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Neuropeptide Y (NPY) is thought to have a major role in the
physiological control of energy homeostasis. Among five NPY
receptors described, the NPY Y5 receptor (Y5R) is a prime candidate
to mediate some of the effects of NPY on energy homeostasis,
although its role in physiologically relevant rodent obesity models
remains poorly defined. We examined the effect of a potent and
highly selective Y5R antagonist in rodent obesity and dietary
models. The Y5R antagonist selectively ameliorated diet-induced
obesity (DIO) in rodents by suppressing body weight gain and
adiposity while improving the DIO-associated hyperinsulinemia.
The compound did not affect the body weight of lean mice fed a
regular diet or genetically obese leptin receptor-deficient mice or
rats, despite similarly high brain Y5R receptor occupancy. The Y5R
antagonist acts in a mechanism-based manner, as the compound
did not affect DIO of Y5R-deficient mice. These results indicate that
Y5R is involved in the regulation and development of DIO and
suggest utility for Y5R antagonists in the treatment of obesity.

antiobesity effect | Y5R-deficient mice | receptor occupancy

N europeptide Y (NPY), a 36-aa peptide neurotransmitter, is
one of the most potent orexigenic substances when injected
into the brain. NPY expression is widely distributed in the CNS,
including the hypothalamus, a region involved in energy ho-
meostasis (1). NPY content and mRNA levels in the hypothal-
amus respond to feeding status, including food deprivation and
refeeding (2, 3). Chronic central infusion of NPY in rodents
results in a syndrome similar to that in some genetic obesity
models, characterized by hyperphagia, insulin resistance, hyper-
insulinemia, and reduced thermogenic activity in brown adipose
tissue (4). NPY is, therefore, thought to have a major role in the
physiological control of energy homeostasis, making it a target
for the development of antiobesity agents.

Five types of NPY receptors have been characterized (5).
Pharmacological data suggest that the NPY Y5 receptor (Y5R)
is involved in feeding regulation. For example, functional and
binding activities of different peptide agonists at the YSR in vitro
correlated strongly with their efficacy in stimulating food intake
(6). Administration of YSR antagonists suppressed YSR ago-
nist-induced feeding (7), and mice lacking the Y5R showed a
diminished response to exogenously administered YSR agonists
(8). The Y5R is also reported to regulate brown fat thermogen-
esis and energy expenditure (9). In addition, chronic intracere-
broventricular administration of a YSR-specific agonist, D-Trp-
34NPY, produces obesity (10). These findings suggest that the
Y5R is involved in the development of obesity. However, the
physiological role of the Y5R in obesity models, rather than
models that rely on exogenously added Y5R agonists, remains
undefined.
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We reported that orally administered Y5R antagonist [2-(3,3-
dimethyl-1-ox0-4H-1H-xanthen-9-yl)-5,5-dimethyl-cyclohexane-
1,3-dione] reduced YSR agonist-induced feeding and Y5R ag-
onist-induced obesity (7, 10). To investigate the physiological
role of the Y5R in the development of obesity, we examined the
effects of this YSR antagonist in mice subjected to diet-induced
obesity (DIO), leptin receptor-deficient (Lepr®/’) mice, and
Zucker fatty rats. We show that chronic administration of the
YSR antagonist selectively suppressed body weight gain in the
mice with DIO without affecting the other models.

Results

A Y5R Antagonist Can Ameliorate Obesity in Mice. We administered
the Y5R antagonist (30 and 100 mg/kg, orally) for 2 wk to mice
consuming a moderately high-fat (MHF) diet. The untreated mice
gained 2 g of body weight over the 2-wk period. The Y5R antagonist
significantly suppressed the diet-induced body weight gain in a
dose-dependent manner (Fig. 14). The mice on an MHF diet
ingested 35% more calories during the test period than mice fed a
regular diet. The Y5R antagonist reduced the mean overall caloric
intake of an MHF diet by 7.6% and 10.0% at 30 and 100 mg/kg,
respectively (Fig. 1B), when compared with controls that did not
receive the drug. The YSR antagonist did not affect mean water
intake by mice on an MHF diet at any dose tested (data not shown).

