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Abstract

Food restriction induces a loss of body mass that is often followed by rapid regaining of the lost weight when the restriction
ends, consequently increasing a risk of development of obesity. To determine the physiological and behavioral mechanisms
underlining the regaining, striped hamsters were restricted to 85% of initial food intake for 4 weeks and refed ad libitum for
another 4 weeks. Changes in body mass, energy budget, activity, body composition and serum leptin level were measured.
Body mass, body fat mass and serum leptin level significantly decreased in food-restricted hamsters, and increased when
the restriction ended, showing a short “compensatory growth” rather than over-weight or obesity compared with ad libitum
controls. During restriction, the time spent on activity increased significantly, which was opposite to the changes in serum
leptin level. Food intake increased shortly during refeeding, which perhaps contributed to the rapid regaining of body mass.
No correlation was observed between serum leptin and energy intake, while negative correlations were found in hamsters
that were refed for 7 and 28 days. Exogenous leptin significantly decreased the time spent on activity during food restriction
and attenuated the increase in food intake during refeeding. This suggests that low leptin in restricted animals may function
as a starvation signal to induce an increase in activity behavior, and high leptin likely serves as a satiety signal to prevent
activity during refeeding. Leptin may play a crucial role in controlling food intake when the restriction ends, and

consequently preventing overweight.
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Introduction

Periods of restricted food intake induce a loss of body mass that
is often followed by rapid regaining of the lost weight when the
restriction ends, during which physiological regulations associated
with either energy intake or expenditure, or the both are reported
to be involved [1-8]. However, the results related to energy budget
and behaviors in response to food restriction and refeeding remain
controversial. For example, the energy spent for the rate of resting
metabolism (RMR) and activity behavior decreased in food-
restricted laboratory mice and rats [7,9,10]. In contrary, Siberian
hamsters (Phodopus sungorus) and other hamster species increased
activity associated foraging and food hoarding behaviors in
response to food shortage [11-15]. During refeeding, laboratory
rats regained body mass and fat mass, showing a “compensatory
growth” [2,3,16]. Some wild rodents also showed ““‘compensatory
growth”, but to much less extent compared with that observed in
laboratory animals [17]. This paradox may reflect different energy
strategy and behavioral patterns in wild animals from that in
laboratory rodents.

Leptin, the product of the 0b gene, is mainly expressed in
adipose tissue and plays important roles in the regulation of both
energy intake and expenditure [18-20]. It was reported that serum
leptin level reduced during food restriction and increased during
refeeding [5,6,17]. Leptin administration to food-restricted labo-
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ratory rats reduced food intake and prevented the regain of body
mass [20]. In addition, exogenous leptin inhibited food-depriva-
tion-induced increases in food intake and food hoarding in
Siberian hamsters [15]. These results make leptin to be a possible
candidate involved in the regulations of energy budget and
behavior in response to food restriction and refeeding in both
laboratory and wild animals.

The striped hamster (Cricetulus barabensis) is a major rodent in
northern China and is also distributed in Russia, Mongolia, and
Korea [6]. The hamsters feed on stems and leaves of plant during
summer and on foraging crop seeds in winter [6,21-23]. Thus the
species must experience great seasonal fluctuations in food quality
and availability [6]. Whereas, unlike other wild rodents, such as
Djungarian hamsters (Phodopus sungorus) [24,25], Brandt’s voles
(Lasiopodomys  brandtii) [26] and Mongolian gerbils  (Meriones
unguiculatus) [27], striped hamsters do not show significant changes
in body masses after being maintained in an outside enclosure over
a year (Zhao ZJ, unpublished data). We previously found a
significant decrease in body mass in stochastic food-restricted
hamsters, followed by a slower regaining of body mass during
refeeding than that in Swiss mice [28]. It suggests that striped
hamster, showing different patterns of body mass regulation from
both lab mice and other wild rodents, may become a potential
model that is suitable for studying the resistance to over-weight
when food restriction ends. In the present study, energy budget
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and activity behavior were measured in striped hamsters subjected
to a successive food restriction for four weeks and refeeding for
another four weeks. The effect of leptin supplement on energy
budget and activity behavior was examined during both food
restriction and refeeding. We hypothesized that regulations of
energy budget and activity behavior would be employed to cope
with the changes in food availability, but failing to regain the lost
weight when the restriction ended. Leptin might be involved in
changes in energy budget and activity, and consequently played a
key role in the resistance to over-weight in striped hamsters
experiencing food restriction and refeeding.

Materials and Methods

Ethics Statement

This study was in compliance with the Animal Care and Use
Committee of Liaocheng University. The experiment procedure
and protocol were approved by the Committee (Permit Number:

11-0219-011).

Animals and experiment protocol

Striped hamsters were obtained from a laboratory-breeding
colony started with animals that were initially trapped from
farmland at the center of Hebei province (115°13'E, 38°12’S),
North China Plain. Environmental temperature was kept constant
at 21£1°C with a 12 h: 12 h light: dark cycle (lights on at 0800 h).
Food (standard rodent chow; produced by Beijing KeAo Feed Co.)
and water were provided ad libitum. The macronutrient compo-
sition of the diet was 6.2% crude fat, 20.8% crude protein, 23.1%
neutral detergent fiber, 12.5% acid detergent fiber, and 10.0%
ash, and the caloric value is 17.5 kJ/g. Adult male hamsters, 4-5
months old, were singly housed in plastic cages (29x18x16 cm)
with fresh saw dust bedding for two weeks before the experiments.

