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Background: Stress affects body weight and food intake, but the underlying mechanisms are not well understood.

Methods: We evaluated the changes in body weight and food intake of ICR male mice subjected to daily 2 hours restraint stress
for 15 days. Hypothalamic gene expression profiling was analyzed by cDNA microarray.

Results: Daily body weight and food intake measurements revealed that both parameters decreased rapidly after initiating daily
restraint stress. Body weights of stressed mice then remained significantly lower than the control body weights, even though food
intake slowly recovered to 90% of the control intake at the end of the experiment. cDNA microarray analysis revealed that chron-
ic restraint stress affects the expression of hypothalamic genes possibly related to body weight control. Since decreases of daily
food intake and body weight were remarkable in days 1 to 4 of restraint, we examined the expression of food intake-related genes
in the hypothalamus. During these periods, the expressions of ghrelin and pro-opiomelanocortin mRNA were significantly
changed in mice undergoing restraint stress. Moreover, daily serum corticosterone levels gradually increased, while leptin levels
significantly decreased.

Conclusion: The present study demonstrates that restraint stress affects body weight and food intake by initially modifying ca-
nonical food intake-related genes and then later modifying other genes involved in energy metabolism. These genetic changes
appear to be mediated, at least in part, by corticosterone.
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INTRODUCTION suppresses body weight gain and food intake in rodents [2,3].

The central regulation of body weight and food intake oc-
Stress is well known to change body weight and food intake in ~ curs in the hypothalamus, which contains multiple neuronal

animal models. Of the various stress models available for the  systems that play important roles in the regulation of energy

study of the effects of stress, the restraint stress model is most
commonly employed, as it effectively mimics potent physical
and psychological stress [1]. The restraint stress model has
also been used as an animal model of depression and anorexia
nervosa. Thus, many studies have shown that restraint stress

homeostasis [4]. These systems involve the interaction of mul-
tiple neuropeptides. Food intake reflects a functional balance
between hypothalamic orexigenic peptides (such as neuropep-
tide Y [NPY] and agouti-related protein [AgRP]) and anorexi-
genic peptides (such as pro-opiomelanocortin [POMC] and
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cocaine- and amphetamine-regulated transcript [CART]) [5].
In addition, ghrelin, a peptide that is predominantly produced
by the stomach, is also expressed by the hypothalamus and
regulates growth hormone secretion, food intake, and energy
homeostasis [6,7]. Another factor that regulates food intake
and energy homeostasis is leptin, an anorexigenic hormone se-
creted by adipose tissue [8]. Leptin is well known for its criti-
cal role in the regulation of food intake in adult mammals.
Furthermore, leptin participates in the control of several neu-
roendocrine functions, including those of the hypothalamic-
pituitary-adrenal (HPA) axis. In response to the nutritional sta-
tus and energy storage levels, leptin signals hypothalamic
feeding centers by controlling the expression and release of
orexigenic and anorexigenic neuropeptides [9,10].

Chronic stress increases serum corticosterone levels. How-
ever, the effects of chronic stress-induced elevated corticoste-
rone on food intake and body weight are not clear [11]. Fur-
thermore, the precise mechanism by which stress affects ener-
gy metabolism as well as food intake and body weight control
is not well understood, especially at the hypothalamic gene
expression level. In this study, to identify the central genes
that regulate body weight and food intake and to characterize
the molecular mechanisms involved, we extensively analyzed
the hypothalamic gene expression profiles of chronically re-
straint stressed mice using large-scale cDNA microarray anal-
ysis.