At the end of the study we measured fat content and glucose
and insulin levels. Mice on an MHF diet gained 3- to 4-fold more
fat in the mesenteric adipose tissue than did the lean mice.
Treatment with the Y5SR antagonist decreased fat pad weight
(Fig. 2A4). Histological analysis indicated that adipose cell size in
the obese mice was twice that of lean mice and that the Y5R
antagonist significantly reduced adipose cell size (data not
shown). Plasma insulin levels in the obese mice were elevated
4-fold compared with those in lean mice. Treatment with the
Y5R antagonist suppressed this elevation in insulin (Fig. 2C).
Plasma glucose levels were not significantly different in any of
the groups (Fig. 2B).

DIO in Y5R-Deficient Mice. To examine whether the antiobesity
effects of the YSR antagonist are mechanism-based, we admin-
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Fig. 1. Oral treatment with the Y5R antagonist inhibited the body weight
gainin mice fed an MHF diet. (A) Body weight change. (B) Mean caloricintake.
Veh., vehicle. Data are expressed as means = SE (n = 8-9). *, P < 0.05
(compared with vehicle).

istered the Y5R antagonist to knockout (KO) mice lacking the
Y5R (Y5R KO) in a crossover study with three dosing phases
(14-19 days each arm). Y5R KO mice gained more weight when
fed an MHF diet (8.3 g) than did wild-type mice (6.8 g). The YSR
antagonist (100 mg/kg) suppressed the body weight gain in the
wild-type mice (Fig. 34 and Table 1); this effect was reproducible
as observed from the crossover study. By contrast, the YSR
antagonist had no significant effect on body weight gain in YSR
KO mice throughout the experiment (Fig. 3B and Table 1).
Similar results were obtained with wild-type and Y5SR KO
littermates in a separate study (data not shown). We conclude
that the effects of the Y5SR antagonist on body weight and
appetite are Y5R-dependent and, hence, mechanism-based.

No Effect of Y5R Antagonist in Lean Mice or Genetic Obesity Models.
Wild-type Sprague-Dawley rats fed an MHF diet are also
sensitive to the YSR antagonist (data not shown). However, the
Y5R antagonist (30 and 100 mg/kg) did not affect body weight
gain (or food intake; data not shown) in lean mice fed a regular
diet (Fig. 44), obese Lepr mice fed a regular diet (Fig. 4B),
or Zucker fatty rats (Fig. 4D). We also tested Lepr/#> mice on
an MHF diet; although they gained more weight than mice on the
regular diet, the YSR antagonist had no effect on either diet (Fig.
4C). There were no significant effects on adipose tissue weight
or plasma biochemical parameters of these animals (data not
shown).

Y5R Occupancy and Plasma Drug Levels. Brain Y5R occupancy and
plasma drug levels were measured to examine whether the
ineffectiveness of the Y5R antagonist in some models was due
to insufficient receptor occupancy. In lean C57BL/6J mice, a

A . B
0.6 — —\ = 200 -

K=}

C) l ®
= E 150

g%
z S 1001

k] )

802 o
€ 50

5 E

w S

0. o

04
Veh. Veh. 30 100

Lean Y5 antagonist
DIO

0.
Veh. Veh. 30 100
Lean Y5 antagonist

Cl

Q

=)

o

©

£

©

-

£

oo

]

3

2 ]

o O vehicle | Y5ant. | vehicle N[ vehicle Y5 ant._| vehicle

M , |®[ V5 ant. T vehicle TEV5 ant. , 2 Al Yoant vehicle T Y5 ant. T] |
0 10 20 30 40 50 0 10 20 30 40 50