Experiment 1: Effects of food restriction (FR) and
refeeding (Re) on body mass and food intake. Twenty four
male hamsters were assigned randomly into either control group
(Con, n=12) that animals were fed ad libitum for 8 weeks, or FR
and Re group (FR-Re, n=12) in which each hamster was
restricted to 85% of initial food intake for 28 days and refed ad
libitum for another 28-days. Body mass was measured every three
days and food intake was determined on a daily basis. Before
animals were restricted, food intake was calculated as the mass of
food missing from the hopper every day, subtracting orts mixed in
the bedding. Prior to the initiation of food restriction, initial food
intake for each animal was calculated as the average of daily food
intake over 7 days. Each hamster in FR-Re group was provided
with 85% of initial food intake only during FR period, making
food-restricted hamster had a 15% reduction of caloric intake.
Food was given the same time each day at 1900 h following body
mass measurements.

Experiment 2: Effects of FR and Re on behavior, energy
budget, body composition. Fifty six hamsters were assigned
randomly into one of the following 7 groups (=8 in each group):
controls that were fed ad libitum for 8 weeks; FR- d 1, FR-d 7 and
FR- d 28 groups, animals were restricted to 85% of initial food
intake for 1, 7 and 28 days, respectively; and Re-d 1, Re-d 7 and
Re-d 28 groups, during which animals were restricted to 85% of
initial food intake for 4 weeks and were then refed ad lLbitum for 1,
7 and 28 days, respectively. At the end of the experiment, behavior
observation was made, and RMR and energy budget were
measured.
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Behavior observation

Behavior observations were made in 4 hamsters from each
group over a day (24 h). Observations were performed using
computer-connected infrared monitors (SONY, 420 TV line) and
were automatically stored in computer, which were then subjected
to operator analysis. General activity included any active
movement such as walking around the cage and climbing on the
cage bars [29,30]. The time spent on activity was recorded and
expressed as min/h and min/24 h, respectively.

RMR

RMR was quantified as the rate of oxygen consumption, using a
computerized open-flow respirometry system (Sable system, USA).
Air was pumped at a rate of 750-850 ml/min through a
cylindrical sealed Perspex chamber at 29%0.5°C (within the
thermal neutral zone of this species, [23,31]. Gases leaving the
chamber were dried (silica gel) and sampled using an oxygen
analyzer at a flow rate of 150-175 ml/min. The data were
averaged and collected every 10s by a computer connected
analogue-to-digital converter (STD-UI2, Sable system), and
analyzed using a standard software (Sable system). RMR was
measured for 2.5 hours between 11: 00 and 17: 00, and calculated
from the lowest rate of oxygen consumption over 5 min, using the
equation: VOgy=Flow rateX(FiOy—FeOy)/(1—FiO4x(1—RQ)),
where FiO, is input fractional concentration of Oy to the
chamber; FeO, is excurrent fractional concentration of Oy from
the chamber; and RQ) is respiratory quotient [32]. Here, RQ was
assumed to be 0.85 [33,34]. RMR was then corrected to the
standard temperature and air pressure (STP) conditions.

Energy budget

Food was provided quantitatively, and the spillage of food
mixed with bedding and feces were collected from each cage over
the last 2 days in control, FR- d 7, FR- d 28, as well as Re-d 7 and
Re-d 28 groups, but over one day in FR- d 1 and Re-d 1 groups.
The spillage of food and feces were sorted and separated manually
after they were dried at 60°C to constant mass. Gross energy
contents of the diet and feces were determined using a Parr 1281
oxygen bomb calorimeter (Parr Instrument, Moline, IL, USA).
Gross energy intake (GEI), digestive energy intake (DEI), and
apparent energy assimilation efficiency (digestibility) were calcu-
lated as follows [35-38]:

GEI (kJ-d~ ") =food intake (g'd™")xdry matter content of the
diet (%)xenergy content of food (kJ-g~1);

DEI (kJ-d™ ") = GEI—(dry mass of feces (g-d™') xenergy content
of feces (k]-g~");

Digestibility (%) =DEI/GEIx100%.

Serum leptin levels

Animals were euthanized by decapitation between 0900 and
1100 h on the day next to RMR measurements. Trunk blood was
collected for serum leptin measurements. Serum leptin level was
quantified by radio-immunoassay (RIA) using the Linco '*I
Multi-species Kit (Cat. No. XL-85K, Linco Research Inc.),
following the standard kit instructions. The lower and upper
limits of the assay kit were 1 and 50 ng/ml, and the inter- and
Intra-assay variations were <3.6% and 8.7%, respectively.

Body composition

After trunk blood was collected, the gastrointestinal tracts were
separated, and liver, heart, lung, spleen pancreas and kidneys were
also removed. The remaining carcass (including the brain, but
excluding the thyroid and urinary bladder) was weighed (to
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0.001 g) to determine wet mass, dried in an oven at 60°C for 10
days to a constant mass, and then weighed (to 0.001 g) again to
determine dry mass. Total body fat was extracted from the dried
carcass by ether extraction in a Soxhlet apparatus [37,38].

Experiment 3: Effect of leptin supplement on food intake
and behavior during FR and Re. Sixteen hamsters were
randomly assigned into one of the four groups: Ad-PBS, hamsters
that were fed ad libitum and treated with PBS; Ad-leptin, Ad
hamsters that were treated with leptin; FR-PBS, FR hamsters that
were treated with PBS; FR-leptin, FR hamsters that were treated
with leptin. Animals were fed ad lbitum for 14 days in Ad groups.
FR hamsters were restricted to 85% of initial food intake for 10
days, and then refed ad libitum for 4 days. On day 8, hamsters were
anesthetized with isoflurane and implanted subcutaneously on the
dorsal side with a miniosmotic pump (Alzet model 1007D;
capacity, 100 pl; release rate, 0.5 pl/h; duration, 7 days; Durect,
Cupertino, CA) containing either recombinant murine leptin
(100 pg dissolved in 100 pl phosphate-buffered saline [PBS],
purchased from Peprotech, USA) or PBS. Body mass and food
intake were measured daily according the method mentioned in
experiment 1. Activity observation was performed as described in
experiment 2 and the time spent on activity was recorded and
expressed as min/24 h. Animals were euthanized by decapitation
and trunk blood was collected for serum leptin measurements as
the same methods mentioned in “Serum leptin levels”.

