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Effect of Intermittent Cold Exposure on Brown Fat
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Abstract

Homeotherms have specific mechanisms to maintain a constant core body temperature despite changes in thermal
environment, food supply, and metabolic demand. Brown adipose tissue, the principal thermogenic organ, quickly and
efficiently increases heat production by dissipating the mitochondrial proton motive force. It has been suggested that
activation of brown fat, via either environmental (i.e. cold exposure) or pharmacologic means, could be used to increase
metabolic rate and thus reduce body weight. Here we assess the effects of intermittent cold exposure (4°C for one to eight
hours three times a week) on C57BL/6J mice fed a high fat diet. Cold exposure increased metabolic rate approximately two-
fold during the challenge and activated brown fat. In response, food intake increased to compensate fully for the increased
energy expenditure; thus, the mice showed no reduction in body weight or adiposity. Despite the unchanged adiposity, the
cold-treated mice showed transient improvements in glucose homeostasis. Administration of the cannabinoid receptor-1
inverse agonist AM251 caused weight loss and improvements in glucose homeostasis, but showed no further
improvements when combined with cold exposure. These data suggest that intermittent cold exposure causes transient,
meaningful improvements in glucose homeostasis, but without synergy when combined with AM251. Since energy
expenditure is significantly increased during cold exposure, a drug that dissociates food intake from metabolic demand
during cold exposure may achieve weight loss and further metabolic improvements.
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Introduction with some studies showing decreased weight gain in rats exposed
to cold [13,14] and others showing no alteration in body weight
Cold exposure in mammals elicits behavioral and physiological [15].

responses that minimize heat dissipation (e.g. vasoconstriction,
huddling) and increase heat generation (e.g. shivering, activation
of brown adipose tissue [BAT]) [1]. The demonstration that adult
humans have functional and inducible brown adipocytes [2—4]
caused a resurgence of interest in BAT regulation and the effects of

Inspired by the beneficial effects of exercise, an intrinsically
intermittent process, we explore the effects of intermittent cold
exposure. Intermittent cold exposure experiments have been
conducted in rodents but many of these experiments assessed the
changes in cold tolerance, heat loss parameters [16,17], and
feeding behavior, not specifically whether cold ameliorates the
negative health consequences of the obese state. Whether increases

cold exposure on metabolism and metabolic regulation. In
addition, inducible forms of BAT (termed beige or brite adipose
tissue) arising within white adipose tissue and with distinct
developmental lineages were recently identified [5]. These
discoveries have led to the notion that simply increasing BAT

in the endogenous activation of BAT via environmental stimuli
(e.g. cold exposure) can cause metabolic improvements in a diet-
induced obese (DIO) murine model is not known.

Modulating ambient temperature in order to affect metabolism
is an attractive idea that has recently gained traction. It has been

quantity and/or function may reduce body weight by dissipating
excess calories [6-8]. Transgenic [9], BAT transplantation [10],
and P3-adrenergic agonist [11] murine studies support this claim,
yet these experiments all cause supra-physiologically elevated
levels of uncoupling protein 1 (Ucpl) and/or BAT mass. B3-

adrenergic agonist stimulation in dogs, mice and rats can cause

suggested that cooler temperatures in human living spaces could
reduce body weight and ameliorate comorbidities of obesity [6] by
increasing the amount and/or activity of BAT. The goal of the
e ; a = " present study was to assess the metabolic effects of intermittent
significant reductions in adiposity [12]. Yet all of the above cold exposure in DIO C57BL/6] mice.

approaches are non-physiological manipulations that bypass

counter-regulatory adaptations that are likely activated during

normal cold-induced UCP1 up-regulation [9]. Continuous cold

exposure experiments in rodents have yielded conflicting results,
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Materials and Methods

Animals and diet

Fourteen-week-old DIO C57BL/6]J male mice that had been
fed a high-fat diet starting at 6 weeks of age (D12492, 60% kcal fat,
5.24 metabolizeable kcal/g; Research Diets, New Brunswick, NJ)
were purchased from Jackson Laboratory (Bar Harbor, ME). At
NIH, animals were individually housed at 22-24°C with a 12:12-h
dark-light cycle (lights on at 0600h) in a clean, conventional facility
in plastic pens with wood-chip bedding and ad-libitum access to
D12492 diet and water. The protocol was approved by the
NIDDK Institutional Animal Care and Use Committee.

