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Cold exposure prevents fat accumulation
in striped hamsters refed a high-fat diet
following food restriction
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Abstract

Background: In mammals, body mass lost during food restriction is often rapidly regained, and fat is accumulated
when ad libitum feeding is resumed. Studies in small cold-acclimated mammals have demonstrated significant
mobilization of fat deposits during cold exposure to meet the energy requirements of metabolic thermogenesis.
However, no studies to our knowledge have examined the effect of cold exposure on fat accumulation during body
mass recovery when refed ad libitum. In this study, striped hamsters restricted to 80% of their reqular food intake were
then refed ad libitum and exposed to one of three conditions: Intermittent cold temperature (5 °C) for 2h per day
(ICE-2 h/d), intermittent cold temperature (5°C) for 12 h per day (ICE-12h/d), or persistent cold exposure (PCE) for four
weeks. We measured energy intake, fat deposit mass, serum thyroid hormone levels, and uncoupling protein 1 expres-

sion in brown adipose tissue.

cold conditions.

Results: There was no significant effect of intermittent or persistent cold exposure on body mass regain, whereas
energy intake increased significantly and total fat deposit decreased in the ICE-12h/d and PCE groups compared to
the ICE-2 h/d group and control group maintained at 23 °C (CON). In the ICE-12h/d and PCE groups, hamsters had
39.6 and 38.3% higher serum 3,3’ 5-triiodothyronine levels, respectively, and 81.6 and 71.3% up-regulated expression
of uncoupling protein 1, respectively, in brown adipose tissue compared to their counterparts in the CON group. The
rate of mitochondrial state Ill and state IV respiration O, consumption and the activity of cytochrome c oxidase in BAT
and liver were significantly higher in the ICE-12 h/d and PCE groups than in the ICE-2h/d and CON groups.

Conclusions: Our findings suggest thyroid hormone-mediated heat production in brown adipose tissue and liver
may be involved in preventing fat accumulation during refeeding in animals frequently or persistently exposed to

Keywords: Cold exposure, Fat accumulation, Metabolic thermogenesis, Striped hamster, Thyroid hormones

Background

Food restriction has been demonstrated to increase lifes-
pan in numerous animals [1-4] and decrease body mass
and/or fat deposition in humans and laboratory rodents
[5-7]. Body fat loss accounts for most of weight lost
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during food restriction [8-10]. Previous studies found
food-restricted animals had approximately 30% less fat
mass and visceral fat compared to those fed ad libitum,
while their lean body mass remained constant [6, 11].
However, subsequent studies found that the weight was
rapidly regained when food was reintroduced ad libi-
tum [5, 12, 13], most likely due to compensatory body fat
accumulation resulting from a positive energy balance
[14-17]. Studies have observed increased levels of hyper-
phagia in many animals following ad libitum refeeding.
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In contrast, their energy expenditure usually remained
unchanged, indicating a positive energy balance due
to increased energy intake rather than any changes in
energy expenditure.

Increased energy intake in animals with hyperphagia,
particularly those eating a high-fat diet, results in obesity
due to increased fat accumulation [18-23]. However, in
cold conditions, some hyperphagic animals do not accu-
mulate fat [24, 25] because cold-exposed animals must
increase thermogenesis to compensate for heat loss, and
this requires considerable energy expenditure [25-29].
This suggests that thermogenesis plays a crucial role in
maintaining a balance between energy expenditure and
fat accumulation. Studies in rodents have demonstrated
an enhancing effect of cold exposure on thermogen-
esis, but the effect of cold exposure on fat accumulation
remains inconclusive [27]. For example, there was a sig-
nificant decrease in white adipose tissue in C57BL/6 mice
following sustained cold exposure [30], but not in rats
(Rattus norvegicus) [31]. Furthermore, researchers have
observed varying effects in laboratory mice (Mus mus-
culus) subjected to intermittent cold, with no change in
fat deposits found for one study [32], and others finding
an increase [33, 34] or a decrease [35]. In the wild, small
mammals may be exposed more frequently to repetitive
or intermittent cold temperatures than to persistent cold
temperatures. Thus, it is necessary to examine the effects
of repetitive or intermittent cold exposure on body fat
deposits.