METHODS

Animals and restraint stress

Male 7-week-old ICR mice were purchased from Central Lab-
oratory Animal Inc. (Seoul, Korea) and housed individually in
clear plastic cages in a temperature- and humidity-controlled
environment under a 12 hours light/dark cycle (light on at
0600 hour) with free access to lab chow and water. The experi-
ments were performed after the animals had been habituated
to the experimental environment for 1 week. The mice were
divided into two weight-matched (31 to 33 g) groups, controls,
and stressed mice. The stressed mice were exposed daily for
15 days to 2 hours of restraint (0930 to 1130 hours) in an
acrylic cylindrical animal restrainer (®25X[H] 85 mm, Dae-
jong Instrument Industry, Seoul, Korea) with holes that permit
the restrainer to be adjusted according to the size of the sub-
ject. The restrainer allows unlimited breathing but restricts the
movement of the limbs. After being restrained, the mice were
returned to their home cage and given food and water ad libi-
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tum. The food consumption and body weight of the mice were
monitored daily (0830 to 0900 hours). All animal procedures
adhered to the Animal Care and Use Guidelines of Gyeongsang
National University (Approval No., GLA-060502-M0002 and
GLA-070802-M0035).

Preparation of hypothalamic RNAs

One day after stress ended, days 1 to 5 or day 16 (depending
on the experiment), the animals were sacrificed and their hy-
pothalami were rapidly extracted (0930 to 1130 hours). Total
RNA was isolated using TRIzol reagent (Invitrogen, Carlsbad,
CA, USA). The purity and quantity of the RNAs were assess
ed by spectrophotometry.

Microarray analysis

Gene expression analysis was conducted on the day 16 hypo-
thalamic mRNAs using the Agilent Mouse oligo microarray kit
(Digital Genomics, Seoul, Korea). The scanned images were
analyzed with GenePix Pro 6.0 software (Axon Instruments,
Union City, CA, USA) to obtain gene expression ratios. The
transformed data were normalized by LOWESS regression and
analyzed using GeneSpring GX 7.3 software program (Agilent
Technologies Inc., Santa Clara, CA, USA).

Elevated plus maze

The elevated plus maze (EPM) has two open arms and two
closed arms (30X7 cm each) and a connecting central plat-
form (7X7 cm) mounted 50 cm above the floor. Tested mice
were placed in the center of the maze facing the open arm, and
behavior was recorded for 5 minutes. Arm entry was scored if
a mouse moved into the arm.

Measurements of serum corticosterone and leptin levels
To measure the basal levels of serum corticosterone and leptin,
blood was collected the morning after stress via decapitation.
Serum corticosterone and leptin concentrations were deter-
mined using an EIA kit (Assay Designs Inc., Ann Arbor, MI,
USA) and an ELISA kit (Millpore, St Charles, MO, USA), re-
spectively.

Reverse transcriptase polymerase chain reaction

For the day 0 to 4 samples of 16 hypothalamic mRNAs, a M-MLV
RT kit (Promega, Madison, WI, USA) was used to convert the
RNAs (1 pg) to cDNAs. The ghrelin and POMC mRNA levels
were then determined using a real-time polymerase chain reaction
(PCR) kit (LightCycler FastStart DNA Master SYBR Green I,
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Roche Applied Science, Mannheim, Germany) with the following
primers: ghrelin (292 bp) forward, 5'-CAGTTTGCTGCTACT-
CAG-3’, reverse, 5'-GATATCCTGAAGAAACTTCC-3;
POMC (497 bp) forward, 5'-ATGCCGAGATTCTGCTAC-3,
reverse, 5'-AGCTCCCTCTTGAACTCT-3'; glyceraldehyde-
3-phosphate dehydrogenase (GAPDH; 172 bp) forward, 5-TG
CCGCCTGGAGAAACCTGC-3', reverse, 5'-TGAGAG-
CAATGCCAGCCCCA-3". The hydroxysteroid (17-f) dehy-
drogenase 1 (Hsd17b1), cytochrome P450, family 11, subfami-
ly a, polypeptide 1 (Cypllal), glycoprotein hormones, o sub-
unit (Cga), and growth hormone (Gh) mRNA levels were then
determined using a conventional PCR with the following prim-
ers: Hsd17b1 (370 bp) forward, 5'-ACTACCTGCGTGGT-
TATGAG-3', reverse, 5'-TGGTAACATGAATTGTCCTG-3";
Cypllal (375 bp) forward, 5'-CCAAGATGGTACAGTTG-
GTT-3', reverse, 5'-CATCACGGAGATTTTGAACT-3’; Cga
(317 bp) forward, 5'-AGCTAGGAGCCCCCATCTAC-3’, re-
verse, 5'-GCGTCAGAAGTCTGGTAGGG-3"; Gh (255 bp) for-
ward, 5-TTCTGCTTCTCAGAGACCAT-3', reverse, 5'-TCAT
AGGTTTGCTTGAGGAT-3'". The expression levels of each
mRNA are presented throughout as arbitrary units.

