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Neuropeptide Y (NPY) has been the focus of much
attention since its discovery as the most abundant
peptide in mammalian brain. It has been implicated in
many roles in both the periphery and the CNS. The first
cloned receptor subtype, V., has been identified as an
important mediator for many of these effects. Potent,
selective Y, receptor antagonists have been developed
and have certainly helped clarify the peripheral roles of
NPY and the receptors involved. However, there is still
a need for Y, antagonists that can be administered
peripherally, even orally, and penetrate the CNS. Such
compounds would help define the roles of NPY and Y,

receptors in the CNS, an area rich in potential for novel

drug therapy.

europeptide Y (NPY) is a 36-amino-acid
polypeptide that was isolated in 1982 from
porcine brain!. It is a member of the pancreatic
polypeptide (PP) family of peptides and shares
high structural similarity and sequence homology with
PP and peptide YY (PYY)2 The amino acid sequence of
porcine NPY is shown in Figure 1.

There is evidence that NPY can exist as a dimer in solu-
tion3. The secondary structure is characterized by a poly-
proline helix comprising residues 110, a tight hairpin bend
comprising residues 11-14, and an o-helix comprising
residues 15-26 (Ref. 4). The C-terminus was originally

receptor

thought to be undefined in solution; now evidence shows
that the helical nature extends all the way to residue 36
(Ref. 5). Tt was also believed that both the C- and N-termini
of NPY were necessary for Y, receptor binding® and that the
helices and bend served to orientate these termini. These
observations show a good correlation with the model of
avian PP suggested by Allen’.

The physiological effects of NPY

Neuropeptide Y is present in a highly conserved manner
across species8? and is abundant in mammalian brain and
peripheral nervous system. Accordingly, NPY is involved in
a variety of peripheral and central processes. It is a potent
vasoconstrictor at coronary and cerebral arteries and can
potentiate the effects of other vasoconstrictors such as nor-
adrenaline. It is also involved in many central effects, includ-
ing analgesia, anxiolysis and feeding regulation!® (for
reviews see Refs 11,12).

NPY receptor subtypes

Differential effects of NPY analogs suggested the existence
of Y, Y, and Y, receptor subtypes (see Table 1)13-15. The
Y, receptor was cloned in 1992 (Ref. 16) and the Y, recep-
tor'”18 and the Y,/PP, receptor in 1995 (Ref. 19). Very
recently, two Y receptors have been reported. The first of
these, reported by Synaptic®, seems to be associated with
the feeding effects of NPY and may be the long-awaited
‘feeding receptor’. The second, reported by Merck?!,
appears to be distinct from the first, thus these receptors
may have to be given separate designations. Bayer have
cloned a mouse receptor that is highly homologous to the
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Neuropeptide Y

PYX-1

PYX-2

Tyr-Pro-Ser-Lys-Pro-Asp-Asn-Pro-Gly-Glu-Asp-Ala-Pro-Ala-Glu-Asp-Leu-Ala-Arg-Tyr-Tyr-Ser-Ala
-Leu-Arg-His-Tyr-lle-Asn-Leu-lle-Thr-Arg-Gin-Arg-Tyr-NH;

Tyr(2,6-dichlorobenzyl)-lle-Asn-Leu-lle-DThr-Arg-Gin-Arg-Tyr-NHo

Tyr(2,6-dichlorobenzyl)-lle-Asn-Leu-lle-DThr-Arg-Gin-Arg-Tyr-(2,6-dichlorobenzyl)-NHz

Figure 1. Amino acid sequence of neuropeptide Y (NPY), PYX-1 and PYX-2.

Y,/PP, receptor, and is currently labelled Y, (Ref. 22).
The activity of NPY analogs at some of these cloned recep-
tors agrees with the historical assignments (see Table 2).
Use of these selective analogs suggested that the Y, receptor
was the mediator of several of the important effects of
NPY, especially cardiovascular effects. The Y, receptor has
received the most attention during the past years, although
the availability of other cloned NPY receptors should
change this. This review outlines the progress towards
potent, selective Y, receptor antagonists as pharmacological
tools and ultimately drug development candidates. The
potential roles of Y, receptors are also discussed.

