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Abstract: Food restriction (FR) and refeeding (Re) have been suggested to impair body mass regulation and thereby making it easier
to regain the lost weight and develop over-weight when FR ends. However, it is unclear if this is the case in small mammals showing
seasonal forging behaviors. In the present study, energy budget, body fat and serum leptin level were measured in striped hamsters
that were exposed to FR-Re. The effects of leptin on food intake, body fat and genes expressions of several hypothalamus
neuropeptides were determined. Body mass, fat content and serum leptin level decreased during FR and then increased during Re.
Leptin supplement significantly attenuated the increase in food intake during Re, decreased genes expressions of neuropepetide Y
(NPY) and agouti-related protein (AgRP) of hypothalamus and leptin of white adipose tissue (WAT). Hormone-sensitive lipase (HSL)
gene expression of WAT increased in leptin-treated hamsters that were fed ad libitum, but decreased in FR-Re hamsters. This
indicates that the adaptive regulation of WAT HSL gene expression may be involved in the mobilization of fat storage during Re,
which partly contributes to the resistance to FR-Re-induced overweight. Leptin may be involved in the down regulations of
hypothalamus orexigenic peptides gene expression and consequently plays a crucial role in controlling food intake when FR ends.
Keywords: Body mass; Food restriction; Hypothalamus neuropeptides; Leptin; Striped hamster

Abbreviations: AgRP: agouti-related protein;
CART: cocaine- and amphetamine-regulated transcript;
DEI: digestive energy intake; FR-Re: food restriction and
refeeding; GEI: gross energy intake; HSL: hormonesensitive lipase (EC 3.1.1.3); NPY: neuropeptide Y; ObRb: long form of the leptin receptor; POMC: proopiomelanocortin; WAT: white adipose tissue.
Leptin, the production of the ob gene, is mainly
expressed in adipose tissue and plays important roles in
the regulation of both energy intake and expenditure
(Fernández-Galaz et al, 2002; Friedman & Halaas, 1998;
Friedman, 2011; Zhang et al, 1994). Serum leptin level is
found to reduce in animals under food restriction (FR)
and then to increase following ad libitum refeeding (Re)
(Gutman et al, 2006; Wisse et al, 1999; Zhang & Wang,
2008). In rodents and even humans, the fall in serum
leptin is considered to be an important signal for the
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switch between fed and fasted states, allowing leptin to
function both as starvation and satiety signals1(Ahima et
al, 1996; Ahima, 2005; Kastin & Pan, 2000). Thus,
leptin may become a possible candidate that is involved
in the regulation of energy budget in animals subjected
to FR and Re. Leptin gene expression is proportioned to
the size of adipose tissue (Frederich et al, 1995). Strong
positive correlations have been observed between leptin
mRNA expression and plasma leptin levels and total
body fat (Ahima et al, 2000; Frederich et al, 1995;
Maffei et al, 1995). Hormone-sensitive lipase (HSL; EC
3.1.1.3), an enzyme responsible for the release of free
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fatty acids (FFA) from stored triacylglycerols (TG) in
adipose tissues (Fielding & Frayn, 1998), has been
proposed to play an essential role in the regulation of
body weight and fat mass (Fortier et al, 2005; Harada et
al, 2003). HSL is active, and the esterification pathway is
not activated in the fasted state; while in the fed state,
HSL is suppressed and esterification is stimulated (Fielding & Frayn, 1998; Frayn et al, 1995). So far, it is unclear if it is involved in the TG mobilization in wild animals showing the resistance to FR-Re-induced over-weight.
Previous studies suggested that the effect of leptin
on energy balance is mediated mainly by neuronal targets
in the hypothalamus via its long isoform receptor (Ob-Rb)
(Ahima et al, 2000). Hypothalamic neuropeptides involved in leptin action are classified into two major groups:
orexigenic peptides, including neuropeptide Y (NPY)
and agouti-related protein (AgRP), and anorexigenic
peptides, e.g. pro-opiomelanocortin (POMC) and cocaine- and amphetamine-regulated transcript (CART) (Ahima et al, 2000). Food deprivation and/or restriction were
found to increase synthesis of NPY and AgRP and to
decrease production of POMC and CART in the arcuate
nucleus of the hypothalamus in laboratory mice and rats
(Brady et al, 1990), as well as in Siberian hamsters
(Phodopus sungorus, Dailey & Bartness, 2010; Mercer et
al, 2000). Re induced a decrease of NPY gene expression
in hypothalamus (Sucajtys-Szulc et al, 2009). Thus, it
suggests that hypothalamus orexigenic or anorexigenic
peptides, or both, may be involved in the regulation of
energy balance in animals experiencing FR and Re.
The striped hamster (Cricetulus barabensis) is a
major rodent in northern China and is also distributed in
Russia, Mongolia, and Korea (Zhang & Wang, 1998).
This species feeds mainly on stems and leaves of plant
during summer and on foraging crop seeds in winter
(Song & Wang, 2002, 2003; Zhang & Wang, 1998). Thus,
they must experience great seasonal fluctuations in food
quality and availability (Zhang & Wang, 1998). Unlike
other wild rodents, such as Djungarian hamsters (Phodopus sungorus) (Klingenspor et al, 2000; Mercer, 1998),
Brandt’s voles (Lasiopodomys brandtii, Li & Wang,
2005a) and Mongolian gerbils (Meriones unguiculatus)
(Li & Wang, 2005b), striped hamsters do not show
significant changes in body mass after being maintained
in an outside enclosure for over a year (Zhao ZJ, unpublished data). We previously found a significant decrease
in body mass in stochastic FR hamsters, which was not
followed by a body mass regaining after Re (Zhao & Cao,
Kunming Institute of Zoology (CAS), China Zoological Society
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2009). Thus, striped hamster may become a potential
model suitable for studying the resistance to FR-Reinduced overweight. In the present study, energy budget,
body fat and serum leptin were measured in striped
hamsters subjected to FR and Re. The effect of leptin
administration on energy budget and hypothalamus
NPY/AgRP, POMC/CART and Ob-Rb as well as
subcutaneous white adipose tissue (WAT) leptin and HSL
genes expression were examined during the period of
FR-Re. We hypothesized that striped hamsters would
decrease energy expenditure to cope with the lower food
intake during the period of FR, but increase food intake
when food was plentiful and consequently increase the
accumulation of body fat, showing a significant regaining of body mass. Leptin might be involved in controlling energy intake associated with the regulation of
hypothalamus genes expression when FR ends and
consequently played a crucial role in the resistance to
over-weight. If leptin is a hormone that prevents post-fast
hyperphagia, it would be expected that plasma leptin
level would increase significantly in the hamsters following ad libitum Re.