Study design

ICE#1 and ICE#2. Following a 4-week acclimatization
period, the mice were ranked by weight and distributed into three
groups (8 mice/group) of equal mean body weight. On days of
cold exposure (Monday, Wednesday, Friday), body weight and
food intake were measured and cages were transferred to a 4°C
room for the indicated number of hours (intermittent cold
exposure: ICE). Control mice were similarly moved to a new
room at 22°C for 1 hour ICE#1) or 4 hours (ICE#2). Body
composition (fat mass and fat-free mass) was measured by time
domain Echo MRI 3-in-1 (Echo Medical Systems, Houston, TX)
every 2 weeks in early morning.

ICE#3. Iollowing a 4-week acclimatization period, the mice
were ranked by weight and distributed into four groups (6 mice/
group) of equal mean body weight. Two groups were exposed to
4°C for 4 hours three times per week while 2 control groups were
treated similarly at 22°C (control: CON). Mice were treated daily
with either vehicle or AM251 (3 mg/kg in 5% DMSO/5% Tween
80 in saline; Cayman Chemical, Ann Arbor, MI) by oral gavage.
Body weight and food intake were measured daily prior to gavage.

At the end of the studies, mice were administered ketamine
(100 mg/kg) and xylazine (10 mg/kg) by ip injection, blood was
obtained by retro-orbital bleed, and tissues were removed,
weighed, and frozen at —80°C until assayed.

Total energy expenditure

Average total energy expenditure (TEE) was calculated using
the energy balance technique (caloric intake minus change in body
energy stores) [18]. In brief, the body composition caloric
equivalents (fat mass, 9.4 kcal/g; fat-free mass, 1.0 kcal/g) are
used to correct for body composition changes. The increase in
body kcal content is subtracted from the total metabolizeable
energy intake, yielding the TEE, which is divided by the
experiment duration (ICE#1 — 77 days; ICE#2 — 74 days;
ICE#3 — 28 days) to give the average daily TEE.

CL316243 treatment

CL316243, a selective P3-adrenoceptor agonist was used to
maximally stimulate facultative thermogenesis during indirect
calorimetry [19]. These experiments were performed at thermo-
neutrality (30°C) to eliminate endogenous BAT activation. Mice
were placed in a 12-chamber Environment Controlled CLAMS
(Columbus Instruments, Columbus, OH) early in the morning
(0645h), acclimatized for ~4 hours, treated with CL316243
(100 pg/kg in saline, ip), and energy expenditure was measured
for 5 more hours. Mice had ad libitum access to food and water
during the entire testing period.

Intra-peritoneal glucose tolerance test (ipGTT)

Mice were fasted overnight, glucose (1 g/kg body weight, ip)
mjected at 0900h, and tail blood glucose measured (Glucometer
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Contour, Bayer, Mishawaka, IN) at 0, 15, 30, 60, and 120 minutes
post-injection. The ipGTT was conducted one day following cold
exposure in ICE#1 and ICE#3 and two days after cold exposure
in ICE#2 to probe the duration of cold exposure’s effects. In
ICE#2, insulin concentrations were also determined at 0, 15, and
120 minutes by RIA (Millipore, St. Charles, MO).

Insulin tolerance test (ITT)

Non-fasted mice were injected with 0.75 U/kg body weight
msulin (Humulin, Eli Lilly, Indianapolis, IN) at 0900h. Tail blood
glucose concentrations were measured at 0, 15, 30, 45, 60, and
120 minutes post-injection.

