
L
N

A
M
L
T
*
†

R

t
t
t
l
a
i
L
h
n
i
r
n
a
o
c
b
s
L
Y
s
p
b
f
p
w
s
W
a
d
A

t
w
a

Biochemical and Biophysical Research Communications 272, 169–173 (2000)

doi:10.1006/bbrc.2000.2696, available online at http://www.idealibrary.com on
-152,804: Orally Active and Selective
europeptide Y Y5 Receptor Antagonist

kio Kanatani,* Akane Ishihara,* Hisashi Iwaasa,* Kayo Nakamura,* Osamu Okamoto,*
asayasu Hidaka,* Junko Ito,* Takahiro Fukuroda,* Douglas J. MacNeil,†
ex H. T. Van der Ploeg,† Yasuyuki Ishii,* Takayoshi Okabe,*
akehiro Fukami,* and Masaki Ihara*

Tsukuba Research Institute, Banyu Pharmaceutical Co., Ltd., Okubo 3, Tsukuba 300-2611, Japan; and
Merck Research Laboratories, Merck & Co., Inc., R80M-213, Rahway, New Jersey 07065

eceived March 22, 2000
within the hypothalamus (2–4), and induces potent
s
9
s
e
t
d
r

a
c
f
i
p
i
h
d
r
i
a
g

L
r
g

M

I
t
w
T
c
4
t
L

A
m

Neuropeptide Y (NPY) elicits food intake through
he action of hypothalamic G-protein-coupled recep-
ors. Previous publications indicate that the Y5 recep-
or may represent one of these postulated hypotha-
amic “feeding” receptors. Using a potent and orally
vailable Y5 antagonist L-152,804, we evaluated the
nvolvement of the Y5 receptor in feeding regulation.
-152,804 displaced [125I]peptide YY (PYY) binding to
uman and rat Y5 receptors with Ki values of 26 and 31
M, respectively, and inhibited NPY (100 nM)-induced

ncrease in intracellular calcium levels via human Y5
eceptors (IC50 5 210 nM). L-152,804 did not show sig-
ificant affinity for human Y1, Y2, and Y4 receptors at
dose of 10 mM. Intracerebroventricular (ICV) (30 mg)

r oral (10 mg/kg) administration of L-152,804 signifi-
antly inhibited food intake evoked by ICV-injected
ovine pancreatic peptide (bPP, 5 mg; a moderately
elective Y4, Y5 agonist) in satiated SD rats. However
-152,804 did not significantly inhibit ICV NPY (5 mg; a
1, Y2, Y5 agonist)-induced food intake. These findings
uggest that L-152,804 is a selective and potent non-
eptide Y5 antagonist with oral bioavailability and
rain penetrability. In addition, the anorexigenic ef-
ects of L-152,804 on bPP-induced feeding revealed
articipation of the Y5 receptor in feeding regulation,
hile ICV administration of NPY does not appear to

ignificantly contribute to Y5 stimulated food intake.
e conclude that the potent and orally active Y5

ntagonist, L-152,804, represents a useful tool to ad-
ress the physiological role of the Y5 receptor. © 2000

cademic Press

Neuropeptide Y (NPY) is a 36-amino-acid polypep-
ide belonging to the pancreatic polypeptide family,
hich consists of NPY, peptide YY (PYY) and pancre-
tic polypeptide (PP) (1, 2). NPY is highly concentrated
169
timulation of feeding behavior via NPY receptors (5–
). Chronic administration of NPY into the brain re-
ults in hyperphagia and body weight gain, reduces
nergy expenditure, and increases lipogenic activity in
he liver and adipose tissue (10, 11). Based on this
ata, it has been argued that NPY is one of the major
egulators of energy metabolism.
Five distinct types of NPY receptors, Y1, Y2, Y4, Y5,

nd y6, have been cloned (12). Among these NPY re-
eptors, the Y5 receptor is proposed to be one of the
eeding receptors based on the correlation between the
n vitro functional and binding activity of different
eptide agonists and their potent stimulation of food
ntake in rodent models (13, 14). In support of this
ypothesis, a significant reduction of food intake in-
uced by Y5-prefering agonists has been reported in Y5
eceptor deficient mice (15, 16). To confirm the partic-
pation of the Y5 receptor in feeding regulation, orally
vailable and highly selective Y5 antagonists are of
reat significance.
We show in the present study that orally-active

-152,804 is a potent and selective antagonist of the Y5
eceptor. Using this potent Y5 antagonist, we investi-
ated the role of the Y5 receptor in feeding regulation.