MATERIALS AND METHODS
Animals and experimental design
Striped hamsters were obtained from an out-breeding colony started with animals that were initially trapped in 2009 from farmland at the center of Hebei
Province (E115°13', S38°12'), North China Plain. Hamsters were singly housed in plastic cages (29 cm ×18
cm× 16 cm) with fresh saw dust bedding at 21±1 oC
with a 12 h: 12 h light: dark cycle (lights on at 08：00).
Food (standard rodent chow; Beijing KeAo Feed Co.,
Beijing, China) and water were provided ad libitum.
Adult male hamsters, 4−6 months old, were used in the
present study. Baseline measurements of body mass and
food intake were carried out on a daily basis before
experiment started. All animal protocols were in
compliance with the Animal Care and Use Committee
of College of Life and Environmental Science,
Wenzhou University.
Experiment 1: To examine the effect of Re on food
intake, body mass and fat mass, 24 hamsters were assigned randomly into three groups: (1) control group (n=8)
that animals were fed ad libitum for 7 weeks; (2) FR-1wRe group (n=8) that hamsters were restricted to 85% of
initial food intake for 1 week and refed ad libitum for 6
weeks; and (3) FR-3w-Re group (n=8), during which
Volume 35 Issue 4
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hamsters were restricted to 85% of initial food intake for
3 weeks followed by ad libitum Re for 4 weeks. Based
on the data collected from the hamsters subjected to
different extents of food restriction from 60%, 70% to
90% (Zhao, 2012), the hamsters in the present study
were restricted to 85% of ad libitum food intake in both
FR-1w-Re and FR-3w-Re groups.
Experiment 2 was designed to examine the role of
leptin in the regulations of body mass and energy intake
(Figure 1), Twenty-four hamsters were randomly assigned into one of the four groups (n=6 in each group): AdPBS and Ad-leptin group in which hamsters were fed ad
libitum and treated with PBS and leptin, respectively, and
FR-PBS and FR-leptin group in which FR hamsters were
treated with PBS and leptin, respectively. The changes in
body mass and food intake were measured daily for 8