Statistics

Data were expressed as the means * SE and analyzed using
SPSS 13.0 statistic software. Experiment 1, changes in body mass
and food intake throughout FR and Re period were analyzed
using repeated one-way ANOVA measurements, and differences
between the two groups on any day points were examined using
independent #tests. Experiment 2, differences in activity behavior,
RMR, energy budget, serum leptin levels and body composition
between the seven groups were examined using one-way ANOVA
or ANCOVA with body mass or carcass mass as a covariate,
followed by Tukey’s HSD post-hoc tests where appropriate.
Experiment 3, body mass change throughout the experiment was
examined using repeated measurements. Differences in body mass
change, food intake and activity on any day points as well as serum
leptin levels were examined using two-way ANOVA (IR xleptin),
followed by Tukey’s HSD post-hoc tests where required.
Correlations of leptin with fat content and gross energy intake
were examined using a Pearson correlation analyses. The level of
significance was set at P<0.05.

Results

Effects of food restriction (FR) and refeeding (Re) on body
mass and food intake

Food intake. Food intake was not different between Con and
FR-Re groups prior to the experiment (d 0, #&; =0.16, P>0.03,
Fig. 1A). There were no changes in food intake throughout the
experiment in Con group (d 1-56, Fs5 05 = 0.62, P>0.05), while
significant changes were observed in FR-Re group (d 1-56,
Fs5550=13.81, P<0.01). During restriction, FR-Re animals were
provided with 85% of initial food intake only, which was lower
than that of control animals (d 1, %;=2.20, P<0.05, d 28,
lo; =2.22, P<<0.05). During refeeding, FR-Re animals consumed
more food than control animals (d 29, Con, 4.0£0.2 g/d, FR-Re,
5.3%0.5 g/d, 15, =2.71, P<0.05), whereas food intake was not
statistically different between the two groups on day 30 and
thereafter (d 30, &, =1.53, P>0.05, d 56, t,; =1.10, P>0.05,
Fig. 1A).

PLOS ONE | www.plosone.org

Energy Budget, Behavior and Leptin in Hamsters

A «==¢---Con —e—FR-Re
7 -
%
6 -
=) x
=2 5L
(]
= 4 I'O..‘O""i.\i'o:."o*'o" ‘
=4
S
w 3 F
2

o
&
1
*
*

Body mass (g)
3

0 6 12 18 24 28 34 40 46 52 56

Days

Figure 1. Food intake (A) and body mass (B) in striped
hamsters. Con, hamsters that were fed ad libitum; FR-Re, hamsters
that were restricted to 85% of initial food intake for 28 days and refed
ad libitum for another 28 days. Values are means =+ SE. Asterisks denote
statistically significant differences between Con and FR-Re groups at
the same period of time; *, P<<0.05 and **, P<<0.01.
doi:10.1371/journal.pone.0054244.g001

Body mass. There was no difference in body mass between
Con and FR-Re groups before the experiment started (d O,
o) =0.21, P>0.05, Fig. 1B). Control hamsters increased their
weight from 33.120.9 g on day 0 to 34.4*1.2 g on day 56 (days
0-56, Fyg 900 = 6.75, P<<0.05). Body mass significantly decreased in
FR-Re animals during restriction, which decreased by 16% on day
18 compared with on day 0 (days 1-18, Fg 0 =41.52, P<0.01),
and then lowered to a minimum of around 27 g between days 21
and 28. On the first few days of refeeding, body mass shortly
increased in FR-Re groups (days 34-56, Fygo=7.40, P<0.01).
FR-Re animals showed lower body mass than control animals on
day 6 till day 34 (d 6, to; =2.39, P<0.05, d 34, {; =2.05, P<0.05).
Body mass was not statistically different between the two groups
on day 37 and thereafter (d 37, to; = 1.63, P>0.05, d 56, £, = 0.80,
P>0.05, Fig. 1B).

Effects of FR and Re on behavior, energy budget, body
composition

Activity. Activity behavior usually occurred during the dark
phase in control hamsters, while during the day phase they spent
almost all the time on the rest (Fig. 2). During food restriction, FR-
Re hamsters spent significantly more time on activity both during
the dark and the light phase than controls. During refeeding, FR-
Re hamsters still showed high activity behavior on day 1 (Re d 1),
whereas they decreased the time spent on activity on day 7 (Re d
7) and thereafter. Activity behavior was affected by FR-Re
(Fs,07=6.27, P<0.01, Fig. 3A), by which FR-Re animals spent
more time on activity during food restriction than controls (post
Hoc, P<0.05). On day Re 28, the time spent activity was

January 2013 | Volume 8 | Issue 1 | e54244



Dark Lighl

40 -
OCon
20
0 T T 1T rrrmr rvr 7T T 7T 1T T 17T 17 17T 1T 17T 1T 1171
40 -
O FR-d1
20
0 T rrTrrrrr T T T T T T T T T rTrTd
40 -
_ B FR-d7
= 20 4
=
=
;; 0
= 40 -
B WFR-d28
s 20
NS VW
2 o-
g 40 -
iz £ Re-di
20
0 T ::IE'I T T .‘Izb:ll:l. ‘I. T l 1
40 -

B Re-d28

e
rrTrrrrrri

16:00 20:00 0:00 4:00 8:00 12:00

Time

Figure 2. Activity patterns in striped hamsters. Con, hamsters
that were fed ad libitum. FR-d 1, FR-d 7, FR-d 28, hamsters that were
restricted to 85% of initial food intake for 1, 7 and 28 days; Re-d 1, Re-d
7 and Re-d 28, hamsters that were restricted to 85% of initial food
intake for 28 days and refed ad libitum for 1, 7 and 28 days, respectively.
Values are average from four animals in each group.
doi:10.1371/journal.pone.0054244.g002

significantly less in FR-Re group than controls (Re d 28, post Hoc,
P<0.05, Fig. 3A).

