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Chronic administration of anorexigenic substances to experimental
animals by injections or continuous infusion typically produces either
no effect or a transient reduction in food intake and body weight. Our
aim here was to identify an intermittent dosing strategy for intraperi-
toneal infusion of peptide YY(3-36) [PYY(3-36)] that produces a
sustained reduction in daily food intake and adiposity in diet-induced
obese rats. Rats (665 � 10 g body wt, 166 � 7 g body fat) with
intraperitoneal catheters tethered to infusion swivels had free access to
a high-fat diet. Vehicle-treated rats (n � 23) had relatively stable food
intake, body weight, and adiposity during the 9-wk test period. None
of 15 PYY(3-36) dosing regimens administered in succession to a
second group of rats (n � 22) produced a sustained 15–25% reduction
in daily food intake for �5 days, although body weight and adiposity
were reduced across the 9-wk period by 12% (594 � 15 vs. 672 �
15 g) and 43% (96 � 7 vs. 169 � 9 g), respectively. The declining
inhibitory effect of PYY(3-36) on daily food intake when the inter-
infusion interval was �3 h appeared to be due in part to an increase
in food intake between infusions. The declining inhibitory effect of
PYY(3-36) on daily food intake when the interinfusion interval was �
3 h suggested possible receptor downregulation and tolerance to
frequent PYY(3-36) administration; however, food intake signifi-
cantly increased when PYY(3-36) treatments were discontinued for
1 day following apparent loss in treatment efficacies. Together, these
results demonstrate the development of a potent homeostatic response
to increase food intake when PYY(3-36) reduces food intake and
energy reserves in diet-induced obese rats.

gastrointestinal; peptide; intraperitoneal administration; anorexia;
body composition

AN IMPORTANT EARLY STEP in the development of obesity drugs is
determining whether chronic administration of anorexigenic
substances, either alone or in combination, can produce a
sustained reduction in daily food intake, body weight, and
adiposity in obese experimental animals. Methods of adminis-
tration generally include either daily injections or insertion of
an osmotic minipump beneath the skin or into the peritoneal
cavity to deliver substances continuously for a week or more.
Such methods typically produce only transient reductions in
daily food intake and weight gain. Reasons include develop-
ment of a compensatory increase in food intake between
injections, receptor downregulation, and tolerance (tachyphy-
laxis) to continuous or frequent administration of the anorex-

igenic substances and redundancy and plasticity in the energy
regulatory system (17, 25, 31).

We have developed a novel experimental model that permits
precise intravenous or intraperitoneal administration of anorex-
igenic substances to rats tethered via infusion swivels to
computer-controlled pumps. Rats are free to move, eat, and
drink within their individual cages, and their indwelling cath-
eters remain functional for many months. Measurement of food
bowl weight, recorded by computer every 20 s, permits daily
assessment of the instantaneous effects of infused substances
on food intake. Adjustments in dosing pattern can be per-
formed daily to define a dosing strategy that minimizes both
compensatory hyperphagia between doses and tolerance.

We have used this model to demonstrate several important
properties of the effects of acute and chronic administration of
the gut hormone peptide YY(3-36) [PYY(3-36)] on food in-
take, body weight, and adiposity in lean and diet-induced obese
rats. First, in lean rats, 3-h intravenous infusion of PYY(3-36)
(3–30 pmol �kg�1 �min�1) at dark onset dose dependently re-
duces short-term food intake (6). Second, in lean rats, intermittent
3-h intravenous infusion of PYY(3-36) at 30 pmol �kg�1 �min�1

during 0–3 and 6–9 h of the dark period for 7 days produces a
sustained reduction in food intake within and across infusion
intervals with no apparent loss of sensitivity to the peptide.
However, rats develop a compensatory increase in food
intake between PYY(3-36) infusions, such that there is no
net decrease in daily food intake by the 7th day of infusion.
Third, in lean rats, intermittent 1-h intravenous infusion of
PYY(3-36) at 30 pmol �kg�1 �min�1 every other hour for 10
days produces a sustained reduction in daily food intake of
�20% and prevents weight gain (5). Fourth, in diet-induced
obese rats (�25% body fat) with free access to both a
high-fat solid diet and a high-fat liquid diet, intermittent
intraperitoneal infusion of PYY(3-36) at 10 –30
pmol �kg�1 �min�1 during 0 –3 and 6 –9 h of the dark period
for 21 days produces a sustained reduction in daily caloric
intake of 11–32% and prevents body weight gain and fat
deposition. Together, these results indicate that chronic,
intermittent infusion of PYY(3-36) can produce a sustained
reduction in daily food intake and prevent weight gain and
fat deposition in lean and obese rats. These studies helped to
resolve the intense debate regarding the inhibitory effects of
PYY(3-36) on food intake and body weight (18, 20, 27). The
goal in treating obese humans, however, is reducing body
weight and adiposity, not just preventing or attenuating
weight gain and fat deposition. Thus, our aim here was to
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determine whether intermittent intraperitoneal administra-
tion of PYY(3-36) can produce a similar sustained reduction
in daily food intake in diet-induced obese rats when body
weight and adiposity are decreasing in response to PYY(3-
36) administration.

