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Abstract
HENRY, MELANIE, LORRAINE GHIBAUDI, JUN
GAO, AND JOYCE J. HWA. Energy metabolic profile of
mice after chronic activation of central NPY Y1, Y2, or Y5
receptors. Obes Res. 2005;13:36–47.
Objective: Neuropeptide Y (NPY), a 36-amino acid peptide
with orexigenic properties, is expressed abundantly in the
central nervous system and binds to several NPY receptor
subtypes. This study examines the roles of the NPY Y1, Y2,
and Y5 receptor(s) in energy homeostasis.
Research Methods and Procedures: We administered in-
tracerebroventricular NPY (3 �g/d) or selective peptide
agonists for the Y1, Y2, and Y5 receptor subtypes to
C57Bl/6 mice for 6 days by mini-osmotic pumps to assess
the role of each receptor subtype in NPY-induced obesity.
Energy expenditure (EE) and respiratory quotient (RQ)
were studied using indirect calorimetry. Adiposity was mea-
sured by DXA scanning and fat pad dissection. Insulin
sensitivity was tested by whole-blood glucose measurement
after an insulin challenge.
Results: Central administration of the selective Y1 agonist,
Y5 agonist, or NPY for 6 days in mice significantly in-
creased body weight, adiposity, and RQ, with significant
hyperphagia in the Y5 agonist- and NPY-treated groups but
not in the Y1 agonist-treated group. The NPY, Y1, or Y5
agonist-treated mice had little change in total EE during ad
libitum and pair-feeding conditions. Conversely, selective
activation of the Y2 receptor reduced feeding and resulted
in a significant, but transient, weight loss.

Discussion: Central activation of both Y1 and Y5 receptors
increases RQ and adiposity, whereas only Y5 receptor ac-
tivation reduces energy expended per energy ingested. Se-
lective activation of Y2 autoreceptors leads to hypophagia
and transient weight loss, with little effect on total EE. Our
study indicates that all three NPY receptor subtypes may
play a role in regulating energy homeostasis in mice.

Key words: adiposity, indirect calorimetry, insulin sen-
sitivity, respiratory quotient, food intake

Introduction
Neuropeptide Y (NPY)1 is a 36-amino acid peptide dis-

tributed widely throughout both the central and peripheral
nervous systems (1,2) and has been implicated as a key
regulator of energy balance due to its pro-obesity properties
(3). For example, hypothalamic NPY mRNA levels are
increased under conditions of both food restriction and
intense exercise (4) and return to normal levels after refeed-
ing (5). In addition, central NPY mRNA expression is
increased in genetic models of obesity including ob/ob mice
(6), Zucker rats (7), and streptozotocin-induced diabetic rats
(8). Elevated NPY tone, resulting from endogenous expres-
sion or exogenous administration, correlates positively to
energy intake and negatively to energy expenditure (EE), a
combination that results in obesity (3).

NPY belongs to the pancreatic polypeptide family and
exerts its effects through activation of G-protein-coupled
receptors known as Y1, Y2, Y3, Y4, Y5, or Y6 receptors
(9). Because NPY binds to the Y1, Y2, and Y5 receptors
with high affinities (10), many studies have been devoted to
the identification of NPY receptor subtype(s) responsible
for the regulation of energy homeostasis. Through the use of
subtype-selective agonists, it has been demonstrated that Y1
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and/or Y5 receptor subtypes may be responsible for NPY-
induced regulation of energy intake. For example, central
administration of either a selective Y1 or Y5 receptor ago-
nist stimulates feeding (11,12). Conversely, selective ago-
nists of the NPY Y2 or Y4 receptor fail to induce a feeding
response in satiated rodents, suggesting that these receptor
subtypes do not mediate the orexigenic response elicited by
NPY (13). However, recent studies indicate that the alleged
inhibitory Y2 autoreceptor (14), which is expressed on NPY
neurons in the arcuate nucleus, may actually have anorexic
properties and serve to counterregulate the orexigenic char-
acteristics of NPY. Peptide YY(3-36), a Y2 agonist, is re-
leased from the gut in response to a meal, and peripheral
injection of PYY(3-36) results in decreased food intake
(15,16). Consistent with the hypothesis that activation of the
Y2 receptor promotes leanness, NPY2R-null mice are hy-
perphagic, less active, and have elevated body weight, body
fat mass, and increased bone formation (17,18).

Data obtained from NPY and Y1 or Y5 receptor knockout
animals have been surprising. First, mice deficient in NPY
do not display a lean or anorectic phenotype, which chal-
lenges the assertion that the endogenous neuropeptide is
essential for energy homeostasis. Although a role for the
NPY Y1 and Y5 receptor subtypes in feeding behavior has
been established through acute administration of selective
agonists, studies of mice deficient for the NPY Y1 or Y5
receptor have been unsuccessful in producing a lean phe-
notype. In fact, mice lacking either the Y1 or Y5 receptors
paradoxically develop mild late-onset obesity (19,20). The
opposite phenotypes observed with genetic manipulation
suggest that compensation for the absence of NPY or the Y1
vs. Y5 receptors may occur during development. For exam-
ple, the agouti-related protein expression is increased in the
hypothalamus of the NPY knockout mouse, and Y1-defi-
cient mice display reduced locomotor activity (18). How-
ever, the inhibition of fasting-induced feeding observed in
the Y1 receptor knockout mouse and the reduction of NPY-
induced feeding in the Y5 receptor knockout mouse support
a role for these receptors in feeding regulation (20,21).
Addition of a Y1 antagonist to the Y5 knockout mice is
required to completely abolish NPY-induced feeding, which
implies that both receptor subtypes may be involved in
NPY-mediated feeding responses.

