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Cold exposure promotes obesity and impairs glucose homeostasis in mice

subjected to a highfat diet

Abstract

Cold exposure is considered to be a form of stress and has various adverse effects on the body. The present
study aimed to investigate the effects of chronic daily cold exposure on food intake, body weight, serum
glucose levels and the central energy balance regulatory pathway in mice fed with a high-fat diet (HFD).
CS57BL/6 mice were divided into two groups, which were fed with a standard chow or with a HED. Half of the
mice in each group were exposed to ice - cold water for 1 h/day for 7 weeks, while the controls were exposed
to room temperature. Chronic daily cold exposure significantly increased energy intake, body weight and
serum glucose levels in HFD -fed mice compared with the control group. In addition, 1 h after the final cold
exposure, c-fos immunoreactivity was significantly increased in the central amygdala of HFD -fed mice
compared with HFD -fed mice without cold exposure, indicating neuronal activation in this brain region.
Notably, 61% of these c-fos neurons co-expressed the neuropeptide Y (NPY), and the orexigenic peptide
levels were significantly increased in the central amygdala of cold-exposed mice compared with control mice.
Notably, cold exposure significantly decreased the anorexigenic brain - derived neurotropic factor (BDNF)
messenger RNA (mRNA) levels in the ventromedial hypothalamic nucleus and increased growth hormone
releasing hormone (GHRH) mRNA in the paraventricular nucleus. NPY -ergic neurons in the central
amygdala were activated by chronic cold exposure in mice on HFD via neuronal pathways to decrease BDNF
and increase GHRH mRNA expression, possibly contributing to the development of obesity and impairment
of glucose homeostasis.
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Cold exposure promotes obesity and impairs glucose
homeostasis in mice subjected to a high-fat diet
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Abstract. Cold exposure is considered to be a form of stress
and has various adverse effects on the body. The present study
aimed to investigate the effects of chronic daily cold exposure
on food intake, body weight, serum glucose levels and the
central energy balance regulatory pathway in mice fed with
a high-fat diet (HFD). C57BL/6 mice were divided into two
groups, which were fed with a standard chow or with a HFD.
Half of the mice in each group were exposed to ice-cold water
for 1 h/day for 7 weeks, while the controls were exposed to
room temperature. Chronic daily cold exposure significantly
increased energy intake, body weight and serum glucose levels
in HFD-fed mice compared with the control group. In addition,
1 h after the final cold exposure, c-fos immunoreactivity was
significantly increased in the central amygdala of HFD-fed
mice compared with HFD-fed mice without cold exposure,
indicating neuronal activation in this brain region. Notably,
61% of these c-fos neurons co-expressed the neuropeptide Y
(NPY), and the orexigenic peptide levels were significantly
increased in the central amygdala of cold-exposed mice
compared with control mice. Notably, cold exposure signifi-
cantly decreased the anorexigenic brain-derived neurotropic
factor (BDNF) messenger RNA (mRNA) levels in the
ventromedial hypothalamic nucleus and increased growth
hormone releasing hormone (GHRH) mRNA in the paraven-
tricular nucleus. NPY-ergic neurons in the central amygdala
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were activated by chronic cold exposure in mice on HFD via
neuronal pathways to decrease BDNF and increase GHRH
mRNA expression, possibly contributing to the development
of obesity and impairment of glucose homeostasis.

Introduction

Obesity is a life-threatening condition that affects >600 million
patients worldwide (1). Obesity has become a global
public health issue and is a major contributor to numerous
diseases (2). Over the past four decades, global obesity
prevalence displayed an increasing trend. If the present trends
continue, global obesity prevalence is expected to reach 18%
in men and surpass 21% in women by 2025 (1). Notably, the
proportion of patients with obesity in the north of the Northern
hemisphere is greater than in the south, with the highest
proportion being observed in the northeast region (1,3,4).
While there are numerous reasons such as diet (5) for the
aforementioned geographical variations, it is worth noting that
the northern regions of the Northern hemisphere [where the
obesity incidence and body mass index (BMI) are highest] are
significantly colder than the southern regions. These observa-
tions are consistent with Bergmann's rule, which states that,
within a polytypic warm-blooded species, body size increases
with decreasing the mean temperature of its habitat (6).