MATERIALS AND METHODS

Synthesis and Purification of PYY(3-36)

Rat PYY(3-36) was synthesized by fluorenylmethoxycarbonyl sol-
id-phase methodology (3) and purified by reverse-phase high-perfor-
mance liquid chromatography. Proof of structure was provided by
coelution with a known sample and by electrospray mass spectrom-
etry. PYY(3-36) stock was prepared by dissolving the purified peptide
in 0.15 M NaCl, 0.1% BSA. Single-use aliquots were stored at
�70°C.

Animals

Male Sprague-Dawley rats (Sasco; Charles River, Portage, MI;
initially weighing 225–350 g) were housed in a room with controlled
temperature (19–21°C) and a 12:12-h light-dark cycle (lights off at
1700). Rats were provided pelleted rat chow (Labdiet, 5001 Rodent
diet; PMI Nutrition International) and water ad libitum for about a
week before being subjected to induction of obesity. The Animal
Studies Subcommittee of the Omaha Veterans Affairs Medical Center
approved the experimental protocol.

Dietary Induction of Obesity

Obesity was induced in the rats as previously described (8). Briefly,
animals were provided both a high-fat pelleted food (45% calories
from fat, 4.73 kcal/g, D12451; Research Diets, New Brunswick, NJ)
and vanilla Ensure Plus liquid food (29% calories from fat, 1.5
kcal/ml; Ross Nutrition, Abbott Laboratories, Columbus, OH). An
EchoMRI-700 quantitative nuclear magnetic resonance (QMR) ana-
lyzer (Echo Medical Systems, Houston, TX) was used to measure
total fat mass and lean mass (not including skeletal mass) in the rats
at monthly intervals.

Surgical and Postsurgical Adaptation Procedures

Diet-induced obese rats (n � 92, 696 � 8 g body weight; 199 � 4 g
body fat; 279 � 11 days of obesity induction) were surgically
implanted with intraperitoneal catheters under isoflurane anesthesia
using procedures that were described previously (8). The intraperito-
neal catheters, which exited the skin in the dorsal cervical region,
were plugged with stainless steel wire and kept patent by flushing
weekly with 1 ml of normal saline. After surgery, rats were transferred
to a room with a 12:12-h light-dark cycle with lights off at 1100.
During the postsurgical recovery period, the animals had continued
access to both the Ensure and pelleted high-fat food. Rats were
allowed 3 wk to regain lost body weight. The animals were then fitted
with light-weight harnesses (IITC Life Science Inc., Woodlands, CA)
used for tethering to infusion swivels and were allowed an additional
3 wk to adapt to the harnesses.

Experimental Design

Rationale. In our previous study of the effects of chronic PYY(3-
36) administration in diet-induced obese rats (9), both Ensure and
high-fat powdered food were provided during the test period, vehicle-
treated rats gained weight and adiposity, and PYY(3-36) administra-
tion in a second group of matched obese rats produced a sustained
reduction in daily food intake, which only prevented weight gain and
fat deposition. In a subsequent 7-wk study of the effects of salmon
calcitonin administration in diet-induced obese rats (8), only the
high-fat powdered food was provided during the test period; vehicle-

treated obese rats maintained a relatively stable body weight and
adiposity during the test period, and none of 10 salmon calcitonin
dosing strategies administered to a second group of matched obese
rats produced a sustained reduction in daily food intake for more than
5 days, although body weight and adiposity in these rats were reduced
across the period by 9 and 22%, respectively. Here we used the latter
experimental approach to determine whether intermittent intraperito-
neal administration of PYY(3-36) can produce a similar sustained
�20% reduction in daily food intake in diet-induced obese rats when
body weight and adiposity are decreasing in response to PYY(3-36)
administration. Our goal was to define the lowest dose and frequency
of PYY(3-36) administration that would induce a sustained 15–25%
reduction in average daily food intake for at least 2 wk. A dosing
regimen was usually changed after observing two or more consecutive
days of daily food intake reductions either below or above this
criterion. We and others have provided evidence that PYY(3-36)
produces dose-dependent malaise in rodents (7, 19) and humans (12).
It is also well known that continuous or frequent administration of
high doses of agonists can produce receptor downregulation and
tolerance. This is why our goal was to define the lowest dose and
frequency of PYY(3-36) administration that can produce a sustained
decrease in daily food intake.

Experimental procedures. Of the 92 obese rats implanted with
peritoneal catheters, the 45 most weight-stable rats (708 � 10 g body
wt; 243 � 7 g body fat; 291 � 15 days of obesity induction) were
selected for experimentation. Each was housed individually in a
metabolism cage modified to include a stainless steel side compart-
ment with a 3-cm diameter hole in the base. Below the hole was a food
cup for powdered food. For 32 of these rats, the food bowl was fixed
to a digital balance, which was connected to a computer through a
code-activated switch (CAS-161; Western Telematic, Irvine, CA).
Output from each balance was monitored at �20-s intervals, and
changes in food container weight were recorded. Data were processed
daily to determine the amount of food ingested each hour, and total
food intake cumulated hourly. For the other 13 animals, daily food
intake was determined by manually weighing the food container at the
start and end of each day. Thus, daily food intakes were measured in
all 45 rats and cumulative hourly intakes were determined each day in
32 of the 45 rats.

