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Abstract: Agouti-related protein (AGRP) is an endogenous
antagonist of the melanocortin action.1 In the hypothalamus,
melanocortin peptide agonists act as satiety-inducing factors
that mediate their action through the melanocortin-4 receptor
(MC4R) whereas AGRP is an opposing orexigenic agent. Novel
inhibitors of the AGRP/MC4 binding based on (piperazinyl-
ethyl)piperazines were prepared, and their structure-activity
relationship was established.

Introduction. Obesity is the most common and costly
nutritional disorder in the industrialized world.2 It is a
chronic condition that leads to increased risk for dia-
betes and cardiovascular disease. A great deal of
evidence suggests that the central melanocortin system
may be a fundamental component in the regulation of
food intake and body weight.3 As part of our antiobesity
program, we investigated agouti-related protein (AGRP),
a 132 amino acid protein expressed in the feeding
centers of the brain (e.g., hypothalamus). When AGRP
binds to the melanocortin-4 (MC4) receptor, it stimu-
lates food intake.4 AGRP increases feeding in rodents
when administered icv,5 and mice that express AGRP
ectopically are hyperphagic and obese.4 On the other
hand, melanocortin peptides (e.g., R-MSH) decrease
feeding in rodents by agonizing the MC4 receptor.6
Inhibition of the interaction between AGRP and the
MC4R could lead to a new approach for the treatment
of obesity. However, finding a small-molecule antagonist
for the AGRP/MC4R interaction is particularly chal-
lenging for two reasons. First, the interaction between
AGRP and the MCRs is a protein/protein interaction
where contact may occur over a large area. A small
molecule may not be able to disrupt the interactions
between these two proteins.7 Second, it is not clear, as
Haskell-Luevano and co-workers8 suggest, that AGRP
and R-MSH share overlapping binding sites on the
MCRs. Recent reports have established that some
regions of the receptor that contribute to AGRP binding
are not responsible for binding to R-MSH.9 The present
report describes efforts in the screening, design, and
synthesis of AGRP/MC4 inhibitors. The selectivity of

these compounds versus a potent agonist to the MCRs,
[Nle4,D-Phe7]MSH (NDP-MSH), will also be discussed.

Chemistry. The dipiperazines (7a-l) were prepared
following the general method described by Vejdelek10

and are summarized in Scheme 1. The R-bromopropio-
phenones 1a-d were reacted with a protected pipera-
zine to provide intermediates 2a-d. These intermedi-
ates were reduced to give alcohols 3a-d, which were
then converted to the corresponding chlorides 4a-d by
treatment with thionyl chloride. Treatment of 4a-d
with an N-substituted piperazine gave the dipiperazines
5a-g. Compounds 6a-g were obtained by deprotection
with potassium hydroxide in methanol. A Mannich
reaction was performed to convert 6a-g to the corre-
sponding dipiperazines 7a-l.

The synthesis of compounds 8-10 is described in
Scheme 2. Compounds 8 and 9 were prepared by treat-
ing the dipiperazine 6d with 1-bromo-3-phenylpropane
and â-chloropropiophenone, respectively. Compound 10
was prepared via Mannich reaction of 6b with R-tetra-
lone.

Results and Discussion

All analogues were evaluated in vitro for their ability
to inhibit the binding of 125I-AGRP to the human MC4R.
The inhibition of the 125I-NDP-MSH/MC4R binding was
also measured as a secondary assay. The potency and
the selectivity for AGRP vs NDP-MSH binding are
reported in Table 1.

Screening of our internal compound collection for
inhibitors of AGRP/MC4 resulted in the identification
of the N-phenyldipiperazine 7f. Although this compound
was a weak antagonist of AGRP, it was 10-fold better
inhibitor of the MSH/MC4 binding. To optimize the
potency and selectivity, we prepared several analogues
with different substituents at R1. Analogues containing
an alkyl group were much more potent and selective
(e.g., 7d,e and g). Incorporation of an electron-with-
drawing group X at the meta and para positions of the
phenyl substituent increased the AGRP potency by more
than 10-fold, with para substitution being slightly
preferred (c.f. 7a to 7b-d). On the other phenyl ring,
unsubstitution, para chloro and para and meta dichloro
substitutions were favored over para methoxy, para
trifluoromethyl, and the para nitro groups (see 7d,h-
l). Analogues 8 and 9 exhibited no activity and minimal
selectivity, indicating that the R-substituted ketone was
required for activity. The cyclic analogue 10 was also
less active. All compounds were also tested in a 125I-
AGRP/MC3R binding assay where the IC50 values were
all >10µM. To determine if these compounds are truly
inhibitors of a protein/protein interaction, we evaluated
their ability to bind to AGRP in the absence of MC4R.
Binding to AGRP could also lead to inhibition of the
AGRP/MC4 interaction. The interaction of compound 7g
with des62 AGRP, a functionally active C terminal
domain truncation of the full-length protein, was stud-
ied via HSQC11 based NMR titration. A 100 µM solution
of 15N-labeled des62 AGRP was titrated from 500 µM
to 2.5 mM 7g, using 5 × 10 µL aliquots of 25 mM stock
solution prepared in DMSO-d6. The resulting HSQCs
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at each point in the titration were compared with control
data sets collected using DMSO-d6 only (no compound
present). Analysis of these data showed no evidence of
direct small-molecule binding to the protein. This
experiment suggests that the compounds are inhibiting
the AGRP/MC4 interaction by binding to the receptor.

