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Food restriction (FR) has been commonly used to decrease body fat, reducing the risk of overweight in humans
and animals. However, the lost weight has been shown to be followed by overweight when food restriction ends.
It remains uncertain whether the weight loss drives the overweight, or not. In the present study, striped hamsters
were restricted by 15%, 30% and 40% of ad libitum food intake for 2 weeks, followed by high—fat refeeding for
6 weeks (FR15%-Re, FR30%-Re and FR40%-Re). The hamsters in FR15%, FR30% and FR40% groups decreased
by 21.1%, 37.8% and 50.0% in fat mass (P < 0.01), and 16.8%, 42.8% and 53.4% in leptin levels (P < 0.01)
compared with the hamsters fed ad libitum. The FR15%-Re, FR30%-Re and FR40%-Re groups showed 77.0%,
37.2% and 23.7% more body fat than ad libitum group (P < 0.01). The FR15%-Re group showed considerable
decreases in gene expression of arcuate nucleus co-expressing proopiomelanocortin (POMC), cocaine — and
amphetamineregulated transcript (CART) and the long isoform of leptin receptor (LepRb) in the hypothalamus
and of several genes associated with fatty acid transport to mitochondria and -oxidation in brown adipose
tissue and liver. It suggests that less weight loss is likely to drive more fat accumulation when food restriction
ends, in which the impaired function of LepRb, POMC and CART in the brain and fatty acid oxidation in brown

adipose tissue and liver may be involved.

1. Introduction

Food restriction has been shown to lengthen life span in a variety of
animals (Osborne et al., 1917; McCay et al., 1935; Weindruch et al.,
1986; Kirkwood and Shanley, 2005) and to decrease body mass in la-
boratory rodents and humans (Weigle et al., 1997; Speakman and
Mitchell, 2011; Gotthardt and Bello, 2017). The majority of the weight
lost during food restriction is accounted for by loss of body fat (Harris
and Martin, 1984; Cleary et al., 1987; Mitchell et al., 2015). It has been
reported that under food restriction both fat mass and visceral fat are
reduced to approximately one-third of that of ad libitum fed animals,
while lean body mass is unchanged (Barzilai et al., 1998; Speakman and
Mitchell, 2011). Given the global problem of obesity and associated
comorbidities in humans, food restriction has been therefore commonly
used to decrease body fat, reducing the risk of obesity (Cameron and
Speakman, 2011; Haslam and James, 2005). However, periods of re-
stricted food intake that lead to lowered body mass have been shown to
be followed by rapid regain of the lost weight after reintroduction of ad
libitum feeding (Cleary, 1986; Vink et al., 2016; Gotthardt and Bello,
2017). The regain of body weight has been observed to lead to over-
weight in a number of species and under certain conditions, that is, a

considerable increase in body fat during refeeding period compared to
original fat mass (Szepesi and Epstein, 1977; Bosy-Westphal et al.,
2013; Simonds et al., 2018).

It is well established that the changes in body mass and fat are
largely affected by the trade-off between energy intake and energy
expenditure (Zhang et al., 2012). A number of studies in rodents and
humans suggest that the enhanced energy efficiency after a period of
food restriction possibly leads to positive energy balance, consequently
resulting in over-weight and obesity (Szepesi and Epstein, 1977).
Moreover, sustained restriction is associated with neuroendocrine
changes promoting hunger, leading to hyperphagia (Hambly et al.,
2007), thus making mass regain even more likely (Cameron and
Speakman, 2011). Both physiological and behavioral strategies in re-
sponse to food restriction have been extensively studied, however, the
roles of experience of an organism under food restriction in the regain
of body weight and development of obesity following ad libitum re-
feeding have received less attention (Speakman and Mitchell, 2011).

Leptin is a mainly adipocyte-secreted protein, and production and
circulating levels of leptin are highly correlated with fat deposition
(Zhang et al., 1994; Friedman and Halaas, 1998; Leibel, 2002; Sucajtys-
Szulc et al., 2009; Zhao et al., 2014a). It has been proposed that leptin
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signals reflecting nutritional state are sensed by the hypothalamus,
which, in turn, modulates food intake and energy expenditure
(Hetherington and Ranson, 1942; Kennedy, 1953; Halaas et al., 1995;
Friedman and Halaas, 1998; Ahima and Osei, 2004; Park and Ahima,
2014). Leptin mediates its effects by binding to the long isoform of
leptin receptor (LepRb) expressed in the hypothalamus and other areas
of the brain (Park and Ahima, 2014). Leptin directly targets two neu-
ronal populations in the arcuate nucleus co—expressing proopiomela-
nocortin (POMC)/cocaine- and amphetamineregulated transcript
(CART), and agouti-related peptide (AgRP) and neuropeptide Y (NPY)
(Xu et al., 2011). Leptin stimulates POMC/CART expression and in-
hibits AgRP/NPY expression, thereby reducing food intake, increasing
energy expenditure, and decreasing body weight. Fat depots are con-
siderably mobilized by an organism to cope with restricted intake, re-
sulting in decreased leptin levels, i.e. hypoleptinemia (Rosenbaum and
Leibel, 2014). Hypoleptinemia following and during weight loss sug-
gests that the major physiological function of leptin is to signal states of
negative energy balance and decreased energy stores (Rosenbaum and
Leibel, 2014). The negative status of energy balance indicated by hy-
poleptinemia may increase the drive to eat, which likely leads to hy-
perphagia and favors weight regain when food restriction ends. It may
be expected that the subjects under severe food restriction will develop
lower leptin levels than those under moderate restriction, providing
stronger signals to the brain, resulting in more fat accumulation and
even obesity.