Each rat had its intraperitoneal catheter connected to a 40-cm
length of tubing passed through a protective spring coil connected
between the light-weight harness worn by the rat and a single-channel
infusion swivel (Instech Laboratories, Plymouth Meeting, PA), which
allowed free movement of each rat in its individual cage. Rats were
provided powdered high-fat solid food (45% calories from fat, 4.73
kcal/g, D12451M; Research Diets) and water each day from 1100 to
0800 the next morning (dark period was from 1100–2300). Experi-
mental setup and routine maintenance were performed each day
between 0800 and 1100. Animals were allowed an additional 2 wk to
adapt to tethering and experimental conditions. During an initial
10-day baseline period, all rats received an intraperitoneal infusion of
vehicle (0.15 M NaCl, 0.1% BSA; 0.9 ml/h) during intervals 0–3 and
6–9 h of the dark period (1100–1400 and 1700–2000, respectively).
Rats were weighed at the beginning and end of the baseline period,
and their total body fat was determined by QMR at the end of the
baseline period. Animals were then divided into two groups, one to
receive vehicle and the other, PYY(3-36). Groups were matched for
average daily caloric intake during the last 3 days of the baseline
period, weight gain during the baseline period, and body weight and
fat mass at the end of the baseline period. Groups to receive vehicle
(n � 23) and PYY(3-36) (n � 22) had distributions of body weight
(661 � 17 vs. 670 � 11 g), fat mass (161 � 12 vs. 170 � 7 g), lean
mass (415 � 6 vs. 414 � 7 g), weight gain during the baseline period
(�9 � 4 vs. �8 � 3 g), and average daily food intake (16.0 � 0.6 vs.
16.4 � 0.6 g) that were not statistically different (P � 0.05, Fig. 1A).
Cumulative hourly food intakes in these groups on the last day of the
baseline period (day �1) were also not different (Fig. 2).
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On the 1st day of treatment, PYY(3-36) was infused intraperitone-
ally at 17 pmol �kg�1 �min�1 (680 pmol/h) during intervals 0–3 and
6–9 h of the dark period. We previously determined that this dosing
regimen produced a sustained reduction in daily caloric intake and
prevented weight gain in diet-induced obese rats consuming both the
high-fat solid diet and Ensure (9). On subsequent days, dosing level
and/or pattern of PYY(3-36) administration was adjusted, as neces-

sary, in an attempt to define the lowest dose and frequency of
PYY(3-36) administration that would induce a sustained 15–25%
reduction in average daily caloric intake for � 2 wk, compared with
average daily food intake in rats administered vehicle at the same
infusion rate during the same intervals. We chose this 15–25%
criterion because we previously observed that intermittent PYY(3-36)
administration produced a sustained �20% inhibition of daily food
intake and prevented weight gain and fat deposition in growing lean
and obese rats. Our aim here was to determine whether intermittent
intraperitoneal administration of PYY(3-36) can still produce a sus-
tained reduction in daily food intake in diet-induced obese rats when
body weight and adiposity are decreasing in response to PYY(3-36)
administration. A dosing regimen was usually changed after observing
two or more consecutive days of daily food intake reductions either
below or above this 15–25% criterion for reduction in daily food
intake. We tested the effects of 15 different PYY(3-36) dosing
regimens during the 9-wk period (Fig. 1). On five different occasions,
PYY(3-36) treatment was discontinued for 1 day to assess whether
loss in efficacy of a treatment might be due to receptor downregula-
tion and tolerance to PYY(3-36) administration or activation of a
homeostatic response to counteract the inhibitory effect of PYY(3-36)
on food intake and energy reserves. Rats were weighed weekly and
their body fat was measured by QMR at the end of the 9-wk period.
During the experiment, three vehicle-treated rats and seven PYY(3-36)-
treated rats were removed due to catheter malfunction (6 rats) and
illness or distress (4 rats).

Statistical Analyses

Values are presented as group means � SE. Data were analyzed by
ANOVA. Planned comparisons of treatment means were evaluated by
Student’s t-tests and paired t-tests. Differences were considered sig-
nificant if P � 0.05.

RESULTS

Effects of Intermittent Intraperitoneal Infusion of PYY(3-36)
on Food Intake, Body Weight, and Adiposity in Diet-Induced
Obese Rats

In vehicle-treated rats, daily food intake remained relatively
constant across the 9-wk period (Fig. 1A). In the 20 vehicle-
treated rats completing the study, body weight, fat mass, and
lean mass did not change from the beginning to the end of this
period (body wt: 643 � 17 vs. 656 � 19 g; fat: 154 � 10 vs.
148 � 13 g; lean: 416 � 7 vs. 418 � 7 g).