Through SAR, we were able to identify moderately
potent and selective AGRP/MC4 antagonists that act
as protein/protein inhibitors. In a functional assay, we
tested to see if the compounds were able to inhibit the
AGRP/MC4 binding without disrupting the MSH func-
tion. The percentage stimulation of the MC4R, using a
fixed concentration of R-MSH and inhibitor, was mea-
sured while gradually increasing the concentration of

AGRP. If the compounds were to selectively disrupt the
AGRP/MC4R interaction, we would observe a rightward
shift in the curve because more AGRP would be needed
to decrease the percentage of R-MSH stimulation.
However, a downward shift of the curve was observed,
indicating that addition of compound 7d is simply
adding to the antagonistic effect of AGRP. This occurs
because the dipiperazine 7d is still a moderate inhibitor
of the binding between NDP-MSH and MC4 (IC50 ) 220
nM). Apparently, this activity is enough to make it
appear as if 7d is simply a functional antagonist.
Similar functional results were obtained for other active
compounds. In conclusion, given the fact that AGRP and
R-MSH both bind to the MC4 receptor, we wanted to

Scheme 1. Synthesis of Dipiperazine Analogues 7a-la

a Reagents: (i) 1-ethoxycarbonylpiperazine, TEA, CH2Cl2, 0-25 °C; (ii) NaBH4, EtOH, 0-25 °C; (iii) SOCl2, CH2Cl2, 0-25 °C; (iv)
R1-piperazine, benzene, 60 °C; (v) 10 equiv of KOH, EtOH, reflux; (vi) paraformaldehyde, concentrated HCl, EtOH, reflux.

Table 1. Biological Activity of the Piperazinylethylpiperazines Analogues at the Human Melanocortin Receptors

compd X R1 R2

AGRP/MC4
IC50 (nM)

RMSH/MC4
IC50 (nM)

fold selectivity
AGRP/MC4R

7a H Me H >5000 >10000 NA
7b p-Cl Me p-Cl 118 ( 66 150 (n ) 1) 0.8
7c m-Cl Me H 336 ( 49 598 ( 61 1.8
7d p-F Me H 52 ( 47 217 ( 19 4
7e p-F Et H 321 ( 65 193 ( 39 1.6
7f p-F phenyl H 2862 ( 919 249 ( 17 0.1
7g p-F cyclohexyl H 152 ( 59 164 ( 34 1
7h p-F Me p-OMe 2146 ( 424 597 ( 64 0.3
7i p-F Me p-Cl 266 ( 32 178 ( 15 0.7
7j p-F Me p,m-diCl 364 ( 21 188 ( 19 0.5
7k p-F Me p-CF3 820 ( 158 469 ( 78 0.5
7l p-F Me p-NO2 588 ( 49 1500 ( 160 2.5
8 p-F Me Scheme 2 >10000 3829 ( 1258 NA
9 p-F Me Scheme 2 >10000 >10000 NA
10 p-Cl Me Scheme 2 >10000 3226 ( 1258 NA
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identify compounds that solely inhibited AGRP binding
and did not affect R-MSH binding. Compounds that
demonstrated some binding selectivity (4-fold) for AGRP
vs R-MSH were selected for testing in a functional assay
to assess whether the compounds were acting to an-
tagonize AGRP’s effects on the MC4 receptor. Since all
of the compounds that inhibit the binding of AGRP to
MC4R are also inhibitors of the NDP-RMSH/MC4
interaction, we were unable to demonstrate clear evi-

dence for AGRP antagonism. All of the observed effects
corresponded to antagonism of R-MSH. These results
are consistent with the hypothesis that the binding sites
for AGRP and R-MSH are overlapping or very close.

References
(1) For an extensive review on the melanocortin receptors, see the

following: Cone, R. D., Ed. The Melanocortin Receptors; Humana
Press: Totowa, NJ, 2000.

(2) (a) Kuczmarski, R. J.; Flegal, K. M.; Campbell, S. M.; Johnson,
C. L. Increasing Prevalence of Overweight among US Adults:
The National Health and Nutrition Examination Surveys, 1960
to 1991. JAMA, J. Am. Med. Assoc. 1994, 272, 205-211. (b)
Friedman, J. M. Obesity in the new millennium. Nature 2000,
404, 632-634.