In addition to the brain, peripheral organs, such as liver, skeletal
muscle, and adipose tissue can integrate the expenditure and nutri-
tional, neuronal, and hormonal signals to ensure metabolic home-
ostasis, contributing to the fine regulation of body mass (Auffret et al.,
2012). Different from white adipose tissue (WAT), brown adipose tissue
(BAT) contains several lipid droplets and numerous mitochondria,
where a unique protein, uncoupling protein 1 (UCP1) is expressed and
distributed, that supports the thermogenic function of brown adipo-
cytes (Cannon and Nedergaard, 2004; Ricquier, 2005). The brown
adipocyte burns lipids to produce heat, making large amounts of fatty
acids available quickly for mitochondrial uncoupling and consequently
thermogenesis (Ricquier, 2005). Carnitine palmitoyltransferase-1
(CPT-1) is the main regulator of long—chain fatty acids transport across
the mitochondrial membrane for beta—oxidation (McGarry and Brown,
1997; Park and Cook, 1998; Foster, 2004; Song et al., 2004). CPT-1a is
the primary isoform expressed in the liver while the CPT-1p is highly
expressed in BAT and skeletal muscle. CPT-1f is stimulated via direct
interactions of the peroxisome proliferator activated receptor o
(PPARa) and the peroxisome proliferator activated receptor gamma
coactivator (PGC-1a) (Vega et al., 2000; Song et al., 2004). PPARa is a
nuclear transcription factor that induces the expression of genes in-
volved in fatty acid transport to mitochondria to undergo B—oxidation
(Evans et al., 2004; Patsouris et al., 2006; Song et al., 2010). PGC-1a
was initially identified in BAT, and is highly expressed in tissues with
high metabolic rates including BAT, muscle and liver (Puigserver et al.,
1998; Puigserver and Spiegelman, 2003).

The striped hamster (Cricetulus barabensis) is a major rodent in
northern China and is also distributed in Russia, Mongolia, and Korea
(Shi et al., 2017). The hamsters feed on foraging crop seeds in winter,
but do not store food and feed on stems and leaves of plant during
summer (Tan et al., 2017). We have previously observed that striped
hamsters showed physiological and behavioral strategies to cope with
the period of food shortage, such as food restriction and deprivation
(Zhao and Cao, 2009; Zhao et al., 2014a, 2014b; Wen et al., 2018; Zhao
et al., 2018). Food-restricted hamsters also show considerable de-
creases of fat depots and serum leptin levels (Zhao, 2012; Zhao et al.,
2013; Zhao et al., 2014a). Inconsistent with other animals including
laboratory mice and rats, the food-restricted hamsters showed weight
regain when restriction ended, but did not develop overweight or
obesity (Zhao et al., 2013; Zhao et al., 2014a, 2014b). However, it is
unclear if hypoleptinemia is involved in the resistance to overweight, or
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not, during ab libitum refeeding period. Since leptin repletion is most
effective following weight loss by food restriction (Hambly et al., 2012),
in the present study striped hamsters were subjected to food restriction
treatment at different levels, i.e. by 15%, 30% and 40% of ad libitum
food intake, followed by refeeding of a high-fat diet. It hypothesized
that the restricted animals with a gradient of leptin levels to the brain
would have different phenotype associated with weight regain, over-
weight or obesity when food restriction ended. We predicted that the
lower leptin levels to the brain during food restriction would drive more
fat accumulation when food restriction ended, resulting in overweight
and obesity.

2. Materials and methods
2.1. Animals

Eighty one male striped hamsters, with 3.5-4.5 months of age, were
used in this study. The striped hamsters showed considerable seasonal
fluctuations of body fat (Zhao et al., 2010; Zhao et al., 2014c) and
therefore is suitable for addressing the scientific objectives of this study.
All protocols and procedures were approved by the Animal Care and
Use Committee at the Wenzhou University in accordance with the
Chinese Council on Animal Care guidelines and conformed to ARRIVE
guidelines for reporting animal research. These hamsters were obtained
from our laboratory breeding colony at Wenzhou University, which
started with the animals that were initially trapped from farmland at
the center of Hebei province (115°C13’E, 38°C12’S), North China Plain.
Animals  were  housed individually in  plastic  cages
(29cm x 18cm X 16 cm) with sawdust bedding, and kept at
21 = 1°C under a 121:12D (light:dark, lights on at 08:00 am) photo-
period. Food (standard rodent chow, 17.6 kJ/g; Beijing KeAo Feed
Company, Beijing, China) and tap water were provided ad libitum. The
animals were randomly divided into one of four groups: one Ad group
(n = 18), hamsters were fed with normal diet (standard rodent chow)
throughout the experiment, and three food restriction and refeeding
(FR-Re) groups, i.e. the animals were restricted by 15%, 30% and 40%
of ad libitum food intake for 2 weeks and refed ad libitum with high—fat
diet (fat was 60%, carbohydrate was 20% and protein was 20%, ca-
lorific value was 22.0 kJ/g, Research Diet, D12492, USA) for 6 weeks,
briefly as FR15%-Re (n = 22), FR30%-Re (n = 22) and FR40%-Re
(n = 19), thereafter.

2.2. Body mass and food intake

At the onset of the experiment, animals were weighed on a daily
basis to the nearest 0.1 g to establish baseline body mass for one week.
The ad libitum food intake was also measured daily during the baseline
measurements. Food intake was calculated from the difference between
the initial food provided and the uneaten food on the next day, sub-
tracting food residues mixed in the bedding materials. The amount of
food provided during the period of food restriction treatment in
FR15%-Re, FR30%-Re and FR40%-Re groups were calculated from the
averaged ad libitum food intake during the baseline measurements.