days (from day 0 to day 7), during which all hamsters in
the four groups were fed ad libitum. Animals were fed ad
libitum for other 10 days in two Ad groups (from day 8
to day 17). On day 8, hamsters in two FR groups were
restricted to 85% of initial food intake for 8 days (from
day 8 to day 14), and then refed ad libitum for other 3
days (from day 15 to day 17). On day 10, hamster was
anesthetized with isoflurane and implanted subcutaneously on the dorsal side with a miniosmotic pump (Alzet
model 1007D; capacity, 100 μL; release rate, 0.5 μL/h;
duration, 7 days; Durect, Cupertino, CA, USA)
containing either recombinant murine leptin (100 μg
dissolved in 100 μL phosphate-buffered saline (PBS;
Peprotech, USA) or PBS. Changes in food intake and
body mass were measured daily according to the method
mentioned in experiment 1.

Figure 1 Timeline showing days of food restriction and measurements taken for striped hamsters
GEI: gross energy intake; FR: food restriction.

Food intake and body mass
Food intake was calculated as the mass of food
missing from the hopper every day, subtracting orts
mixed in the bedding. The initial food intake was calculated as the average of daily food intake over 8 days
during the period of the baseline measurements. Hamsters in two experimental groups were provided with 85%
of ad libitum food intake during the period of FR. Food
intake and body mass were measured daily throughout
the experiment.
Body fat content
Animals were euthanized by decapitation between
0900 and 1100 h at the end of FR-Re. Body fat content
was measured as described previously (Zhao et al, 2010).
Briefly, the gastrointestinal tracts and liver, heart, lung,
spleen, pancreas and kidneys were separated and
removed. The remaining carcass was weighed to determine wet mass, dried in an oven at 60 °C for 10 days to a
constant mass, and then weighed again to determine dry
mass. Total body fat was extracted from the dried carcass
by ether extraction in a Soxhlet apparatus.
Energy budget
Gross energy intake (GEI), digestive energy intake
Zoological Research

(DEI) and digestibility were measured over the last three
days (day 15 to day 17) of the experiment. In detail, food
was provided quantitatively, and the spillage of food
mixed with bedding (if it was observed) and feces were
collected from each cage over the 3 days. 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). GEI, DEI and digestibility
were calculated as follows (Liu et al, 2003; Zhao et al,
2013a):
GEI (kJ/d)=food intake (g/d)×dry matter content of
the diet (%)×energy content of food (kJ/g);
DEI (kJ/d)=GEI−(dry mass of feces (g/d)×energy
content of feces (kJ/g));
Digestibility (%)=DEI/GEI×100%.
Serum leptin level and body fat content
Animals were euthanized by decapitation at the end
of the experiment. Hypothalamus and WAT were
collected quickly and stored at liquid nitrogen for Realtime RT-QPCR analysis. Trunk blood was collected for
serum leptin measurements. Serum leptin level was
www.zoores.ac.cn
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quantified by radio-immunoassay (RIA) using the Linco
125
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 fat content of dry carcass was
measured as described in experiment 1.
Real-time RT-QPCR analysis
Total RNA was isolated from frozen hypothalamus
and WAT using the TRIzol method (TaKaRa, China)
according to the manufacturer’s protocol. RNA concentration and purity were determined by A260 and A280
optical density (OD) measurements and A260/ A280
ratio determination using a Spectrophotometer. Firststrand cDNA synthesis was performed on 2 μg of total
RNA with AMV Reverse Transcriptase (TAKARA,
China) using random primer Oligo (dT)18. The reverse
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transcription reaction (2 μL) was used as a template for
the subsequent PCR reaction using gene-specific primers
(Table 1). Primers were designed using laboratory mouse
and rat NCBI RefSeq sequence entry data that was
submitted to the Primer 5 software. The qPCR reaction
setup and plate preparation were standardized and carried
out according to standard operating protocols in our lab.
The reaction consisted of SYBR Premix EX Tag TM (2×),
12.5 μL; 3' primers (10 μmol/L), 0.5 μL; 5' primers (10
μmol/L), 0.5 μL; ROX Reference Dye II (50×), 5 μL and
template cDNA, 2 μL. qPCR was performed using
SYBR Green Master Mix in Mx3000P Real-Time QPCR
system (Stratagene, La Jolla, CA, USA) under userdefined thermal cycling conditions (95 °C, 30 s; and 40
cycles at 95 °C for 5 s, 55 °C for 30 s and 72 °C for 30 s),
and the reaction finished by the built in melt curve. All
samples were quantified for relative quantity of gene
expression by using actin expression as an internal standard.

