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Abstract: A potent and selective antagonist of the melanocortin-4  Figure 1. Chemical structures of MC4R antagonists5 and agonist

receptor, 1{-2-[(18)-(3-d|methylam|n0proplonyl)amlno-z-methylpro- 6 (THIQ).

pyl]-6-methylpheny}-4-[(2R)-methyl-3-(4-chlorophenyl)propionyl]pip-

eraz"r“e dlod)l-q ‘;‘l’\?'s\l 'dqem'fr']e? frolm a Se_rées ﬂ'pera$m6benzy'am'ge phenylalanine dipeptide derivative is a potent functional

attached with a,N-dimethyl{5-alanine side chain. This compound —\;~4n antagonist with negligible affinity at MC3R. Intrap-
possessed high water solubility and exhibited good metabolic profiles. eritoneal (i.p.) administration & effectively stimulates daytime

In animals, 10d showed moderate to good oral bioavailability and . )2 .
promoted food intake in tumor-bearing mice after oral administration. _(Sat'ated)lfooq 'ntlake':ast‘;]ve” as de(t:rl;(?ases basal gletgbollctrate

in normal animals. Furthermore, this compound attenuates

achexia and preserves lean body mass in a murine cancer
achexia model”

In addition, a series of bispiperazine derivatives exemplified
by 3 have been reported as potent MC4R antagonists with in
vivo effects in rodent$®-20 These data provide evidence for
the potential clinical utility of small molecule MC4R antagonists,
particularly in the treatment of cachex.

We have previously reported the discovery of a series of
toiperazinebenzylamines such 4gK; = 19 nM) and5 (K; =
6.5 nM) as MC4R antagonist3Z3 Based on these leads, we
started a research effort to improve their properties in several
promote food intake and increase weight galRecent studies categories.inclu.qing. potency and pha}rmgcokinetics. Here we
have also demonstrated that cachexia brought about by a_var?et;{j?raoertthﬂ;zn;?sgt'gﬁgﬁnI;r:giI:Q_azr_argﬁﬂzft;gn (I)]{26Hn(11est)h(cl)’he
of illnesses can be attenuated or reversed by blocking actlvat|onnyl} 4 [>(/2R) met$1ylp3 ( 4ychlorophenyl)pro)|:)ipc)) nyFI)]);) iperaz n]a&dp))
of the melanocortin-4 receptor within the central nervous THREYTE YT ) ;
systemt Centrally-administered peptide MC4R antagonists g? ?:ncc)rjnzaiﬁgzaMCA'R antagonist for the potential treatment
attenuate tumor-induced cachexia in animal mo8es. : )
~ Recently, small molecule MC4R antagonists have been The t_argst corlnpo_ur?éciE werehsynth(_esmsedhfrom tlhepg\)fzotected
identified that are suitable for peripheral administratidm piperazinebenzylaming™ as shown In scheme 1. Aller a
2-phenylimidazolinel (ML00253764, Figure 1) is reported to treatment o6 with TFA, the resultant amine was coupled with
be a functional MC4R antagonist @€= 103 nM) and to (2R_)-methy|-_3-(2-Y-4-chIorophenyl_)propio_nic acids to give the
ung carcinoma tumors»4 However, this compound also has - - ¢ s
relatively weak affinity for MC4R and poor selectivity versus gz-?txoeBthyl)garbamlc_auti;rlt-butyl_eslter prowlc_zled the d_|an;;n?
the MC3R, a subtype that is also believed to have a role in 9 aftér Boc-deprotection. Alternatively, coupling reactionsio
feeding regulatios We have shown that/a-alanine-(2,4-Cl)-  With N,N-dimethylaminog-alanine gave the amidd9b—d or,

with N-Boc-amino acid, affordedOa and 10e—f after TFA

*To whom correspondence should be addressed. Phone: 858-617-7634lréatment.