Changes in thermogenesis at the whole-body level
directly reflect changes at the organ/tissue level [36].
Active brown adipose tissue (BAT) burns lipids to pro-
duce heat resulting in increased energy expenditure
[37]. The production of heat by BAT occurs in the mito-
chondria due to incomplete coupling between substrate
oxidation and ATP production [36—39]. The uncoupling
protein 1 (UCP,) is predominantly expressed in BAT
where it represents approximately 10% of the mito-
chondrial protein content and mediates a regulated
uncoupling process [40]. Studies in small mammals
have established that the UCP;-based heat production
in BAT plays an important role in regulating body tem-
perature [37, 40, 41]. Additionally, BAT heat produc-
tion effectively reduces adiposity in mice and rats by
burning excess energy and playing an important role
in promoting fat mobilization and preventing obesity
[40, 42-45]. Thyroid hormones (3,3/,5,5" tetraiodothy-
ronine or T, and 3,3’,5-triiodothyronine or T;) are key
regulators of thermogenesis, which represents a major
component of energy expenditure in homeothermic
(‘warm-blooded’) animals [37, 46, 47]. Thyroid hor-
mones are essential for initiating BAT UCP;-based heat
production as T, potentiates UCP, gene transcription
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[48—-51]. Various animal studies have shown that cold
exposure induces a significant increase in metabolic
thermogenesis and is linked to increased serum thy-
roid hormone levels and UCP;-based heat production
in BAT [27, 42, 52-54]. However, the effects of thyroid
and BAT status on energy budgets and fat accumula-
tion during periods of body weight regain following
food restriction is currently unknown.

The aim of this study was to investigate the role of thy-
roid hormone and BAT UCP; in energy intake and fat
accumulation in food-restricted striped hamsters refed
ad libitum and subjected to intermittent versus persis-
tent cold exposure. The striped hamster (Cricetulus bara-
bensis) is a common rodent in northern China and is also
distributed throughout Russia, Mongolia, and Korea [29].
Striped hamsters do not store food but instead feed on
the seeds of crops in winter, and the stems and leaves of
plants in summer [55]. Striped hamsters have consider-
ably higher energy intake and metabolic thermogenesis
requirements in winter than in summer, yet they have
significantly lower fat deposits in winter [56, 57]. Previ-
ous studies observed that striped hamsters showed physi-
ological and behavioral strategies to cope with periods of
food shortage and regained body weight and fat stores
following ad libitum feeding [57-60]. In this study, we
measured energy intake, fat accumulation, serum T and
T, levels, and BAT UCP, expression in striped hamsters
in a cold temperature setting and fed ad libitum following
a period of food restriction. We hypothesized that when
frequently exposed to cold temperatures, striped ham-
sters would have increased serum thyroid hormone lev-
els and BAT UCP; expression, which would prevent body
weight regain and fat accumulation during refeeding.

Results

Body mass

There was no significant difference in body mass across
the four groups prior to the food restriction treatment
(day 1, F35,=0.28, P>0.05, Fig. 2A). During the food
restriction period at 23°C, body mass decreased by 17.5,
17.7, 18.2 and 18.3% in the CON, ICE-2h/d, ICE-12h/d
and PCE groups, respectively, on day 21 compared to that
on day 7 (day 7-21, Fj,4,=203.37, P< 0.01). However,
there was no significant difference in body mass between
groups (day 21, F;5,=0.18, P>0.05). Once ad libitum
feeding was resumed, body mass increased significantly
by 15.0, 17.6, 16.1 and 12.1% in the CON, ICE-2h/d, ICE-
12h/d and PCE groups, respectively, on day 49 compared
to that on day 15 (day 15-49, F); 593=29.97, P< 0.01).
Body mass did not differ significantly across the four
groups at the end of the experiment (day 49, F;5,=1.03,
P>0.05, Fig. 2A).
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Food intake

There was no significant difference in food intake
across the four groups either before the food restric-
tion treatment (day 1, F35,=1.952, P>0.05) or dur-
ing the period of food restriction (day 21, F;5,=1.97,
P>0.05, Fig. 2B). Food intake was significantly affected
by temperature during the refeeding period, with a sig-
nificantly higher food intake in the ICE-12h/d and PCE
groups compared to the CON and ICE-2h/d groups
(day 49, F; 5,=20.62, P<0.01, Fig. 2B).