Our goal was to define the lowest dose and frequency of
PYY(3-36) administration that would induce a sustained 15–
25% reduction in average daily food intake for at least 2 wk. A
dosing regimen was usually changed after observing two or
more consecutive days of daily food intake reductions either
below or above this criterion. Responses to the various dosing
regimens were as follows. On days 1–4, PYY(3-36) was
administered by infusion at 680 pmol/h during intervals 0–3

Fig. 1. Effects of intermittent intraperitoneal infusions of peptide YY(3-36)
[PYY(3-36)] on daily food intake in diet-induced obese rats that had ad libitum
access to a high-fat solid food. A: during a 10-day baseline period (days �10 to
�1) rats (n � 45) received intraperitoneal infusions of vehicle during intervals 0–3
and 6–9 h of the dark period. During the 9-wk treatment period, separate groups
of rats received intraperitoneal infusions during the same periods of either vehicle
(n � 19–23) or PYY(3-36) (n � 13–20) at 15 different dosing regimens. Dotted
lines border a range in food intake that is 15–25% less than that observed in
vehicle-treated control rats. B: dosing regimens. Some dosing regimens employed
a loading dose of PYY(3-36) administered just before food presentation at the
onset of the dark period (time 0). Values are means � SE. *P � 0.05, †P � 0.01,
‡P � 0.001 vs. vehicle.
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Fig. 2. Effects of intermittent intraperitoneal
infusions of PYY(3-36) on cumulative
hourly food intake in diet-induced obese rats
during the last day of the baseline period
(day �1) and first 9 days of PYY(3-36)
treatments. Data are from the experiment
described in Fig. 1. Time 0, start of 12-h dark
period. Horizontal bars indicate periods of
infusion. Values are means � SE. *P �
0.05, †P � 0.01, ‡P � 0.001 vs. vehicle.
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and 6–9 h of the dark period (Fig. 1B, regimen a); food intakes
were reduced by 19, 26, 37 and 42%, respectively, compared
with those of vehicle-treated rats (Figs. 1A and 2; Table 1). The
second interval of PYY(3-36) infusion inhibited food intake at
least as well as the first interval of infusion. On day 5,
PYY(3-36) dose was reduced to 400 pmol/h during intervals
0–3 and 6–9 h of the dark period to determine whether a lower
dose would produce a sustained 15–25% reduction in daily
food intake (Fig. 1B, regimen b). Food intakes on days 5 and
6 were reduced by 31 and 40%, respectively (Figs. 1A and 2).
On day 7, the PYY(3-36) dose was reduced to 240 pmol/h
during intervals 0–3 and 6–9 h of the dark period to determine
whether a lower dose would produce a sustained 15–25%
reduction in daily food intake (Fig. 1B, regimen c). Food
intakes on days 7–9 were reduced by 21, 13, and 14%,
respectively (Figs. 1A and 2). PYY(3-36) infusion similarly
inhibited food intake during infusion intervals on each day. In
contrast, food intake between infusion intervals gradually in-
creased during the 3-day period in the PYY(3-36)-treated vs.
control rats (Table 1). On day 10, an additional 3-h infusion of
PYY(3-36) at 240 pmol/h was introduced during interval
12–15 h in an attempt to attenuate this increase in food intake
(Fig. 1B, regimen d). Food intakes on days 10–14 were
reduced by 24, 24, 16, 23, and 18%, respectively; intake on day
15 was not different from that observed in control rats, and

intake on day 16 was reduced by 14% (Figs. 1A and 3). During
the 7-day period, food intake during and between infusion
intervals appeared to gradually increase relative to that in
control rats (Table 1).

On day 17, PYY(3-36) treatment was replaced with vehicle
(Fig. 1B, regimen e). Food intake in rats that had been receiv-
ing PYY(3-36) was not different from that in control rats, yet
intake was 24% greater than that observed in the same animals on
the previous day when PYY(3-36) was administered (Figs. 1A and
3). This rebound in food intake, which occurred primarily
during intervals of infusion (Table 1), indicates that PYY(3-36)
had not lost its efficacy during the previous dosing regimen,
but that an orexigenic mechanism had been activated to coun-
teract the inhibitory effect of PYY(3-36) on food intake. On
day 18, PYY(3-36) was administered using the same dosing
regimen as employed on days 10–16 (Fig. 1B, regimen f).
PYY(3-36) reduced 24-h food intake by 29% (Figs. 1A and 3)
by decreasing food intake during infusion intervals (Table 1).
Thus, an intervening day of no treatment restored the inhibitory
potency of the dosing regimen on food intake.

On day 19, PYY(3-36) infusion rate remained the same (240
pmol/h) and infusion intervals were changed to six 2-h inter-
vals of infusion each separated by 2 h of no infusion in an
attempt to attenuate the increase in food intake that had
developed between infusion intervals when the interinfusion

Table 1. Effects of PYY(3-36) dosing regimens on grams of food consumed in specified periods

Day Dose Regimen

24 h 1st 3 h Infusion Periods Noninfusion Periods

Veh PYY Veh PYY Veh PYY Veh PYY

�1 15.9 16.6 7.2 7.3 8.5 9.4 7.3 7.3
1 a 16.2 13.0‡ 6.9 4.9 8.6 5.9† 7.7 6.9
2 a 16.3 12.3‡ 6.5 4.5† 7.9 5.7† 8.4 6.5*
3 a 16.0 10.3‡ 7.1 4.1‡ 9.2 4.6‡ 6.8 5.7
4 a 16.7 10.0‡ 7.3 3.6‡ 9.5 4.0‡ 7.1 6.0
5 b 16.4 11.5‡ 6.7 3.5‡ 8.3 4.3‡ 8.1 7.2
6 b 16.8 10.5‡ 7.4 3.0‡ 9.3 3.4‡ 7.5 7.1
7 c 16.4 13.0† 6.6 3.5† 8.9 5.1† 7.5 7.9
8 c 16.2 14.0* 7.0 4.1‡ 9.0 5.4‡ 7.2 8.6
9 c 17.1 14.9† 7.2 3.7‡ 9.3 5.0‡ 7.8 9.9†