Data analysis and statistics

Real-time PCR data were analyzed by LightCycler software ver-
sion 4.0 (LightCycler 2.0 Instrument, Roche Applied Science).
Conventional PCR data were analyzed by Gel Doc (Bio-Rad,
Hercules, CA, USA) and Quantity One version 4.6.3. Messenger
RNA levels were normalized to the levels of the GAPDH refer-
ence gene. EPM test were analyzed using a computerized vid-
eo-tracking system (EthoVision version 3.0, Noldus Informa-
tion Technology, Wageningen, the Netherlands). Statistical
analysis were performed using Student unpaired ¢ test and one
or two-way analysis of variance (GraphPad Prism, La Jolla,
CA, USA). All data are shown as mean+ SE.

RESULTS

Effects of restraint stress on body weight and food intake
The effects of daily restraint stress for 15 days on body weight
and food intake shown in Fig. 1. While the body weights of
the control mice gradually increased over the 15 day experi-
ment, the body weights of the stressed mice dropped sharply
during the first 5 days. As a result, the stressed mice had sig-
nificantly lower body weights than the control mice during the
entire experimental period (Fig. 1A).

The total food intake of the stressed mice also decreased
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Fig. 1. Effects of restraint stress on body weight, food intake, serum
corticosterone, and anxiety level. (A) Daily body weight and (B)
food intake of mice exposed daily to 2 hours of restraint for 15 con-
secutive days. (C) Serum corticosterone levels were significantly in-
creased in stressed mice (STR) at the end of the restraint stress peri-
od. (D) Stressed mice showed a significant reduction in frequency of
open arm entry in the elevated plus maze test. Statistical differences
were evaluated by (A, B) two-way analysis of variance and (C, D)
Student unpaired ¢ test. Data are presented as mean=+SE. *P<0.05;
°P<0.01 vs. control mice (CTL) (2=10 in each group).
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Table 1. Chronic Restraint Stress Responsive Genes in the Hypothalamus

GenBank_Acc Fold change Gene name
NM 008117 0.127 Growth hormone

NM 011164 0.194 Prolactin

NM 172898 0.329 Kin of IRRE like 2 (Drosophila)

NM 146355 0.345 Olfactory receptor 692

NM 028801 0.369 Mucin 5, subtype B, tracheobronchial

NM 175362 0.422 Caspase recruitment domain family, member 11

NM 033373 0.447 Keratin 23

NM_ 009889 0.453 Glycoprotein hormones, o subunit

NM_008219 2.000 Hemoglobin Z, B-like embryonic chain

NM_134253 2.077 BCL2/adenovirus E1B 19kD interacting protein like
NM_ 009289 2.086 STE20-like kinase

NM 009184 2.125 PTKG6 protein tyrosine kinase 6

NM_ 054098 2.133 STEAP family member 4

NM_ 146235 2.138 Excision repair cross-complementing rodent repair deficiency complementation group 6 like
NM_146386 2.167 Myocardin

NM 146724 2.276 Olfactory receptor 512

NM_ 145506 2.277 Erythrocyte protein band 4.1-like

NM_030614 2.308 Fibroblast growth factor 16

NM_010984 2.333 Olfactory receptor 263

NM 030715 2.348 Polymerase (DNA directed), eta (RAD 30 related
NM_010475 2.355 Hydroxysteroid (17-p) dehydrogenase 1

NM 177243 2.400 Solute carrier family 26, member 9

NM 019779 2.433 Cytochrome P450, family 11, subfamily a, polypeptide 1
NM 011166 2.462 Prolactin family 6, subfamily a, member 1