(3) Rosenfeld, R. D.; Zeni, L.; Welcher, A. A.; Narhi, L. O.; Hale, C.;
Marasco, J.; Delaney, J.; Gleason, T.; Philo, J. S.; Katta, V.; Hui,
J.; Baumgartner, J.; Graham, M.; Stark, K. L.; Karbon, W.
Biochemical, Biophysical, and Pharmacological Characterization
of Bacterially Expressed Human Agouti-Related Protein. Bio-
chemistry 1998, 37, 16041-16052.

(4) Ollmann, M. M.; Wilson, B. D.; Yang, Y. K.; Kerns, J. A.; Chen,
Y.; Gantz, I.; Barsh, G. S. Antagonism of Central Melanocortin
Receptors in Vitro and in Vivo by Agouti-Related Protein. Science
1997, 278, 135-138.

(5) (a) Small C. J.; Kim, M. S.; Stanley, S. A.; Mitchell, J. R. D.;
Murphy, K.; Morgan, D. G. A.; Ghatei, M. A.; Bloom, S. R. Effects
of Chronic Central Nervous System Administration of Agouti-
Related Protein in Pair-Fed Animals. Diabetes 2001, 50, 248-
254. (b) Rossi, M.; Kim, M. S.; Morgan, D. G. A.; Small, C. J.;
Edwards, C. M. B.; Sunter, D.; Abusnana, S.; Goldstone, A. P.;
Russell, S. H.; Stanley, S. A.; Smith, D. M.; Yagaloff, K.; Ghatei,
M. A.; Bloom, S. R. A C-terminal Fragment of Agouti-Related
Protein Increases Feeding and Antagonizes the Effect of Alpha-
Melanocyte Stimulating Hormone in Vivo. Endocrinology 1998,
139, 4428-4431

(6) (a) Wirth, M. M.; Olszewski, P. K.; Yu, C.; Levine, A. S.; Giraudo,
S. Q. Paraventricular Hypothalamic Alpha-Melanocyte-Stimu-
lating Hormone and MTII Reduce Feeding without Causing
Aversive Effects. Peptides 2001, 22, 129-134 (b) Murphy, B.;
Nunes, C. N.; Ronan, J. J.; Hanaway, M.; Fairhurst, A. M.;
Mellin, T. N. Centrally Administered MTII Affects Feeding,
Drinking, Temperature, and Activity in the Sprague-Dawley
Rat. J. Appl. Physiol. 2000, 89, 273-282. (c) Brown, K. S.;
Gentry, R. M.; Rowland, N. E. Central Injection in Rats of Alpha-
Melanocyte Stimulating Hormone Analogs: Effects on Food
Intake and Brain Fos. Regul. Pept. 1998, 78, 89-94.

(7) Toogood, P. L. Inhibition of Protein-Protein Association by Small
Molecules: Approaches and Progress. J. Med. Chem. 2002, 45,
1543-1558.

(8) Haskell-Luevano, C.; Cone, R. D.; Monck, E. K.; Wan, Y. P.
Structure Activity Studies of the Melanocortin-4 Receptor by in
Vitro Mutagenesis: Identification of Agouti-Related Protein
(AGRP), Melanocortin Agonist and Synthetic Peptide Antagonist
Interaction Determinants. Biochemistry 2001, 40, 6164-6179.

(9) (a) Yang, Y. K.; Dickinson, C. J.; Zeng, Q.; Li, J. Y.; Thompson,
D. A. Contribution of Melanocortin Receptor Exoloops to Agouti-
Related Protein Binding. J. Biol. Chem. 1999, 274, 14100-
14106. (b) McNulty, J. C.; Thompson, D. A.; Bolin, K. A.; Wilken,
J.; Barsh, G. S.; Millhauser, G. L. High-Resolution NMR
Structure of the Chemical-Synthesized Melanocortin Receptor
Binding Domain AGRP (87-132) of the Agouti-Related Protein.
Biochemistry 2001, 40, 15520-15527.

(10) Vejdelek, Z.; Protiva, M. Neurotrophic and Psychotropic Agents:
CLXXXVI. Potential Antitussives: Synthesis and Pharmacology
of a Series of 1-[2-Amino-2-(4-fluorophenyl)ethyl]-4-(2-benzoyl-
propyl)piperazines. Collect. Czech. Chem. Commun. 1983, 48,
2977-2988.

(11) Heteronuclear single quantum coherence (HSQC).

JM0255522

Scheme 2. Synthesis of Dipiperazine Analogues 8-10a

a Reagents: (vii) 1-bromo-3-phenylpropane, CH2Cl2; (viii) â-chloro-
propiophenone, acetone; (ix) R-tetralone, paraformaldehyde, con-
centrated HCl, EtOH.

Figure 1. Functional activity of 7d: measurement of com-
pound activity against dose-dependent AGRP inhibition of
R-MSH (50 nM) induced cAMP production.
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