Some selective antagonists of the Y1 or Y5 receptors
have been reported to reduce both spontaneous and fasting-
induced feeding (22–24). However, blockade of NPY-in-
duced feeding requires very high doses of antagonists that
approach levels associated with toxicity, thereby casting
doubt that the feeding inhibition observed is specific. Data
obtained from antisense oligodeoxynucleotides directed
against either the Y1 or Y5 receptor have been questioned
due to conflicting results and concerns about selectivity and
toxicity (24).

The effects of NPY and its receptors on energy metabo-
lism and nutrient partitioning have yet to be rigorously
characterized. We have previously shown that acute central
administration of NPY decreases thermogenesis in rats
through activation of the Y5 receptor (13). The present data
explore the energy metabolic profile of NPY using sus-
tained activation of NPY and the Y1, Y2, and Y5 receptors
in the brain by chronic infusion through a mini-osmotic
pump. To clarify the role of the Y5 receptor subtype on
energy balance, we chose the peptide reported by Beck-
Sickinger et al. (25), [cPP]1-7,NPY19-23,Ala31,Aib32,
Gln34]hPP (Y5 agonist). This peptide is 12- and 145-fold
more selective than D-Trp34 or D-Trp32 NPY, respectively
(10). In addition, this Y5 agonist has over 2000-fold greater
affinity for Y5 over the Y1 or Y2 receptor and over 200-fold
greater affinity for the Y4 receptor subtype, and is 3-fold
more potent than the native ligand, NPY. The Y1-selective
peptide chosen, D-Arg25 NPY (Y1 agonist), binds the Y1
receptor with 12-, 82-, and 48-fold higher affinity than the
Y2, Y4, and Y5 receptor subtypes, respectively. For Y2
receptor activation, we used Ac-NPY(24-36),(Leu28,Leu30)
(Y2 agonist), which is 5000-fold more selective for the Y2
receptor over either the Y1 or Y5 receptor subtypes and is
reported to inhibit fasting-induced feeding after central in-
jection (15). We compared the effects of NPY and selective
Y1, Y2, or Y5 receptor agonists on energy intake, EE,
adiposity, and insulin sensitivity after 6 days of central
infusion by mini-osmotic pump.

Research Methods and Procedures
Animals

Six-week-old C57BL/6 mice (25 to 30 grams; Charles
River Laboratories, Inc., Wilmington, MA) were main-
tained in individual cages at 22 °C on a 12-hour light/dark
cycle with lights on at 7 AM. Mice had free access to food
(Harlan Teklad rodent chow no. 8604; Madison, WI) and
water throughout the study. All studies were conducted in a
facility accredited by the American Association for Accred-
itation of Laboratory Animal Care following protocols ap-
proved by the Animal Care and Use Committee of the
Schering-Plough Research Institute.

Surgery
Mice were anesthetized by intraperitoneal injection of a

mixture of ketamine and xylazine (100:20 mg/kg). A 26-
gauge stainless steel obturator-filled cannula was implanted
in the right lateral ventricle using Vetabond surgical glue to
adhere the guide cannula and custom stainless steel adapter
to the skull. Intracerebroventricular (ICV) coordinates
(from bregma, 0.8 mm posterior, 1.5 mm lateral, 2.0 mm
ventral) were obtained from the atlas of Franklin and Paxi-
nos (26). After a 2-week recovery period, mice were tested
for cannula placement by ICV infusion of NPY (0.1 nmol).
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Satiated animals demonstrating a profound feeding effect
(�0.5 grams) within 60 minutes of infusion were retained
for the study.

Mini-osmotic Pump Implantation
Mini-osmotic pumps (model 2001; DURECT Corp., Palo

Alto, CA), prepared under aseptic conditions contained 3
�g/d NPY, D-Arg25-NPY, Ac-NPY(24-36), (Leu28, Leu30),
[cPP 1-7, NPY 19-23, Ala 31, Aib 32, Gln 34]hPP, or
vehicle (0.9% NaCl in water with 0.01% ascorbic acid
filtered by a 0.5-mm membrane). All NPY-related peptides
were synthesized by Anaspec Inc. (San Jose, CA). The
prepared pumps were primed in saline overnight in a 37 °C
water bath. Mice were anesthetized by inhalation of an
isoflurane and oxygen mixture. The mini-osmotic pumps
were then inserted in the subcutaneous interscapular region,
and the incision was closed by suture. A line of PE60 tubing
connected the minipump to the internal ICV cannula, which
projected 0.3 mm from the guide cannula. The body weight
and food were monitored immediately after surgery and
daily for the remainder of the study.