ATERIALS AND METHODS

Reagents. Neuropeptide Y (NPY) was purchased from Peptide
nstitute (Osaka, Japan). Peptide YY (PYY) and pancreatic polypep-
ide (PP) were from Sigma (St. Louis, MO). [125I]PYY and [125I]PP
ere obtained from New England Nuclear-DuPont (Boston, MA).
he culture reagents were from GIBCO (Grand Island, NY). All other
hemicals were of analytical grade. L-152,804 (2-(3,3-dimethyl-1-oxo-
H-1H-xanthen-9-yl)-5,5-dimethyl-cyclohexane-1,3-dione) was syn-
hesized by Banyu Pharmaceutical Co., Ltd. The structure of
-152,804 is shown in Fig. 1.

Cell culture. CHO-K1, LMtk- and COS-7 cells were obtained from
TCC (Rockville, MD). CHO-K1 cells expressing recombinant hu-
an Y1, Y2, and Y4 receptors were grown in Iscove’s modified
0006-291X/00 $35.00
Copyright © 2000 by Academic Press
All rights of reproduction in any form reserved.
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ulbecco’s medium supplemented with 10% fetal bovine serum
FBS), penicillin-G (100 IU/ml), streptomycin (100 mg/ml) and G418
1 mg/ml). LMtk- cells expressing recombinant human Y5 receptor
ere grown in Dulbecco’s modified Eagle’s medium (high glucose)
ith 10% FBS, penicillin-G (100 IU/ml), streptomycin (100 mg/ml)
nd G418 (0.8 mg/ml). COS-7 cells transiently expressing recombi-
ant rat Y5 receptor were grown in Dulbecco’s modified Eagle’s
edium supplemented with 10% FBS, penicillin-G (100 IU/ml) and

treptomycin (100 mg/ml). These cells were grown in a 95% air, 5%
O2 humidified atmosphere at 37°C.

Binding experiments. Cells were washed with 50 mM Hepes
uffer (pH 7.4) containing 20% sucrose, homogenized, and centri-
uged at 1000g for 15 min. The supernatant was centrifuged at
00,000g for 45 min. The pellets were resuspended in 5 mM Hepes
uffer (pH 7.4) and centrifuged again. The membrane fraction was
esuspended by a homogenizer in the same buffer and used for this
tudy.
Binding of [125I]PYY and [125I]PP to membrane preparations was

erformed in 0.2 ml of 25 mM Tris buffer (pH 7.4) containing 10 mM
gCl2, 1 mM PMSF, 0.1% bacitracin and 0.5% bovine serum albu-
in. The membranes (10–300 mg/ml) prepared from LMtk-, CHO-K1

nd COS-7cells expressing human or rat NPY receptors, were incu-
ated at 25°C for 120 min with [125I]PYY or [125I]PP (25 pM). Bound
nd free peptides were separated by filtration using a GF/C glass
lter presoaked with 0.3% polyethylenimine. The remaining radio-
ctivity on the filter was quantitated using a TopCount (Packard
nstruments Co. Inc.). Specific binding was defined as the difference
etween total binding and nonspecific binding in the presence of 1
M PYY or PP. Binding affinities are the average of more than 3
eterminations.

Measurement of intracellular calcium ion concentrations. [Ca21]i

as measured fluorometrically using a Ca21-sensitive fluorescent
ye, fura-2. The cells expressing human NPY receptors were har-
ested using 0.25% trypsin and 0.02% EDTA. The cells (1.0 3 107

FIG. 1. Structure of L-152,804.