Fa¥5858-612_5602' ED-maiI: ccher;%nguroclrigﬁ.com. Tanabe R o Compounds3—10 were tested for their binding affinity at
urrent address: epartmento eaicina emlstry, anape researc o i i H
Laboratories, U.S.A., Inc., 4540 Towne Centre Ct., San Diego, CA 92121. the humfm dmelqgocé:grtn:f reclfptor using a b |ng|pgTasb?a)/1 as

#Current address: Vertex Pharmaceuticals Inc., 11010 Torreyana Road,PreVviously describee; and results are summarized in fable 1.

San Diego, CA 92121. For the primary benzylamine% the 2-methyl derivativ8b had

Cancer cachexia significantly impairs quality of life and
response to antineoplastic therapies and increases morbidity an
mortality of cancer patients. Unfortunately, currently available
drugs do not provide very effective treatmést.

The melanocortin-4 receptor (MC4R), a member of the class
A G-protein-coupled receptor superfamily, plays a very impor-
tant role in feeding behavior and energy homeostasis in animals
and humang Human MC4R mutations are associated with binge
eating and juvenile-onset obesfty MC4R agonists have been
demonstrated to suppress food intake and reduce body weigh
in animals and could potentially be used for the treatment of
obesity® In contrast, MC4R antagonists have been shown to
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aReagents and conditions: (a) TFA/@HJ/rt, 1 h; (b) R)-2-Y-4-
CICgH3CH,CH(Me)COOH/EDC/HOBL/(-PrpNEt/CH,ClJ/rt, 8 h, 37% for
7¢; (c) HCl/MeOHI/rt, 1 h, 56-60%; (d) N-Boc-NMeCHCHO/NaB-
H(OAC)s/CH.Cl/rt, 2 h, 21%,; () RCOOH/EDC/HOBt/GE I/, 8 h, 68%
for 10aand 78% forl0d.

Table 1. SAR of MC4R Antagonists at the Human Melanocortin-4
Receptot

cmpd R Y KP(M) CcAMP (%) ICsf (nM)
8a F 3z 5 n.df
8b Me 9.7 2 n.d.
8c H 6% 16 2400
9 F 6.0 7 660
10a CH;NHMe F 2.8 12 410
10b CH,CH;NMe;, F 2.2 0 190
10c CHCH2NMe; Me 0.6 5 92
10d CHCH2NMe; H 2.8 7 35
10e CH,CH,NHMe H 5.7 8 87
10f CH2CHzNH> H 59 5 280

aData are average of-2 independent measurements. The affinity
measurements for each compound differed by less than 4-fold, and the
resulting coefficient of variance averaged 37% for the binding a&say
values and 46% for the functional assayd@alues. Binding affinity using
[*29]-NDP—MSH as the radiolabeled liganéiStimulation of cCAMP release
at 10uM concentration in comparison toMSH (100%).¢ Dose-dependent
inhibition of a-MSH-stimulated cAMP releasé Single measuremeritNot
determined.

improved affinity over8c, which was similar to the 2-fluoro
analog8a in the binding assay. The X-ray crystal structure of
7c was obtained (data not shown). In the solid state, this
precursor of the antagonis8c possessed a very similar
conformation to that of the MC4R agoni6t(THIQ).?6 Thus,

the 4-chlorophenyl ring of7c was almost parallel to the
piperazine ring, suggesting that the framework of an antagonist
structure is not much different from that of an agonist. This
result indicates that the Tic-group 6f which is missing from
the antagonis8c, is the primary contributor to its ability to
activate the receptdt.