10 d 16.9 12.9‡ 7.3 4.3‡ 10.1 6.2‡ 6.8 6.6
11 d 17.0 13.0‡ 7.4 4.3‡ 10.4 6.2‡ 6.6 6.8
12 d 16.6 13.9† 6.5 4.2‡ 9.2 6.2‡ 7.3 7.7
13 d 16.7 13.0‡ 7.1 4.0‡ 9.3 5.6‡ 7.4 7.5
14 d 16.5 13.9* 5.8 4.4* 8.7 6.6* 7.8 7.3
15 d 16.2 14.7 6.3 4.7† 9.6 6.8† 6.5 7.8
16 d 17.2 15.1* 7.4 4.7‡ 10.6 7.0‡ 6.6 8.1
17 e 17.2 18.7 7.4 6.9 10.0 10.4 7.2 8.3
18 f 18.1 13.2‡ 7.6 4.5‡ 10.2 5.9‡ 7.9 7.3
19 g 18.0 14.6† 7.2 5.2* 10.9 7.3‡ 7.2 7.3
20 g 18.8 14.7‡ 7.6 5.5* 10.0 7.2* 8.8 7.5
21 g 17.6 14.8† 6.0 5.8 10.6 6.6‡ 7.0 8.3
22 g 17.8 16.0* 7.3 5.7 11.8 9.9 6.0 6.0
23 h 17.8 17.0 7.1 6.6 11.2 9.4 6.6 7.6
24 h 17.8 15.8* 7.4 5.4* 11.3 7.5‡ 6.6 8.2
25 i 18.1 16.2* 6.8 5.5 11.3 9.7 6.9 6.5
26 i 17.9 16.8 7.5 6.2 11.8 9.6 6.1 7.2
27 j 18.2 15.0† 7.6 6.3 12.1 9.2† 6.1 5.8
28 j 17.1 13.5‡ 6.9 4.2† 11.5 7.0‡ 5.6 6.5
29 j 18.0 14.4‡ 7.6 5.2‡ 13.1 8.3‡ 5.0 6.0
30 j 18.8 16.5* 7.0 6.3 12.7 9.2† 6.1 7.3
31 j 18.1 15.7* 7.2 5.8 11.6 9.7* 6.5 6.0
32 k 19.1 21.4* 7.0 9.5* 11.9 14.2* 7.1 7.2
33 l 18.3 14.8‡ 6.8 5.6* 11.1 8.0† 7.2 6.8

Values are means. Data presented are from the first 33 days of the 9-week experiment. Dosing regimens are as described in Fig. 1. Veh, vehicle: PYY(3-36),
peptide YY (3-36). *P � 0.05, †P � 0.01, ‡P � 0.001 vs. vehicle.
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Fig. 3. Effects of intermittent intraperitoneal
infusions of PYY(3-36) on cumulative
hourly food intake in diet-induced obese rats
during days 10–18 of PYY(3-36) treatments.
Data are from the experiment described in
Fig. 1. Time 0, start of 12-h dark period.
Horizontal bars indicate periods of infusion.
Values are means � SE. *P � 0.05, †P �
0.01, ‡P � 0.001 vs. vehicle.
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interval was 3 h (Fig. 1B, regimen g). [Because of the sheer
volume of daily food intake data produced during the 9-wk
study, cumulative hourly intakes are not shown for days 19 to
64.] Food intakes on days 19–22 were reduced by 21, 24, 16,
and 11%, respectively (Fig. 1A). On days 21 and 22 food
intakes during the first 3 h of the dark period were reduced only
slightly by PYY(3-36) infusion, and on day 22 food intakes
during infusion intervals were not reduced (Table 1). Thus, on
day 23, an 80-pmol loading dose of PYY(3-36) was adminis-
tered just prior to onset of the dark period to elevate tissue
levels of PYY(3-36) more quickly at dark onset, when feeding
is most active (Fig. 1B, regimen h). Food intake on day 23 was
not significantly reduced, while that on day 24 was reduced by
15% (Fig. 1A). These results suggested that frequent PYY(3-
36) administration may have produced receptor downregula-
tion and tolerance. On day 25, infusion intervals were changed
to four 3-h infusions each separated by 3 h (Fig. 1B, regimen
i). Food intake was reduced by 13% on day 25 and not
significantly reduced on day 26 (Fig. 1A). These results sug-
gested that this dosing paradigm caused either receptor down-
regulation and tolerance or further activation of an orexigenic
mechanism to counteract the anorexic response to PYY(3-36).