Gross energy intake (GEIl) and apparent digestibility

There was a significant difference in GEI across the four
groups, which was 50.4 and 92.3% higher in the ICE-
12h/d and PCE groups, respectively, compared to the
CON group (F;5 =52.56, P<0.01, post hoc, P<0.01,
Fig. 3A). Similarly, DEI was significantly higher in the
ICE-12h/d and PCE groups compared to the CON
and ICE-2h/d groups (F;5,=47.01, P<0.01, post hoc,
P<0.01, Fig. 3B). Hamsters in the PCE groups pro-
duced 69.8% more feces than those in the CON group
(F35,=36.51, P<0.01, post hoc, P<0.01, Fig. 3C).
Apparent digestibility differed significantly across the
four groups (F35,=3.64, P<0.05), being higher in the
ICE-12h/d and PCE groups compared to the CON and
ICE-2h/d groups. However, there was no significant
difference in apparent digestibility between each of the
three cold exposure groups and the CON group (post
hoc, P>0.05, Fig. 3D).

Fat deposition

BAT mass did not statistically differ across the four
groups (F35,=2.03, P>0.05, Fig. 4A). There were
significant differences across the four groups in
subcutaneous fat (Fj5,=3.32, P<0.05, Fig. 4B), mes-
entery fat (F;5,=3.99, P<0.05, Fig. 4C), abdominal
fat (F35,=4.72, P<0.01, Fig. 4D) and peritesticular fat
(F35,=3.92, P<0.05), all of which were lower in the
PCE group relative to that in the CON or ICE-2h/d
groups (Fig. 4E). Furthermore, total fat mass was sig-
nificantly different across the four groups (F;5,=3.56,
P<0.05, Fig. 4F), with hamsters in the PCE group hav-
ing less body fat than those in the CON or ICE-2h/d
groups.

BAT histology

Brown adipocytes in interscapular BAT of hamsters in
the ICE-12h/d and PCE groups had considerably smaller
fat droplets than those in the CON group (Fig. 5). Addi-
tionally, brown adipocytes in the ICE-12h/d and PCE
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groups were noticeably browner than those in the CON
and ICE-2h/d groups.

Serum thyroid hormones levels and BAT UCP, expression
T, levels were significantly different among the four
groups, with the ICE-12h/d and PCE groups having 39.6
and 38.3% higher T, levels, respectively, than the 23°C
group (F3 39=3.93, P<0.01, post hoc, P<0.05 or P<0.01,
Fig. 6A). However, there was no significant difference
in serum T, levels and T,/T, ratio between the CON,
ICE-2h/d, ICE-12h/d and PCE groups (T, F;39=0.66,
P>0.05, Fig. 6B; T3/T,, F;39=2.46, P>0.05, Fig. 6C).
The expression of BAT UCP; differed significantly across
groups, with the ICE-2h/d, ICE-12h/d and PCE groups
increasing by 34.1, 81.6, and 71.3%, respectively, com-
pared to the CON group (F;,3=14.05, P<0.01, post hoc,
P<0.05 or P<0.01, Fig. 6D).

The rate of state Ill, state IV and COX activity

The rate of O, consumption of mitochondrial state III
and state IV respiration in BAT was significantly differ-
ent across the four groups, with a significantly higher
consumption rate in the PCE group compared to the
CON or ICE-2h/d groups (state III, F3,, =4.22, P<0.05,
Fig. 7A; state IV, F;,, =8.86, P< 0.01, Fig. 7B). Addition-
ally, BAT COX activity was 116.1 and 102.1% higher in
the ICE-12h/d and PCE groups, respectively, com-
pared to the CON group (F;,, =8.83, P<0.01, post hoc,
P<0.01, Fig. 7C). There were also significant increases
in the rate of O, consumption of mitochondrial state III
and state IV respiration in the liver for the ICE-12h/d
and PCE groups compared to the CON and ICE-2h/d
groups (state III, F;,, =9.79, P<0.05, Fig. 7D; state IV,
F3,,=3.40, P< 0.05, Fig. 7E). COX activity in the liver
was also significantly higher in the PCE group compared
to the other three groups (F;,; =8.08, P< 0.01, post hoc,
P<0.01, Fig. 7F).