2.3. Energy intake and digestibility

Gross energy intake (GEI) and digestibility were measured over the
last two days of food restriction and of refeeding, using a food balance
method described previously (Grodzinski and Wunder, 1975; Zhao
et al.,, 2018). A known quantity of food was provided, and 48 h later,
any uneaten food and orts mixed with the bedding material were col-
lected, along with feces from each animal. Food and feces were sepa-
rated manually after drying at 60 °C to constant mass. The gross energy
contents of the food and feces were determined using an IKA C2000
oxygen bomb calorimeter (IKA, Germany). GEI, gross energy of feces
(GEF), digestive energy intake (DEI) and digestibility were calculated as



J. Xu, et al.

the following equation:

GEI (kJ/d) = [food provided (g/d)
X dry matter content of food (%)
—dry spillage of food and uneaten food]
X gross energy content of food (kJ/g); GEF (kJ/d)
= dry feces mass (g/d) x gross energy content of feces (kJ
/g); DEI (kJ/d) = GEI-GEF; and digestibility (%)
= DEI/GEI X 100%

2.4. Resting metabolic rate (RMR) and daily metabolic rate (DMR)

The RMR and DMR were measured in thirty two randomly selected
hamsters form the Ad and three food-restricted groups at the end of
food restriction, and also in forty nine hamsters from the four groups
after the 6 weeks of refeeding. Both RMR and DMR were determined
using an O, module high-speed sensor unit (994620-CSHSP-01) for
calorimetric measurements in an open—flow respirometry system (TSE,
Germany). As described previously (Wen et al., 2018; Xu et al., 2018),
air was pumped through a cylindrical sealed Perspex chamber at a rate
of 1 L/min. Gases leaving the chamber were dried and sampled using an
oxygen analyzer at a flow rate of 0.38 L/min. Data were collected every
10s by a computer connected via an analogue-to-digital converter
(TSE, Germany). Animals were transferred into the chambers without
food for 1 h for the adaptation purpose, and were measured for further
3h at 30 = 0.5°C, within the thermal neutral zone of this hamster
species (Zhao et al., 2010; Zhao et al., 2014d). The consecutive
minimum rates of oxygen consumption over 10 min were taken to
calculate RMR.

The DMR was determined over 24h at 21 = 0.5°C (the same
temperature at which hamsters were kept), during which the animals
under food restriction were provided with restricted food, and the an-
imals during refeeding were provided with food ad libitum. Tap water
was provided ad libitum for all the animals during the measurements.
The DMR was calculated from the consecutive rat of oxygen con-
sumption. Both RMR and DMR were corrected to standard temperature
and air pressure conditions, and expressed as mLO,/h.

2.5. Serum leptin

On the day next to the DMR measurements, animals were sacrificed
and trunk blood was collected and allowed to clot for 3h at 4 °C. The
blood was then centrifuged at 4 °C, 3500 g for 10 min. Serum was taken
and stored at —80°C until assayed. Leptin concentrations were de-
termined in food-restricted subjects, using a radio-immunoassay kit
(Linco Research Inc., St. Charles, MO), following the standard kit in-
structions. As described previously (Zhao et al., 2013), the commercial
kit was valid for the striped hamster, and the lower and upper limits of
the assay kit were 1 and 50 ng/mL. The inter- and intra-assay varia-
tions were 3.6% and 8.7%, respectively.

2.6. Body fat

After blood had been collected, the hypothalamus, BAT, sub-
cutaneous fat, and liver were separated carefully and quickly. All the
tissues were frozen in liquid nitrogen and stored at —80 °C until ana-
lysis. Then the stomach, small and large intestine, caecum and liver,
heart, lung, spleen and kidneys were removed. The remaining carcass
was weighed to determine wet mass, dried to a constant mass in an
oven at 60 °C for two weeks, and reweighed (to 1 mg) to determine dry
mass. Total body fat was extracted from the dried carcass by ether
extraction in a Soxhlet apparatus, and the weight difference before and
after extraction was taken to calculate fat mass and fat content of car-
cass.
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Table 1

Gene-specific primer sequences used for Real-time RT-qPCR analysis.
Gene Primers (5’ to 3%) Size (bp)
Actin (forward) AAAGACCTCTATGCCAACA 196
Actin (reverse) ACATCTGCTGGAAGGTGG
AgRP (forward) TGTTCCCAGAGTTCCCAGGTC 227
AgRP (reverse) ATTGAAGAAGCGGCAGTAGCAC
CART (forward) TACCTTTGCTGGGTGCCG 260
CART (reverse) AAGTTCCTCGGGGACAGT
CPT1a (forward) TCGACAGGTGGTTTGACAAGTCC 247
CPT1a (reverse) TCTATGACCTCCTGGCATTCTCC
CPT1p (forward) TGGTGGGCAACTAACTATG 186
CPT1p (reverse) GTCCAGTTTGCGGCGATA
CPT2 (forward) CAGGGCTTTGACCGACAC 127
CPT2 (reverse) AGTGCTGGTGGACAGGATGT
LepR (forward) CAGTGTCGATACAGCTTGGA 200
LepR (reverse) TTGCATATTTAACTGAGGGT
Leptin (forward) AACCCTCATCAAGACCATT 240
Leptin (reverse) GCCAGCAGATGGAGAAGG
NPY (forward) ACCCTCGCTCTGTCCCTG 186
NPY (reverse) AATCAGTGTCTCAGGGCTA
PGCla (forward) GAACAAGACTATTGAGCGAACC 204
PGCla (reverse) GAGTGGCTGCCTTGGGTA
POMC (forward) GGTGGGCAAGAAGCGACG 205
POMC (reverse) CTTGTCCTTGGGCGGGCT
PPARa (forward) CAGCCCCTCATCAGTCAG 121
PPARa (reverse) GACTCCGTAGTGGTAGCCT
UCP1 (forward) GGGACCATCACCACCCTGGCAAAAA 330
UCP1 (reverse) GGCTTTCTGTTGTGGCTAT

AgRP, agouti-related protein; CART; cocaine- and amphetamine-regulated
transcript.; CPT1a, carnitine palmitoyltransferase 1 alpha; CPT1f, carnitine
palmitoyltransferase 1 beta; CPT2, carnitine palmitoyltransferase 2; LepR, long
form of the leptin receptor; NPY, neuropeptide Y; PGCla, peroxisome pro-
liferator activated receptor gamma coactivator 1 alpha; POMC, pro-opiomela-
nocortin; PPARa, peroxisome proliferator activated receptor alpha; UCP1, un-
coupling protein 1.