Incorporating a methylaminoethyl side chain to the benzy-
lamine8a (K; = 35 nM) increased its affinity by about 6-fold
(9, Ki = 6.0 nM), while the amide derivative displayed further
improvement {0a K; = 2.8 nM), suggesting the additional
amino group in9 and 10a was able to function as the
benzylamine oBa and further increase the affinity. Th&N-
dimethylaminop-alanine derivativelOb (K; = 2.2 nM) had 16-

Letters

Table 2. Selectivity Profiles Ki, nM) of MC4R Antagonists at Human
Melanocortin Receptots

cmpd MC1R MC3R MC4R MC5R
10a n.de 2300 2.8 180
10d (50%) 420 2.8 340
10e (43%) 710 5.7 360
10f (42%) 270 5.9 320

aData are average of-B independent measurements of binding affinity
using [29]-NDP—MSH as the radiolabeled ligand. The affinity measure-
ments for each compound differed by 2-fold at most, and the resulting
coefficient of variance averaged 20%or results where K; value could
not be determined<{50% inhibition at highest compound concentration
tested), percentage inhibition at ZM concentration in parenthesisNot
determinedd Single measurement.

Table 3. In Vitro Metabolism Data oBc—10f

CYP3A# HLM Clsysb Paps® ratioe
cmpd  ICso(uM)  (mL/min-kg) (x10®cm/s) (btoa/atob)
8c 8.3 13.4 5.0 3.7
9 9.0 n.dt 0.3 26
10a 6.9 12.4 0.8 7.3
10b 6.4 16.0 3.7 3.0
10c 6.8 16.6 1.9 2.7
10d 9.2 12.2 6.2 1.9
10e 6.0 4.8 1.2 7.2
10f 10 9.2 0.3 26

aBinding affinity at the cytochrome P450 3A4 enzymi&caled systemic
clearance in human liver microsomé$ermeability in Caco-2 cell mono-
layer. 9 Ratio of Papp Of basolateral to apical direction versus that of apical
to basolateral directiorf.Digoxin was used as a control in this assay, and
its Papp Was about 1.0, with a ratio of +80. " Not determined.

fold better affinity than its parer8a. Similar results were also
obtained for 8b/10c and 8c¢/10d modifications. The N,N-
dimethylaminog-alanine derivativeslOb—d were optimal,
because theéN-monomethyl compoundOe and the primary
amine10f showed no improvement in affinity compared with
10d. These compounds were distinguished by their functional
activity reflected by their I values in the inhibition of
o-MSH-stimulated cAMP release (Table 1). Thd€d (ICso

= 35 nM) was 8-fold better than the primary amibef (ICsqo

= 280 nM), while the functional inhibition produced by the
secondary amin&Oe (ICsp = 87 nM) was between that df0d
and10f. In parallel to binding affinity, 10d was 70-fold better
than its paren8Bc (ICso = 2400 nM) in functional antagonist
activity. The N,N-dimethyl5-alanine derivativelOb was also
slightly better than the methylaminoeth§land the sarcosine
10ain terms of functional inhibition. None of these compounds
significantly stimulated cAMP production at 1/ concentra-
tion (Emax < 16%).

Compounds10a and 10d—f were also tested for their
selectivity at the other melanocortin receptor subtypes (Table
2). In general, these compounds had little interaction with the
MC1 receptor and displayed much lower affinity at the MC3R
and MC5R than at MC4R. For exampl&dd had over 100-
fold selectivity at MC4R over MC3R and MC5R.

These potent antagonists were also tested in several in vitro
assays measuring metabolism-related parameters, and the results
are summarized in Table 3. A common liability for large and
basic molecules is their inhibitory activity at the CYP3A4
enzyme?8 In an in vitro binding assay, all of these compounds
displayed G values above &M, and10d had an IGg of 9.2
ﬂM.Zg

When incubated with human liver microsomes in an in vitro
assay, all compounds exhibited moderate metabolic stability,
which might be associated with their high lipophilicity and high
molecular weight. In a Caco-2 assay, which measures the cell
permeability of a compound, the benzylamBeshowed good
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Table 4. Pharmacokinetic Profiles & and 10b—e in Rats