In contrast to findings of higher obesity rates or BMIs in
colder climates, cold exposure has recently been proposed as
an intervention for the prevention and management of obesity.
This is associated with the effect of cold exposure to engage
metabolically active adipose tissue. There are three different
types of adipose tissue in humans and animals, namely white
adipose tissue (WAT), brown adipose tissue (BAT) and
beige adipose tissue (BeAT) (7). BeAT is sometimes called
brite adipose tissue (brown in WAT) or recruitable BAT
(rBAT), as it resembles classical brown adipocytes within
predominantly WAT and the fact quantity of BeAT in the
body is augmented by cold exposure (8). BAT and BeAT are
both able to use glucose and fatty acids for non-shivering
thermogenesis through the action of transmembrane proteins
in mitochondria that uncouple fuel oxidation by maintaining
a protein gradient producing heat, notably uncoupling
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protein 1 (UCP-1). The action of UCP-1 in BAT and BeAT
increases body temperature while consuming energy. Thus,
an increase in BAT mass may prevent the development of
obesity (9,10). Cold exposure has been shown to increase
the expression levels of UCP-1 in BAT and BeAT in
humans (11,12). This change is associated with an increase in
non-shivering thermogenesis and energy expenditure. Cold
exposure is a promising method of reducing obesity while
also reducing whole body insulin resistance and improving
glucose metabolism in humans (13,14). These benefits have
been proposed to occur via cold stimulation-induced acti-
vation of sympathetic neural pathways through BAT and
BeAT (195).

Despite the aforementioned reports of cold exposure in
mice and humans leading to activation of BAT and BeAT, it
is also conceivable that cold exposure could lead to adverse
metabolic outcomes. Notably, subjecting the body to cold is
a ‘stressful’ condition that activates the sympathetic nervous
system (16). This not only activates BAT (15) but also acti-
vates feeding-related mechanisms (17). For example, under
cold stress and during fasting, agouti related peptide (AgRP)
neurons in the hypothalamic arcuate nucleus are activated
to promote feeding behavior (17). Such a mechanism could
potentially counteract the effect of increased energy expendi-
ture to induce weight loss by increasing food intake.

In order to clarify the effect of chronic cold exposure on
energy balance and glucose homeostasis, and to elucidate the
potential central mechanisms responsible for any of these
effects, the present study investigated the effects of chronic
cold exposure in mice subjected to daily cold exposure (1 h
standing in ice-cold water) on energy intake, body weight,
adipose tissue mass, glucose and insulin tolerance, as well
as the potential underlying neuronal pathways. The present
neuronal investigations were focused on the central amygdala
and hypothalamus, since the central amygdala is a key brain
area involved in the neural circuitry of stress responses (18),
while the hypothalamus is the main site of the brain modu-
lating feeding behavior and energy homeostasis, and both
areas are interconnected (19). Particularly, the neurotransmit-
ters of interest were neuropeptide Y (NPY) and brain-derived
neurotropic factor (BDNF). NPY is prominently produced in
the central amygdala and the arcuate hypothalamic nucleus
(ARC), while BDNF is mainly expressed in the ventromedial
hypothalamic nucleus (VMH). NPY stimulates (20) while
BDNF reduces food intake (21,22). In addition, hypothalamic
NPY was considered a ‘stress molecule’ that is upregulated
throughout various regions of the brain, including the
central amygdala and hypothalamus, in response to cold
stress (23,24). The present study also investigated growth
hormone releasing hormone (GHRH), because it is known
that neurons from the amygdala project to GHRH neurons in
the paraventricular nucleus (PVN), and GHRH is an impor-
tant regulator of peripheral glucose metabolism (25). The
present study investigated mice that were fed either a stan-
dard chow diet or a high-fat diet (HFD), since hypothalamic
NPY expression is upregulated not only by cold stress but
also by HFD (26,27), and overexpression of NPY in the brain
affects peripheral metabolism, including insulin resistance,
thereby potentially revealing possible changes in response to
cold stress.