Table 1 Gene-specific primer sequences used for Real-time RT-QPCR analysis
Gene

Primers (5′−3′)

NPY (forward)

ACCCTCGCTCTGTCCCTG

NPY (reverse)

AATCAGTGTCTCAGGGCTA

AgRP (forward)

TGTTCCCAGAGTTCCCAGGTC

AgRP (reverse)

ATTGAAGAAGCGGCAGTAGCAC

POMC (forward)

GGTGGGCAAGAAGCGACG

POMC (reverse)

CTTGTCCTTGGGCGGGCT

CART (forward)

TACCTTTGCTGGGTGCCG

CART (reverse)

AAGTTCCTCGGGGACAGT

Ob-Rb (forward)

CAGTGTCGATACAGCTTGGA

Ob-Rb (reverse)

TTGCATATTTAACTGAGGGT

Leptin (forward)

AACCCTCATCAAGACCATT

Leptin (reverse)

GCCAGCAGATGGAGAAGG

HSL (forward)

CACTACAAACGCAACGAG

HSL (reverse)

CTGAGCAGGCGGCTTACC

Actin (forward)

AAAGACCTCTATGCCAACA

Actin (reverse)

ACATCTGCTGGAAGGTGG

Size (bp)
186
227
205
260
200
240
224
196

NPY: neuropeptide; Y; AgRP, agouti-related protein; POMC: pro-opiomelanocortin; CART; cocaine- and amphetamine-regulated transcript; Ob-Rb: long form
of the leptin receptor; HSL: hormone-sensitive lipase (EC 3.1.1.3).

Statistics
Data were analyzed using SPSS 13.0 statistic software. Experiment 1, the differences in body mass, food
intake, carcass mass and body fat mass and content between Control, FR-1w-Re and FR-3w-Re groups were
analyzed using one-way ANOVA. Experiment 2, body
mass and food intake throughout the experiment were
examined using RM-ANOVA. Differences in body mass,
food intake and genes expression of hypothalamus
neuropeptides, and leptin and HSL of WAT were examined using two-way ANOVA (FR×leptin), followed by
Tukey's HSD post-hoc tests where required. Data are
Kunming Institute of Zoology (CAS), China Zoological Society

presented as means±SE, with significance set at P<0.05.

RESULTS
Experiment 1: Body mass change and food intake
There were no differences in body mass and food
intake between Control, FR-1w-Re and FR-3w-Re
groups prior to the experiment (body mass: F2, 21=0.01,
P>0.05; food intake: F2, 21=0.10, P>0.05, Figure 2A).
Body mass decreased significantly during FR periods
compared with that of baseline measurements on day 0
to day 7 (post hoc, P<0.05) and increased during the
period of Re (post hoc, P<0.05). Both FR-1w and FRVolume 35 Issue 4
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3w hamsters showed lower body masses than controls
(day 7: F2, 21=49.07, P<0.01; day 21: F2, 21=34.79,
P<0.01) and then returned to the levels of controls
shortly after they were refed (day 29: F2, 21=3.11,
P>0.05, day 49: F2,21=0.35, P>0.05). Food intake was
lower in FR hamsters than that of controls (day 2:
F2, 21=7.27, P<0.05, Figure 2B), and was increased
shortly in Re hamsters (day 8: F2, 21=11.78, P<0.05,
day 22: F2, 21=4.30, P<0.05). No difference in food
intake was observed between the three groups on day
23 and thereafter (day 23: F2, 21=1.24, P>0.05; day 49:
F2, 21=0.92, P>0.05, Figure 2B).