CL Va tue Tmax Crmax oral AUC Cp (ng/g) b/p ratio
cmpd (mL/min-kg) (L/kg) (h) (h) (ng/mL) (ng/mL:h) F% atl,4h atl,4h
9 60° 95 17 6 22 299 13 ¢ ¢
10b 22 4.2 2.2 4.7 134 1469 13 8,31 0.2,0.3
10c 3.7 4.3 13 4 208 1947 5.6 9,42 0.1,0.3
10cP 53 13 2.9 4.7 110 1398 43 20, 33 0.2,04
10e 39 20 8.1 3.3 57 563 15 ¢ ¢

aThree animals were dosed intravenously at 2.5 mg/kg, and orally (p.o.) at 10 mg/kg; brain concentrations were taken from platrawseous dose
at 5 mg/kg.c Below detection limit (5 ng/mL).

permeability Papp = 5.0 x 105 cm/s) and showed evidence Table 5. Pharmacokinetic Properties @0d in Animals®

of efflux transport (basolateral to apical direction versus its _ CD-1  Sprague-Dawley beagle rhesus
reverse directionl( to a/a to b = 3.7)), suggesting that this Spectes mouse rat dog  monkey
compound may be a substrate for the P-glycoprotein. In i.v.dose (mg/kg) 25 5 5
comparison, incorporating a methylaminoett8)l ¢r sarcosine ~ CL (mL/min-kg) 29.6 103 81
(108 group into8c resulted in lower permeability (Table 3) Va(Lkg) 41 29 2.9

! - ! - _ © tie(h) 1.6 6.7 2.9
The N,N-dimethylaminog-alanine side chainlQb), however, AUC (ng/mL:h) 1410 8200 10300
did not significantly affect the permeability, and among the three |, ; yose (mgikg) 10 10 10 10
analogs10b—d, 10d displayed the best profile in this assay.  Cpa(ng/mL) 946 279 262 761
The monomethylamin&0eand the primary aming0f also had Tmax (h) 05 2.7 17 18
lower permeability tharL0d. The better permeability of0d AUC (ng/mL-h) 2530 1520 2860 3860
might be associated with its high logD values (measured using Eé’in Crnax (NG/0) ?;21 Tl/f blg b19
a shake-flask method, 3.4) and its lower polar surface area prain Ty (h) 03 6.0
(calculated using ACD software, 5624 compared to the brain AUC (ng/gh) 367 254
secondary and primary aminé8a and 10ef. brain/plasma ratio 0.15 0.17

Compounds9 and 10b—e were studied in rats for their aData are the average of three anim&lBrain concentration was not

pharmacokinetic properties, and the results are summarized indetermined.
Table 4. Whole brain concentrations were sampled at 1 and 4
h after oral administration. The diamir®ehad a very large
volume of distribution Vg), which might be associated with its
dibasic structuré? resulting in a very long half-lifet(,,) of 17
h. Oral bioavailability F%) was moderate in this species.
Despite its large/q value, the compound was undetectable in
the brain, presumably due to its P-glycoprotein activity, which
prevented penetration through the bledatain barrief! The
N,N-dimethyl{3-alanine 10b penetrated into the brain with a
brain/plasma (b/p) ratio of 0.2 and 0.3 at Idahh time points, . —
respectively, after oral administration. 4 5 6 7 8 9 10 11 12
Among the thredN,N-dimethyl-alanineslOb—d, the 4-chlo- ) Experimental Day ) )
ropheny| analog0d i the best oral bioavalabily (43%) in  FAMe 2 E1ec 1000, 20 gk, o) o ot ke nLLE
rats. It aI_so had a hight value and a mOd.erat_Q/Z’ reSl_JItlng . days 10, 11, and 12 by trgatment with 5 or 20 mg/kg@alcompared
from a high plasma clearance (CL). In vitro incubation with 5 tymor-bearing vehicle-treated controls. Values are meaBEM.
liver microsomes suggested a major metabolitel@fl from
N-demethylation. This metabolittDewas also profiled in rats.
Thus,10ehad a lower plasma clearance and a higkevalue Four days after inoculation, food intake was measured daily.
than its pareni0d, which resulted in a longer half-life of 8.1  On day 9 after tumor inoculation, treatment with compotd
h. However, this compound was unable to penetrate into the \yas begun. Mice were divided into three groups (balanced for
brain, which excluded it from further studies. _ body weight and tumor size) and given vehicle (sterile water),
In a separate study in rats, the brain concentratione 5, or 20 mg/kg ofL0d twice a day over 4 days. Both the 5 and