RMR. FR-Re had a significant effect on RMR when
expressed either per mouse (mlOy/h, Fg45=2.53, P<0.05,
Fig. 3B) or per gram body mass (mlOg/g ¢ h, Fg49=3.28,
P<0.01, Fig. 3C). RMR in FR-d 7 group was higher by 20% and
36% than controls when expressed per mouse and per weight,
respectively (post hoc, P<0.05), while it was not statistically
different between FR-d 28 group and controls (post hoc, P>0.05).
During refeeding, RMR was significantly lower in Re-d 7 group
than FR-d 7 group (post Hoc, P<<0.05), whereas the differences
between Re-d 1, Re-d 7, Re-d 28 groups and controls were not
statistically different (post Hoc, P>0.05).

Energy budget. GEI was significantly affected by FR-Re
(Fo,49 =8.95, P<0.01, Fig. 4A), FR-Re hamsters had lower GEI
during restriction than controls (post Hoc, P<<0.05). GEI was
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Figure 3. Time spent on activity (A) and resting metabolic rate
(RMR) per mouse (B), and per g body mass (C), in striped
hamsters subjected to food restriction and refeeding. Groups
are the same as in Fig. 2. Effect of food restriction and refeeding is
significant: *, P<0.05 and T, P<0.01. Different letters above the columns
indicate significant differences between the seven groups (P<0.05).
doi:10.1371/journal.pone.0054244.9003

significantly higher in Re-d 1 group than control and FR-d 1, d 7
and d 28 groups (post Hoc, P<<0.05), while it was not different
between Re-d 7, Re-d 28 and control groups (post Hoc, >0.05).
DEI was similar to the changes observed in GEI, by which DEI
was lower in FR-d 1, d 7 and d 28 groups, and higher in Re-d 1
group (Fg 49 =8.05, P<0.01, post Hoc, P<0.05, Fig. 4B). Digest-
ibility was not affected by FR-Re, and no difference was observed
between the 7 groups (Fg49=1.18, P>0.05, post Hoc, P>0.05,
Fig. 4C).

Carcass mass and fat content. Wet and dry masses of
carcass were significantly affected by FR-Re (Table 1), which were
lower in FR-d 28 group than that in Con group (post Hoc,
P<0.05). Fat mass and fat content were also affected by FR-Re.
Fat mass and fat content were significantly lower in FR-d 28
groups than controls (post Hoc, P<<0.05), while the difference
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Figure 4. (A) Gross energy intake (GEl), (B) digestive energy
intake (DEI), and (C) digestibility in striped hamsters subjected
to food restriction and refeeding. Groups are the same as in Fig. 2.
Effect of food restriction and refeeding is significant: f, P<0.01.
Different letters above the columns indicate significant differences
between the seven groups (P<<0.05).
doi:10.1371/journal.pone.0054244.9g004

between Con, Re-d 7 and Re-d 28 groups was not significant (post
Hoc, P>0.05, Table 1).

Serum leptin.  Serum leptin level was significantly affected by
FR-Re, which was significantly lower in FR-d 1, d 7 and d 28
groups than controls (Table 1). Serum Leptin was still lower in Re-
d 1 group compared with controls, but it increased significantly in
Re-d 7 and Re-d 28 groups, which were similar to that observed in
control group (Table 1). There was a positive correlation between
serum leptin and fat content in controls, this correlation was also
observed in other six groups (Fig. 5A). No correlation was
observed between serum leptin and GEI in control hamsters
(Fig. 5B). Serum leptin was positively correlated with GEI in FR-d
28 group, but no correlations were found in FR-d 1 and FR-d 7
groups. Hamsters in Re-d 7 and Re-d 28 groups showed
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significantly negative correlations between serum leptin and GEI
in (Fig. 5B).

Effect of leptin supplement on food intake and behavior
during FR and Re

Body mass change. Body mass was not different between the
four groups prior to the experiment (d 0, FR, F ;o =0.84, P>0.05;
leptin, F,,,=0.01, P>0.05, Fig. 6A). Food restriction had a
significant effect on body mass change on day 1 till day 10, and
restricted hamsters showed lower body mass than Ad animals (d 1,
Iy ,=12.25, P<0.01, d 10, F;,,=34.87, P<0.01). Leptin
supplement had no effect on body mass change during food
restriction (d 8, Fy,9=0.03, P>0.05, d 10, F; ,=0.01, P>0.05),
while had a significant impact on body mass change during
refeeding (d 12, F; 1o =15.62, P<0.01, d 14, F} 1, =20.84, P<0.01).
During refeeding phase, body mass increased from —13.6%£2.4%
on day 10 to —2.5%0.7% on day 14 in FR-PBS group (d 10-14,
F, 1,=28.43, P<0.01), while it did not change in FR-leptin group
between these days (d 10, —12.1%£2.7%, d 14, —11.2%2.3%, d
10-14, post hoc, P>0.05, Fig. 6A).