Early non-receptor-mediated antagonists

PP-56

Several functional antagonists of NPY-induced effects have
been reported. These compounds do not interact with
known NPY receptors and are believed to exert their ac-
tions elsewhere. PP-56 (D-myo-inositol 1,2,6-trisphosphate;
o-trinositol) blocks NPY-induced contraction of the guinea
pig basilar artery?24, In addition, PP-56 is a selective antag-
onist of NPY-induced pressor responses in the pithed
rat?. However, PP-56 does not affect ['5IINPY binding to Y,
receptors?, or to Y, receptors?, ruling out possible antagon-
ist effects at known Y, or Y, receptors.

Table 1. Historical (pre-1995) rank order of potency
of NPY family analogs on various NPY effects
and the receptor subtype assignment

Receptor Rank order of potency

Y, [Pro34INPY = NPY = PYY >> NPY,5 44 >> PP
Y, PYY = NPY > NPY,_5 >> [Pro34INPY, PP

Y, NPY > [Pro34]NPY 2 NPY,_5; >> PYY, PP

NPY, neuropeptide Y; PP, pancreatic polypeptide; PYY, peptide YY.
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PYX-1and PYX-2

Tatemoto and coworkers introduced two novel NPY antag-
onists obtained by screening mixtures of NPY analogs?.
These compounds, designated PYX-1 and PYX-2 (Figure 1),
displaced BHINPY from rat brain membranes. PYX-2 was
later shown to block both normal and NPY-induced feeding
in rats after injection into the paraventricular nucleus®.
However, in a subsequent study, PYX-2 failed to decrease
overeating in obese Zucker rats30. Although protocol differ-
ences may explain these apparently conflicting results, the
later report assigns the lack of effect to the weak affinity of
PYX-2 for Y, receptors. PYX-2 does not inhibit Y, receptors
in the isolated rat prostatic vas deferens?!. While PYX-1 and
PYX-2 appear to exert their effects at NPY receptors, the
exact subtype(s) involved has not been reported, although
Wieland and coworkers also concluded that PYX-2 has
weak affinity for Y, receptors®2.

The first nonpeptide Y, antagonists

Benextramine and CC2137

Benextramine (Figure 2), an imreversible o,-adrenoceptor
ligand, was one of the first nonpeptide compounds found to
possess weak NPY receptor antagonist activityd3. Benextra-
mine also binds irreversibly to NPY receptors, suggesting that
covalent bonds are formed between the ligand and the recep-
tor. While later studies suggested that benextramine bound
selectively to Y, receptors, a close analog was a selective,
competitive antagonist at Y, receptors in rat femoral artery?>.
Benextramine has been overshadowed by much more
potent Y, antagonists, but it has served to raise the question
of Y, receptor heterogeneity. The Y, -selective agonist
[Leu31,Pro34INPY contracts rabbit saphenous vein and in-
hibits electrically stimulated twitching in rabbit vas deferens.
Benextramine blocks the first effect but not the second. The
Y,-selective agonist NPYy 4 has similar effects in both tests
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Table 2. Potency (ECg,) of PP family and analogs on forskolin-stimulated
cAMP accumulation in LMTK- cells transfected withratY,, Y, or Y,
receptors, or 293 cells transfected with rat Y, receptors?®

For example, replacement of the
Thr in NPY position 32 with p-Trp
([DTrp32INPY) gave an NPY antagon-

EC;, (nM)

Y, Y, Y,/PP,
Human NPY 0.14 1.2 >1000
Porcine [Leu31,Pro34]NPY 0.15 >1000 7.1
Human PYY 0.70 0.58 >1000
Human PYY 5 >1000 0.64 >1000
Human [Pro34]PYY 0.37 >1000 6.0
Human PP 150 >1000 0037
Porcine NPY 5 45 300 2.2 >1000

[DTrp32INPY inhibited [12STINPY
binding to rat hypothalamic membranes

ist.