2.7. Real-time RT-qPCR analysis

Total RNA of subcutaneous fat, hypothalamus, BAT and liver were
extracted using TRIzol Reagent (TAKARA, Dalian, China). The cDNA
was synthesized in a final reaction volume of 50 pL with random primer
oligo (dT)18 and AMV Reverse Transcriptase (TAKARA). 2 puL cDNA
samples were taken for the subsequent PCR reaction using gene-specific
primers (Table 1). The final reaction volume of 20 pL contained 10 pL of
2 X SYBR Premix EX Tag TM (TAKARA), 0.4 uL of forward prime and
reverse primer (final concentration 0.2uM per primer), 2puL cDNA
template and 7.2 uL. DEPC H,0. gPCR was performed using Roche Light
Cycler480II real-time gPCR system. Actin was used as an internal
standard. Samples were quantified for relative quantity of gene ex-
pression (Zhao et al., 2014a).

2.8. Statistical analysis

Data were analyzed using SPSS 21.0 statistic software. Before sta-
tistical analysis, the data were confirmed by Kolmogorov—-Smirnov and
Levene tests to coincide with the normal distribution and variance
homogeneity. The effects of food restriction and refeeding on body mass
and food intake on any day points were examined using a one-way
ANOVA, followed by Tukey post hoc tests where required. The differ-
ence in body mass and food intake over the course of the experiment
was examined using repeated—measures ANOVA. The effects of food
restriction and refeeding on RMR and DMR were examined one-way
ANCOVA, with body mass as a covariate. The energy intake, digest-
ibility and fat content, as well as gene expression were analyzed also
using one-way ANOVA, followed by Tukey post hoc tests where re-
quired. Eta-squared (n) was used to measure effect size in ANOVA.
Pearson's correlation was performed to examine relationships between
body mass lost and regain and body fat content. All data were
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means * s.e.m. Statistical significance was assumed at P < 0.05.

3. Results
3.1. Food intake

The four groups did not differ in food intake during the period of
baseline measurement (day 1, F5 45 = 0.96, P > 0.05, % = 0.060; day
7, F3 45 = 0.61, P > 0.05, I_]2 = 0.039, Fig. 1A). During the period of
food restriction (day 8 to 21), the hamsters in FR15%, FR30% and
FR40% groups consumed significantly less food than the hamsters fed
ad libitum (day 8, Fsus=30.26, P < 0.01, n®= 0.668; day 21,
F3 45 = 28.93, P < 0.01, 9% = 0.659). The food intake increased sig-
nificantly when food restriction ended, and considerably fell back one
day later in FR15%-Re, FR30%-Re and FR40%-Re groups compared to
that of ad libitum group (day 22, Fs 45 = 3.38, P < 0.05, n* = 0.184).
There were significant differences among the four groups almost
throughout the refeeding period, during which FR15%-Re, FR30%-Re
and FR40%-Re groups showed significantly lower food intake than Ad
group (day 25, Fs4s =10.95, P < 0.01, p®=0.422, day 63,
F345 = 15.94, P < 0.01, n* = 0.515, Fig. 1A).

3.2. Body mass

Body mass did not differ among the four groups during the period of
baseline measurement (day 1, F5 45 = 0.03, P > 0.05, 1]2 = 0.001; day
7, F345 = 0.15, P > 0.05, 1]2 = 0.009, Fig. 1B). Body mass of the
hamsters considerably decreased following the food restriction on day
8, and it decreased by 13.6%, 20.3% and 22.9%, respectively, in the
FR15%, FR30% and FR40% groups on day 21 compared to that on day
7 (repeated measures ANOVA, days 7-21, FR15%, Fj41s2 = 30.72,
P < 0.01, 1n?>=0.703; FR30%, Fi4182 =145.37, P < 0.01,
n? = 0.917; FR40%, F14140 = 151.27, P < 0.01, n* = 0.937), while it
did not change significantly in the hamsters fed ad libitum (repeated
measures ANOVA, days 7-21, ad, Fi4182 =156, P > 0.05,
n? = 0.147). Food restriction had significant effects on body mass on
day 10 and thereafter (day 10, F345 = 5.76, P < 0.01, n* = 0.284),
and FR15%, FR30% and FR40% groups were lower by 13.2%, 21.1%
and 22.8% respectively, than Ad groups (day 21, F54s = 34.21,
P < 0.01, n® = 0.616, post hoc, P < 0.05, Figs. 1B, 2A). Body mass
regained significantly when food restriction ended, and it increased by
28.9%, 27.6% and 35.3%, respectively, in the FR15%-Re, FR30%-Re
and FR40%-Re groups on day 64 relative to that on day 21 (repeated

Fig. 2. Body mass change (A, B), body fat content (C, D)
and body fat mass (E, F) of the food-restricted striped
hamsters refed with high-fat diet. Ad, the animals were
fed ad libitum throughout the experiment; FR15%, FR30%
and FR40%, the animals were restricted by 15%, 30%
and 40% of ad libitum food intake for 2 weeks, and fol-
lowed by high-fat diet refeeding for 6 weeks (—Re). Data
are means * s.e.m. *, P < 0.05, the significant effects of
food restriction (A, C, E) or refeeding (B, D, F); **,

Yg, @a;\" Q‘n)@o .,§\° P < 0.01. Different letters above the columns indicate

AR Qq" significant difference between the groups (P < 0.05).
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measures ANOVA, days 21-64, FR15%-Re, F43 550 = 27.79, P < 0.01,
n? = 0.655; FR30%-Re, Fu3s50 = 26.00, P < 0.01, p®= 0.666;
FR40%-Re, F43 430 = 29.20, P < 0.01, 1]2 = 0.744, Figs. 1B, 2B), while
it did not change significantly in the hamsters fed ad libitum (repeated
measures ANOVA, days 21-64, Ad, Fjs3s7 =0.97, P > 0.05,
n? = 0.009). The significant effects of refeeding on body mass were
observed on day 59 and thereafter (day 59, F54s = 2.92, P < 0.05,
n? = 0.168). At the end of refeeding, the group difference in body mass
was significant (day 63, Fs 45 = 2.78, P < 0.05, n* = 0.161), by which
the body mass of FR15%-Re group was higher by 10.7% than that of Ad
group, whereas it did not significantly differ between FR30%-Re,
FR40%-Re groups and Ad group (post hoc, P > 0.05, Fig. 1B).