TAB

In Vitro Profiles of L-15

Binding a
(K i, nM

hY5 rY5 hY1
[125I]PYY [125I]PYY [125I]P

PY 0.70 0.82 0.
PP 1.9 1.6
-152,804 26 31 .100
170
ng 0.1% BSA (pH 7.4), suspended in 1 ml of the buffer and incubated
ith 2 mM fura-2 acetoxymethyl ester at 37°C for 60 min. The

ura-2-loaded cells were washed with the buffer and resuspended in
0 ml of the buffer. 0.5 ml of the resultant suspension was stirred
ontinuously at 37°C in a cuvette during the measurement. Test
ompounds or vehicle were added 5 min before the addition of NPY
nd the related ligands, and fluorescent intensity at an emission
avelength of 500 nm and excitation wavelengths of 340 and 380 nm
as monitored with a CAF-110 intracellular ion analyzer (JASCO,
okyo, Japan). [Ca21]i values were calculated according to a previ-
usly reported method (17).

In vivo experimental protocols. Adult male Sprague–Dawley rats
7 weeks old, Charles River Japan, Japan, 280-350 g) were main-
ained in individual cages under controlled conditions of tempera-
ure (23 6 2°C), humidity (55 6 15%) and light–dark cycle (0700–
900). Water and pellet food (CE-2, CLEA Japan Inc., Japan) were
vailable ad libitum. SD rats were anesthetized with sodium pento-
arbital (50 mg/kg ip, Dainabot, Japan) and a permanent 21-gauge
tainless-steel cannula was stereotaxically implanted into the right
ateral ventricle. After one week of recovery, satiated rats were used
n experiments. A dose response to ICV NPY and bPP was deter-

ined in which groups of 6–12 animals received injections of 10 ml of
PY or bPP (1, 5, 10, or 20 mg ICV) or vehicle (10 mM phosphate-
uffered saline containing 0.05% bovine serum albumin), and their
ood intake was monitored for 2 h. Compound was evaluated in
roups of 8–10 animals which received injections of 10 ml of NPY (5
g ICV), bPP (5 mg ICV), L-152,804 (30 mg ICV) 1 NPY (5 mg ICV),
r L-152,804 (30 mg ICV) 1 bPP (5 mg ICV), and their food intake was
onitored for 2 h. PO dosing of L-152,804 (suspended in 0.5% meth-

lcellulose in distilled water) was done 1 h before ICV-agonist dosing.
he experiments were performed between 9:00 and 11:30 AM.
All experimental procedures followed the Japanese Pharmacolog-

cal Society Guideline for Animal Use. Results are given as means 6
E. Statistical analysis was performed using Student’s t test.

ESULTS AND DISCUSSION

[125I]PYY-specific binding to human and rat Y5 re-
eptors was inhibited by L-152,804 with high affinities
Ki 5 26 nM and 31 nM, respectively) (Table 1). In
ontrast, L-152,804 did not inhibit [125I]PYY or [125I]PP
inding to the human Y1, Y2 or Y4 receptors at a dose
f 10 mM (Table 1). L-152,804 inhibited NPY (100 nM)-
nduced [Ca21]i increase dose-dependently with an IC50

alue of 210 nM in LMtk- cells expressing the human
5 receptors (Table 1), while L-152,804 alone did not

nduce a [Ca21]i increase even at a dose of 10 mM (data
ot shown). Additionally, we could not detect any sig-
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ificant cross-reactivity with a wide variety of 120
ther binding assays and 7 enzyme assays (data not
hown). These findings demonstrate that L-152,804 is
potent and selective Y5 antagonist.
Intracerebroventricular (ICV) injection of NPY and