Days Days

Fig. 3. Effect of the Y5R antagonist in wild-type (A) and Y5R KO (B) mice.
Open symbols represent vehicle, Y5R antagonist (100 mg/kg), and vehicle
during the first, second, and third phases, respectively. Filled symbols repre-
sent Y5R antagonist, vehicle, and Y5R antagonist, respectively. Data are
expressed as means = SE (n = 4-6).

dose- and time-dependent Y5R occupancy was observed (Fig.
5A). A similarly high occupancy of brain Y5R was observed for
at least 15 h after a single oral administration in mice fed an
MHF diet or in genetically obese Lepr®/> mice or Zucker fatty
rats (Fig. 54 and B). Plasma levels of the drug exceeding 10 uM
were sustained for up to 15 h in each of the models (Fig. 5C).
Plasma drug levels were similar in the YSR KO and the wild-type
mice (Fig. 5D). The lean mice and Lepr?®/?> mice exposed to a
regular diet had a shorter #, of the Y5R antagonist than did
mice fed an MHF diet or Lepr?®/%* mice and Zucker fatty rats;
however, this did not affect brain Y5R occupancy.

Discussion

Previous studies show that Y5SR agonists administered into the
brain can stimulate food intake and body weight gain (6, 10). Our
findings indicate that a highly selective Y5R antagonist can
selectively suppress body weight gain in mice and rats exposed to
DIO. The weight-controlling effects are accompanied by a
reduction of food intake and body fat accumulation. Our un-
published data indicate that both food intake and energy ex-
penditure are impacted by the Y5 receptor (data not shown).
Any behavioral abnormalities were not observed during the
treatment period. It is possible that the YSR antagonist changes
the dietary preference in normal rodents, because it works only
when normal rodents are fed an MHF diet. The Y5R antagonist
was ineffective in YSR KO mice, indicating that the antiobesity
effects are attributable to a specific blockade of the YSR. This
assertion is corroborated by the finding that Y5R binding does
not occur in Y5SR KO brain tissue (data not shown), whereas the
YSR antagonist fully displaces the binding of a distinct Y5SR
ligand in the wild-type brain. We propose that occupancy of YSR
mediates the development of dietary obesity in rodents, whereas
homeostatic control mechanisms intervene in lean rodents or
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Fig.2. Effect of the Y5R antagonist on fat weight and plasma glucose and insulin levels. (A) Mesenteric fat weight. (B) Plasma glucose levels. (C) Plasma insulin
levels. Data are expressed as means * SE (n = 8-9). *, P < 0.05 (compared with vehicle).
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Table 1. Body weight change during each crossover dosing arm

Body weight change, g

First arm Second arm Third arm

Mouse (days 1-19) (days 20-33) (days 34-46)
Wild type

Vehicle 3.60 £ 0.31 3.18 £ 0.37 1.75 £ 0.54

Y5R antagonist 1.62 = 0.61* 0.05 = 0.32F —1.06 = 0.30"
Y5R KO

Vehicle 3.12 £ 0.49 2.22 £ 0.67 2.32 £ 0.40

Y5R antagonist 3.68 = 0.38 1.15 £ 0.40 1.42 + 0.32

Data represent mean = SE of four to six animals. *, P < 0.05; t, P < 0.01
(compared with vehicle-treated group; Student'’s t test).

rodents with leptin receptor deficiency. Because similarly high
occupancy of Y5SR was observed in each model, it is unlikely that
the ineffectiveness of the YSR antagonist in some models is due
to differences in drug exposure levels. Thus, the antiobesity
effect of the Y5R antagonist appears to be specific to the DIO
model.