Discussion
In this study, we found that striped hamsters lost weight
during food restriction but regained the lost weight and
reaccumulated fat stores after being refed ad libitum.
Interestingly, cold (5°C) exposure for 12 and 24 h per day
did not affect body mass regain, but significantly reduced
fat accumulation. Serum Tj; levels, BAT UCP; expres-
sion, and the rate of O, consumption in BAT and liver all
increased significantly in the ICE-12h/d and PCE groups,
suggesting that increases in BAT and liver heat produc-
tion were involved in the prevention of fat accumulation.
Changes in body mass and/or fat mass are important
adaptive strategies for small mammals to cope with
environmental temperature variations [25, 26, 28, 57,
61-63]. Striped hamsters in this study had a lower body
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mass and fat content during food restriction but they
regained a significant amount of weight when refed ad
libitum, a pattern similar to that previously reported in
other animals [5, 12, 13, 57, 64—66]. Body mass regain
did not differ between the ICE-5h/d, ICE-12h/d,
and PCE groups, and CON group, similar to previ-
ous studies that found no significant change in body
mass between seasons in wild-caught hamsters [56,
57]. This suggests that body mass regulation of striped
hamsters may be independent of cold temperatures,
which is notably distinct from other species that show
seasonal increases or decreases in body mass [25, 26,
28]. The hamsters in the PCE group consumed signifi-
cantly more food and therefore might have more chyme
in their gastrointestinal tracts than the other three
groups. Additionally, the hamsters in the PCE group
may gain more lean mass during refeeding to compen-
sate for lower fat deposits. These two possibilities could
explain why the different groups of hamsters had the
same body mass recovery but differed in fat mass.

Body fat is an essential component in adult organ-
isms that exhibits considerable plasticity in response
to environmental variations [6, 11, 16]. Most body
mass fluctuations in adult animals, including humans,
are usually accounted for by loss or gain of body fat
[9, 10, 12, 23]. Inconsistent with body mass, we found
that fat accumulation during the ad libitum refeed-
ing period was significantly affected by cold exposure.
Total fat deposit, which was the sum of subcutaneous,
abdominal, mesentery, and peritesticular fat deposits,
was 14.1 and 18.2% less in ICE-12h/d and PCE groups,
respectively, than in the CON group. This suggests that
changes in body fat are not necessarily consistent with
changes in body mass. However, we found that the
total fat deposit in the ICE-2h/d group was not statisti-
cally different to that of the CON group. Dulloo et al.
(1995) investigated fat deposition in Sprague Dawley
male rats (Rattus norvegicus) that were refed at room
temperature (22°C), thermoneutrality (29°C), or cold
temperature (6°C) and found no significant difference
in body fat between the three groups [31]. Presby et al.
(2019) used intermittent cold exposure (4°C, 90 min/
day, 5days/wk) to manipulate energy expenditure dur-
ing maintained weight loss of calorically restricted male
FVB mice (Mus musculus) [32]. Despite significant
increases in energy expenditure during cold exposure,
intermittent cold exposure did not affect total daily
energy expenditure or fat deposits, likely attributable
to compensatory behavior [32]. These findings suggest
that among species, cold exposure has a variable effect
on fat deposits and that the duration or frequency of
cold exposure may influence this effect. In contrast to
brief cold exposure, a more frequent or longer duration