Feeding and Body Weight Monitoring
All mice were given pre-weighed chow pellets in their

home cage daily. The leftover food weight was recorded,
and new pellets were placed in the bedding each day. Mice
were accustomed to this routine before implant surgery to
reduce the chance of variability due to novelty in procedure.
Pair-fed (PF) test peptide-infused mice were monitored in
the same manner as described above, with the exception that
the food intake was restricted to the control mice level.
Because infusion of the Y2 agonist resulted in hypophagia
and weight loss, animals in the PF arm of this study were
vehicle-infused, then pair fed to levels of Y2 agonist-treated
mice.

Leptin and Insulin Determination
Non-fasted mice were anesthetized by inhalation of an

isoflurane and oxygen mixture, and blood samples were
obtained by heart puncture. Samples were centrifuged and
stored as serum at �20 °C until assayed. Serum leptin and
insulin levels were determined by commercially available
kits: mouse leptin enzyme-linked immunosorbent assay kit
(Crystal Chem Inc., Chicago, IL) and rat insulin enzyme-
linked immunosorbent assay kit (Alpco Diagnostics,
Windham, NH).

Intraperitoneal Insulin Tolerance Testing
Fasting glucose measurements were determined by Glu-

cometer Elite (Bayer, Mishawaka, IN) after small blood
samples were collected by the tail bleeding for time 0, after
an overnight 16-hour fasting period. At time 0, animals also
received a single intraperitoneal injection of human insulin

(0.75U/kg0.75), and tail blood samples were collected at 20,
40, 60, and 120 minutes post-injection.

Body Composition
After blood collection, mice were sacrificed by CO2 gas

and frozen at �20 °C until body composition was deter-
mined using DXA (pDEXA; Norland Medical Systems,
Inc., White Plains, NY). Mice were thawed on the day of the
scan, and fat pads were dissected out and weighed imme-
diately after the scan procedure.

Indirect Calorimetry Method
Another group of ICV cannulated mice was used to

determine the effects of EE. One week after NPY placement
testing, ICV cannulated C57BL/6 mice were implanted with
mini-osmotic pumps containing either vehicle or test pep-
tide as described above. Mice were either fed ad libitum (ad
lib) or pair fed for 5 days. Oxygen consumption and carbon
dioxide production rates were monitored every 30 minutes
(settle time, 155 seconds; measure time, 45 seconds) for 22
h/d with the use of a mouse indirect calorimeter (Oxymax;
Columbus Instruments, Columbus, OH). Water and food
were available ad lib in the calorimeter chamber. After mice
were subjected to 16 hours of fast from the beginning of the
dark cycle on Day 6, total EE and respiratory quotients
(RQs) were monitored for 4 hours under fasting conditions.
Measurements were taken in an airtight Oxymax chamber
with an airflow rate of 0.5 L/min. RQ was calculated as the
molar ratio of VCO2 to VO2. EE was calculated from heat
(kilocalories) � VO2 � (3.815 � 1.232 � RQ). Percentage
of energy fuel derived from carbohydrate or fat oxidation
was determined from VO2 and VCO2 using the methods of
Elia and Livesey (27).

Statistical Analysis
Results are given as means � SE. Statistically significant

differences between vehicle and peptide-treated mice in
food intake, body weight, and plasma parameters were
determined by one-way ANOVA with a multiple-compari-
son post-test. When the group data showed unequal vari-
ances, the non-parametric Wilcoxon/Kruskal-Wallis and
Dunn’s multiple comparison post hoc tests were used. Cor-
relations of body fat mass and fat pads were analyzed by
linear Pearson correlation. All statistical tests were per-
formed by GraphPad InStat version 3.01 for Windows 95
(GraphPad Software, San Diego, CA). p � 0.05 was con-
sidered statistically significant.

Results
Effect of NPY and the Y1 and the Y5 Agonists on
Feeding and Body Weight Gain after 6 Days of Infusion

Central administration of only NPY and the Y5 agonist
led to a significant increase in food intake compared with
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the vehicle control group (n � 5 to 6/group) after 6 days of
chronic infusion (Figure 1A, Kruskal-Wallis Non-Paramet-
ric test with Dunn’s multiple test, p � 0.05). However, NPY
and the Y1 and Y5 agonists all led to significant body
weight gain (Figure 1B, ANOVA with Dunnett’s multiple
test, p � 0.01). After the mini-osmotic pump implantation,
a small decrease in body weight was observed in mice
infused with vehicle that was likely due to surgical recu-
peration. Chronic ICV infusion of NPY induced a signifi-
cant increase in food intake from Day 1 (Kruskal-Wallis
Non-Parametric test with Dunn’s multiple test, p � 0.05)
that was sustained for the duration of the experiment. Start-
ing from Day 3 to the end of the study, NPY and Y1
agonist-infused mice had significantly higher weight gain
than the vehicle control mice. Similarly, mice infused with
the Y5 agonist had a significant increase in food intake and
weight gain compared with the vehicle group starting from
Day 1 (for weight gain, ANOVA with Dunnett’s post test,
p � 0.01; for food intake, Kruskal-Wallis Non-Parametric
test with Dunn’s multiple test, p � 0.001), which persisted
for the duration of the experiment. Unlike the rapid onset of
NPY- and Y5-induced hyperphagia, the cumulative food
intake of the Y1 agonist-stimulated mice was not signifi-
cantly different from control mice, likely due to large vari-
ability. Mice pair fed to vehicle control levels showed no
significant alterations in body weight gain after the 6-day
infusion period regardless of treatment (Figure 1B).