Several Y5R antagonists have been evaluated in vivo by us and
by others (11-16); however, a clear role for Y5R in physiological
feeding was not established. Two Y5 antagonists, CGP71683A
and GW438014A, were reported to suppress body weight gain in
both diet-induced and genetically obese models (11, 12). A
recent publication suggests that the CGP71683A effects are
probably not mechanism-based, because CGP71683A has potent
affinities for muscarinic receptors and the serotonin transporter
(13). Moreover, the compound was reported to be equally
effective in YSR KO mice (14). GW438014A has not been tested
in Y5SR KO mice. Although a benzonitrile derivative compound
1 attenuated Y5SR agonist-induced food intake in rats, it did not
inhibit overnight food intake, and the compound was not tested
in chronic DIO models (15). Although a series of arylimidazoles
produced variable responses in acute feeding models, these
compounds were not tested in chronic DIO models (16). An-
other YSR antagonist, NPYSRA-972, was reported to be inef-
fective in Wistar rats with DIO (14), whereas the YSR antagonist
used in our study is effective in Sprague—Dawley rats with DIO
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Fig.4. Effect of the Y5R antagonist in lean mice and genetic obesity models.

(A) Lean mice. (B) Leprdb/db mice. (C) Lepra/d> mice on MHF diet. (D) Zucker
fatty rats. Data are expressed as means *+ SE (n = 7-9).
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Fig. 5. Brain Y5R occupancy and drug exposure levels after oral administra-
tion of the Y5R antagonist. (A and B) Brain Y5R occupancy in lean C57BL/6J
mice (A) and other obesity models (B). (C and D) Plasma concentration of the
Y5R antagonist. In A, filled diamonds, asterisks, and open circles represent 10,
30, and 100 mg/kg, respectively, in lean mice. In Band C, filled circles represent
mice with DIO, open circles represent lean mice, open triangles represent
Leprdb/db mice, filled triangles represent Lepr?0/db mice on an MHF diet, and
open diamonds represent Zucker fatty rats. In D, open squares represent
wild-type mice, and filled squares represent Y5R KO mice. Data are expressed
as means = SD (n = 3).

(AL, unpublished data). A difference in the pharmacodynamic
profiles of each of these Y5R antagonists might account for the
differing results. Our unpublished studies indicate that high and
sustained Y5R occupancy is required for efficacy in rodents with
DIO (data not shown).

Because the Y5R antagonist was ineffective in lean rodents
fed regular chow, an involvement of Y5R in feeding regulation
and obesity may be absent in normal animals. On the other hand,
DIO or diet change to an MHF diet may increase the extent of
the contribution of Y5R under these conditions, which renders
the Y5R antagonist effective. The DIO-specific effects observed
with the Y5R antagonist might be explained by variability in the
patterns of NPY expression and its receptors in various rodent
models. The density of Y2/Y5-like receptors, which recognize a
Y2/YS5-preferring agonist, decreased significantly in a number
of hypothalamic and nonhypothalamic brain regions of Zucker
fatty rats and Lep®”°? mice, as compared with lean rodents (17,
18), whereas Y2/Y5-like receptors are up-regulated in the
hypothalamus of DIO rats (19). Although expression of NPY
mRNA in the arcuate nucleus was increased in Zucker fatty rats
(20), mice with DIO displayed a profound induction of NPY
expression in the dorsomedial hypothalamic and ventromedial
hypothalamic nuclei, whereas the level of NPY mRNA in the
arcuate nucleus was reduced (21). Therefore, it is possible that
differences in NPY and NPY receptor expression among obesity
models impact the contribution of NPY to the control of energy
homeostasis. The changes in Y5SR antagonist sensitivity might
occur in a diet-dependent manner, because exposing mice to a
different diet impacts Y5R antagonist efficacy (Fig. 14).

The increased expression levels of NPY mRNA in dorsome-
dial hypothalamic nuclei (DMH) of mice with DIO might help

Ishihara et al.
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to explain the selective efficacy of the Y5R antagonist against
DIO. It has been reported that DMH-lesioned rats are more
sensitive to leptin than intact animals (22) and that chronic
exposure to a high-fat diet causes leptin resistance (23, 24). Thus,
NPY expression in the DMH may function to diminish the action
of leptin by reducing leptin sensitivity. In DIO animals, the tonic
inhibitory action of NPY may be enhanced, and the Y5 antag-
onist may elicit its antiobesity effects by improving leptin sen-
sitivity. This idea is in line with our findings that the Y5
antagonist is ineffective in Zucker fatty rats and Lepr@/@ mice
in which leptin function is disrupted. Further investigation is
needed to elucidate the precise antiobesity mechanism(s) of this
Y5R antagonist.