Materials and methods

Ethics statement and general animal care. All animal experi-
mental protocols were approved by the Third Military Medical
University Animal Care Committee (Chongging, China) and
were performed according to the National Institutes of Health
(NIH) Guide for the Care and Use of Laboratory Animals (NTH
publication no. 8023). A total of 56 mice (C57BL/6) were used
in the study (28 mice for the in vivo investigations of energy
intake, body weight, adipose tissue mass, glucose and insulin
tolerance, and in situ hybridization (Fig. 1A). In total, 28 mice
were used for investigations of central c-fos expression, and
28 transgenic mice expressing green fluorescent protein (GFP)
under the control of the NPY promoter (Npy-hrGFP mice,
stock no. 006417, which had been obtained from the Jackson
Laboratory, Bar Harbor, ME, USA and further bred in our
facility.) were used to determine whether NPY neurons in
NPY-GFP mice were activated by cold exposure and HFD. All
mice were housed under conditions of controlled temperature
(22°C) and illumination (12 h light-dark cycle, starting at 7 am)
with ad libitum access to water and standard chow (Gordon's
Specialty Stock Feeds, Yanderra, New South Wales, Australia).
The standard chow diet provided 8% of energy from fat, 21%
from protein and 71% from carbohydrates, with a total energy
content of 10.88 kl/g.

HFD, cold exposure, and measurement of their effects on body
weight and food intake. At 10 weeks of age, the 56 mice to be
used in the present study were transferred from housing condi-
tions of 3-4 mice per cage to individual cages. Half of the mice
were fed a standard chow diet, while the other half were fed a
HFD (Gordon's Specialty Stock Feeds), which provided 23.0%
of energy from fat, 19.4% from protein, 48.2% from carbohy-
drates, 4.7% from crude fiber, 4.7% from acid detergent fiber,
with a total energy content of 19.98 kl/g. Half of the mice on
each diet were left to stand in ice-cold water, which was 0.5 cm
in depth, for 1 h per day for 7 weeks. Non-cold exposed mice
also stood on the water but at room temperature. 28 of the
mice were weighed at the same time of the day once per week.
Food intake was measured over 24 h when mice were 10, 12,
14 and 17 weeks of age (Fig. 1B). Energy intake (kJ/day) was
calculated as [(weight of food placed in the hopper)-(weight of
food remaining in the hopper after 24 h)]x(energy density of
food in kJ/g)].

Measurement of effects of HFD and cold exposure on glucose
and insulin tolerance. At 16 weeks of age, i.e., 6 weeks after
commencing HFD and cold exposure interventions, the mice
were fasted for 16 h and injected intraperitoneally with a 10%
D-glucose solution at a dose of 1.0 g per kg body weight. Blood
samples were collected from the tip of the tail at 0, 15, 30,
60 and 90 min after glucose administration, and blood glucose
levels were measured using a glucometer (Accu Check II; Roche,
Castle Hill, New South Wales, Australia). Two days later, the
mice were fasted for 6 h from 8:00 a.m. and were injected intra-
peritoneally with insulin at a dose of 1.0 IU per kg body weight.
Blood samples were obtained from the tail tip at 0, 15, 30 and
60 min after insulin injection for determination of glucose levels
as stated above. Cold exposure was performed subsequently to
the glucose and insulin tolerance tests on the same day.
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Figure 1. Flowchart of the methodology employed in the present study. (A) Animal groupings. (B) Timeline of the experiments performed. CH, standard
chow diet; CS, cold stress; HFD, high-fat diet; c-fos, c-fos immunoreactivity test; ISH, in situ hybridization; PPs: physiological parameters testing; TC, tissue
collection; BW, body weight; FI, food intake; GTT, glucose tolerance test; ITT, insulin tolerance test.

Tissue collection upon HFD and cold exposure. At 17 weeks
of age, 5 days after the insulin tolerance tests, a total of 28 of
the mice from the four experimental groups mentioned above
were sacrificed by cervical dislocation followed by decapita-
tion. The brain was removed and frozen on an aluminium plate
on dry ice, and then stored at -70°C until in sifu hybridiza-
tion. The interscapular BAT as well as WAT depots (inguinal,
epididymal, mesenteric and retroperitoneal) were removed
and weighed (17,28). The weights of these WAT depots were
summed together and expressed as total WAT weight.