Effect of leptin administration on food intake. Food
intake did not differ between the four groups prior to the initiation
of food restricion (d 0, FR, Fj;9=0.82, P>0.05; leptin,
I 19=0.02, P>0.05, Fig. 6B). During food restriction, food-
restricted hamsters consumed 15% less food than ad lbitum animals
(d 1, Fy,9=3.52, P=0.09). On day 8 till 10, leptin supplement did
not affect food intake in either ad lbitum or food-restricted hamsters
d 8, Fi,9,=0.18, P>0.05; d 10, F; ;o=1.48, P>0.05). During
refeeding phase, food intake was higher in FR-PBS hamsters than
Ad-PBS hamsters (FR, d 11, Fj;,=146.12, P<0.01, d 14,
F1,=18.78, P<0.01, Fig. 6B). Leptin supplement had a
significant effect on food intake on day 11 all 13 (dl11,
I 19=4.91, P<0.05), by which food intake increased by 79.1%,
55.8% and 21.3% on day 11, 12 and 13 in FR-PBS group relative
to Ad-PBS group, respectively, but elevated by only 52.7%, 18.6%
and 5.6% in FR-leptin group (post hoc, P<0.05). However, the
significant effect of leptin supplement on food intake disappeared
on day 14 (F 10 =0.72, P>0.05). No difference in food intake was
observed between Ad-PBS and Ad-leptin groups (post hoc,
P>0.05, Fig. 6B).

Effect of leptin administration on activity. There was no
group difference in time spent on activity on day 0 (FR,
Iy 15,=0.11, P>0.05; leptin, [ 15, =0.08, P>0.05, Fig. 6C). The
time spent on activity was significantly affected by food restriction
on day 4 till 10, and restricted animals spent more time on activity
than Ad animals (d 4, F| ;9 =11.65, P=0.01, post hoc, P<0.05; d
10, Fy19=23.24, P<0.01, post hoc, P<0.05). During refeeding,
effect of restriction on activity was not significant on day 12
(F1,19=0.74, P>0.05) and day 14 (F; 10=0.94, P>0.05). Leptin
supplement resulted in a significant reduction in activity, and
hamsters spent 71% and 91% less time on activity in FR-leptin
group on day 10 and day 14, respectively, than in FR-PBS group
(d 10, Fy,9=24.50, P<0.01, post hoc, P<0.05; d 14,
I 19=16.96, P<0.01, post hoc, P<0.05). The time spent on
activity decreased by 36% and 45% in Ad-leptin than Ad-PBS
groups on day 10 and 14, respectively, while the difference was not
statistically different (d 10, post hoc, P>0.05, d 14, post hoc,
P>0.05, Fig. 6C).

Effect of leptin administration on serum leptin. Serum
leptin levels averaged 2.37%0.34 and 3.97%0.49 ng/ml in Ad-
PBS and Ad-leptin groups, and 1.95%0.17 and 4.20%0.60 ng/ml
in FR-PBS and FR-leptin groups, respectively. No effect of food
restriction and refeeding on serum leptin was observed on the day
following a 4-day’s refeeding (£ ,,=0.05, P>0.05). Leptin
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Table 1. Masses of carcass and fat, fat content and serum leptin levels in striped hamsters subjected to food restriction and

Con FR-d 1 FR-d 7 FR-d 28 Re-d 1 Re-d 7 Re-d 28 P
Body mass (g) 335+1.3? 31.2+1.3% 30.3+1.2% 27.6+1.0° 29.9+0.7°° 31.9+1.2% 333+1.7° *
Carcass
Wet mass (g) 246+1.12 23.1+0.8% 22.0+0.9% 20.3+0.4° 21.5+0.4%° 23.6+0.7%° 252+1.4° *x
Dry mass (g) 8.6+0.4 8.0+0.4% 7.5+0.3% 6.9+0.2° 7.4+03% 83+0.3% 8.6+0.5 *x
Fat mass (g) 2.7+0.2 22+0.3% 1.6+0.2 1.2+0.1¢ 1.6+0.15¢ 26+0.3° 2.5+0.2° *x

*, Significant differences between means (P<0.05),
** P<0.01.
doi:10.1371/journal.pone.0054244.t001

supplement resulted in significant increases in serum leptin for
both hamsters fed ad libitum and hamsters under food restriction
and refeeding (7 1o =19.90, P<<0.001).

Discussion

The change in food availability has been found to affect body
mass in small mammals [17,28,39-41]. In the present study, we
observed significant reductions in body mass, carcass mass, and
body fat content in striped hamsters restricted to 85% of initial
food intake. Weight losses were also observed in food-restricted
C57/B6 mice [42], Swiss mice [28,40], golden spine mice (Acomys
russatus, Muridae) [17,43] and Mongolian gerbils [6]. Inconsistently,
body mass did not decrease in MF1 mice restricted to 80% of ad
libitum food intake [10], and rats restricted to 75% of initial food
intake [39]. The inconsistency may partly due to the different
extent of restriction between the different studies above, since
animals under severe food restriction often lose more weight than
animals at softer restriction [28,39]. Here, striped hamster lost
weight more rapidly and significantly after restricted to 85% of
initial food intake than either laboratory mice or rats, or other field
rodents [10,17,42,43]. This may suggest that striped hamsters,
showing seasonal foraging behavior, are more sensitive to food
shortage than the animals mentioned above. After being refed ad
libitum, striped hamsters showed rapidly regaining of lost weight,
showing “compensatory growth”, whereas the regaining was less
and not followed by overweight compared with controls.
Laboratory rats subjected to FR-Re, however, showed not only
“compensatory growth” but also fatter than ad lbitum controls
[44]. The inconsistent results may be due to the species-specific
energy budget strategy in response to the change of food
availability [10].