The moderately obese phenotype of YSR KO mice contrasts the
antiobesity effects observed with the Y5R antagonist (ref. 25; S.M.,
unpublished data). In addition, we have shown that the YSR KO
mice appear more sensitive to developing DIO than their wild-type
controls. However, this finding does not negate the hypothesis that
the Y5R system is involved in DIO, because the YSR system is likely
not the only CNS pathway involved in the DIO responsiveness. In
the case of genetically engineered KO mice, absence of receptors
from the early stage of development may cause compensatory
mechanisms to be activated that are not observed when compared
to treatment with a pharmacological agent in adult rodents. Al-
though details of a discrepancy between genetic and pharmaco-
logical ablation are not clear, it may be relevant to consider
compensatory effects from other NPY receptors. A selective NPY
Y1 receptor (Y1R) antagonist with oral bioavailability has anti-
obesity effects in Zucker fatty rats (26), suggesting that Y1R is an
important contributor to obesity in this model. However, paradox-
ically, Y1R-deficient mice also develop late-onset obesity (refs. 27
and 28; S.M., unpublished data). An NPY Y2 receptor (Y2R)
preferring agonist PYY3 35 (peripherally administered) reduced
body weight gain in rats (29), whereas centrally administered Y2R
agonists increase food intake. Phenotype of Y2R deletion seems to
be controversial; both an increase and a decrease in body weight are
reported (30, 31). These observations indicate that the route of
administration can affect efficacy of NPY receptor agonists. Per-
haps the complete elimination of the Y5R signal during embryonic
development results in compensatory mechanisms, which include
the activation of the Y1R or the inhibition of the Y2R. Combination
studies employing both Y5R and Y1R antagonists along with Y2R
agonists could address this hypothesis.

In conclusion, our studies reveal a relevant role for the YSR
only under conditions where diet produces obesity. Both envi-
ronmental factors (such as unlimited access to high-calorie food
and limited physical exercise) and genetic factors that predispose
to weight gain contribute to the development of human obesity
(32, 33). Because the incidence of monogenic forms of human
obesity is low and most human obesity is thought to occur in
response to high-calorie diets (34, 35), the DIO model is
particularly applicable to human obesity. Our results suggest a
potential therapeutic role for Y5R antagonists in the treatment
of human obesity.

Methods

Drugs. The YSR antagonist [2-(3,3-dimethyl-1-oxo-4H-1H-xanthen-
9-yl)-5,5-dimethyl-cyclohexane-1,3-dione] was synthesized by
Banyu Pharmaceutical. The specificity of the Y5R antagonist in
vitro was reported (10, 36). Briefly, the Y5R antagonist displaced
1257 peptide YY binding to human and rat Y5R with K; values of 26
and 31 nM, respectively, and inhibited the NPY (100 nM)-induced
increase in intracellular calcium levels via the human YSR (ICsy =
210 nM). The Y5R antagonist did not show significant affinity for
human NPY receptors at a dose of 10 uM or any significant
cross-reactivity with 120 other binding assays and seven enzyme
assays, including adrenergic, dopaminergic, GABAergic, histamin-
ergic, and serotonergic receptors, which are considered to be

Ishihara et al.

involved in feeding regulation (data not shown). All other chemicals
were of the analytical grade.

Animals. All animals except for YSR KO mice were purchased
from CLEA Japan (Tokyo). Male Y5R KO mice were generated
as described (8). Animals were housed individually in plastic
cages and kept in temperature- and humidity-controlled rooms
at 23 + 2°C, at 55 = 15% relative humidity, and on a 12-h
light/12-h dark cycle (lights off at 1900 hours). Water and
regular diet (CE-2; CLEA Japan) were available ad libitum. All
experimental procedures followed the Japanese Pharmacologi-
cal Society Guideline for Animal Use.