Determination of changes in c-fos immunoreactivity in the central
amygdala in response to HFD and cold exposure. The remaining
28 mice from the four experimental groups were used for this
experiment (Fig. 1). Upon anesthesia with 100 mg/kg ketamine
and 20 mg/kg xylazine (Parke Davis-Pfizer, Sydney, New South
Wales, Australia and Bayer AG, Leverkusen, Germany, respec-
tively), mice were perfused via the left cardiac ventricle with
saline and then 4% paraformaldehyde. The brain was removed
and soaked in a solution of 30% sucrose overnight, prior to being
cut into 30-ym thick coronal sections using a microtome. Brain
c-fos immunoreactivity was detected via immunohistochemistry
using techniques described previously (29). The number of cells
exhibiting positive c-fos immunoreactivity was counted using a
Zeiss Axioplan light microscope (Carl Zeiss Imaging Solutions
GmbH, Munich, Germany).

Effect of HFD and cold exposure on NPY-expressing neurons in
the central amygdala. In order to investigate how NPY neurons
in the central amygdala respond to HFD and cold exposure, 28
transgenic mice expressing GFP under the control of the mouse
NPY promoter (NPY-GFP mice) were used. The brain tissues
from these mice, upon exposure to ultraviolet light, displayed
fluorescence emission in all or the majority of known NPY
neurons in the brain (30). For double labeling co-localization
experiments, 5 mice from the cold exposure with HFD group
were exposed to cold stress as described above for 1 h per day
for 7 weeks, and were then sacrificed by cervical dislocation
and decapitation subsequent to perfusion. The brains were
dissected, placed overnight in 30% sucrose, and cut into coronal
sections of 30 ym thickness using a microtome. Upon rinsing in
PBS, the slides were incubated with the primary antibody rabbit
anti-mouse c-fos (diluted at 1:2,000; Santa Cruz Biotechnology
Inc., Dallas, TX, USA). Next, the secondary antibody Alexa
Fluor® 594 goat anti-rabbit immunoglobulin G (A11037; Life
Technologies; Thermo Fisher Scientific, Inc., Waltham, MA,
USA) diluted at 1:250 was added. Red c-fos stain in the c-fos
immunohistochemistry test and GFP-positive neurons in
GFP-NPY transgenic mice were visualized and counted under
a Zeiss Axiophot microscope (Imaging Solutions GmbH).

In situ hybridization to determine the mRNA expression of
Bdnf and Ghrh in the VMH and PVN, respectively, in response



4 ZHU et al: COLD EXPOSURE AND OBESITY

Table I. Effect of cold exposure and HFD on glucose metabolism.

Area under the curve CH

CS+CH

HFD CS+HFD

GTT (mmol/l1/90 min)
ITT (mmol/1/60 min)

1,095.64+12.3
428.40+12.7

1,171.93+16.6*
422.20+7.9

1,352.36+18.7+"
560.25+14.9*°

1,405.39+22.6"°
573.88+10.6*°

Values are presented as the mean + standard error of the mean.*P<0.01 vs. Chow group; *P<0.01 vs. Cold stress + chow group. CH, standard
chow diet; CS, cold stress; HFD, high-fat diet; GTT, glucose tolerance test; ITT, insulin tolerance test.

to HFD and cold exposure. The frozen brain tissues collected
were used for radioactive in situ hybridization. For that
purpose, DNA oligonucleotides complementary to mouse
Bdnf (5-CCGAACCTTCTGGTCCTCATCCAGCAGCTC
TTCGATGACGTGCTCA-3) and Ghrh (5'-GCTTGTCCT
CTGTCCACATGCTGTCTTCCTGGCGGCTGAGCC
TGG-3"), were used, which were labeled with [*°S] thio-dATP
(Amersham Biosciences UK, Ltd., Little Chalfont, UK) using
terminal deoxynucleotidyl transferase (Roche, Mannheim,
Germany). The mRNA expression levels of Bdnf and Ghrh
were evaluated by measuring silver grain densities over indi-
vidual neurons from photo-emulsion-dipped sections, as
described previously (31).

Statistical analysis.Data were presented as the mean + standard
error of the mean. Two-way analysis of variance (ANOVA) was
used for analysis of body weight, energy intake, glucose levels,
tissue weight, BAT weight, c-fos, NPY, Bdnf mRNA and Ghrh
mRNA expression levels considering cold exposure and dietary
effects. Two-way repeated ANOVA was used to analysis body
weight and energy intake data. GraphPad Prism 6 software
(GraphPad Software, Inc., La Jolla, CA, USA) was used to
analyze the levels of mRNA expression. Bonferroni post hoc
multiple comparison tests were performed following ANOVA
to identify differences among means. P<0.05 was considered
to indicate a statistically significant difference.