On day 27, the PYY(3-36) loading dose was increased to
130 pmol, the PYY(3-36) infusion rate was increased to 400
pmol/h, and infusion intervals were kept the same (four 3-h
infusions separated by 3 h; Fig. 1B, regimen j). Food intakes on
days 27–31 were reduced by 19, 24, 23, 14, and 14%, respec-
tively (Fig. 1A). The gradual loss in PYY(3-36) efficacy
appeared to be due to a gradual loss in efficacy during infusions
(Table 1). On day 32, PYY(3-36) treatment was again replaced
with vehicle (Fig. 1B, regimen k). Food intake in rats that had
been receiving PYY(3-36) was 12% larger than in control rats,
and 40% greater than that observed in the same animals on the
previous day when PYY(3-36) was administered (Fig. 1A).
This rebound in food intake during the 1-day washout, which
occurred primarily during infusion intervals (Table 1), indi-
cates that PYY(3-36) had not lost its efficacy during the
previous dosing regimen but that an orexigenic mechanism had
been activated to counteract the inhibitory effect of PYY(3-36)
on food intake. On day 33, PYY(3-36) was administered using
the same strategy as employed on days 27–31 (Fig. 1B,
regimen l). PYY(3-36) reduced 24-h food intake by 21% (Figs.
1A) by decreasing food intake during infusion intervals (Table
1). Thus, an intervening day of no treatment was sufficient to
restore the anorexic potency of the dosing regimen.

On day 34, loading dose and PYY(3-36) infusion rate (130
pmol and 400 pmol/h) remained the same, while infusion
intervals were changed to 0–4, 6–10, 12–15, and 18–21 h
(Fig. 1B, regimen m). The longer infusion intervals and shorter
interinfusion interval during the dark period were chosen to
minimize possible compensatory hyperphagia between infu-
sions. Food intakes on days 34 and 35 were reduced by 21 and
11%, respectively, while intakes on days 36 and 37 were not
different from controls (Fig. 1A). On day 38, PYY(3-36)
treatment was again replaced with vehicle (Fig. 1B, regimen n).
Food intake in rats that had been receiving PYY(3-36) was
17% larger than in control rats and 17% greater than that
observed in the same animals on the previous day when
PYY(3-36) was administered (Fig. 1A). This rebound in food
intake during the 1-day washout indicates that PYY(3-36) had
not lost its efficacy during the previous dosing regimen but that

an orexigenic mechanism had been activated to counteract the
inhibitory effect of PYY(3-36) on food intake.

On day 39, loading dose and PYY(3-36) infusion rate (130
pmol and 400 pmol/h) remained the same, while infusion
intervals were changed to eleven 1-h intervals, each separated
by 1 h of no infusion (Fig. 1B, regimen o). This dosing regimen
was tested because we previously showed that a similar regi-
men in lean rats produced a sustained suppression in daily food
intake for 10 days (5). Food intakes on days 39 and 40 were not
different from controls (Fig. 1A). On day 41, infusion intervals
were changed to 0–3, 5–8, 10–13, 15–18, and 20–21 h (Fig.
1B, regimen p). Food intake on day 41 was reduced by 13%,
while intake on day 42 was not different from controls (Fig.
1A). These results suggested that the frequent PYY(3-36)
infusions may have produced receptor downregulation and
tolerance or further activation of an orexigenic mechanism to
counteract the anorexic response to PY(3-36).

On day 43, the PYY(3-36) loading dose was increased to
220 pmol, the PYY(3-36) infusion rate was increased to 680
pmol/h, and infusion intervals were changed to four 3-h inter-
vals each separated by 3 h of no infusion (Fig. 1B, regimen q).
Food intakes on days 43–47 were reduced by 17, 19, 23, 15,
and 17%, respectively, while intakes on days 48 and 49 were
not different from controls (Fig. 1A). The loss in PYY(3-36)
efficacy across days appeared to be due to a loss in efficacy
during infusions (data not shown). On day 50, PYY(3-36)
treatment was again replaced with vehicle (Fig. 1B, regimen r).
Food intake in rats that had been receiving PYY(3-36) was
16% larger than in control rats, and 17% greater than that
observed in the same animals on the previous day when
PYY(3-36) was administered (Fig. 1A). This rebound in food
intake during the 1-day washout, which occurred primarily
during infusion intervals (data not shown), indicates that
PYY(3-36) had not lost its efficacy during the previous dosing
regimen, but that an orexigenic mechanism had been activated
to counteract the inhibitory effect of PYY(3-36) on food
intake.

On day 51, PYY(3-36) was administered at a loading dose of
220 pmol and at an infusion rate of 680 pmol/h during intervals
of 0–3, 5–8, 10–13, 15–18, and 20–21 h (Fig. 1B, regimen s).
Food intakes on days 51 and 52 were reduced by 25 and 21%,
respectively, while intakes on days 53 and 54 were not differ-
ent from controls (Fig. 1A).

On day 55, the PYY(3-36) loading dose was increased to
400 pmol, the PYY(3-36) infusion rate was increased to 1,200
pmol/h, and infusion intervals were changed to four 3-h inter-
vals each separated by 3 h of no infusion (Fig. 1B, regimen t).
Food intakes on days 55 and 56 were not different from
controls (Fig. 1A). On day 57, the PYY(3-36) loading dose was
increased to 730 pmol and the PYY(3-36) infusion rate was
increased to 2,200 pmol/h, while infusion intervals were kept
the same (Fig. 1B, regimen u). Food intakes on days 57 and 59
were reduced by 21 and 22%, respectively, while intakes on
days 58, 60, 61, and 62 were not different from controls (Fig.
1A). On day 63, PYY(3-36) treatment was again replaced with
vehicle (Fig. 1B, regimen v). Food intake in rats that had been
receiving PYY(3-36) was 55% larger than in control rats, and
51% greater than that observed in the same animals on the
previous day when PYY(3-36) was administered (Fig. 1A).
This large rebound in food intake during the 1-day washout,
which occurred primarily during infusion intervals (data not