NM_ 009434 2.484 Pleckstrin homology-like domain, family A, member 2
NM 013554 2.486 Homeobox D10

NM 030596 2.600 Desmoglein 3

NM 009425 2.625 Tumor necrosis factor (ligand) superfamily, member 10
NM_ 009602 2.704 Cholinergic receptor, nicotinic, 3 polypeptide 2

NM 007859 2.750 DNA fragmentation factor, 5 subunit

NM 010452 2.793 Homeobox A3

NM_007870 2.898 Deoxyribonuclease 1-like 3

NM 010970 3.109 Olfactory receptor 23

NM 013459 3.250 Adipsin

NM_007974 3.261 Coagulation factor II (thrombin) receptor-like 1

NM 010636 3.548 Kruppel-like factor 12

NM 011635 3.564 Tumor rejection antigen P1A

NM_023580 3.598 Eph receptor Al

NM_ 028800 4.571 Serine/threonine kinase 40

NM_176920 6.000 Leucine-rich repeats and transmembrane domains 1
NM_021481 7.200 Trehalase (brush-border membrane glycoprotein)

NM 009036 7.831 Recombination signal binding protein for immunoglobulin « J region-like
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markedly during the first few days of the experiment. The dai-
ly food intake of the stressed mice then gradually recovered
substantially. However, while food intake of the stressed mice
was almost 90% of control intake by day 7, it remained signif-
icantly lower at nearly every time point (Fig. 1B).

Serum corticosterone levels were measured on day 16 (with-
out stress) and were significantly higher in the stressed mice
(Fig. 1C). In addition, we measured anxiety levels using the
EPM test. The frequency of entries in open arm was signifi-
cantly lower in the stressed group (Fig. 1D). However, the fre-
quency of entries into the closed arm tended to be increased
compared with control group, although the difference was not
significant (data not shown).

Gene expression profiles of stressed and control mice

The restraint stressed or control mice (=10 in each group)
were sacrificed on day 16 without stress, and their hypotha-
lamic mRNAs were subjected to large-scale cDNA microarray
analysis. Among the 20,868 detected genes, 42 genes showed
a significant greater than 2.0-fold increase or 0.5-fold decrease
in expression in the stressed mice (Table 1). To confirm the
microarray data using conventional PCR analysis, we random-
ly selected four genes, two that were up-regulated and two that
were down-regulated. The Hsd17b1 and Cypllal mRNA lev-
els were significantly increased, while the Cga and Gh mRNA
levels showed a significant decrease (Fig. 2).

Effects of restraint stress on hypothalamic ghrelin and
POMC mRNA expression

Chronic restraint stress reduced body weight and food intake.
Particularly, in days 1 to 4 of restraint, food intake and body
weight were dramatically decreased. Thus, we analyzed the
expression of canonical food intake-related genes in this peri-
od. To determine the expression of hypothalamic neuropep-
tides known to be involved in energy homeostasis, such as
ghrelin and POMC, the hypothalamic mRNAs from the group
of mice sacrificed on each of the 4 days after initiating re-
straint stress were subjected to real-time PCR analysis. On day
2 of restraint stress, the ghrelin mRNA levels showed a signif-
icant decrease, while the POMC mRNA levels were signifi-
cantly elevated (Fig. 3A, B).

Effects of restraint stress on serum corticosterone and
leptin levels

To elucidate the changes of food intake-related hormones lev-
els after stress, we collected blood from the animals daily and
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Fig. 2. Reverse transcriptase polymerase chain reaction analysis
of the altered gene expression identified from microarray analysis.
The levels of hydroxysteroid (17-p) dehydrogenase 1 (Hsd17b1)
and cytochrome P450, family 11, subfamily a, polypeptide 1 (Cy-
pllal) mRNA were increased in stressed mice (STR), while gly-
coprotein hormones, o subunit (Cga) and growth hormone (Gh)
mRNA levels were decreased. Statistical difference was evaluated
by Student unpaired ¢ test. Data are presented as mean=+SE.
*P<0.05; °P<0.01 vs. control mice (CTL) (n=6 in each group).

measured serum corticosterone and leptin levels. Restraint
stress showed gradually increasing serum corticosterone levels
(Fig. 3C) and significantly decreased leptin levels on days 2 to
4 of restraint (Fig. 3D).