3.3. Serum leptin

Serum leptin concentrations were significantly affected by food re-
striction, and the hamsters in FR15%, FR30% and FR40% groups de-
creased by 16.8%, 42.8% and 53.4% in leptin levels compared with the
hamsters fed ad libitum (F5 5 = 7.88, P < 0.01, 1]2 = 0.457, post hoc,
P < 0.05, Fig. 1C). Additionally, the FR40% group showed 44.0%
lower leptin levels than FR15% group (post hoc, P < 0.05).

3.4. Body fat

Body fat content was significantly affected by food restriction, and it
averaged 32.6% in the hamsters fed ad libitum, and was decreased
considerably in the food-restricted hamsters (F3 25 = 7.31, P < 0.01,
n? = 0.439, Fig. 2C). Body fat content was decreased to 28.6% in
FR15% group and reduced to 21.9% in FR40% group, indicating that
fat mobilization was greater in the hamsters subjected to sever re-
striction (post hoc, P < 0.05). Body fat content was also significantly
different among the Ad and FR15%-Re, FR30%-Re and FR40%-Re
groups (Fs 45 = 3.97, P < 0.05, 132 = 0.217, Fig. 2D). Interestingly, the
maximum fat content was observed in FR15%-Re, rather than in
FR40% group (post hoc, P < 0.05). Consistent with fat content, body
fat mass decreased by 21.1%, 37.8% and 50.0%, respectively, in
FR15%, FR30% and FR40% groups compared with that in Ad group
(F3,28 = 9.06, P < 0.01, r_]2 = 0.492, Fig. 2E). The refeeding resulted in
a considerable increase in fat mass, which increased by 77.0%, 37.2%
and 23.7% in the FR15%-Re, FR30%-Re and FR40%-Re groups re-
lative to Ad group (Fs4s = 2.87, P < 0.05, n* = 0.166, post hoc,
P < 0.05, Fig. 2F).

The percentage of body mass lost was positively correlated with
body mass regain in FR15%-Re (r = 0.72, P < 0.01) and FR30%-Re
groups (r = 0.64, P < 0.05), while no significant correlations were
observed in Ad (r = —0.31, P > 0.05) or FR30%-Re group (r = 0.02,
P > 0.05, Fig. 3A). There was a negative correlation between body
mass lost and body fat content in Ad group (r = —0.71, P < 0.05), and
no significant correlations were observed in FR15%-Re (r = 0.01,
P > 0.05), FR30%-Re (r=0.32, P > 0.05) or FR40%-Re group
(r =0.03, P > 0.05, Fig. 3B).

3.5. Energy intake and digestibility

The hamsters subjected to the FR15%, FR30% and FR40% treatment
showed 9.3%, 19.7 and 32.9% lower GEI, and produced 7.4%, 16.1%
and 32.8% less feces than the hamsters fed ad Ulibitum (GEI,
Fs35 = 12.78, P < 0.01, p? = 0.577, Fig. 4A; GEF, Fjs5 = 7.81,
P < 0.01, n? = 0.455, Fig. 4B). The DEI was also significantly affected
by food restriction, and it was significantly lower in the food-restricted
groups than that of Ad group (DEI, F535=10.20, P < 0.01,
n? = 0.522, Fig. 4C). The digestibility was not affected by food re-
striction, and that of three food-restricted groups was similar to that of
Ad groups (F3 35 = 0.09, P > 0.05, 1_12 = 0.009, Fig. 4D). At the end of
the refeeding period, the hamsters in FR15%-Re, FR30%-Re and
FR40%-Re groups had lower GEI and GEF than the animals fed ad
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Fig. 3. Correlations between body mass lost during 2 weeks of food restriction
and body mass regain (A) and body fat content (B) of striped hamsters refed
with high-fat diet for 6 weeks. Ad, animals were fed ad libitum throughout the
experiment; FR15%-Re, FR30%-Re, FR40%-Re, animals were restricted by 15%,
30% and 40% of ad libitum food intake, respectively, for 2 weeks and followed
by high-fat diet refeeding for 6 weeks. *, significant correlation (P < 0.05), **,
P < 0.01.

libitum (GEI, F345 =11.35, P < 0.01, n® = 0.431, Fig. 4E; GEF,
F3 45 =180.01, P < 0.01, n% = 0.923, Fig. 4F). The hamsters in three
FR-Re groups showed 14.1% lower DEIL, but 13.5% higher digestibility,
on average, than Ad group (DEI, F3 45 = 3.31, P < 0.05, 1]2 = 0.181,
Fig. 4G; Digestibility, F545 = 105.55, P < 0.01, n = 0.875, Fig. 4H).

3.6. Resting metabolic rate (RMR) and daily metabolic rate (DMR)

RMR was significantly affected by food restriction, and it deceased
by 24.7%, 25.6%, and 23.9%, respectively, in the FR15%, FR30% and
FR40% groups compared with Ad group (Fs .7, = 7.95, P < 0.01,
n? = 0.427, Fig. 5A). At the end of refeeding period, RMR was sig-
nificantly different among the four groups, and it was higher by 10.0%,
12.2% and 23.6% in FR15%-Re, FR30%-Re and FR40%-Re groups
compared with Ad group (F3 44 =3.75, P < 0.05, n? = 0.260,
Fig. 5B).

The DMR of Ad hamsters and food-restricted hamsters showed
considerable fluctuations over 24 h, and it decreased during the light
phase and increased during the dark phase (supplementary materials,
Fig. S1A, B, C). Interestingly, the DMR tended to be lower in the three
restricted groups during daytime relative to that in Ad group, whereas
the DMR during nighttime was not different between the Ad and foo-
d-restricted groups. The DMR of FR15%-Re, FR30%-Re and FR40%-Re
also showed considerable fluctuations over 24 h, consistent with that
observed in Ad group. No notable differences among the four groups
were observed during the light or dark phases (supplementary mate-
rials, Fig. S1D, E, F).