In the present study striped hamsters consumed less food during
food restriction than controls. When given free access to unlimited
diet, they increased food intake by 33% compared with their
counterpart controls (P<0.05). However, this increase was
observed only on the first one to three days during refeeding,
and then returned to the levels of controls. Inconsistently, when
restricted rats were allowed ad lbitum access to food, the food
intake increased to twice control levels for 6 days before returning
to control levels [45]. One reason for these disparate results may
be the length and severity of restriction before refeeding, and
animals at a few weeks of severe food restriction will increase food
more intake when allowed to eat ad libitum [45,46]. Another reason
may be that food intake during refeeding is proportional to the
amount of depletion in energy stores caused by food restriction
[45,47]. Here we allowed striped hamsters to restrict to 85% of
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Con, hamsters that were fed ad libitum. FR-d 1, FR-d 7, FR-d 28, hamsters that were restricted to 85% of initial food intake for 1, 7 and 28 days; Re-d 1, Re-d 7 and Re-d
28, hamsters that were restricted to 85% of initial food intake for 28 days and refed ad libitum for 1, 7 and 28 days, respectively. Values are means * SE.

initial food intake, but fat mass decreased by 56%, indicating that
the two explains above might not be the case. It may reflect a
special energy strategy in response to food restriction and
refeeding in striped hamsters.

In the present study, digestibility did not change in striped
hamsters during food restriction and refeeding, indicating that
restricted hamsters were not able to enhance their digestive
efficiency to extract more energy from digested diet. This suggests
that adaptive regulation of energy expenditure is more important
than energy intake in the trade-off of the energy strategy in food-
restricted animals [10,40]. The maintenance requirements include
the energy exported for RMR and activity. Some food-restricted
animals, like MF1 mice [10], deer mice (Peromyscus) [48] and
chipmunks (Eutamias minimus) [49] are reported to decrease RMR
and activity to completely compensate for the restricted energy
intake, and consequently to prevent weight loss [10]. This is
largely different from the results from striped hamsters. Here, we
found significant increases in RMR and the time spent on activity
in food-restricted hamsters, which was consistent with Syrian
hamsters (Mesocricetus auratus) and house mice (Mus musculus) [49].
This may reflect a different strategy associated with activity for
coping with food restriction between different rodent species [50].
An increase in activity in food-restricted animals may indicate an
increased effort in foraging, food hoarding or migratory behavior
[15,50-52]. Further, an increase in time spent on activity was
attenuated in restricted hamsters on day 28, and increased RMR
was observed on day 7 but not on day 28, suggesting time-
dependent responses to food restriction.

It has been well established that leptin plays a crucial role in the
regulations of energy balance [18,19,41]. Here, we found
significant reductions in serum leptin level in food-restricted
hamsters, which was in parallel with the marked decreases in body
fat, consistent with the results from other rodents [5,6,17]. The
body fat loss was 1.3 g in FR-d 28 groups compared with their
counterpart controls. Since 1 g adipose tissue contains about 0.8 g
lipid (39 kJ/g) and thus contains 31.2 kJ energy [53,54], 40.6 kJ
energy would be mobilized in hamsters during a 4-week’s food
restriction. On average, the accumulative energy intake of
hamsters during the 4-week’s food restriction was 1540 k], (the
accumulative food intake between day 1 and 28 (g)xenergy
content of the diet (kJ/g)). Thus, the contribution of the body fat
loss to the total energy budget would be 2.6%, making us to
assume that the fat reduction may induce a lower leptin levels
rather than energy provision. Inconsistent with the reductions in
leptin level, the time spent on activity increased in food-restricted
hamsters. When these hamsters were subjected to a chronic
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content in striped hamsters subjected to food restriction and refeeding. Groups are the same as in Fig. 2. Data are plotted.

doi:10.1371/journal.pone.0054244.9005
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doi:10.1371/journal.pone.0054244.9006

administration of leptin, a significant reduction in activity was
observed. Similarly, leptin administration to food-restricted rats,
mice and Siberian hamsters attenuated or prevented running
wheel activity or food hoarding behavior [15,55,56]. These
findings may suggest that leptin functioned as a starvation signal
to induce an increase in activity levels, making animals to forage,
food hoarding or migrate.

Leptin is previously assumed to be an important signal for the
switch between fed and fasted states, allowing leptin to function
both as a starvation and satiety signal [5,6,17,57,58]. Here, we also
observed significant increases in serum leptin level in striped
hamsters during refeeding. These hamsters showed short “com-
pensatory growth” on the first few days during refeeding and
recovered body mass and fat mass to the levels of controls, while
these animals did also exhibit resistance to overweight relative to
their counterparts. An increase in fat storage would enhance the
probability of surviving the period of food shortage, but probably
simultaneously increases the probability of being killed by a
predator [59]. The risks of predation would be a possible
interpretation for this resistance to overweight in striped hamsters.
Like other rodents [2,3,6,7,60]], striped hamsters show hyperpha-
gia after being refed ad libitum, but it is so short. Leptin supplement
attenuated the increase of food intake during refeeding, and leptin
was negatively correlated with energy intake in hamsters refed for
7 and 28 days, indicating that leptin presence might attenuate the
hyperphagia when food was plentiful, consequently preventing

PLOS ONE | www.plosone.org 8

over-weight and also decreasing the risk of predation. In detail, we
observed that attenuation of food-intake during refeeding period
was transient, and food intake on day 14 was similar in both
groups. We also found a lack of leptin effect on time spent on
activity on day 12 compared to day 14. Thus a short vs long-term
effect of leptin supplement during refeeding period was of interest
and needed to be carefully addressed in the further study. In
addition to striped hamsters, exogenous leptin completely inhibits
food deprivation-induced increased food hoarding and intake in
Siberian hamsters [15]. Leptin administration has a similar effect
on food intake in rats [61] and mice [60]. These findings may
suggest that leptin plays a crucial role in controlling food intake in
animals with physiological hyperphagia induced by food restric-
tion and refeeding as that taking place in striped hamsters. Based
on the findings of this study, there were two possible explanations
of the resistance to overweight or obesity. First, this strain of
hamster only showed a transient increase in food intake when food
restriction ended, and did not develop hyperphagia. Second,
energy expenditure associated with activity and RMR did not
decrease in refed hamsters compared with their ad Gbitum fed
counterparts. Refed hamsters characterized by the lack of
hyperphagia and decreases in energy expenditure were likely
reach a new energy balance, consequently resulting in a resistance
to overweight or obesity.