Page 4 of 12

of cold exposure had a significant effect on preventing
fat accumulation in animals that were refed ad libitum.
Previous studies have shown that increases in energy
intake, or hyperphagia, often leads to fat accumulation,
such as high-fat diet-induced obesity [19, 21, 22]. In con-
trast, a limited or restricted food intake, usually results in
fat mobilization in many mammals, including humans [6,
10-12]. Similarly, we found that restricted feeding resulted
in significant body weight loss in striped hamsters, which
was subsequently regained following ad libitum refeeding.
Interestingly, striped hamsters in the ICE-12h/d and PCE
groups consumed considerably more food than the control
individuals refed ad libitum at 23°C while accumulating
significantly less fat. This indicates that frequent or longer
duration of cold exposure may prevent fat accumulation in
animals that regain their lost weight when food is plenti-
ful. Many small mammals have increased energy intake
in response to cold conditions but have lower fat depos-
its than those in warm conditions [28, 61, 67—69]. These
findings demonstrate that energy expenditure may play a
more important role in determining fat accumulation than
energy intake [55, 70]. However, our findings suggest that
the role of energy expenditure in determining fat accumu-
lation may depend on how often the animals are exposed
to cold conditions, which can effectively increase energy
expenditure, thereby influencing fat accumulation.
Previous studies have shown that BAT and liver are
strongly linked to facultative thermogenesis and obligatory
thermogenesis, both of which were significantly higher in
animals that were exposed or acclimated to cold tempera-
tures [30, 34, 71]. In this study, we found that the rate of
oxygen consumption of state III and IV in BAT and liver
was significantly higher in the hamsters in the ICE-12h/d
and PCE groups than in the CON group. COX activity was
also significantly higher in both tissues in the ICE-12h/d
and PCE groups. Increases in the rate of mitochondrial res-
piration in BAT and liver have been shown to correlate with
increased energy expenditure for metabolic thermogenesis
[25, 72-74]. Furthermore, BAT UCP, expression was sig-
nificantly higher in refed striped hamsters in the ICE-12h/d
and PCE groups than the CON group. Several studies have
shown that the increase in thermogenesis in cold-exposed
animals is based on a considerable up-regulated expression
of UCP, in BAT, playing an essential role in the regulation
of body temperature [38, 40]. Up-regulation of BAT UCP,
expression has also been linked to significant decreases
in body fat in several small mammals, which is thought
to be effective at reducing adiposity [40, 68, 69, 75-77].
Treatments from various scientific fields have been shown
to induce up-regulation of BAT UCP, expression and
decrease body fat content [27, 44, 78, 79]. Our findings sug-
gest that short intermittent cold exposure (i.e. 2h per day)
may have little effect on mitochondrial respiration, UCP,
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expression, and fat content of animals during the refeed-
ing period. A more frequent or longer duration may be the
most effective factor inducing up-regulation of BAT UCP,
expression, preventing fat accumulation.

The presence of thyroid hormone is thought to mediate
BAT UCP;-based heat production because T potentiates
UCP; gene transcription [48-51]. We found that serum
T, level in striped hamsters was significantly higher in the
ICE-12h/d and PCE groups than the CON group. In mam-
mals, thyroid hormone has been shown to improve ther-
moregulatory ability and increase metabolic thermogenesis
[80-83]. For example, animals exposed or acclimated to
cold temperatures usually have considerable increases in
serum thyroid hormone levels and UCP;-based heat pro-
duction in BAT. Our findings suggest that increased serum
T, levels may be necessary for UCP,-based heat production
in BAT to cope with frequent or persistent cold exposure.
Body fat accumulation was significantly reduced in the ani-
mals that were refed ad libitum due to thyroid hormone
and UCP; -based heat production.

Conclusions

When refed a high-fat diet following food restriction,
striped hamsters recovered their lost weight. However,
hamsters that were frequently and continuously exposed
to cold temperature (ICE-12h/d and PCE groups) had
significantly less fat accumulation compared to those
refed at 23°C (CON group). This suggests that frequent
exposure to cold effectively prevented fat accumulation
during the period of body weight regain. Serum Tj levels,
BAT UCP; expression, and the rate of O, consumption
in BAT and liver were all significantly higher in the ICE-
12h/d and 24h PCE groups, suggesting that TH medi-
ated BAT UCP,-based heat production and liver heat
production were possibly involved in the prevention of
fat accumulation.