DISCUSSION

In the present study, we investigated the effects of restraint
stress on body weight, food intake, and hypothalamic gene ex-
pression levels in mice. Several studies have demonstrated that
chronic exposure to restraint stress reduces the body weight
and food intake of rodents [12-14]. However, the mechanisms
underlying these restraint-induced changes in body weight and
food intake remain to be elucidated.

Our results here showed that restraint stress rapidly induces
a marked decrease in body weight that may be due to a reduc-
tion of food intake. However, while food intake recovered to
90% of control intake, this was not matched by an equivalent
recovery in body weight for the duration of the exposure to re-
straint. The stress-induced decrease in body weight may be
due initially to an early decrease in food intake but then may
be subsequently maintained by increases in energy expendi-
ture and body temperature during restraint [15]. Especially, a
previous report has also shown that rats chronically exposed
to restraint showed rapid weight loss that did not recover even

Copyright © 2013 Korean Endocrine Society
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Fig. 3. Effects of restraint stress on hypothalamic gene expression and serum hormone levels. (A) Hypothalamic mRNA expression of
ghrelin and (B) pro-opiomelanocortin (POMC) in mice exposed daily to 2 hours of restraint for 4 days. (C) Serum corticosterone and (D)
leptin levels for mice exposed daily to 2 hours of restraint for 4 days. Statistical differences were evaluated by one-way analysis of vari-
ance and Dunnett ¢ test. Data are presented as mean+ SE. *P<0.05; "P<0.01 vs. control mice (n=6 in each group).

after removal of the stress [13]. Moreover, this study also
showed that, while exposure to restraint stress significantly
lowered food intake, once the stress ended, the food intake of
the stressed group returned to the level of the control group;
there was no attempt to overeat to compensate for the energy
deficiency experienced during the restraint period [13]. This
may be because stress somehow modifies the pathways that
would normally sense and respond to a reduction in weight. It
has been reported that stress-related pathways, once activated,
act in opposition to the mechanisms that would normally pro-
mote the recovery of weight to normal levels [16].

Increased serum corticosterone levels are consistent with
the suggestion that physiological responses to repeated stress
are associated with the activation of the HPA axis [17]. Also,

we showed increasing anxiety levels in the stressed mice;

Copyright © 2013 Korean Endocrine Society

chronic stress has been shown to increase anxiety and depres-
sion-like behavior in animal models [18,19]. Consequently,
these results indicate that chronic restraint stress changes
physical and psychological responses.

To determine whether chronic restraint stress affects hypo-
thalamic gene expression in the mice, we subjected the hypo-
thalami of mice that had been exposed to 2 hours of restraint
stress daily for 15 consecutive days to cDNA microarray anal-
ysis. Many of the genes that showed stress-related changes in
expression were related to body weight control. Thus, these
genes such as Gh, Prolactin, Cga, STEAP family member 4,
Hsd17bl, Cypllal, adipsin, and trehalase (see the Genbank
Acc. No.) may participate in the chronic restraint stress-in-
duced reduction of body weight, although this notion remains
to be tested (Table 1).

www.e-enm.org 293



E nM Jeong JY, et al.

Supporting the possible involvement of metabolism-related
genes, a recent study showed that restraint stress affects lipid
metabolism. In that study, rats exposed to acute or chronic re-
straint stress show remarkable changes in plasma lipid and lipo-
protein levels; plasma fatty acid, glycerol, and cholesterol levels
are increased, while plasma triacylglyceride levels are decreased
[20]. Supporting this notion is the finding that chronic restraint
stress increases serum corticosterone levels, which may stimu-
late the catabolism of skeletal muscle proteins, which in turn
may, at least in part, lead to body weight loss [21]. Recently, psy-
chological stress has been shown to attenuate body size and lean
body mass by reducing muscle mass [22].