Results

Synergetic effect of cold exposure and HFD on body weight
and food intake. To evaluate the effect of different diets and
cold exposure, the body weight and food intake of mice were
measured weekly. During 7 weeks of treatment, all the mice
gained weight but at different rate. Chow-fed mice exposed to
cold displayed a higher weight gain than chow-fed mice at room
temperature. Similarly, cold exposure in HFD-fed mice led to
more weight gain than exposure to room temperature, which
implied that cold exposure on HFD induced weight gain in the
mice. There is one obvious difference between the two groups
of mice that were exposed to cold condition for 1 h, i.e., the
body weight of HFD-fed mice was larger than the body weight
of chow-fed mice. In addition, among the four groups of mice,
the HFD-fed mice exposed to cold were the heaviest (Fig. 2A).
Thus, HFD intensified the effect of cold exposure on body
weight in mice. By measuring food intake of mice regularly, the
weight growth curve of mice was similar to the increasing curve
of food intake, which suggested that weight gain and food intake
were positively correlated (Fig. 2B). The outcome suggested the

extra energy received by mice may increase energy storage as
fat in the body, thus increasing the body weight in these mice.

Cold exposure worsens glucose metabolism in HFD-fed mice.
The mice that suffered cold exposure stored more energy than
those without cold exposure. Combined with HFD, the mice
exposed to cold were prone to become obese. To investigate
whether cold exposure and HFD affected glucose metabolism
and the function of insulin, glucose and insulin tolerance tests
were carried out. In the standard chow-fed mice, the cold exposure
group exhibited significant slower glucose clearance ability than
mice without chronic cold exposure. Remarkably, the HFD-fed
mice that experienced cold displayed the worst glucose tolerance
(Fig. 2C), which was consistent with the areas under the glucose
tolerance curves results (Table I). In addition, by measuring blood
glucose level following injection of insulin, it was observed that
there was no significant difference between mice exposed to cold
and mice without cold exposure on standard chow diet. However,
the blood glucose level of HFD-fed mice was notably higher than
that of standard chow-fed mice (Fig. 2D). The areas under the
insulin tolerance curves showed the same results (Table I). These
results indicated that HFD made mice less sensitive to insulin.

Cold exposure and HFD result in greater WAT weight in
mice. Cold exposure and HFD have an additive effect on body
weight and energy intake of mice. To clarify if the extra energy
received by the mice was converted into chemical energy,
stored as fat in the body, and thus increase body weight in
these mice, we measured BAT and WAT depots (inguinal,
epididymal, mesenteric and retroperitoneal) upon dissection.
The two groups of mice subjected to cold exposure daily and
HFD showed markedly higher total WAT mass than standard
chow-fed mice (Fig. 3A). The BAT masses did not differ
among the four groups (Fig. 3B).

Chronic cold exposure activates neurons in the central amyg-
dala of mice on HFD. According to the results shown above,
HFD and cold exposure induced an adverse metabolic pheno-
type. To identify possible mechanisms for this phenomenon, the
present study investigated the effects of HFD and cold exposure
on the expression of c-fos, an early marker of neuronal activa-
tion, in the central amygdala, a stress-responsive region of the
brain that is connected with brain regions that influence energy
homeostasis. In standard chow-fed mice, the cold exposed
group was observed to have significantly more c-fos-positive
neurons in the central amygdala than the standard chow mice
without cold exposure. Furthermore, in the same region of the
central amygdala, HFD-fed mice also exhibited more labeled
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Figure 4. Different c-fos immunoreactivity in the CA in response to cold
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c-fos-positive neurons than that standard chow-fed mice (Fig. 4).
These results suggested that cold exposure and HFD activated
the central neuronal system, which stimulated the central amyg-
dala neurons at an early stage.