Experiment 2: Body mass
There was no difference in body mass between the
four groups prior to the experiment and during the period
of baseline measurements (day 7: FR-Re, F1, 20=3.52,
P>0.05; leptin: F1, 20=0.14, P>0.05, Figure 3A). FR
resulted in a significant reduction in body mass in FR
hamsters compared with Ad hamsters (day 10, FR-Re:
F1, 20=50.62, P<0.01). Leptin supplement had no impact
on body mass changes in either FR or Ad hamsters
during the period of FR (day 11: F1, 20=1.90, P>0.05,
day 14: F1, 20=1.99, P>0.05). After hamsters were refed
ad libitum, body mass significantly increased in FR-RePBS group (day 14-17: F3, 15=4.83, P<0.05), and failed
to increase in FR-Re-leptin group (day 14-17: F3, 15=
0.74, P>0.05). On day 17, body mass changes were
1.5±0.4%, 7.0±0.7%, 4.3±0.9% and 8.9±1.7% in
Ad-PBS, Ad-leptin, FR-Re-PBS and FR-Re-leptin
groups (FR-Re: F1, 20=5.11, P<0.01; leptin: F1, 20=22.80,
P<0.01, Figure 3A).

Figure 2 Body mass change (A) and food intake (B) in striped
hamsters restricted to 85% of initial food intake for 1 and 3
weeks and then refed ad libitum (FR-1w-Re and FR-3w-Re) *
P<0.05; #: P<0.01.

Carcass mass and fat content
Wet and dry masses of carcass were not different
between Control, FR-1w-Re and FR-3w-Re groups
(Table 2). FR-1w-Re and FR-3w-Re hamsters had
similar body fat mass to control hamsters (Table 2). Fat
content was not affected by FR-Re, and no difference
was observed between the three groups (Table 2).
Table 2 Carcass mass and fat content in striped hamsters
subjected to food restriction and refeeding (FR-Re)
Control

FR-1w-Re

FR-3w-Re

F

P

0.12

NS

8

8

8

34.7±1.6

34.0±1.2

33.9±1.3

Wet mass (g)

26.5±1.4

25.5±1.0

25.8±1.1

0.19

NS

Dry mass (g)

9.2±0.6

9.1±0.6

9.2±0.5

0.01

NS

Body mass (g)
Carcass

Fat mass (g)

2.9±0.4

3.0±0.3

2.9±0.3

0.01

NS

Fat content (%)

30.9±2.5

32.0±1.9

31.3±1.9

0.06

NS

NS: non-significant between the three groups (P>0.05).
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Figure 3 Effects of leptin administration on body mass change
(A) and food intake (B) in striped hamsters subjected to FR-Re
Ad-PBS or Ad-leptin: hamsters that were fed ad libitum and treated with PBS
or leptin; FR-Re-PBS or FR-Re-leptin: food-restricted hamsters that were
treated with PBS or leptin and refed ad libitum; PFR*: significant effect of FR
(P<0.05); PFR**: P<0.01; PL*: significant effect of leptin administration
(P<0.05); PL**: P<0.01.

Food intake, DEI and digestibility
Food intake averaged 4.4±0.2, 4.3±0.2, 4.4±0.2 and
4.3±0.2 g/d in Ad-PBS, Ad-leptin, FR-Re-PBS and FRRe-leptin groups at the end of baseline measurements
(day 7, FR-Re: F1, 20=0.21, P>0.05; leptin: F1, 20=0.15,
P>0.05, Figure 3B), respectively. Ad hamsters had
significantly higher food intake than FR hamster during
the FR period (day 8: F1, 20=5.68, P<0.05), while it was
not affected by leptin supplement (day 11: F1, 20=0.51,
www.zoores.ac.cn
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P>0.05). After being refed ad libitum, hamsters in FRRe-PBS and FR-Re-leptin groups consumed 6.3±0.3 and
5.5±0.1 g/d, respectively, which were higher by 60.8%
and 36.6% than Ad hamsters (day 15: F1, 20=90.36,
P<0.01). Leptin supplement imposed a significant effect
on food intake during Re period (day 15: F1, 20=6.48,
P<0.05, day 16: F1, 20=5.58, P<0.05), by which food
intake is lower in FR-Re-leptin group than that in FR-RePBS group (day 15: post hoc, P<0.05; day 16: post hoc,
P<0.05, Figure 3B). During the period of Re, GEI and
DEI were increased by 67% and 65% in FR-Re-PBS
group, and 35% and 36% in FR-Re-leptin group, respectively, compared with that in Ad controls (Table 3).
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There was no effect of FR-Re and leptin supplement on
digestibility (Table 3).
Body fat content and serum leptin level
Body fat content was significantly affected by leptin
supplement, by which leptin administration to Ad hamsters
decreased by 39% in fat content (Table 3). Fat content was
lower by 25% in FR-Re-leptin group than that in FR-RePBS group. The effect of FR-Re on body fat content was
not significant (Table 3). Serum leptin level was significantly affected by both FR-Re and leptin supplement, by
which leptin administration to either Ad or FR-Re hamsters
induced significant increase in leptin level (Table 3).