3.7. Gene expression of neuropeptides in the brain and of leptin in
subcutaneous fat

There was no significant difference in NPY or AgRp gene expression
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Fig. 5. Resting metabolic rate (RMR) of the food-restricted striped hamsters
refed with high-fat diet. Ad, the animals were fed ad libitum throughout the
experiment; FR15%, FR30% and FR40%, the animals were restricted by 15%,
30% and 40% of ad libitum food intake for 2 weeks, and followed by high-fat
diet refeeding for 6 weeks (—Re). Data are means * s.e.m. *, P < 0.05, the
significant effects of food restriction (A) or refeeding (B), **, P < 0.01.
Different letters above the columns indicate significant difference between the
groups (P < 0.05).

in the hypothalamus among the four groups (NPY, F3 45 = 2.06,
P > 0.05, n%=0.068, Fig. 6A; AgRp, Fs, 45=1.42, P > 0.05,
n? = 0.048, Fig. 6B). The hypothalamus POMC gene expression was
significantly different among the four groups, and it was down—-
regulated by 61.1% and 59.0% in the FR15%-Re group compared with
that in Ad and FR40%-Re groups, respectively (F3 45 = 4.99,
P < 0.01, n? = 0.151, post hoc, P < 0.05, Fig. 6C). CART gene ex-
pression also differed significantly among the groups, and the lower
gene expression was observed in the FR15%-Re group (Fs, 45 = 7.07,
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D Fig. 4. Gross energy intake (GEI, A, E), gross
;\3100 energy of feces (GEF, B, F), digestive energy in-
< 90 take (DEI, C, G) and digestibility (D, H) of the
% 30 food-restricted striped hamsters refed with high-
=z fat diet. Ad, the animals were fed ad libitum
Eﬂ 70 throughout the experiment; FR15%, FR30% and
A 60 FR40%, the animals were restricted by 15%,

30% and 40% of ad libitum food intake for
2 weeks, and followed by high-fat diet refeeding
for 6 weeks (—Re). Data are means * s.e.m. *,
P < 0.05, the significant effects of food restric-
tion (A, B, C, D) or refeeding (E, F, G, H), **,
P < 0.01. Different letters above the columns
indicate significant difference between the
groups (P < 0.05).

Digestibility (§o)

P < 0.01, n* = 0.201, post hoc, P < 0.05, Fig. 6D). The gene expres-
sion of LepR in the hypothalamus was considerably different among the
four groups, and the minimum was observed in the FR15%-Re group,
with decreasing by 85.4% and 85.8%, respectively, relative to that in
Ad and FR40%-Re groups (F3, 45 = 6.22, P < 0.01, 1]2 = 0.181, post
hoc, P < 0.05, Fig. 6E). Contrary to that observed in LepR, leptin gene
expression in subcutaneous fat was considerably up-regulated in the
FR15%-Re group, with increasing by 5.1 and 3.5-fold relative to that in
Ad and FR40%-Re groups, respectively (F3 45 = 17.06, P < 0.01,
n? = 0.381, post hoc, P < 0.05, Fig. 6F).

3.8. Gene expression of PPARa, PGCla, CPT1f and UCP1 in BAT

The PPARa gene expression in BAT differed significantly among the
four groups, and it was down-regulated by 60.9% in FR15%-Re group
compared with that of FR40%Re group (F5 45 =4.25, P < 0.01,
n? = 0.113, post hoc, P < 0.05, Fig. 7A). Consistently, the minimum
gene expression of PGCla was observed in FR15%-Re group, that was
down-regulated by 73.4% relative to that of FR40%-Re group (Fs,
45 = 4.38, P < 0.01, n? = 0.116, post hoc, P < 0.05, Fig. 7B). The
group difference was also observed in CPT1f gene expression, which
tended to decrease in the FR15%-Re and FR30%-Re groups (Fs
45 = 3.56, P < 0.05, 132 = 0.096, Fig. 7C). The UCP1 gene expression
tended to be up-regulated in FR40%-Re group, which increased by
55.8% and 46.4%, respectively, compared to that of Ad and FR15%-Re
groups, whereas the group difference was not statistically significant
(F3, 45 = 2.11, P > 0.05, n = 0.059, Fig. 7D).

Fig. 6. Gene expression of NPY (A), AgRp (B), POMC (QO),

*k CART (D) and LepR (E) in the hypothalamus and of leptin (F)
in subcutaneous fat of the food-restricted striped hamsters
a refed with high-fat diet. Ad, the animals were fed ad libitum
ab throughout the experiment; FR15%-Re, FR30%-Re, FR40%-
b Re, the animals were restricted by 15%, 30% and 40% of ad
libitum food intake, respectively, for 2 weeks and followed by
high-fat diet refeeding for 6 weeks. Data are means *+ s.e.m.
*, the significant effects of refeeding (P < 0.05), **,
"k P < 0.01. Different letters above the columns indicate sig-
a nificant difference between the groups (P < 0.05).
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3.9. Gene expression of PPARa, PGCla, CPT1a and CPT2 in liver

There were significant group differences in PPARa gene expression
in liver, which was up-regulated in FR40%-Re group relative to that in
Ad group (Fs, 45 = 4.62, P < 0.01, 1]2 = 0.123, post hoc, P < 0.05,
Fig. 7E). The PGCla gene expression differed significantly among the
four groups, and it was up-regulated by about 3-fold in FR40%-Re
group compared with that of Ad and FR15%-Re group (F3, 45 = 3.71,
P < 0.05, n? = 0.107, post hoc, P < 0.05, Fig. 7F). Consistently, the
maximum levels of CPT1la gene expression observed in FR40%-Re
group, with increasing by 1.7-fold relative to Ad group (Fs, 45 = 2.65,
P < 0.05, 5% = 0.075, post hoc, P < 0.05), and by 55.4% compared to
FR15%-Re group (post hoc, P > 0.05, Fig. 7G). In addition, the CPT2
gene expression was significantly up-regulated in the FR15%-Re and
FR40%-Re groups relative to that in Ad group (Fs, 45 = 8.01, P < 0.05,
n? = 0.195, post hoc, P < 0.05, Fig. 7H).