In the present study leptin administration to ad libitum hamsters
unexpectedly did not significantly affect either food intake or
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activity behavior. It is unclear why there 1s a different response to
leptin supplement between ad libitum and food-restricted hamsters.
The roles of leptin are dependent on both circulatory leptin levels
and brain leptin transport. Leptin has been shown to be
transported into the rodent brain by a saturable process [62,63].
A possible explanation for this discrepancy is that the transport
may be saturated in ad libitum hamsters regardless of the exogenous
leptin and consequently show a resistance to peripheral leptin
mjection. Consistently, leptin treatment has a minimal effect on
normal humans [63,64]. In addition, several orexigenic peptides
expressed in arcuate hypothalamic neurons including neuropep-
tide Y (NPY) and agouti-regulated peptide (AgRp), and anorex-
igenic peptides, e.g., pro-opiomelanocortin (POMC) and cocaine-
and amphetamine- regulated transcript (CART) are found to
mediate leptin action on energy balance and behavior [63]. A
further study on the response of these neuropeptide to exogenous
leptin would be needed to explain the discrepancy of the roles of
leptin i ad Libitum hamsters and animals under food restriction and
refeeding.

Conclusion

Striped hamsters showed significant reductions in body mass,
body fat content and serum leptin level, and exhibited increases in
RMR and activity after being restricted to 85% of initial food
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intake. After being refed ad libitum, hamsters returned body mass,
fat mass as well as serum leptin to the levels of controls, showing a
“compensatory growth”, rather than overweight. In addition,
striped hamsters showed a short hyperphagia on the first few days
during refeeding. Leptin supplement decreased activity and
attenuated the increase in energy intake. These findings suggest
that the decreased leptin level during food shortage perhaps
functions as a starvation signal to increase activity behavior, and
when food is plentiful the increased serum leptin serves as a satiety
signal to prevent activity. Finally, leptin may play a crucial role in
controlling food intake and consequently preventing overweight
and obesity in animals with physiological hyperphagia caused by
food restriction and refeeding.

Acknowledgments

We thank the reviewers for the helpful and constructive comments on this
manuscript. We also thank Xian-Bin Liu, School of Agricultural Science,
Liaocheng University, for his assistance with this study and care of the
animals.

Author Contributions

Conceived and designed the experiments: ZJZ. Performed the experi-
ments: QXZ KXC YKW. Analyzed the data: ZJZ JC. Contributed
reagents/materials/analysis tools: JC. Wrote the paper: ZJZ JC.

20. Fernandez-Galaz C, Fernandez-Agullé T, Pérez C, Peralta S, Arribas C, et al.
(2002) Long-term food restriction prevents ageing-associated central leptin
resistance in wistar rats. Diabetologia 45: 997-1003.

21. Lu HQ, Li YC, Zhang XD (1987) Age determination, age structure and
population dynamics of striped hamster. Acta Theriol Sin 7: 28-34.

22. Song ZG, Wang DH (2002) The maximum metabolizable energy intake and the
relationship with basal metabolic rate in the striped hamster Cricetulus barabensis.
Acta Theriol 47: 417-423.

23. Song ZG, Wang DH (2003) Metabolism and thermoregulation in the striped
hamster Cricetulus barabensis. ] Therm Biol 28: 509-514.

24. Mercer JG (1998) Regulation of appetite and body weight in seasonal mammals.
Comp Biochem Physiol 119: C295-303.

25. Klingenspor M, Niggemann H, Heldmaier G (2000) Modulation of leptin
sensitivity by short photoperiod acclimation in the Djungarian hamster, Phodopus
sungorus. ] Comp Physiol 170: B37-43.

26. Li XS, Wang DH (2005) Regulation of body weight and thermogenesis in
seasonally acclimatized Brandt’s voles (Mucrotus brandt). Horm Behav 48: 321
328.

27. Li XS, Wang DH (2005) Seasonal adjustments in body mass and thermogenesis
in Mongolian gerbils (Meriones unguiculatus): the roles of short photoperiod and
cold. J Comp Physiol 175: B593-600.

28. Zhao ZJ, Cao J (2009) Plasticity in energy budget and behavior in Swiss mice
and striped hamsters under stochastic food deprivation and refeeding. Comp
Biochem Physiol 154: A84-91.

29. Speakman JR, Rossi F (1999) No support for socio-physiological suppression
effect on metabolism of paired white mice (Mus sp.). Funct Ecol 13: 373-382.

30. Speakman JR, Gidney A, Bett J, Mitchell IP, Johnson MS (2001) Limits to
sustained energy intake IV. Effect of variation in food quality on lactating mice
Mus musculus. ] Exp Biol 204: 1957-1965.

31. Zhao ZJ, Cao J, Meng XL, Li YB (2010) Seasonal variations in metabolism and
thermoregulation in the striped hamster (Cricetulus barabensis). J Therm Biol 35:
52-57.

32. Arch JR, Hislop D, Wang SJ, Speakman JR (2006) Some mathematical and
technical issues in the measurement and interpretation of open-circuit indirect
calorimetry in small animals. Int J Obes 30: 1322-1331.

33. Withers PC (1977) Measurement of VO,, VCO,, and evaporative water loss
with a flow-through mask. J Appl Phys 42: 120-123.

34. Chi QS, Wang DH (2011) Thermal physiology and energetics in male desert
hamsters (Phodopus roborovskii) during cold acclimation. J Comp Physiol 181: B91—
103.