Materials and methods

Animals

Striped hamsters used in this study were offspring of a
colony maintained at Wenzhou University, and supported
with animals trapped in farmland in the center of Hebei
province (115ul39E, 38u129S) on the North China Plain.
A randomized outbreeding protocol is used to maintain
genetic diversity. Animals were housed individually in plas-
tic cages (29cm x 18cm x 16cm) with sawdust bedding
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and kept at a constant temperature of 23+1°C under a
12h:12h (light:dark, lights on at 08:00h) photoperiod. Food
(standard rodent chow; produced by Beijing KeAo Feed
Co., Beijing, China) and water were provided ad libitum.
All animal procedures performed in this research were in
accordance with the ethical standards of the Wenzhou Uni-
versity Animal Care and Use Committee.

Experimental design

Fifty-six male hamsters (3—3.5months of age) were ran-
domly assigned to one of four groups: a control group at
room temperature (CON), two intermittent cold exposure
groups (ICE-2h/d and ICE-12h/d), and a persistent cold
exposure group (PCE), with n=14 for each group. All four
groups of hamsters were kept at 23°C for one week, dur-
ing which time food and water was provided ad libitum.
Food intake and body mass were measured daily for one
week (baseline period, day 1 to 7) using a Sartorius balance
(£0.1g). Food intake was calculated by subtracting food
residues mixed in the bedding materials from the difference
between the initial food provided and the uneaten food the
following day [16]. The average food intake throughout the
week was then used to determine ad libitum food intake.
After one week food was reduced by 20% for two weeks for
all four groups of hamsters (food restriction period, day 8
to 21). A high-fat diet (fat 60%, carbohydrate 20% and pro-
tein 20%, total calories 22.0k]/g, Research Diet, D12492,
USA) was then introduced and made available ad libitum
for four weeks (refeeding period, day 22 to 49), throughout
which the animals in the CON group were maintained at
23°C, the ICE-2h/d and ICE-12h/d groups were exposed
to 5°C for 2h and 12h per day, respectively, and the ani-
mals in PCE group were maintained at 5°C. A detailed
feeding and cold exposure schedule is presented in Fig. 1.

Energy intake and apparent digestibility

Gross energy intake (GEI) and apparent digestibility were
measured in the last week of the high-fat refeeding period.
As previously described by Wen et al. [84], a known quantity
of food was provided and any uneaten food and orts in bed-
ding material were collected 48h later. Food and feces were
separated manually after drying at 60°C to constant mass.
The gross energy content of feces was determined using an
IKA C2000 oxygen bomb calorimeter (IKA, Germany). GEI
digestive energy intake (DEI), gross energy of feces (GEF)
and apparent digestibility were calculated as follows [85, 86].

GEI (kJ/d) = food intake (g/ d) x dry matter content of food (%) x gross energy content of food (k]/ g)
GEF (kJ/d) = dry feces mass (g/d) X gross energy content of feces (k]/g)
DEI (kJ/d) = GEI — GEF
Apparent digestibility (%) = DEI/GEI x 100%
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ed to food restriction and then refed ad libitum. During ad libitum
refeeding period, animals were maintained at 23 °C (A: CON), intermittently exposed to 5°C for 2h per day (B: ICE-2h/d), 12 h per day (C: ICE-12h/d),
or persistently exposed to 5°C (D: PCE)

of striped hamsters that were subject

BAT specimens stained with H&E

After removal, scapular BAT (about 3 x 3 x 3mm?) of six-
teen animals (n=4 per group) was immediately washed
with PBS solution twice and stored in paraformaldehyde.
24h later, the BAT was washed, dehydrated in graded
alcohol concentrations, cleared in xylol and embedded in
paraffin. The paraffin blocks were cut serially to provide
5um-thick sections. Serial sectioning was performed
until reaching the maximum number of sections possible.
Sections representative of each specimen were selected
and stained with hematoxylin-eosin dyestuff. The stained
slice was dehydrated with pure alcohol and made trans-
parent using xylene. The transparent slice was then
placed onto a slide and sealed with a coverslip. Images
were captured using a microscope (ECLIPSE E100,
NIKON, Japan) coupled to a video camera (K-Viewer
1.5.5.10 x64, KFBIO, China). Ten slices were randomly
selected from each animal for the histometric analysis,
and one image representative of its respective group was
selected to present in this paper.