DIO. Male C57BL/6J mice (22-23 wk old) were divided into three
groups to match average values of basal food intake and body
weight. Each group was orally administered either vehicle (0.5%
methylcellulose in distilled water) or the Y5R antagonist at doses
of 30 or 100 mg/kg daily for 2 wk by gavage, and food and water
intake and body weight were measured. The diet was changed to
an MHF diet (32.6% calories as fat, 4.41 kcal/g; Oriental
BioService Kanto, Tsukuba, Japan) 2 days after the beginning of
the drug administration (DIO). Another set of mice was divided
into three groups, administered the Y5SR antagonist or the
vehicle similarly, and fed a regular diet throughout the experi-
ment. After the final administration, mice were fasted overnight.
Blood samples were collected under ether anesthesia for mea-
surement of plasma parameters.

Y5R KO Mice. YSR KO and wild-type mice (12 wk old) were fed
an MHF diet for 3—4 wk. Each genotype of mice was divided into
two groups (n = 4-6), and they were enrolled in a 45-day
crossover study with three 14- to 19-day dosing phases (100
mg/kg once daily).

Leprdb/db Mice. Effects of 16-day oral administration of the YSR
antagonist (30 or 100 mg/kg once daily; n = 8-9) were examined
in male Lepr?®/% mice (8 wk old) on an MHF diet or a regular
diet under the same protocol as that described for mice with
DIO.

Zucker Fatty Rats. Effect of 2-wk oral administration of the Y5R
antagonist (30 or 100 mg/kg once daily) was examined in male
Zucker fatty rats fed a regular diet (10 wk old; n = 7-8).

Plasma Measurements. Plasma glucose levels were measured with
commercial kits (Kyowa Medex, Tokyo). Plasma insulin levels
were measured with ELISA kits (Morinaga, Kanagawa, Japan).

Brain Y5R Occupancy. The Y5R antagonist (100 mg/kg) was orally
administered by gavage to C57BL/6J and Lepr®/ mice fed a
regular or an MHF diet and Zucker fatty rats (n = 3). Two and
15 h after drug administration animals were killed by collecting
whole blood from the heart under isoflurane anesthesia. In lean
C57BL/6J mice, samples were also taken at 1, 4, 8, and 15 h after
administration at 10 and 30 mg/kg. Frozen coronal sections (20
pm) of the striatal region were prepared. Because we have
confirmed that equivalent YSR occupancy was observed in both
striatal and posterior hypothalamic regions after oral adminis-
tration of the Y5R antagonist in the previous studies (data not
shown), striatal sections were used for the Y5R occupancy assay.
Briefly, brain sections were incubated with a 100 pM concen-
tration of another Y5R antagonist with 3S label (compound A;
Banyu Pharmaceutical) in 50 mM Tris-HCI buffer. Compound A
is a spiroindoline class Y5R antagonist, binds to YSR with high
affinity (ICso for human Y5R = 0.99 nM), and is highly selective
for Y5SR because the binding was displaceable by Y5R-selective
compounds and was completely abolished in the YSR KO mouse
brain (data not shown). Nonspecific binding was evaluated by
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using an adjacent brain slice by the addition of a 10,000-fold
excess of nonlabeled Y5R antagonist. The sections were exposed
to BAS 5000 imaging plates (Fuji, Kanagawa, Japan), and
autoradiographic images were quantified. Ex vivo receptor la-
beling by *>S compound A in drug-treated animals was calculated
and expressed as follows: RO (%) = 100 X [1 — (receptor
labeling of drug-treated animals/receptor labeling of vehicle-
treated animals)].

Plasma Levels of the Y5R Antagonist. The YSR antagonist (100
mg/kg) was orally administered to three animals per strain, and
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