R455PYY(3-36), FOOD INTAKE, AND ADIPOSITY

AJP-Regul Integr Comp Physiol • VOL 295 • AUGUST 2008 • www.ajpregu.org

 at E
B

S
C

O
 on A

pril 17, 2013
http://ajpregu.physiology.org/

D
ow

nloaded from
 

http://ajpregu.physiology.org/


shown), indicates that PYY(3-36) had not lost its efficacy
during the previous dosing regimen but that a potent orexigenic
mechanism had been activated to counteract the inhibitory
effect of PYY(3-36) on food intake. On day 64, PYY(3-36)
was administered using the same strategy as employed on days
57–62 (Fig. 1B, regimen w), and food intake was reduced by
21% (Fig. 1A). Thus, an intervening day of no treatment was
sufficient to restore the anorexic potency of the dosing regi-
men.

At the end of the 9-wk experiment, body weight, fat mass,
and lean mass in the 20 vehicle-treated rats completing the
study was unchanged from the beginning to the end of the
experiment (body wt: 643 � 17 vs. 656 � 19 g; fat mass:
154 � 10 vs. 148 � 13 g; lean mass: 416 � 7 vs. 418 � 7 g).
In contrast, in the 15 PYY(3-36)-treated rats completing the
study, body weight was reduced by 12% from 672 � 15 to
594 � 15 g (P � 0.001; Fig. 4), fat mass was reduced by 43%
from 169 � 9 to 96 � 7 g (P � 0.001), and lean mass was
unchanged (407 � 8 vs. 419 � 7 g, P � 0.05).

DISCUSSION

We previously reported that in lean rats intermittent intra-
venous infusion of PYY(3-36) for 10 days produced a sus-
tained reduction in daily caloric intake of �20%, and pre-
vented weight gain (5). We subsequently reported that in
diet-induced obese rats consuming two palatable foods inter-
mittent intraperitoneal infusion of PYY(3-36) for 21 days
produced a similar sustained reduction in daily food intake and
prevented weight gain and fat deposition (9). The goal in
treating obese humans, however, is reducing body weight and
adiposity, not just preventing weight gain and fat deposition.
Our aim here was to determine whether intermittent intraperi-
toneal administration of PYY(3-36) can produce a similar
sustained reduction in daily food intake in diet-induced obese
rats when body weight and adiposity are decreasing in response
to administration of the substance.

Our results demonstrate several important properties of the
effects of intermittent intraperitoneal administration of PYY(3-36)

on food intake, body weight, and adiposity in the diet-induced
obese rats. First, vehicle-treated obese rats had relatively stable
food intake, body weight, and adiposity during the 9-wk test
period. Second, none of the 15 PYY(3-36) dosing regimens
administered in succession during the 9-wk period produced a
sustained 15–25% reduction in daily food intake for more than
5 days, although body weight and total fat mass were reduced
across the period by 12 and 43%, respectively. Third, the
declining inhibitory effect of PYY(3-36) on daily food intake
when the interinfusion interval was � 3 h appeared to be due
in part to an increase in food intake between infusions. Fourth,
the declining inhibitory effect of PYY(3-36) on daily food
intake when interinfusion interval was � 3 h suggested possi-
ble receptor downregulation and tolerance to frequent PYY(3-
36) administration; however, food intake significantly in-
creased when PYY(3-36) treatments were discontinued for 1
day following apparent loss in treatment efficacies. These
results demonstrate the development of a potent homeostatic
response to increase food intake when PYY(3-36) reduces food
intake and energy reserves in diet-induced obese rats. They
further suggest that reducing body weight and adiposity is
more difficult to accomplish than attenuating weight gain and
fat deposition.

The inability of intermittent infusion of PYY(3-36) to pro-
duce a sustained reduction in daily food intake in the present
study, similar to that observed in our previous studies in lean
(5) and diet-induced obese rats (9), is not likely due to differ-
ences in dosing regimens tested. In our previous work using
lean rats, a daily PYY(3-36) dose of 20 nmol/kg was given as
eleven 1-h infusions (1.8 nmol �kg�1 �h�1) each separated by
1 h. In our previous study using obese rats, daily doses of
PYY(3-36) from 4 to 11 nmol/kg were given during the dark
period as two 3-h infusions (0.6 to 1.8 nmol �kg�1 �h�1) sepa-
rated by 3 h. In the present study in weight-stable obese rats,
daily doses of PYY(3-36) from 2 to 40 nmol/kg were admin-
istered at rates of 0.36 to 3.3 nmol �kg�1 �h�1 at various
frequencies (Fig. 1B), which included those used in our previ-
ous studies.