3.596 and shifted the dose-response curve
1.2 of NPY on isoproterenol-stimulated
1.0 rat hypothalamic membrane adenyl-
4.2 ate cyclase activity to the right3.
12 [DTrp32INPY can competitively antag-
20 onize NPY-induced feeding in rats but

NPY, neuropeptide Y; PP, pancreatic polypeptide; PYY, peptide YY.

but benextramine does not block either effect. These results
suggest that the two preparations contain Y, receptors and
different Y, receptor subtypes and that benextramine is
discriminating between them. However, recent binding
data reveal that benextramine has a K of 2 uM at cloned
human Y, and Y, receptors while being a little weaker at
Y, receptors (K, = 7.5 uM)¥’. Benextramine also has sub-
micromolar affinity for o-adrenoceptors and dopamine
receptors, which limits its use as an NPY ligand in vivo.
An analog of benextramine, CC2137 (Figure 2), has an
approximately tenfold greater affinity for NPY receptors
in vitro, but again this compound has significant affinity for
o-adrenoceptors and dopamine and serotonin receptors.
CC2137 binds reversibly to NPY receptors, suggesting that
the disulfide link of benextramine is responsible for its
irreversible binding.

Arpromidine

A second early series of nonpeptide antagonists was derived
from the histamine H, agonist arpromidine (Figure 2)38, This
compound binds weakly to Y, receptors. Studies revealed
that it was possible to separate Y, receptor activity from
histamine activity, although the most potent, selective com-
pounds from this series still had micromolar affinity for Y,
receptors and comparable H; antagonist activity. The weak,
non-selective activity displayed by these early compounds
has undoubtedly fuelled the search for more potent and
selective nonpeptide Y, antagonists.

The rational design of NPY antagonists from NPY

Early studies identified [Leu31,Pro34INPY as a selective Y,
agonist and NPY; . as a selective Y, agonist. Minor modifi-
cations of NPY have also produced NPY receptor antagonists.
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did not bind to Y, receptors. These
large peptides are likely to have short
half-lives and do not penetrate the
blood-brain barrier, limiting their use as tools and
making them unlikely drug candidates. Many large endo-
genous peptides and enzyme substrates have been reduced
to small active ‘fragments’. These may be as little as a 3- or
4-amino-acid portion of the original substrate. However,
it has not been as easy to find a small, active fragment of
NPY. Indeed, the smallest non-substituted fragment of
NPY found to have potent receptor activity is NPYy 5, a
selective Y, receptor antagonist®’. The extensive NPY frag-
mentation and substitution studies have been reviewedil,
and it was concluded that the C-terminus of NPY is necess-
ary for NPY receptor binding. For example, individual
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Figure 2. The first nonpeptide NPY, antagonists.
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H-lle-Glu-Pro-Dpr-Tyr-Arg-Leu-Arg-Tyr-NH,

HaN-Tyr-Arg-Leu-Arg-Tyr-Dpr-Pro-Glu-ile-H

Figure 3. Chemical structure of 1229U91. Dpr,
2, 3-diaminopropionic acid.

had disappointing Y, receptor affinities but the dimeric
by-products were extremely potent Y, ligands. One
dimer, code name 1229U91 (Figure 3), has subnano-
molar affinity for Y, receptors and micromolar affinity
for Y, receptors?’. As a demonstration of Y, receptor
antagonist ability, 1229U91 inhibits NPY-induced
increase in cytosolic calcium in human erythro-
leukemia (HEL) cells with an IC;;, of 0.3 nM and
blocks NPY-induced constriction of the isolated rat

D-residue substitutions in the 29-35 positions each pro-
duced a peptide with K, > 300 nM for the Y, receptort.
The N-terminus also seemed important, and small agonists
were prepared by linking NPY, ; via a spacer to NPY s s
(Ref. 43). This result confirms that the central, o-helical
portion of NPY serves mainly to orientate the two termini
regions. Other ‘centrally truncated’ analogs of [DTrp32INPY
were found to be Y, receptor antagonists with weak to
moderate activity*. The breakthrough came with the prep-
aration of dimeric C-terminal NPY analogs. Bis(31/31")-
[Cys31,Trp32,Nva34INPY,_,; (Nva = norvaline) is a moder-
ately potent, selective Y, receptor antagonist®>. The Trp32
and Nva34 modifications appear vital for selective Y, recep-
tor antagonist activity. This compound did not affect feeding
in rats after intrahypothalamic administration.