35. Grodzinski W, Wunder BA (1975) Ecological energetics of small mammals. In:
Golley FB, Petrusewicz K, Ryszkowski L editors. Small mammals: their
productivity and population dynamics. Cambridge Univ. Press: Cambridge. pp.
173-204.

36. Liu H, Wand DH, Wang ZW (2003) Energy requirements during reproduction
in female Brandt’s voles (Microtus brandt). ] Mammal 84: 1410-1416.

37. Zhao 7], Wang DH (2006) Short photoperiod influences energy intake and
serum leptin level in Brandt’s voles (Microtus brandtir). Horm Behav 49: 463-469.

January 2013 | Volume 8 | Issue 1 | e54244



38.

39.

40.

41.

42,

43.

44.

46.

47.

48.

49.

50.

51.

Zhao 7], Wang DH (2007) Effects of diet quality on energy budgets and
thermogenesis in Brandt’s voles. Comp Biochem Physiol 148: A168-177.

Hill JO, Latiff A, DiGirolamo M (1985) Effects of variable caloric restriction on
utilization of ingested energy in rats. Am J Physiol 248: R549-559.

Cao J, Zhang LN, Zhao ZJ (2009) Trade-off between energy budget,
thermogenesis and behavior in Swiss mice under stochastic food deprivation.
J Therm Biol 34: 290-298.

Speakman JR, Mitchell SE (2011) Caloric restriction. Mol Asp Med 32: 159
221.

Yang H, Youm YH, Nakata C, Dixit VD (2007) Chronic caloric restriction
induces forestomach hypertrophy with enhanced ghrelin levels during aging.
Peptides 28: 1931-1936.

Ehrhardt N, Heldmaier G, Exner C (2005) Adaptive mechanisms during food
restriction in Acomys russatus: the use of torpor for desert survival. ] Comp Physiol
175: B193-200.

Rozen R, Brigant L, Apfelbaum M (1994) Effects of cycles of food restriction
followed by ad libitum refeeding on body composition and energy expenditure in
obese rats. Am J Clin Nutr 59: 560-565.

. Gray DS, Fisler JS, Bray GA (1988) Effects of repeated weight loss and regain on

body composition in obese rats. Am J Clin Nutr 47: 393-399.

Harris RB, Martin RJ (1984) Recovery of body weight from below “set point” in
mature female rats. J Nutr 114: 1143-1150.

Van Itallie TB, Kissileff HR (1985) Physiology of energy intake: an inventory
control model. Am J Clin Nutr 42: 914-923.

Blank JL, Desjardins C (1985) Differential effects of food restriction on pituitary-
testicular function in mice. Am J Physiol 248: R181-189.

Clornish ER, Mrosovsky N (1965) Activity during food deprivation and satiation
of six species of rodent. Anim Behav 13: 242-248.

Gutman R, Yosha D, Choshniak I, Kronfeld-Schor N (2007) Two strategies for
coping with food shortage in desert golden spiny mice. Physiol Behav 90: 95—
102.

Sherwin CM (1998) Voluntary wheel running: a review and novel interpretation.
Anim Behav 56: 11-27.

PLOS ONE | www.plosone.org

10

52.

53.
54.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Energy Budget, Behavior and Leptin in Hamsters

Exner C, Hebebrand J, Remschmidt H, Wewetzer C, Ziegler A, et al. (2000)
Leptin suppresses semi-starvation induced hyperactivity in rats: implications for
anorexia nervosa. Mol Psychiatry 5: 476-481.

Forbes GB (1987) Human Body Composition. Springer-Verlag, New York.
Speakman JR, Stubbs RJ, Mercer JG (2002) Does body mass play a role in the
regulation of food intake? Proc Nutr Soc 61: 473-487.

. Verhagen LA, Luijendijk MC, Adan RA (2011) Leptin reduces hyperactivity in

an animal model for anorexia nervosa via the ventral tegmental area. Eur
Neuropsychopharmacol 21: 274-281.

Morton GJ, Kaiyala KJ, Fisher JD, Ogimoto K, Schwartz MW, et al. (2011)
Identification of a physiological role for leptin in the regulation of ambulatory
activity and wheel running in mice. Am J Physiol 300: E392-401.

Kastin AJ, Pan W (2000) Dynamic regulation of leptin entry into brain by the
blood-brain barrier. Regul Pept 92: 37-43.

Ahima RS (2005) Central actions of adipocyte hormones. Trends Endocrinol
Metab 16: 307-313.

Speakman JR (2007) A nonadaptive scenario explaining the genetic predispo-
sition to obesity: the “predation release” hypothesis. Cell Metab 6: 5-12.
Hambly C, Duncan JS, Archer ZA, Moar KM, Mercer JG, et al. (2011)
Repletion of TNF or leptin in calorically restricted mice suppresses post-
restriction hyperphagia. Dis Model Mech 5: 83-94.

Abelenda M, Ledesma A, Rial E, Puerta M (2003) Leptin administration to cold-
acclimated rats reduces both food intake and brown adipose tissue thermogen-
esis. ] Therm Biol 28: 525-530.

Banks WA, Kastin AJ, Huang W, Jaspan JB, Maness LM (1996) Leptin enters
the brain by a saturable system independent of insulin. Peptides 17: 305-311.
Ahima RS, Saper CB, Flier JS, Elmquist JK (2000) Leptin regulation of
neuroendocrine systems. Front Neuroendocrinol 21: 263-307.

Heymsfield SB, Greenberg AS, Fujioka K, Dixon RM, Kushner R, et al. (1999)
Recombinant leptin for weight loss in obese and lean adults: A randomized,
controlled, dose-escalation trial. JAMA 282: 1568-1575.

January 2013 | Volume 8 | Issue 1 | e54244