4. Discussion

The striped hamsters decreased body mass and fat content during
food restriction and regained lost weight considerably, exhibiting si-
milar patterns to that in the animals reported previously (Szepesi and
Epstein, 1977; Cleary, 1986; Bosy-Westphal et al., 2013; Zhao et al.,
2014a; Vink et al., 2016; Gotthardt and Bello, 2017; Simonds et al.,
2018). The hamsters under severe food restriction (restricted by 40% of
ad libitum food intake) showed lower fat content and leptin levels
compared with those subjected to moderate food restriction (restricted
by 15% of ad libitum food intake). Unexpectedly, the subjects with
lower leptin levels seemed not to develop over—weight and obesity
during high—fat diet refeeding compared with that their counterparts
with higher leptin levels.

The food-restricted animals and humans are generally characterized
by weight loss (Cleary, 1986; Zhao et al., 2014a, 2014b; Vink et al.,
2016). In the present study, food-restricted striped hamsters con-
siderably decreased their body mass compared with the hamsters fed ad
libitum. It has been previously reported that the enhanced mobilization
of fat depots mainly contributes the lost weight during food restriction
(Harris and Martin, 1984; Cleary et al., 1987; Barzilai et al., 1998;
Speakman and Mitchell, 2011; Mitchell et al., 2015). Consistently, we
observed a significant decrease in body fat content in food restricted
hamsters. The hamsters under severe restriction (FR40%) showed
considerably lower body fat compared to those subjected to moderate
food restriction (FR15%), suggesting that the animals had to increase
fat mobilization to cope with severe food shortage.

When restriction ended, the striped hamsters showed a considerable
regain of lost weight, as described in other animals and the same strain
of hamsters (Cleary, 1986; Vink et al., 2016; Gotthardt and Bello, 2017;
Zhao et al., 2018). In the present study, body mass of food-restricted
hamsters recovered to the control levels within 4 days of ad libitum
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Fig. 7. Gene expression of PPARa (A), PGCla
(B), CPT1P (C) and UCP1 (D) in BAT and of
PPARa (E), PGCla (F), CPT1a (G) and CPT2 (H)
in liver of the food-restricted striped hamsters
refed with high-fat diet. Ad, the animals were
fed ad libitum throughout the experiment;
FR15%-Re, FR30%-Re, FR40%-Re, the animals
were restricted by 15%, 30% and 40% of ad li-
bitum food intake, respectively, for 2 weeks and
followed by high-fat diet refeeding for 6 weeks.
Data are means * s.e.m. *, the significant effects
of refeeding (P < 0.05), **, P < 0.01.
Different letters above the columns indicate
significant difference between the two groups
(P < 0.05).
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refeeding. The food-restricted laboratory rats lost weight and recovered
after 6 days of refeeding (Harris and Martin, 1984). Laboratory mice
were also observed to regain their weight soon after ad libitum refeeding
(Cameron and Speakman, 2011). The regain of lost weight was mainly
due to replacement of fat depots, indicating that animals with the ex-
perience of food shortage were able to increase energy storage when
food was plentiful, and consequently increased the capacity to cope
with unexpected food shortage in the future (Zhao et al., 2013;
Speakman, 2018). Interestingly, in the present study the modest food-
restricted hamsters regained more weight after 6 weeks of high-fat re-
feeding and accumulated considerably more fat relative to the severe
restriction groups. These findings indicated that the magnitudes of
weight regain and fat accumulation might be dependent on the extent
to which animals were restricted. It is known that adipose tissue and
plasma leptin concentrations are dependent on the amount of energy
stored as fat, as well as the status of energy balance, therefore, the
extent to which fat is stored is an indicator of changes in energy balance
(Ahima and Flier, 2000; Zhao et al., 2014b; Wen et al., 2018). The
strong negative energy balance in an animal with minimum fat storage
under severe food restriction might not lead to overweight and obesity
during refeeding, whereas the weak negative energy balance under
moderate restriction likely did.

Lost weight in food-restricted animals was usually caused by lim-
ited food intake (Cleary et al., 1987; Hambly et al., 2007). Here, the
food-restricted hamsters consumed less diet and showed considerably
lower DEI compared to the hamsters fed ad libitum. Neither foo-
d-restricted groups nor ad libitum group showed significantly differ-
ences in digestibility. It suggested that the food-restricted hamsters
failed to enhance the energy efficiency to compensate for the limited
food provided. When restriction ended, hyperphagia occurred in ani-
mals refed ad libitum (Szepesi and Epstein, 1977; Cleary, 1986; Hambly
et al., 2007). Inconsistently, in the present study the food-restricted
hamsters increased food intake only one day after refeeding of high—fat
diet, and thereafter consumed less food than Ad hamsters. Digestibility
was significantly increased in the hamsters refed with high-fat diet
compared with that of controls, which possibly contributed body
weight regain and fat accumulation.

It has been observed that food-restricted animals had less body fat
and lower leptin, which would predispose to rebound hyperphagia,
resulting in regain of lost weight (Woods et al., 1998; Ogawa et al.,
2005). Leptin supplementation to food-restricted animals reduced food
intake and prevented regaining of the lost body mass (Fernandez-Galaz
et al., 2002). This indicated that in restricted animals the hunger signal
of lower leptin levels seemed more effective during refeeding than the
satiety signals arising from the gastrointestinal tract (Widdowson et al.,
1997; Ogawa et al., 2005). As mentioned above, we hypothesized that
the animals under severe food restriction would have considerable
lower leptin production than those with moderate restriction, which
might be sensed by the brain, leading to more considerable
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hyperphagia. In the present study, striped hamsters did show a sig-
nificant down-regulation of serum leptin levels, consistent with that
observed in many other animals (Ahima et al., 1996; Hambly et al.,
2012; Sucajtys-Szulc et al., 2009; Zhao et al., 2014a). In detail, leptin
levels were decreased by 16.8%, 42.8% and 53.4% in FR15%, FR30%
and FR40% groups compared with that of controls. Circulating leptin
levels are in proportion to body fat mass, thus serving as an adiposity
signal of the total body energy stores (Frederich et al., 1995; Maffei
et al., 1995). Either absolute (genetic) or relative (restricted intake)
leptin deficiency, or the both, lead to increases in hunger (Leibel,
2002). In the current study, the hamsters under severe food restriction
showed lower leptin levels, and therefore might be more hunger than
those subjected to modest food restriction. Unexpected, overweight and
obesity occurred in the FR15%-Re group following high—fat diet re-
feeding, rather than in the FR30%-Re and FR40%-Re groups, sug-
gesting that in food-restricted subjects a moderate decrease of leptin
might be more effective to drive weight regain and obesity during re-
feeding.

