human plasma (200 μL) or microsomal proteins
(0.2 mg/mL) and test compound (1 μM). cMicrosomal stability assessed
using livermicrosomes (0.2mg protein/mL) and test compound (1 μM).
dNot determined.

Table 4. Dog Pharmacokinetic Dataa for Pyrazole Analogues 21
and 22

compd
Clp

(mL/min/kg)
T1/2
(h)

po AUCN
[μM h/(mg/kg)]

Foral
(%)

21 10 0.3 1.4 29

22 5.6 1.4 3.7 52
aPlasma clearance (Clp) and half-life (T1/2) calculated following

0.5 mg/kg iv dose. Normalized oral exposure (po AUCN) and oral bio-
availability (Foral) calculated following 1 mg/kg po dose.
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but nonewere considered significant enough to preclude the
use of the compound as a pharmacological tool or for clinical
development.

The BRS-3 potency and pharmacokinetic parameters for
22 across a range of species, as well as activity of the com-
pound in selected off-target assays are summarized in Table 5.
Potency, selectivity, and pharmacokinetics were all signif-
icantly improved as compared to compound 3, andwhile the
half-life remained relatively short, this was partially amelio-
rated by prolonged absorption, thereby allowing oral dosing
paradigms in pharmacological studies.

Compound 22 was assessed for acute efficacy in wild-type
(WT) and Brs3 KO mice. In WT mice, the compound caused
significant reductions in food intake and increase in fasting
metabolic rate with no effect in the KOmice. After subchronic
dosing in eDIO mice, compound 22 (25 mg/kg/day by sc
infusion) caused reductions in body weight (8-9% as com-
pared tovehicle-dosedanimals) thatwere sustained for14days
with no evidence of tachyphylaxis (manuscript submitted16).

In summary, a SAR about the core of lead compound 2 has
resulted in the identification of a series of BRS-3 agonists with
improved potency, selectivity, and oral exposure in preclinical
species. On the basis of the in vitro and pharmacokinetic
profiles, compound 22 (MK-5046) was chosen for further
pharmacological study. In eDIO mice, sustained body weight
loss was observed following 14 days of treatment with the
compound. The data suggest that agonism of the BRS-3 may
present a useful treatment for obesity, and compound 22
presents a suitable candidate for clinical investigation.

SUPPORTING INFORMATION AVAILABLE Full experimen-
tal procedures and characterization data. This material is available
free of charge via the Internet at http://pubs.acs.org.
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