Effect of NPY and the Y1 and Y5 Agonists on Body
Composition Changes after 6 Days of Infusion

NPY and the Y5 agonist-infused mice (n � 5 to 6/group)
had significantly elevated percentage body fat (Figure 2A,

ANOVA with Tukey-Kramer multiple comparison test, p �
0.001), larger fat pads in the epididymal and perirenal areas
(Figure 2B, ANOVA with Tukey-Kramer multiple compar-
ison test, p � 0.05), and higher levels of leptin, a serum
marker of body fat mass, compared with control mice (Fig-
ure 3, ANOVA with Tukey-Kramer multiple comparison
test, p � 0.05). Although DXA analysis showed that the
Y1-induced increase in percentage body fat was statistically
greater from that of the vehicle control group (Figure 2A,
ANOVA with Tukey-Kramer multiple comparison test, p �
0.01), it was still significantly lower than that of the Y5-
stimulated mice (Figure 2A, ANOVA with Tukey-Kramer
multiple comparison test, p � 0.05). In addition, the epi-
didymal fat pad weights and serum leptin levels of Y1-
stimulated mice were significantly higher than those from
the control group (Figures 2B and 3, ANOVA with Tukey-
Kramer multiple comparison test, p � 0.05). None of the PF
groups infused with NPY agonists showed any significant
differences in fat pad mass compared with controls (Figure
2C). Furthermore, treatment with NPY (p � 0.001) and the
Y1 (p � 0.05) or Y5 (p � 0.001) agonist resulted in greater
bone mass [bone mineral content (BMC)] compared with
controls, and Y5-infused mice displayed greater bone mass
than Y1-infused mice (Figure 4, ANOVA with Tukey-
Kramer multiple comparison test, p � 0.05). None of the PF
groups showed any differences in bone mass compared with
control.

Effects of NPY and the Y1 and Y5 Agonists on Energy
Metabolism

By monitoring energy metabolism using indirect calorim-
etry, it was determined that NPY- and Y1 and Y5 agonist-

Figure 1: Effects on feeding and cumulative body weight gain after 6 days of ICV infusion of NPY or the Y1 or Y5 agonists in C57BL/6
mice. (A) Six days of infusion produced a significant increase in the cumulative EI of mice treated with NPY (Œ) or the Y5 agonist (�)
compared with vehicle-treated controls (E) (n � 5 to 6). (*) p � 0.05. (B) Six days of constant ICV infusion resulted in significant body
weight gain in mice treated with the NPY-, Y1-, or Y5-selective agonists compared with vehicle controls under ad lib conditions (solid bars).
(*) p � 0.01. Mice PF to vehicle control levels had similar body weights as vehicle-treated mice at the end of the 6-day infusion (open bars).
Results are means � SE.
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infused mice all had significantly elevated RQ under ad lib
conditions compared with control mice. Mice infused with
the Y5 agonist also displayed elevated RQ under PF con-
ditions (Table 1, Kruskal-Wallis Non-Parametric test with
Dunn’s multiple test, p � 0.05). However, all groups of
mice had similar RQs under fasting conditions (Table 1).
Total EE of mice infused with NPY or the Y1 or the Y5
agonists was similar to that of the vehicle control group
under ad lib, PF, or fasting conditions (Table 1). Compared
with the control group, only the Y5 agonist-infused mice
had a significantly lower ratio of EE to energy intake (EI),

indicating a reduction of calories metabolized compared
with calories consumed (Table 1, Kruskal-Wallis Non-Para-
metric test with Dunn’s multiple test, p � 0.05).

Effect of NPY and the Y1 and Y5 Agonists on Insulin
Sensitivity

In a separate set of mice (n � 11/group), sensitivity to
insulin was assessed after an overnight fast on Day 6 of ICV
infusion. Insulin sensitivity of NPY- or Y1 agonist-treated
mice was similar to that of vehicle control mice (Figure 5A).
However, Y5 agonist-stimulated mice were significantly