relation of10d was studied after an oral administration at 10 20 mg/kg doses o010d significantly increased food intake on
mg/kg. The maximal whole brain concentrationldfd was 41 days 10, 11, and 12 (Figure @,< 0.05).

ng/g, appearing at &6 h time point, and the AUC was 254 » . N .
ng/gh. The brain to plasma ratio was 0.17 based on AUC In addition to its low CYP3A4 inhibitory activity, compound

values, suggesting low CNS penetration (Table 5). In mice, the 10d&lso exhibited low affinity toward other major liver enzymes
brain/plasma ratio af0d based on AUC values was 0.15, which ~ for drug metabolism: CYP1A2, 2D6, 2C9, and 2C195C
was very similar to that in rats. 10 uM). Its pK, was measured to be 7.8. As a hydrochloride

Because of its favored pharmacological and pharmacokinetic Salt,10d had very good aqueous solubility (33 mg/mL at pH 7,
properties, the effect 0f0d was then studied in a model of ~and>71 mg/mL at pH 3). This compound was also profiled in
tumor-induced cachexia. Compoub@d displayed good binding liver microsomes from several animal species. The scaled
affinity at the mouse MC4RK; = 3.2 nM), similar to what intrinsic clearances of0d were determined to be 46, 24, 15,
was seen at the human receptor. In this study, male C57BL/6Jand 39 mL/mirkg, respectively, for CD-1 mice, S-D rats, beagle
mice, individually housed for at least one week, were subcu- dogs, and rhesus monkeys, predicting oral bioavailabilities of
taneously injected into the upper flank with a subcloned line of 49, 66, 40, and 13%, respectively, assuming complete absorp-
Lewis lung carcinoma (LLC) cells as previously describéd. tion.

bid compound 10d (PO)

ERER

—e— vehicle
—o— 5 mg/kg
—v— 20 mg/kg

Food intake (g)
o =~ N W b OO N ©
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CompoundlOdwas also studied in mice, dogs, and monkeys
for its PK properties in these species (Table 5). In mideg
exhibited a moderate plasma clearance of 29.6 mLkgiand
its bioavailability was 32%. Its half-life of 1.6 h was short and
its brain penetration was relatively low. The low brain penetra-
tion or shortty;, of 10d might explain the requirement of a high
dose for its in vivo efficacy in this species. In dogs and monkeys,
10d displayed a moderate oral bioavailability of 19%. The half-
life of this compound was 6.7 h in dogs, much longer than that
in monkeys {12 = 2.9 h), which might be associated with its
lower volume of distribution in this species.

In conclusion, we conducted a detailed study on a set of

piperazinebenzylamines bearing an amine side chain as potent
and selective antagonists of the human melanocortin-4 receptor.

One analog, X2-[(19-(3-dimethylaminopropionyl)amino-2-
methylpropyl]-4-methylphenyt4-[(2R)-methyl-3-(4-chlorophe-
nyl)propionyl]piperazine 10d) was identified to have good
potency and selectivity. Despite its relatively high logD value
(3.4),10d had good aqueous solubility. It was profiled for its
metabolic and pharmacokinetic properties in several animal
species. Finally, this compound demonstrated oral efficacy in
a mouse tumor-induced cachexia model.
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