NPY neurons in NPY-GFP mice are activated by cold exposure
and HFD. The results from examining c-fos activity verified
that cold exposure and HFD excited neurons in the central
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amygdala, which suggested that the activated neurons excreted
NPY, which affected blood glucose metabolism. To confirm if
NPY in mice subjected to cold exposure and HFD was involved
in regulating blood glucose level, which subsequently resulted
in obesity, the present study investigated brain sections. The
two groups without cold exposure showed no difference in NPY
neurons in the central amygdala between HFD-fed mice and
standard chow-fed mice (P=0.138). For the two groups of mice
fed with HFD, mice with cold exposure displayed more NPY
neurons than mice without cold exposure. It was observed that
the section of the central amygdala in the two cold exposure
mice group had more activated NPY neurons in the HFD-fed
mice than in the standard chow-fed mice (Fig. 5). Unexpectedly,
the section of the central amygdala in mouse brain showed that
61% of the c-fos-positive neurons were positive for NPY (Fig. 6),
which suggested that NPY neurons in the central amygdala are
highly activated by cold exposure and HFD.

HFD and cold exposure suppresses expression of Bdnf mRNA
while inducing that of Ghrh mRNA. By visualizing the sliced
sections of NPY-GFP mouse brain, it was observed that the
numbers of the central amygdala NPY neurons increased in
mice under cold exposure and HFD. It is well known that
central amygdala neurons project to their downstream neurons
in the VMH and PVN. To identify the mechanism of cold
exposure and HFD leading to obesity, the expression of Bdnf
mRNA and Ghrh mRNA was tracked. Compared to standard
chow-fed mice, neither cold exposure nor HFD suppressed the
expression of Bdnf mRNA. Furthermore, combining with HFD,
cold exposure led to the lowest level of Bdnf mRNA expres-
sion (Fig. 7A). Regarding the expression of Ghrh mRNA, mice
that suffered cold exposure or HFD showed higher expression
than standard chow-fed mice. Thus, the mice subjected to cold
exposure together with HFD displayed the highest mRNA
expression levels of Ghrh (Fig. 7B).

Discussion

In recent years, cold exposure has been investigated as a
potential means of combating obesity due to its ability to

activate BAT, leading to increased energy expenditure through
UCP-1-mediated non-shivering thermogenesis (32). However,
the outcome of our study was not consistent with the theory
that cold exposure may contribute to obesity reduction.
Under conditions of cold exposure, chow-fed mice received
in more energy than mice maintained at room temperature.
Furthermore, cold exposure coupled with HFD induced a
more pronounced obese phenotype than either cold expo-
sure or HFD alone, which was consistent with the results of
Kuo et al (33).

Humans protect themselves from cold using appropriate
clothes and living in heated environments. Concerning this
self-protective behavior during our daily life, it is unlikely that
human beings are exposed to a cold surrounding for a long
period, but transmigrate from cold to warm environments in
occasions. Frequently, parts of the human body suffer from
cold exposure during winter. Stress has been demonstrated
to change feeding responses in a bidirectional pattern, with
both increases and decreases in intake observed. The effects
of stress on food intake regulation are dependent on the type
of the stressor (34,35). The present study observed that mice
fed with a HFD and subjected to conditions of cold showed
significant increases energy intake, and this corresponded to
significant increases in body weight and WAT mass compared
to standard chow mice. The present observations indicate that,
although previous work has shown that cold-induced BAT
activation increases energy expenditure (10,12), increased
energy intake having overcompensated for any increase in
energy expenditure related to cold exposure.

One region of the brain that is implicated in exerting
protective effects from stressors such as cold is the amyg-
dala, which is located in the medial temporal lobe and
forms part of the limbic system (36,37). Animal studies
have shown that the central amygdala, specifically, is largely
involved in stress-related responses (38,39). This is in line
with our current finding that cold exposure induced an
increase in c-fos immunoreactivity in the central amygdala
of mice. Furthermore, an increase in the dietary intake
observed when mice were fed with HFD during chronic
conditions of cold exposure could be due to the possibility



MOLECULAR MEDICINE REPORTS 7

=» GFPNPY
=» C-fos

NPY + C-fos

Scale bar: A=25 pm, B=100 pm

Figure 6. Cold-stress with high-fat diet induces c-fos expression in the central amygdala. Co-localization (61%) in mice exposed to cold stress with high-fat diet
for 7 weeks. Scale bars, (A) 25 ym, and (B) 100 ym. NPY, neuropeptide Y; GFP, green fluorescent protein.
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Figure 7. (A) Quantification of BDNF mRNA in the ventromedial hypo-
thalamic nucleus expressed as a percentage of standard chow-fed mice.
(B) Quantification of GHRH mRNA in the paraventricular nucleus
expressed as a percentage of standard chow-fed mice. Data are presented
as the mean * standard error of the mean (n=7 mice per group). ~P<0.01
and ““P<0.001, as indicated. HFD, high-fat diet; BDNF, brain-derived neuro-
tropic factor; GHRH, growth hormone releasing hormone.