Figure 2: Chronic central activation of NPY, Y1, and Y5 receptors increases percentage fat content and fat pad weights in C57BL/6 mice.
(A) Percentage of whole body fat masses determined by DXA scanning was significantly elevated in mice infused for 6 days with 3 �g/d
NPY or the Y1 or Y5 agonists (solid bars, n � 5 to 6; p � 0.05 compared with vehicle controls). Mice treated with the Y5 agonist had
significantly higher percentage body fat than Y1 agonist-treated mice. (**) p � 0.05. PF mice (open bars, n � 5 to 6) showed no significant
differences in the percentage of body fat regardless of the peptide infused. (B) Epididymal fat pads were significantly heavier in mice infused
with NPY or the selective Y1 or Y5 agonists (n � 5 to 6; checkered bars). (*) p � 0.05 compared with vehicle controls. Perirenal fat pad
weights (open bars) were increased significantly in mice infused with either NPY or the Y5 agonist. No differences were observed in the
weights of inguinal fat pads (striped bars) among any of the groups. (C) Regardless of the peptide infused for the 6-day period, fat pads
of mice PF to treated animals were similar to those of vehicle-treated mice. Results are means � SE. EFP, epididymal fat pad; PFP, perirenal
fat pad; IFP, inguinal fat pad.
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less sensitive to the insulin challenge, with elevated area
under the curve (AUC) compared with vehicle control mice
(Figure 5B, ANOVA with Dunnett’s post test, p � 0.01).

Effect of the Y2 Agonist on Feeding and Body Weight
Gain after 6 Days of Infusion

In another set of mice, a significant decrease in daily food
intake was observed in mice (n � 8/group) infused with the
Y2 agonist starting from Day 1, which gradually returned to
similar levels of vehicle control mice. By Day 6, cumulative
food intake remained significantly lower in Y2-infused
mice than in control mice (Figure 6A, Student’s t test, p �
0.05). Treatment with the Y2 agonist also caused a marked
decrease in body weight for the first three postoperative
days before returning to within control levels (Figure 6B,
Student’s t test, p � 0.05). In a separate set of mice (n �
6/group) that included a PF group, Y2-infused mice exhib-
ited a similar pattern of weight loss to that observed in the
first study. Vehicle-infused mice pair fed to levels of Y2-
infused mice showed minimal weight loss, similar to that of
vehicle-infused control mice (Figure 6C).

Effect of the Y2 Agonist on Body Composition Changes
after 6 Days of Infusion

DXA analysis indicated that Y2-infused mice (n �
8/group) had reduced percentage body fat (Figure 7A, Stu-
dent’s t test, p � 0.05) and significantly smaller fat pads in
the inguinal, epididymal, and perirenal areas (Figure 7B,
Student’s t test, p � 0.05). However, there were no signif-
icant differences in leptin levels or bone mass concentration
between Y2-infused mice and control mice (data not
shown). We observed an overall higher level of body fat in

this set of mice compared with the mice used in the other
NPY peptide studies. We repeated the Y2 experiments in a
leaner, more comparable set and included a PF arm. In this
set of mice (n � 5 to 6/group), Y2-infused mice had
significantly reduced percentage body fat compared with
vehicle-infused PF mice (Figure 7C, ANOVA with Tukey-
Kramer multiple comparison test, p � 0.05). This reduction
in body fat was consistent with the previous study but was
not statistically significant compared with vehicle-infused
mice due to smaller sample size and multiple group com-
parison. However, fat pads from all groups were not signif-
icantly affected in this study (Figure 7D), nor were serum
leptin levels or bone mass concentration (data not shown).

Effect of the Y2 Agonist on Energy Metabolism
Using the indirect calorimetry method to assess energy

metabolism, total EI and total EE were similar among the
vehicle, Y2 agonist, and PF groups (n � 5 to 6/group) under
both ad lib and fasting conditions. Furthermore, the average
RQ of Y2 agonist-infused mice was equivalent to that of the
control mice at all time-points. However, the RQ of mice
pair fed to the Y2 agonist group was significantly greater
than that of vehicle or Y2-infused mice (Table 2, Kruskal-
Wallis Non-Parametric test with Dunn’s multiple test, p �
0.05).

Effect of the Y2 Agonist on Insulin Sensitivity
In a separate set of mice (n � 6/group), sensitivity to

insulin was assessed on Day 6 of the ICV infusion after an

Figure 3: Elevated serum leptin after 6 days of central NPY, Y1,
or Y5 activation. Leptin was significantly increased on Day 7 in
satiated C57BL/6 mice treated with NPY or the Y1 or Y5 agonists
(n � 5 to 6; solid bars). (*) p � 0.05 compared with vehicle
controls. No statistically significant differences were observed
among PF groups (n � 5 to 6, open bars). Results are means � SE.

Figure 4: Elevated bone mass after 6 days of ICV infusion with 3
�g/d NPY, the Y1 or Y5 agonists, or vehicle. BMC determined by
DXA scanning was significantly increased in mice infused for 6
days with 3 �g/d NPY or the Y1 or Y5 agonists under ad lib
conditions (solid bars, n � 5 to 6). (*) p � 0.05 compared with
vehicle controls. Mice treated with the Y5 agonist had significantly
greater BMC than that of Y1-treated animals. (**) p � 0.05.
However, BMC measures of PF mice (open bars, n � 5 to 6) were
not affected by the peptide infusion. Results are means � SE.
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overnight fast. Insulin sensitivity of Y2 agonist-treated mice
was similar to that of vehicle control mice at all time-points;
therefore, the AUC of Y2-infused mice was similar to that
of vehicle control mice (data not shown).