Table 3 Effects of leptin administration on gross energy intake (GEI), digestibility, fat content and serum leptin level in
striped hamsters subjected to FR-Re
Ad-PBS

Ad-leptin

FR-Re-PBS

PFR

PLeptin

60.4±3.0

61.2±5.3

c

81.6±1.1

b

**

*

DEI (kJ/d)

49.7±2.6

c

50.1±4.2

c

82.2±5.0

a

67.6±1.4

b

**

NS

Digestibility (%)

82.3±0.5

82.1±2.6

81.3±1.8

82.8±0.6

NS

NS

Body mass (g)

35.1±1.9

33.3±1.6

35.4±1.6

32.9±1.5

NS

NS

Wet mass (g)

26.2±1.4

24.6±1.3

25.3±1.6

24.2±1.3

NS

NS

Dry mass (g)

9.7±0.8

8.1±0.5

8.9±0.7

8.1±0.9

NS

NS

Fat content (%)

35.7±4.3

NS

*

*

**

GEI (kJ/d)

101.0±5.4

a

FR-Re-leptin

c

Carcass

Serum leptin (ng/mL)

3.48±0.80

21.8±2.0
c

5.63±1.01

29.3±2.6
b

3.00±0.10

21.9±7.3
c

12.43±1.99

a

DEI: digestive energy intake; Ad-PBS or Ad-leptin: hamsters that were fed ad libitum and treated with PBS or leptin; FR-Re-PBS or FR-Re-leptin: foodrestricted hamsters that were treated with PBS or leptin and refed ad libitum; PFR *: significant effect of FR; PFR **: P<0.01; PLeptin *: significant effect of leptin
manipulation (P<0.05); PLeptin **: P<0.01; NS: nonsignificance. Different letters (a, b or c) on the same row indicate significant difference (P<0.05).

Hypothalamus NPY/AgRP, POMC/CART and Ob-Rb
genes expression
Hypothalamus NPY and AgRP genes expression
were significantly affected by FR-Re, by which the
hamsters in FR-Re-PBS group showed 48% higher NPY
and 50% higher AgRP genes expression compared with
those in Ad-PBS group (NPY: F1, 28=10.59, P<0.01;
AgRP: F1, 28=12.37, P<0.01, Figure 4A, B). Leptin
supplement led to 28% and 40% lower NPY and AgRP
genes expression in Ad hamsters, and 22% and 21%
lower NPY and AgRP for FR-Re hamsters, respectively,
whereas the effect of leptin supplement was not statistically significant (NPY: F1, 28=1.81, P=0.19; AgRP:
F1, 28=2.44, P=0.13). POMC, CART and Ob-Rb genes
expression were not affected by either FR-Re (POMC:
F1, 28=3.22, P>0.05; CART: F1, 28=2.48, P>0.05; Ob-Rb:
Kunming Institute of Zoology (CAS), China Zoological Society

F 1, 28 =0.65, P>0.05) or leptin supplement (POMC:
F1, 28=0.50, P>0.05, post hoc, P>0.05, Figure 4C; CART:
F1, 28=0.39, P>0.05, post hoc, P>0.05, Figure 4D; Ob-Rb:
F1, 28=1.44, P>0.05, post hoc, P>0.05, Figure 4E).
WAT leptin and HSL genes expression
Leptin supplement led to a significant decrease in
WAT leptin gene expression; it decreased by 42% in Ad
hamsters and by 57% in FR-Re hamsters compared with
their counterparts that treated with PBS (F1, 28=4.75,
P<0.05). No effect of FR-Re on WAT leptin gene
expression was observed (F1, 28=0.33, P>0.05, Figure 4F).
WAT HSL gene expression was affected by FR-Re (F1, 28=
14.69, P<0.01), but not impacted by leptin supplement
(F1, 28=0.23, P>0.05). HSL gene expression in ad-leptin
group was significantly higher than that in other three
Volume 35 Issue 4
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Figure 4 Effects of leptin administration on hypothalamus genes expression of NPY (A), AgRP (B), POMC (C), CART (D), Ob-Rb
(E) and WAT leptin (F) and HSL (G) in striped hamsters subjected to FR-Re
Different letters indicate significant differences between the four groups (P<0.05).

groups (post hoc, P<0.05, Figure 4G).