Glaxo-Wellcome 1229U91/GW1229

NPY, 5, has high affinity for rat brain Y, receptors, whereas
NPY,_y is essentially inactive (IC;, = 15 nM versus >100,000
nM, respectively). In an attempt to discover a Y,-selective
pentapeptide based on the C-terminus of NPY, His-Arg-Leu-
Arg-Tyr-NH, was found to be a moderately potent Y, antag-
onist (ICy, = 0.5 uM)*. Unfortunately, this compound also
had activity at Y, receptors. Extending the peptide further
into the o-helix of NPY led to Tyr-lle-Asn-Leu-lle-Tyr-Arg-Leu-
Arg-Tyr-NH, (NPY,_,¢), a potent Y, agonist (ED,, = 8.7 nM).
In an attempt to stabilize a backbone turn, Leu30 was
replaced by Pro ([Pro30INPY, ;o). This compound was
slightly weaker at Y, receptors (40 nM), but was now an
antagonist. Removing Tyr27 gave an analog, [Pro30INPY g s,
with potent binding to Y, receptors (IC;, = 5 nM). In order
to improve potency further, an attempt was made to further
lock the proline-induced turn by linking positions 29 and 31.
Thus Asn29 was replaced by Glu and lle31 by 2,3-diamino-
propionic acid (Dpr). Attempts to form the bridge between
these two residues gave low vyields of the desired bridged
species and mainly dimeric product. The bridged species
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kidney. In vivo, 1229U91 produced dose-dependent
inhibition of the pressor effect of NPY in rats but had no
effect on the NPY inhibition of the electrically evoked twitch
response in rat vas deferens, confirming the Y, versus Y,
selectivity®4°, Disappointingly, 1229091 had no effect on
resting blood pressure in rats. Centrally, 1229U91 was
reported to completely block NPY-induced feeding after
intracerebroventricular administration in rats®. [IZIPYY
does not detect Y, receptors in rat hypothalamus; however,
[1251]1229U91 reveals high-affinity binding sites>!. This sug-
gests that 1229091 is binding to sites other than Y, receptors
in rat hypothalamus.

The move towards high potency, nonpeptide

Y, antagonists

BIBP3226

The Karl Thomae company has reported a modified peptide
as a Y, antagonist’2. This compound, code name BIBP3226
(Figure 4), was derived from the C-terminal region of NPY.
BIBP3226 contains D-Arg, believed to overlap with Arg33 of
NPY. Indeed, comparison of NPY and BIBP3226 binding to
various mutated Y receptors indicates that NPY and BIBP3226
share an overlapping binding site53. BIBP3226 displaced
['SIINPY with a K of 7.2 nM from human neuroblastoma
(SK-N-MCQ) cells, which intrinsically express the Y, receptor
(for a review of the pharmacology of BIBP3226, see Doods
and coworkers>). The structural requirements for activity were
very stringent. For example, the ($)-enantiomer, BIBP3435,
was essentially inactive at Y, receptors (X > 10,000 nM)>.
Replacement of diphenylacetic acid with phenylacetic acid
reduced activity over 40-fold. BIBP3226 did not have any
effect on blood pressure in pithed rats but blocked the
NPY-induced rise in blood pressure. BIBP3226 also blocked
NPY-induced vasoconstriction in human cerebral arteries’6:57,
That [Leu31,Pro34INPY (Y,-selective agonist) had much
greater effects than the Y,-selective agonist, NPY, ., in this
paradigm suggests that the effect is Y,-mediated and that
BIBP3226 can behave as a Y, receptor antagonist in vivo.
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Figure 4. High-potency, nonpeptide NPY,
antagonists.

BIBP3226 did not reduce blood pressure in normal or spon-
taneously hypertensive rats, but inhibited the blood pressure
increase produced by subjecting rats to stress. While BIBP3226
is a very important milestone in Y, receptor antagonist dis-
covery, it has a short half-life #» vivo. Thus it may still be too
peptide-like for uses other than as a pharmacological tool.