The mice that were exposed to chronic restraint stress for 15
days showed sustained reductions in body weight and food in-
take. As the initial dramatic decreases in daily food intake and
body weight were observed in days 1 to 4 of restraint, we hy-
pothesized that canonical food intake-related genes may only
participate in this period.

Thus, we analyzed the expression of food intake-related
genes, such as NPY, AgRP, POMC, CART, ghrelin, corticotro-
pin-releasing factor (CRF), CRF receptors, leptin receptor, in-
sulin receptor, and melanocortin receptor, using real-time
PCR. Only the hypothalamic mRNA expression of the ghrelin
and POMC showed a significant decrease and increase on day
2, respectively. It has been shown that ghrelin is an orexigenic
factor, as the central administration of ghrelin strongly stimu-
lates food intake and increases body weight [23]. Moreover,
when ghrelin is injected in an intracerebroventricular manner,
NPY, and AgRP mRNA expressions are increased in the arcu-
ate nucleus (Arc) [24]. In relation to the latter observation, hy-
pothalamic ghrelin neurons are located within the Arc and in-
nervate NPY/AgRP neurons [25]. Thus, it seems that the orex-
igenic effect of ghrelin is dependent on NPY/AgRP neurons.
Moreover, NPY/AgRP neurons innervate POMC/a-melanocyte-
stimulating hormone (a-MSH) neurons, indicating that the mela-
nocortin system also seems to be involved in the action of ghre-
lin [26]. It has been suggested that POMC neurons act anorexi-
genically by producing and releasing 0-MSH, a peptide that acti-
vates melanocortin-3, -4 receptors and inhibits food intake [27].
That we observed decreased ghrelin and increased POMC
mRNAs early after restraint stress initiation suggests that these
proteins may be responsible, at least in part, for the initial weight
loss observed after restraint stress induction.

We also observed that the serum corticosterone and leptin
levels increased and decreased, respectively, in the 4 days after
restraint stress was initiated. Serum leptin levels were decreased
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from day 2. In another report, restraint stress decreased serum
leptin levels, which were sustained even after restraint stress
was eliminated [28]. Sustained reduced leptin levels may re-
cover food intake, as shown in our results. During a period of
chronic restraint stress, despite the nearly recovered food in-
take, discrepancy in body weight between stressed and control
mice was not reduced. This continued discrepancy of body
weight may be possibly due to the action of increasing corti-
costerone levels. Glucocorticoids have a broad range of activity
that affects the expression and regulation of genes throughout
the body; these glucocorticoid-mediated effects lead to changes
in the energy and metabolism requirements of the organism
[29]. In our study, initial loss of body weight might be caused
by reduction of food intake after stress, and this finding is well
match with other reports [12,30]. According to several studies,
exposure to chronic stress in rats resulted in an increase in bas-
al corticosterone levels [31,32]. These results probably reflect a
modified sensitivity to the negative feedback effects of circu-
lating glucocorticoid [33]. In addition, food intake and many
metabolic processes are mediated by glucocorticoids. Thus,
chronic stress has been related to changes in body weight and
physiology of different organs [15,32]. In our study, serum cor-
ticosterone levels were increased by repeated restraint stress.
Thus, we suggest that the increased serum corticosterone levels
after restraint stress could be due to a continuous stress state.
This increased serum corticosterone level might affect discrep-
ancies in body weight and food intake recovery in a direct or
indirect manner. Daily increased pattern of serum corticoste-
rone levels may affect the serum leptin levels. Although de-
creased serum leptin levels in early days of stress seemed to
have a role in the recovered food intake, the precise role of se-
rum leptin and the correlation of leptin with corticosterone
needs further evaluation.

In summary, restraint stress affects the body weight and food
intake in mice. Chronic restraint stress-induced reduction of
body weight is caused by reduction of initial daily food intake
through modification of canonical food intake-related genes.
However, chronic restraint stress-induced sustained discrepan-
cy of body weight without reduction of food intake may be due
to expression of other genes related to body weight control and
regulation of stress response through corticosterone.
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