Discussion
Obesity derives from a chronic imbalance between EI and

EE. NPY is one of the key neuropeptides synthesized in the

hypothalamus that can integrate metabolic, neuronal, and
hormonal signals to regulate energy intake and expenditure
to attain energy homeostasis. It has been reported that
chronic central infusion of NPY into the brain ventricles of
rodents induces hyperphagia, hyperleptinemia, and insulin
resistance, a profile that resembles the obesity syndrome of
genetically and diet-induced obese animals (28–30). Be-
cause NPY binds to the Y1, Y2, and Y5 receptor subtypes

Figure 5: (A) Intraperitoneal insulin tolerance test in C57BL/6 mice after 6 days of ICV infusion with 3 �g/d NPY, the Y1 or Y5 agonists,
or vehicle. Insulin sensitivity was assessed after an overnight fast in mice infused with NPY (Œ), the Y1 agonist (● ), the Y5 agonist (�),
or vehicle (▫) for 6 days (n � 11/group). At time 0, fasting glucose was similar for all groups. (B) Total AUC was significantly greater in
mice treated with the Y5 agonist compared with vehicle-infused controls. (**) p � 0.01. (*) Mice infused with the Y1 agonist, p � 0.001.
Results are means � SE.

Table 1. Effects of NPY, the Y1 agonist, and the Y5 agonist on energy metabolism

Treatment Vehicle NPY Y1 Y5

Ad lib RQ 0.884 � 0.006 1.021 � 0.010* 0.965 � 0.028* 1.049 � 0.013*
Ad lib EE 60.3 � 1.6 64.2 � 1.2 66.2 � 3.3 66.9 � 1.3
Ad lib EI 78.7 � 3.6 158.9 � 6.4* 140.5 � 20.4 191.9 � 9.2*
Ad lib EE/EI 0.77 � 0.04 0.41 � 0.01 0.57 � 0.07 0.35 � 0.01*
PF RQ 0.898 � 0.007 0.911 � 0.010 0.931 � 0.009 0.936 � 0.014*
PF EE 64.9 � 2.0 59.7 � 3.7 51.9 � 3.7 53.8 � 2.6
PF EI 78.4 � 2.0 80.2 � 3.1 85.1 � 0.6 82.2 � 4.1
PF EE/EI 0.83 � 0.03 0.74 � 0.05 0.61 � 0.05 0.67 � 0.06
Fasting RQ 0.753 � 0.011 0.767 � 0.013 0.755 � 0.007 0.784 � 0.016
Fasting EE/h 0.344 � 0.012 0.370 � 0.020 0.336 � 0.010 0.343 � 0.017

Six days of infusion with NPY, the Y1, and the Y5 agonist significantly elevated RQ, a relative measure of carbohydrate vs. lipid oxidation,
under ad lib conditions only. However, only mice treated with the Y5 agonist had elevated RQ levels under PF conditions (n � 5 to 6). No
differences were observed for any groups under fasting conditions.
* p � 0.05.
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with high affinities, and all subtypes of the NPY receptor
are localized in hypothalamic nuclei regulating energy ho-
meostasis (31), it is important to determine the roles of each
NPY receptor subtype in the regulation of EI vs. EE and
nutrient partitioning. Our data indicate that central Y1, Y2,
and Y5 receptors differentially affect energy homeostasis
through various mechanisms. For example, chronic activa-
tion of central Y5 receptors can lead to weight gain through
a combination of hyperphagic and nutrient partitioning ef-
fects, whereas chronic activation of central Y1 receptors
causes weight gain by altering nutrient partitioning alone. In

contrast, chronic activation of central Y2 receptors causes
transient weight loss mainly through hypophagia.

Using the indirect calorimetric method, we found that
activation of central Y5 receptors with NPY or selective Y5
agonists significantly increased RQ in mice under ad lib and
PF conditions. However, central infusion of NPY or the Y1
or Y5 receptor agonists did not significantly change total
EE. It has been determined that elevated 24-hour RQ, the
ratio of carbon dioxide production and oxygen consump-
tion, is one of the risk factors for weight gain, and it
correlates positively with energy balance and inversely with