It is well known that leptin, binding to specific LepRb in the hy-
pothalamus, inhibits orexigenic peptides AgRP/NPY expression and
stimulates anorexigenic peptides POMC/CART expression, thereby re-
ducing food intake (Zhang et al., 1994; Elmquist et al., 1998; Schwartz
et al., 1996; Scott et al., 2009; Gautron and Elmquist, 2011; Xu et al.,
2011; Park and Ahima, 2014). In the present study, both WAT leptin
expression and serum leptin levels in refeeding groups rebounded to the
control levels in parallel with the fat mass regain, suggesting that the
leptin might act differently in refed animals from that in food-restricted
subjects. Neither NPY nor AgRp differed in the three FR-Re groups from
that in Ad group. The POMC and CART were significantly down—-
regulated in FR85%-Re group compared to FR60%-Re group or Ad
group. The possible explanation was that leptin signal transmission
during high—fat refeeding might be effective in animals with the ex-
perience of severe restriction, whereas it might be impaired in the an-
imals under moderate restriction. The explanation was supported by the
fact that LepRb expression in FR85%-Re group was down-regulated by
85.4% compared with that in Ad group, and by 85.8% compared with
FR60%-Re group. As described previously, leptin controls energy bal-
ance and body weight primarily by targeting LepRb —expressing neu-
rons in the brain, particularly in the hypothalamus (Zhang et al., 1994;
Zhou and Rui, 2013). Either leptin deficiency or defects in the com-
ponents of the leptin signaling pathways causes obesity (Zhou and Rui,
2013). In mice, lack of functional leptin receptor (LepRb) displays the
obesity phenotypes (Tartaglia et al., 1995; Bates and Myers Jr, 2003;
Myers et al., 2008). Restoration of LEPRb expression attenuates the
obesity phenotypes of LepRb-deficient animals (Morton et al., 2003;
Zhou and Rui, 2013). Leptin acts via LepRb to stimulate the synthesis of
anorexigenic peptides POMC and CART, is required for leptin to pro-
mote weight loss (Fan et al., 1997; Schwartz et al., 1997; Cowley et al.,
2001; Zhou and Rui, 2013). Many genetic variants of the POMC have
been identified to be associated with development of obesity (Krude
et al., 1998). The finding from the present study indicated that leptin
failed to inhibit overweight and obesity in the hamsters under moderate
FR and high-fat diet refeeding might partly due to the impaired func-
tion of POMC and CART.

In the present study, gene expression of BAT PPARa, PGC-1a and
CPT-1 was significantly up-regulated in FR40%-Re group compared
to that in FR15%-Re group. BAT UCP1 gene expression was also sig-
nificantly higher in FR40%-Re group than FR15%-Re group. It sug-
gested that BAT might increase the transportation of fatty acids and
consequently elevated the rate of beta—oxidation and mitochondrial
uncoupling in the animal under severe food shortage relative to mod-
erate food restriction. Consistently, the hamsters in FR40%-Re group
also showed significant up-regulation of PPARa, PGC-1a and CPT-1f3
gene expression compared to the subjects in FR15%-Re group. It has
been found that the oxidation of long chain fatty acids in the liver is
elevated with high fat diets, in parallel with the increased expression of
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the PPARa, PGC-1a and CPT-1a gene (Park et al., 1995; Howell 3rd.
et al., 2009; Cook et al., 2001; Sugden et al., 2002). PPARa plays a
significant role in maintaining fatty acid f—oxidation during refeeding,
and in PPARa deficient mice mitochondrial fatty acid oxidation is not
stimulated (Kersten et al., 1999; Sugden et al., 2002; Ramakrishnan
et al., 2016). Additionally, over-expression of PGC-la induced the
expression of CPT-1a in the liver, suggesting that PGC-1a stimulates
hepatic fatty acid oxidation (Song et al., 2004; Zhang et al., 2004; Ma
et al., 2005). In the present study, the PPARa, PGC-1a and CPT-1a
gene expression was considerably down-regulated in the FR15%-Re
group relative to that in FR40%-Re group, suggesting that fatty acid
oxidation might be impaired in the animals under the experience of
moderate food shortage, whereas it might be more effective for the
animals experiencing severe food restriction.

5. Conclusions

The striped hamsters under severe food restriction decreased more
body mass and fat, and showed lower leptin levels compared with their
counterparts subjected to moderate food restriction. When food re-
striction ended, the lost weight regained considerably. Unexpectedly,
the hamsters with lower leptin levels regained less weight and had
significantly less fat accumulation than those under moderate food re-
striction. The POMC and CART gene expression in the hypothalamus
was significantly down-regulated in the hamsters under moderate food
restriction, in paralleled with a considerable down-regulation of LepRb
expression, compared with that in the subjects with severe food re-
striction. It suggested that leptin signal transmission during high-fat
refeeding might be effective in animals with the experience of severe
restriction, whereas it might be impaired in the animals with moderate
restriction. Additionally, there were considerably down-regulations of
BAT PPARa, PGC-1a and CPT-1f, and of liver PPARa, PGC-1a and
CPT-1a in the hamsters with the experience of moderate food restric-
tion, suggesting that fatty acid oxidation may be impaired, conse-
quently contributing to the development of overweight.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.yhbeh.2019.02.010.
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