PP induced rapid and robust feeding in satiated SD
ats in a dose-dependent manner (Fig. 2). Food intake
timulated by ICV bPP reached a plateau at ;5 mg of
eptide, and was significantly less potent than NPY-
nduced food intake (Fig. 2). Subsequent food intake

easurements (and evaluation of the inhibitory effects
f L-152804) were made using 5 mg NPY or bPP ad-
inistered ICV. In comparison with the respective ve-
icles, ICV L-152,804 (30 mg) administered in the ab-
ence of NPY or bPP did not change cumulative food
ntake, indicating that L-152,804 had no effect on food
ntake in satiated rats per se (data not shown). In
ddition, we did not observe any notable changes in
ther behaviors, including sedation or barrel-rolling, at
ny of the dosages used. Simultaneous injection of
-152,804 (30 mg) with bPP (5 mg) significantly sup-
ressed food consumption induced by bPP in SD rats.
n contrast L-152,804 had no effect on NPY-induced
eeding (Fig. 3). Oral dosing of L-152,804 (10 mg/kg)
lso significantly and selectively inhibited bPP-in-
uced food intake, but not NPY-induced food intake,
lthough a significant amount of L-152,804 (2.9 mM)
ould be observed in the brain 2 h after dosing (Fig. 4).
he brain levels of L-152,804 were 100-fold higher
han the IC50 value of L-152,804 in the calcium func-
ional assays.

It is well known that bPP is a potent Y4 and Y5
eceptor agonist (Table 1; 13, 16). Because the Y4 spe-

FIG. 2. Cumulative food intake induced by NPY and bPP in
atiated Sprague–Dawley rats. Food intake was measured for 2 h
fter ICV injection of agonists. Data are reported as the mean 6 SE.
5 6–12 rats/group.
171
or in rats, the Y5 receptor has been considered a major
eeding receptor (13). Our findings suggest that bPP-
nduced food intake is caused by the activation of
he Y5 receptor, because a Y5 selective antagonist,
-152,804, selectively inhibited bPP-induced feeding.
e concluded that the Y5 receptor is one of the feeding

eceptors in rats. We also infer from the data that at a
ose of 5 mg, NPY-induced food intake does not signif-
cantly involve Y5 receptor activation, since L-152,804

FIG. 3. Effects of L-152,804 on feeding response to NPY or bPP
n satiated Sprague–Dawley rats. L-152,804 was ICV-injected with
PY or bPP, simultaneously. *P , 0.01 compared with rats injected
ith NPY or bPP alone. Data are expressed as the mean 6 SE. n 5
–10 rats/group (Student’s t test).
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id not show significant hypophagic effects in NPY-
nduced feeding.

Based on the in vitro affinity of NPY for the Y1 and
5 receptor, one could predict that the Y5 receptor, at

east in part, contributes to NPY-induced feeding.
owever, our data indicate that the role of the Y5

eceptor is negligible in NPY induced models of food
ntake. To support this finding, inactivation of the Y5
eceptor in knock out mice failed to lead to a reduction
n the efficiency of ICV NPY-induced feeding (15, 16).

FIG. 4. Effects of L-152,804 on NPY or bPP-induced feeding in
atiated Sprague–Dawley rats. L-152,804 was orally administered
h before ICV injection of NPY or bPP. *P , 0.01 compared with rats

njected with NPY or bPP alone. Data are expressed as the mean 6
E. n 5 8–10 rats/group (Student’s t test).
172
eceptor through which exogenously applied NPY elic-
ts its effects on feeding in rodents. In contrast, our
onclusion differs from a recent report in which a po-
ent Y5 antagonist CGP71638A significantly inhibited
PY-induced feeding (18). Making use of Y5 2/2 mice

o determine whether Y5 antagonists applied truly
ork in a mechanism based manner will be essential to
elp further clarify this issue. In addition, comparing
elected conditions, in which a compound shows vary-
ng efficacy, like we did in the comparison of L-152,804
ith ICV bPP and NPY induced food intake, can help

urther define that overt toxicity does not contribute to
he mechanism of food intake inhibition.

Several investigators showed that structurally di-
erse Y1 antagonists potently suppressed NPY-in-
uced feeding (19–22) and that a reduction of NPY-
nduced feeding was observed in Y1 receptor-deficient

ice (16, 23). These findings reveal that the Y1 recep-
or plays a key role in the NPY-mediated feeding. This
nding is in agreement with our conclusion that the Y5
eceptor represents a feeding receptor, though the Y5
eceptor does not appear relevant in models of NPY-
nduced feeding. Our findings do not exclude a physio-
ogical role for the Y5 receptor in other models of feed-
ng regulation, including a potential role in energy
omeostasis (14).
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