Figure 6: Effects on feeding and body weight after 6 days of ICV infusion of the Y2 agonist in C57BL/6 mice. (A) Mice treated with the
Y2 agonist (Œ) consumed less than controls throughout the 6-day period (n � 5 to 6). (*) p � 0.05 compared with vehicle controls (E).
(B) Infusion of the Y2-selective agonist (Œ) resulted in significant body weight loss during the first 3 days of infusion, but by Day 4, and
continuing until Day 6, body weight gain was similar to that of vehicle control mice (E) (n � 5 to 6). (*) p � 0.05. (C) In a separate set
of mice that included a PF group (f), the weight loss pattern of Y2-infused mice (Œ) mimicked that of the previous experiment; however,
the PF group showed comparable weight loss with that of controls (E) (n � 5 to 6/group). Results are means � SE.
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muscle sympathetic nerve activity (32,33). Our data re-
vealed that chronic infusion of NPY-, Y1-, or Y5-selective
agonists in the brain under ad lib conditions significantly
increased mean daily RQ. The increase in RQ observed in
mice infused with selective Y1 or Y5 agonists suggests that
central activation of either Y1 or Y5 receptors can modify
nutrient partitioning by reducing energy substrates derived
from lipid oxidation and/or increasing lipogenesis. When
mice infused with NPY, Y1, or Y5 agonists were pair fed,
the differences in RQ among the treated groups vs. the
vehicle group were significantly reduced compared with ad
lib condition. Only the Y5 agonist-infused mice showed a
significant elevation of mean RQ under PF conditions,
suggesting that central Y1, but not Y5, receptor subtypes
modulate nutrient partitioning mainly by regulating EI.

Many studies have attempted to identify the NPY recep-
tor subtypes involved in the regulation of EI (for review, see
24). It has been clearly demonstrated that acute or chronic
administrations of NPY analogs that activate the Y5 recep-
tor elicit robust feeding behavior. However, data obtained
from selective small molecule Y5 receptor antagonists have
been equivocal. For example, CGP71683A, a selective Y5
receptor antagonist with high affinity for the muscarinic
receptor and serotonin uptake sites, was reported to dimin-
ish spontaneous feeding and fasting-induced feeding
(34,35). However, several other selective Y5 antagonists
did not have any effect on EI in natural or fasting condi-
tions, which is consistent with the phenotype observed in
mice deficient for the Y5 receptor (20,36). Using a Y5-
selective agonist, we demonstrated that central activation of

Figure 7: Chronic central activation of NPY Y2 receptors reduces percentage fat content and fat pad weights in C57BL/6 mice. (A) Mice
treated with the Y2 agonist (hatched bars, n � 8; *, p � 0.05) had a significantly lower percentage of body fat mass compared with controls
(open bars; n � 8) after 6 days of infusion. (B) The weights of all three fat pads were reduced significantly in mice treated with the Y2
agonist compared with vehicle-treated controls (n � 8). (*) p � 0.05. (C) In a separate set of mice that included a PF arm, Y2 agonist-infused
mice (checked bars) had significantly reduced percentage body fat than that of vehicle-infused mice PF to Y2 levels (hatched bars, n � 5
to 6). (*) p � 0.05. (D) No fat pad differences were observed among the vehicle, Y2 agonist infused, and vehicle infused in this study.
Results are means � SE. EFP, epididymal fat pad; PFP, perirenal fat pad; IFP, inguinal fat pad.
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the Y5 receptor can increase feeding significantly without
changing total EE, resulting in a significant reduction of
calories metabolized per calories ingested. In contrast, a
number of selective Y1 antagonists have been shown to
decrease EI in genetically obese rodents (37,38) but not in
Y1 knockout mice. Evidence supports a role for the Y1
receptor in modulating feeding behavior when NPY tone is
elevated after fasting or in genetically obese rodents (21).
Nevertheless, Y1 agonist-treated mice did not significantly
increase feeding due to large variability in our study. Our
data confirm that chronic infusion of NPY or selective Y5
receptor agonists can lead to hyperphagia, whereas infusion
of the selective Y2 agonist causes transient hypophagia. The
activation of Y2 autoreceptors acts mainly to inhibit endog-
enous NPY release from hypothalamic neurons, which can
explain why we did not observe the Y2-induced inhibitory
phenotype during chronic infusion of exogenous NPY. Al-
though NPY can activate Y1, Y2, and Y5 receptors, the
hyperphagic effect induced by chronic infusion of NPY was
similar to that of Y1- or Y5-selective agonists at the same
dose. The possibility remains that there may be interplay
among NPY Y1, Y2, and Y5 receptor signaling in mediat-
ing the effects of NPY on EI.

Body adiposity is regulated by integrating circulating
long-term signals such as leptin and insulin to communicate
the size and the distribution of body fat and short-term
satiety factors from the gastrointestinal tract that signal the
brain to adjust food intake and EE to maintain a constant
adipose depot. It is known that hypothalamic NPY/agouti-
related protein and proopiomelanocortin/cocaine- and am-
phetamine-regulated transcript neurons are sensitive to al-
terations of nutrient status and energy balance and, thus,
play a key role in the central nervous system regulating
system. Our data suggest that chronic activation of central
Y5 receptors by NPY or a selective Y5 agonist increases
adiposity, especially in the visceral fat pads, but not in the
subcutaneous fat pad, whereas chronic activation of central

Y1 receptors shows only a trend toward increased adiposity.
In contrast, chronic activation of Y2 autoreceptors tran-
siently reduced body weight, and Y2 agonist-treated mice
showed a modest trend to have lower body weight com-
pared with the control mice. These data are consistent with
a recent publication that reported transient decreases in
body weight and food intake in C57BL/6 mice after 7 days
of peripheral administration of the Y2 agonist PYY(3-36) by
mini-osmotic pumps (39). However, fat mass of the Y2
agonist-infused mice, determined by both DXA and fat pad
dissection, were significantly decreased compared with the
control mice.