Serum levels of triiodothyronine (T;) and thyroxine (T,)
Serum T, and T, concentrations were determined using
I'%® RIA kits (Beijing North Institute of Biological Tech-
nology, Beijing, China), which has been previously vali-
dated for striped hamsters [87]. The intra- and inter-assay
coefficients of variation were 2.4 and 8.8% for T, respec-
tively, and 4.3 and 7.6% for T, respectively [29].

Mitochondrial state IV, state lll respiration and cytochrome
C oxidase (COX) activity

Mitochondrial state IV, state III respiration and COX
activity in BAT and liver were evaluated with the rate of
oxygen consumption of the tissue homogenates. We used
0.1g/mL mitochondria isolation liquid (250mM sucrose,
5mM Tris, 1lmM MgCl, -6H,0, 0.5mM EDTA and
0.5mg/mL bovine serum albumin, pH7.4) at 4°C to pre-
pare tissue homogenates [55]. Oxygen consumption was
measured polarographically with a Clark-type electrode
(Hansatech Instruments, DW-1, England) at 30°C in a
medium containing 225 mM sucrose, 50 mM Tris, 5.0 mM
MgCl,-6H,0, 1.0mM EDTA and 5.0mM KH,PO,, pH7.4.
Substrates used were 5.0 mmol/L succinate and 3.75mol/L
rotenone. Measurements were performed in the absence
(state IV) and presence (state III) of 1.0 mmol/L ADP [88].
The COX activities were measured at 30°C in 2.0ml of
respiration medium (7.5mM KH,PO,, 3.75mM ascor-
bic acid and 0.3mM TMPD (N, N, N/, N'-Tetramethyl-
p-phenylenediamine dihydrochloride), pH7.4), using a
Clark electrode, as described previously [89].

Western blot analysis of UCP,

BAT uncoupling protein 1 (UCP;) concentrations
were measured as described previously [77]. BAT
was lysed in RIPA buffer (0.5% NP-40, 0.1% sodium
deoxycholate, 150 mM NaCl, 50 mM Tris-HCI, pH7.5)
supplemented with phosphatase inhibitor cocktails.
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Protein extracts were diluted in 5x sample buffer
(50mM Tris at pH6.8, 2% SDS, 10% glycerol, 5%
B-mercaptoethanol, and 0.1% bromophenol blue), and
were separated in a discontinuous SDS-polyacrylamide
gel (12% running gel and 5% stacking gel) and subse-
quently transferred onto a PVDF membrane (millipore,
IPVH00010). The blotting membranes were blocked
with 5% (wt/vol) milk powder and incubated overnight
at 4°C with the primary antibody B-actin (Servicebio
GB12001; 1:3000) and UCP; (proteintech 23,673-1-
AP, 1:1000). Secondary antibody (anti-rabbit IgG HRP
conjugate; 1:3000; Servicebio GB23303) was added and
Super Signal Western Blot Enhancer (Thermo Scien-
tific) was used to visualize protein bands. Blots were
analyzed with Bio-Rad Quantity One and normalized
to P-actin.

Statistical analysis

Data are expressed as means = SE and analyzed with
SPSS 21.0 statistical software. All variables were tested
for normality with the Kolmogorov-Smirnov test, which
confirmed that all data was normally distributed. Body
mass, food intake, GEI, DEI, serum T, and T, levels,
mitochondrial state IV, state III respiration, and COX
activity in BAT and liver, as well as UCP; protein expres-
sion in BAT, were analyzed using one-way ANOVA. The
statistical significance of specific between-group differ-
ences was assessed using Tukey’s post hoc tests where
required. Correlation coefficients between different vari-
ables were estimated using Pearson’s correlation coeffi-
cient. Significance (two-tails) was set at P<.05.

Abbreviations
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