Sanofi SR120819A/SR120107A

One of the first orally active Y, antagonists to be reported is
Sanofi’'s SR120819A (Figure 4)8. This compound has (R R)
stereochemistry; the (S,R)-isomer (SR120107A) is slightly
less potent®. SR120819A was supposedly designed as a
mimic of the C-terminus of NPY. SR120819A is not quite as
potent as the peptide ligands (for Y,, K, = 15 nM), but it is
highly selective versus Y, and Y, receptor affinity. In vivo,
SR120819A displays typical Y, receptor antagonist activity.
After oral administration, it blocks the pressor response of
{Leu31,Pro34INPY in guinea pigs. To date, no bicavailability
data have been reported. Malmstrom’s group have reported
that the isomer, SR120107A, has a variety of Y, receptor-
mediated effects in pigs®®5!. For example, it potently inhibits
PYY-induced vasoconstriction in the kidney. These workers
noted that SR120107A and BIBP3226 have largely similar
effects, but that SR120107A has a longer duration of action.

Parke-Davis PD160170
A series of moderately potent, selective Y, antagonists was
introduced recently by Parke-Davisé2, These compounds are
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unique in structure as they were discovered via random
screening and are not obviously related to the structure of
any portion of NPY. A representative compound, PD160170
(Figure 4), bound to Y, receptors with a K of 48 nM and had
no affinity for Y, receptors up to 10,000 nM. These com-
pounds blocked the inhibition by NPY of adenylate cyclase
activity in SK-N-MC cells, demonstrating antagonist activity.
Unfortunately, the compounds are highly crystalline; the
resulting low solubility is likely to limit their use as NPY
receptor tools or drugs.

Recent patent applications

A number of recent patent applications have described
novel NPY antagonists. However, without supporting publi-
cations, it is often not clear what the most potent and selec-
tive compounds are. Eli Lilly®3¢¢ and Pfizer have filed
patents claiming novel nonpeptide Y, antagonists; represent-
ative compounds (IC,; approx. 10 pM and 39 nM, respec-
tively) are shown in Figure 5.

So, what are Y, antagonists good for?

There are several reports that Y, receptor antagonists block
NPY-induced hypertension but have no effect on blood
pressure in normal or hypertensive rats. This may limit one
of the more promising uses of Y, antagonists, as antihyper-
tensive agents — an area already well charted by effective
drugs. There have been conflicting reports in the literature
about whether the Y, receptor mediates the feeding response
seen with NPY. No-one has yet reported blockade of feed-
ing effects after peripheral administration of Y; antagonists; in
all the positive reports so far, compounds have been admin-
istered centrally. Thus it is difficult to determine whether the
blockade of NPY-induced feeding is a genuine Y, effect or
is a more general disruption of CNS processes. In addition,
the evidence is mounting that the Y, receptor is responsible
for the feeding effect. More seriously, a recent report
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Figure 5. Representative compounds from Eli Lilly
(raloxifene, left) and Pfizer patent applications.

@

OCHzOMe

23



research focus

describes NPY-knockout mice as having normal feeding
behavior®®. Thus NPY may not be necessary for normal feed-
ing behavior, and it is possible that other systems may
compensate for the lack of NPY. Several systems (e.g. galanin,
leptin, NPY) may need to be modulated simultaneously to
have robust, long-lasting anti-feeding, and ultimately anti-
obesity, effects. In support of studies suggesting that NPY
regulates neuronal state$?, the NPY-deficient mice showed a
tendency towards spontaneous seizures and an increased
susceptibility towards GABA-antagonist-induced seizures,
Y, receptors are believed to be responsible for this effect.

Conclusions

NPY has important, but not yet fully understood, roles in the
CNS. Effects at central NPY receptors are likely to afford new
opportunities for drug therapy. The past several years have
seen the advent of several potent Y,-selective receptor
antagonists, which are helping to clarify the roles of NPY
receptors in the various effects of NPY. The most potent of
these new compounds are peptide or peptide-like.
Unfortunately, there is still a need for compounds that can
be administered peripherally and show central activity. The
conversion of these compounds to nonpeptides — compounds
with usually more favorable physicochemical characteristics
— is a difficult, but not impossible, task. The search for non-
peptide antagonists is just starting to uncover potent, selec-
tive compounds. The advent of new NPY receptors will
undoubtedly expand interest beyond the Y, receptor.
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