In addition to the well-known role of NPY and its recep-
tor(s) in obesity, further studies using knockout mice have
suggested that this peptide is a modulator of bone develop-
ment (40). Mice deficient in the Y2 receptor have increased
rates of bone mineralization and formation, and this effect is
exacerbated in the absence of the Y4 receptor (41). Despite
significant decreases in adiposity observed after central Y2
agonist infusion, no changes were observed in the BMC of
these mice, possibly due to the limited duration of the study
or, perhaps, due to the animals’ growth maturity at the time
of treatment. Conversely, mice infused centrally with NPY
or the Y1 or Y5 agonists showed significant elevations of
BMC in a condensed time frame, most likely as a necessary
physical support for the increased body fat mass consequent
to treatment.

Elevated NPY tone in the brain has been shown to be
associated with increased basal insulinemia, marked mus-
cular insulin resistance, and hypersensitivity to insulin in
white adipose tissue (29). In that study, muscle insulin
sensitivity was not related to GLUT4 expression but was
inversely correlated with an increase in myocellular triglyc-
eride content (29). In the current study, only mice chroni-
cally infused with the selective Y5 agonist were signifi-
cantly more resistant to insulin than control mice, even
though mice infused with NPY or the Y1 or Y5 agonists all

Table 2. Effects of the Y2 agonist on energy metabolism

Treatment Vehicle Y2 PF

RQ 0.918 � 0.005 0.914 � 0.015 0.959 � 0.003*
EE 58.3 � 2.2 51.3 � 3.4 52.1 � 2.7
EI 90.1 � 5.7 80.9 � 6.5 80.8 � 0.5
EE/EI 0.66 � 0.05 0.64 � 0.03 0.64 � 0.03
Fasting RQ 0.831 � 0.010 0.833 � 0.015 NA
Fasting EE/h 0.306 � 0.010 0.288 � 0.015 NA

Six days of infusion with the Y2 agonist produced comparable measures of EE and RQ compared with vehicle-infused mice under both ad
lib and fasting conditions. However, only mice treated with vehicle and PF to the levels of Y2 agonist-infused mice had elevated RQ levels
under ad lib conditions (n � 5 to 6/group). No differences in energy metabolism were observed for any groups under fasting conditions.
* *p � 0.05.
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significantly increased weight gain and body adiposity. Re-
cently, Mashiko et al. (42) showed that chronic infusion of
the selective Y5 agonist, D-Trp34 NPY, significantly raised
myocellular triglyceride levels and reduced liver glycogen
content in mice, suggesting that Y5 agonist treatment can
alter nutrient partitioning by preferentially using dietary
carbohydrates for lipid synthesis, rather than glycogen syn-
thesis. Our RQ data also agree with their observation that
activation of central Y5 receptors can change nutrient par-
titioning under both ad lib and PF conditions. These data
suggest that activating the central Y5 receptor subtype may
reduce insulin sensitivity by shifting nutrient partitioning
through preferential use of carbohydrate for fat storage.

To differentiate the primary effects of activation of Y1 or
Y5 receptors with the secondary effects induced by elevated
EI, groups of mice chronically infused with NPY or Y1- or
Y5-selective agonists were pair fed with the average daily
food consumed by the vehicle group. Comparing the PF
groups with ad lib groups of mice infused with NPY-, Y1-,
or Y5-selective agonists, we found that the weight gain
induced by chronic activation of central Y1 or Y5 receptors
was directly related to hyperphagia. In our study, however,
Y5 agonist-infused PF mice continued to demonstrate sig-
nificantly increased RQ, suggesting that Y5 receptor-in-
duced change in nutrient partitioning was not totally depen-
dent on hyperphagia. The observation that Y5-induced
weight gain in mice can be abolished by pair feeding is
consistent with other studies in mice chronically infused
with D-Trp34NPY (42). Although D-Trp34 NPY-infused PF
mice are reported to have significantly more epididymal and
retroperitoneal fat pads than control mice, our study showed
only a trend toward increased adiposity and percentage fat
mass in mice chronically infused with NPY or the Y1 or Y5
agonists under pair-feeding conditions.

In conclusion, NPY is an anabolic neuropeptide that can
induce positive energy balance through the activation of
multiple NPY receptor subtypes in the hypothalamus. Stim-
ulation of central Y1 receptors using a selective Y1 agonist
increases weight gain and adiposity by changing nutrient
partitioning but has little effect on EE. In contrast, activa-
tion of central Y5 receptors by a selective Y5 agonist not
only increases EI and adiposity but also alters nutrient
partitioning by promoting fat accumulation at the expense
of metabolizing carbohydrate and decreases energy metab-
olized per energy ingested. In addition, selective excitation
of Y2 autoreceptors leads to hypophagia and transient
weight loss, while having little effect on EE. Our studies
indicate that all three NPY receptor subtypes may play a
role in regulating energy homeostasis in mice through ac-
tivation of multiple receptor subtypes.
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