DISCUSSION
In the present study, striped hamsters showed
weight losses during food restriction and regaining of the
lost weight during ad libitum Re. This is inconsistent
with the previous studies that have been performed on
many other rodents under food restriction and/or Re
(Ferguson et al, 2007; Gutman et al, 2006; Marinković et
al, 2007; Rozen et al, 1994; Zhang & Wang, 2008; Zhao &
Cao, 2009; Zhao et al, 2013b). Rozen et al (1994) claimed
that the discrepancies were independent of age, strain, or
sex, but perhaps a matter of diet, as well as the energy
budget of the animals and the duration of Re period.
Animals usually show hyperphagia when food restriction ends (Brownlow et al, 1993; Cameron & Speakman, 2011; Clinthorne et al, 2010; Harris et al, 1986;
Speakman & Mitchell, 2011; Zhao & Cao, 2009). In the
present study, energy intake was also significantly increased in striped hamsters during Re. This can explain that
the rapid regaining of the lost weight is likely due to
notable elevation in energy intake. This is consistent with
the study performed on the same strain of hamsters under
Zoological Research

stochastic FR-Re (Zhao & Cao, 2009). In addition, we
found that the increase in food intake was short, which
occurred only on the first several days during Re and
then fell rapidly to the levels of ad libitum controls. This
suggests that the short elevation of food intake contributes to the rapid regaining of the lost weight only, resulting in a failure of accumulating more fat deposits than
controls during long term of Re. Inconsistently, hyperphagia continued throughout Re period in Siberian hamsters, resulting in a seasonally appropriate body mass
(Archer et al, 2007). This result suggests that the control
of food intake may play a crucial role in the resistance to
overweight or obesity in striped hamsters.
We observed that leptin supplement had a significant
effect on food intake during the period of Re, by which
energy intake was lowered by 19% (P<0.05) in hamsters treated with leptin than controls treated with PBS
(101.0 kJ/d and 81.6 kJ/d, respectively). Similarly, Wittert
et al (2004) found that an increase in body mass was
attenuated in leptin-treated rats compared with PBS-treated
counterparts. Leptin administration to food-restricted rats
reduced food intake and prevented regaining of the lost
body mass (Fernández-Galaz et al, 2002). These results
www.zoores.ac.cn
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indicate that leptin is likely involved in controlling energy
intake when food restriction ends and consequently plays a
crucial role in the resistance to obesity induced by FR-Re.
In the present study, changes in serum leptin level
paralleled changes in fat content, implying that the
mobilization of fat storage is likely changed in striped
hamsters in response to FR-Re. We observed that WAT
leptin and HSL genes expression were unchanged in
hamsters following ad libitum Re. In the same strain of
hamster, food deprivation resulted in down-regulation of
leptin gene expression and up-regulation of HSL gene
expression, which both returned back to the levels of
controls after Re (Zhao, unpublished data). In laboratory
rodents, fasting decreased leptin gene expression, whereas
subsequent Re increased leptin gene expression (Saladin et
al, 1995). These results suggest that both leptin and HSL
are likely involved in the regulation of body weight and fat
mass in response to changes in food availability (Fortier et
al, 2005; Harada et al, 2003). WAT HSL gene expression
is probably being stimulated in fasted state, and then the
mobilization of fat storage is being enhanced, consequently providing energy to animals in negative energy
balance. When food is plentiful, HSL gene expression may
be suppressed in the fed state and esterification may be
stimulated, resulting in the accumulation of fat, which
would increase the capacity to cope with the next periods
of food shortage (Fielding & Frayn, 1998; Frayn et al,
1995). Consequently, we could conclude that the adaptive
regulation of WAT HSL gene expression may be involved
in the mobilization of fat storage in wild animals showing
resistance to FR-Re-induced overweight.
In the present study, we observed that hypothalamus
NPY and AgRP genes expression were increased by 48%
and 50% in FR-Re hamsters, respectively, compared with
their counterparts fed ad libitum. It has been previously
observed that the expression levels of NPY and AgRP
increase in the arcuate nucleus in food-restricted or deprived mice (Hahn et al, 1998; Mizuno & Mobbs,
1999) and rats (Bi et al, 2003; Brady et al, 1990; Rijke et
al, 2005; Sucajtys-Szulc et al, 2008, 2009). For striped
hamsters, food deprivation also induced significant increases in hypothalamus NPY and AgRP genes expression
(Zhao, unpublished data). Here, both orexigenic peptides
genes expression were up-regulated in FR hamsters.
However, the genes expression of hypothalamus anorexigenic peptides, e.g. POMC and CART, were unchanged in
FR-Re striped hamster. This may indicate that the effect
of food availability on POMC and CART expression is