that the central amygdala responses in stressful conditions
may occur via orexigenic neuropeptides known to harbour
abundant NPY neurons (40,41), which are critically involved
in regulating energy metabolism and adiposity by promoting
fat accumulation (42). Our observations showed that c-fos
immunoreactivity and NPY neuronal immunoreactivity
were co-localized within the central amygdala, suggesting
that activation of NPY neurons occurs in response to cold
acclimatization stress. This activation of NPY neurons in the

central amygdala could have contributed to the phenotype
observed in our HFD-fed cold-exposed mice. Cold exposure
stimulates NPY neurons in NPY-GFP mice to produce more
NPY. As a feeding promoter, the increased NPY enlarged
the orexigenic effect. Mice subjected to HFD combined with
cold exposure, which is similar to modern human lifestyle,
are more likely to develop obesity.

Our observations of increased activity of NPY neurons
in the central amygdala of GFP mice supports the idea that
these neurons possibly cause stress-induced release of NPY,
which may be implicated in promoting angiogenesis and
adipogenesis, leading to exacerbation of diet-induced obesity
and glucose intolerance as observed by others (33,43,44).

In conjunction to affecting the NPY systems in the central
amygdala, it is important to note that central amygdala projec-
tions innervate the regions of the hypothalamus, particularly
the VMH and the PVN (45). One of the factors important
in energy metabolism is the BDNF, which is abundantly
expressed in the PVN and VMH of the hypothalamus. It has
been previously reported that BDNF exerts hypophagic and
weight reducing effects in animals (46). Furthermore, BDNF
in the central nervous system can influence glucose metabo-
lism directly, leading to magnification of the insulin function
in peripheral tissues (47). Peripheral BDNF rapidly enhanced
insulin signal transduction in liver and performed hypogly-
cemic action in diabetic mice (48). BDNF is mainly expressed
in the VMH, which were significantly reduced in response to
HFD and cold exposure, possibly contributing to the increased
energy intake and altered glucose homeostasis observed
in these mice. Another factor that is influenced by neuronal
projections from the central amygdala is GHRH, which is
abundantly expressed in the ARC, VMH and PVN regions
of the hypothalamus (49,50). It has been shown that GHRH
can stimulate the pituitary gland to release growth hormone
(GH). GH can promote the decomposition of glycogen (51), and
inhibit glucose utilization by muscle and adipose tissue (52).
In addition, GHRH actively modulates glucose homeostasis by
facilitating insulin action and normalizing glucose metabolism
in obese mice, irrespective of dietary intake (47). The present
study observed that HFD or cold exposure can independently
and additively increase the levels of Ghrh mRNA expression
in the PVN. This change, combined with reduced VMH Bdnf
mRNA levels in response to HFD and cold exposure, could have
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contributed to the hyperphagia, weight gain and imbalances in
glucose and insulin responses in the mice of the present study.

In summary, while there previous reports have suggested
potential therapeutic values in manipulating BAT or BeAT for
the management of diabetes and obesity (53), it is important
to note that the use of cold exposure to activate BAT or BeAT
needs to be carefully considered, in light of our current find-
ings that cold exposure (with the current paradigm, at least),
may cause undesired physiological responses. Further studies
are required using cold exposure at different intensities and
durations in order to reveal the full association between cold
exposure and energy/glucose homeostasis. Potential adverse
effects should be taken into consideration when manipulating
temperature to stimulate the browning of white fat. Although
our findings are consistent with an earlier study showing that
cold exposure exacerbates HFD-induced obesity (43), we
cannot rule out the possibility that our observations are the net
outcome of ice-cold exposure and individual housing-induced
stress, that is, single housing in the current study may contribute
to the ice-cold stress-induced obesity in DIO (Diet induced
obesity) mice. Further studies using a different spectrum of
cold exposure condition such as 4°C in grouped housed mice
will provide a better understanding of the impacts of cold
exposure on diet-induced obesity.
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