No previous study has demonstrated that chronic adminis-
tration of PYY(3-36) can produce a sustained reduction in food
intake, body weight, and adiposity in animals or humans.
Several studies have shown that continuous administration of
PYY(3-36) to rodents by osmotic minipump produces a tran-
sient reduction in daily food intake and weight gain (1, 29, 34,
36, 37). Continuous infusion of other anorexigenic substances
has also been reported to produce transient reductions in daily
food intake (10, 13, 22–24, 26, 28, 32). It is unclear from these
studies whether transient responses were due to receptor down-
regulation and tolerance or redundancy and plasticity in the
energy regulatory system. Our earlier studies employing inter-
mittent delivery of PYY(3-36) to lean and obese rats (5)
suggest that transient feeding responses to continuous infusion
of PYY(3-36) were due in part to receptor downregulation and
tolerance. Here we provide evidence that transient feeding
responses to intermittent PYY(3-36) administration in mature,
weight-stable obese rats were likely due to redundancy and
plasticity in the energy regulatory system, rather than to down-
regulation of PYY(3-36) receptors. This is supported by our
finding that food intake significantly increased on each of five
occasions when PYY(3-36) treatments were discontinued for
1 day following apparent loss in treatment efficacies. If loss of

Fig. 4. Effects of intermittent intraperitoneal infusions of PYY(3-36) on body
weight in diet-induced obese rats. Data are from the experiment described in
Fig. 1. Values are means � SE for the vehicle-treated rats (n � 20) and the
PYY(3-36)-treated rats (n � 15) completing the study. ‡P � 0.001 vs. day 0
value within same treatment group.
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PYY(3-36) receptors was primarily responsible for loss in
PYY(3-36) efficacy, then discontinuing PYY(3-36) treatment
should have had little, if any, effect on food intake. Rather, our
results suggest that a potent homeostatic mechanism was acti-
vated to increase food intake when PYY(3-36) treatments
reduced food intake and energy reserves. A similar mechanism
may have been activated to offset salmon calcitonin’s potent
inhibitory effect on food intake in our recent study (8). The
nature of this mechanism remains to be determined. One
possibility is that early PYY(3-36)-induced reductions in daily
food intake and adiposity elicit a delayed compensatory re-
sponse to restore energy balance mediated by a reduction in
leptin signaling to the brain (2, 15). In lean rats, coinfusion of
leptin has been reported to extend the anorexic response to
continuous infusion of PYY(3-36) (35). It remains to be
determined whether intermittent coadministration of leptin
with either PYY(3-36) or salmon calcitonin can produce a
sustained reduction in daily food intake and adiposity in
diet-induced obese rats.

There is a growing consensus that multidrug therapy aimed
at different components of the food intake regulatory system
will be required to produce significant weight loss in obese
individuals (4, 11, 14, 16, 21, 33). Roth et al. (30) recently
reported that in rats prone to diet-induced obesity, continuous
coadministration of gastrointestinal peptides amylin and
PYY(3-36) for 2 wk synergistically reduced food intake and
additively reduced body weight across the treatment period.
However, data were reported only as vehicle-corrected per-
centage changes in food intake and body weight. Measure-
ments of absolute food intake, body weight, and adiposity
before and after treatments were not provided. Daily food
intakes also were not reported. So it is unclear whether subjects
were obese or whether treatments produced real weight and fat
loss, which would be important conditions and goals in human
trials. Rather, the data they do report suggest that 1) the
obesity-prone rats were preobese at start of treatments (rats
were �500 g), 2) vehicle-treated rats gained significant weight
during the treatment period (rats were provided free access to
an obesity inducing diet before and throughout drug treatment),
and 3) coadministration of amylin and PYY(3-36) likely only
attenuated weight gain. As discussed above, our work suggests
that it is easier to attenuate weight gain in lean and obese
individuals than to produce significant weight loss. Thus, we
believe that the experimental design and method of data re-
porting employed by Roth et al. (30) significantly overesti-
mated the ability of their test substances to inhibit food intake
and promote weight loss.

Perspectives and Significance

There is an extensive body of evidence indicating that a
sustained reduction in caloric intake in obese individuals will
produce steady weight loss. Thus, an important early step in
discovery of antiobesity drugs is defining methods of admin-
istration of anorexigenic agents that can produce a sustained
reduction in daily food intake and body weight in obese
experimental animals. We previously showed that infusion of
PYY(3-36) rapidly and potently suppresses food intake in rats.
In contrast, several days of PYY(3-36) administration would
likely be required to produce a measurable reduction in body
weight. Thus, monitoring the effects of specific PYY(3-36)

dosing strategies on daily food intake in diet-induced obese rats
enabled us to quickly rule out potentially ineffective strategies
for producing significant weight loss. Because we were able to
measure the instantaneous effects of dosing strategy on pattern
of food intake each day, we were able to adjust PYY(3-36)
dosing daily in the same animals in an attempt to optimize
reduction in daily food intake. This approach is not the only
way to test the effects of chronic administration of PYY(3-36)
on food intake and body weight, but it certainly is a rapid and
novel way to screen many possible dosing paradigms in the
same animals. Such an approach is commonly used in clinical
settings, in which dose and schedule of drug administration are
adjusted across time in individual patients in an attempt to
produce a desired response. Here we showed that none of the 15
dosing strategies tested in the obese rats during a 9-wk period
produced a sustained 15–25% reduction in daily caloric intake
for � 5 days, although body weight and adiposity were reduced
across the test period by 12 and 43%, respectively. Our results
further suggest that PYY(3-36)’s inability to sustain a reduction in
food intake is due to activation of a potent homeostatic response
to counteract PYY(3-36)’s inhibitory effect on food intake, rather
than to downregulation of receptors.
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