less consistent with that in other studies, within which those
genes expressions are unchanged or decreased in food
restricted or –deprived laboratory rodents (Bi et al, 2003;
Brady et al, 1990; Rijke et al, 2005). These results suggest
that hypothalamus NPY and AgRP genes expression, rather
than POMC and CART, may be more likely involved in the
energy balance and body weight regulations in animals
experiencing the changes in food availability.
Leptin supplement led to 28% and 40% of downregulations of hypothalamus NPY and AgRP genes
expression in hamsters fed ad libitum. In addition, no
effects of leptin supplement on POMC, CART and ObRb genes expression were observed. Inconsistently,
leptin administration to laboratory rodents resulted in
significant down-regulations of hypothalamus NPY and
AgRP genes expression and/or up-regulations of POMC
and CART expression (Ahima et al, 2000; Friedman &
Halaas, 1998; Kristensen et al, 1998; Stephens et al,
1995). The reasons for these inconsistencies are unclear,
which may reflect a species-specific response to leptin
supplement. Additionally, we observed that leptin
supplement decreased WAT leptin gene expression by
42% in hamsters fed ad libitum and by 57% in FR-Re
animals compared with their counterparts treated with
PBS. Leptin administration to the hamsters fed ad libitum induced a significant up-regulation of WAT HSL gene
expression. Similarly, leptin administration increased
HSL mRNA expression but decreased leptin gene expression in laboratory mice (Zhang et al, 2008) and rats
(Scarpace et al, 1998). HSL is classically considered to
be the enzyme catalyzing the rate-limiting step of the
mobilization of stored triacylglycerol (lipolysis) (Lucas
et al, 2003). It has been previously proposed that in rats
the reduction in fat mass is most likely due to the
increased HSL mRNA (Kristensen et al, 1998). In the
striped hamsters in the current study, we did not found
any changes in energy intake following leptin treatment,
but observed a significant decrease in body fat content,
which was paralleled with the up-regulation of HSL gene
expression, indicating that the mobilization of fat was
enhanced in leptin-treated hamsters. This suggests that
effects of leptin may be partly mediated via WAT HSL
gene expression and consequently play an essential role
in the regulations of body weight and fat mass.
The resistance to overweight of body mass may suggest a special strategy in adaption to ambient environment. In
general, rodents with large size and big fat are easier to be
killed by the predators than the small and lean rodents. Data
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from the present study may indicate that striped hamsters
showing resistance to overweight decrease their predation
risk and consequently increase survival rate. However, more
evidence is necessary to support this assumption.
In summary, body mass and fat content were decreased in striped hamsters during FR and then increased
during Re. FR-Re induced a regaining of lost weight, but
did not result in overweight relative to ad libitum controls.
During Re, striped hamsters showed a short stage of hyperphagia, which likely contributed to the regaining of body

mass. Serum leptin level was significantly decreased
during FR and increased during Re. Leptin supplement
attenuated the increase in food intake during Re. Hypothalamus NPY and AgRP genes expression, rather than
POMC and CART, may be more likely involved in the
regulations of energy balance and body weight in animals
experiencing the changes in food availability. Leptin may
be involved in the down-regulations of hypothalamus
orexigenic peptides genes expression and consequently
plays a crucial role in controlling food intake when FR ends.
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