Glucose uptake

In ICE#1, in vivo glucose uptake was measured by ip injection
of [1-"*C]2-deoxyglucose (10 uCi, Perkin Elmer, Boston MA) one
hour prior to termination of mice. Mice were injected at initiation
of cold exposure in the 1 h group and 3 hours after the start of the
cold exposure in the 4 h group. Sixty minutes post injection, two
muscles (quadriceps and gastrocnemius), two fat pads (inguinal and
epididymal), interscapular BAT, and the spleen were removed,
weighed, homogenized, and the ["*C]2-dcoxyglucose 6-phosphate
was extracted using Poly-Prep Prefilled Chromatography Columns
(Bio-Rad Laboratories, Cat: 731-6211, Hercules, CA) and
quantitated using Beckman Liquid Scintillation Counter [20].

Serum hormone and metabolite profiles

Blood from retro-orbital bleeding was put in BD Microtainer
Serum Separator Tubes (Becton, Dickinson and Company,
Franklin Lakes, NJ), allowed to clot for 10 minutes at room
temperature, spun at 10,000 rpm for 6 minutes, and serum was
frozen until assayed. Free fatty acids (Roche Diagnostics Gmbh,
Mannheim, Germany), triglycerides (Pointe Scientific Inc., Can-
ton, MI), cholesterol (Thermo Scientific, Middletown, VA), B-
hydroxybutyrate (BioVision, Milpitas, CA), and D-lactate (BioVi-
sion, Milpitas, CA) were measured by colorimetric assays. Serum
glucose was measured by Glucometer Contour. Insulin (Millipore,
St. Charles, MO), adiponectin (Millipore, St. Charles, MO),
insulin-like growth factor 1 (ALPCO, Salem, NH), T3 (DiaSorin
Inc, Stillwater, MN), and T4 (DiaSorin Inc, Stillwater, MN) were
measured by RIA. Leptin (R&D Systems, Minneapolis, MN) and
fibroblast growth factor 21 (Millipore, St. Charles, MO) were
measured by ELISA. All assays were conducted as per manufac-
turer’s protocol.

Gene expression analyses

RNA was extracted (Qiagen RNeasy Plus Mini Kit, German-
town, MD), converted to cDNA (Roche Transcriptor High
Fidelity cDNA Synthesis Kit, Indianapolis, IN), and quantitated
by real-time polymerase chain reaction (qRT-PCR, Applied
Biosystems 7900HT, Foster City, CA). Both SYBR green-based
and taqgman primer probe systems were used.

Statistical analyses

Data are expressed as group mean *SE. Statistical analyses
were performed using JMP (version 9; SAS, North Carolina). For
ICE#]1 and ICE#2, one-way ANOVAs were conducted using
mouse group as independent variables (CON, 1 h, 4 h for ICE#1
and CON, 4 h, 8 h for ICE#2). For ICE#3, two-way ANOVAs
used cold exposure (ICE or CON) and drug treatment (AM or
VEH) as grouping variables. For significant ANOVA results, a
Tukey HSD post-hoc test was conducted to compare among
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groups. Statistical significance was prospectively defined as P<
0.05.

Results

Cold exposure increases energy expenditure and food
intake, without altering body weight

Two independent experiments, exposing mice to 4°C for 0, 1,
or 4 hours (ICE#1) or 0, 4, or 8 hours ICE#2) three times a
week for ~10 weeks, are presented together but were performed
sequentially. This design tests a range of cold exposure durations
and allows sufficient time so that metabolic and physiologic
changes in the mice are likely in a new steady state. Food intake
was increased in the cold exposed groups in a dose-dependent
manner (Figure 1A). However, body weight was not affected by
intermittent cold exposure (Figure 1B). Similarly, no consistent
differences were observed in fat mass, fat-free mass, inguinal
WAT, epididymal WAT, interscapular BAT, or liver weights
(Tables 1, 2). TEE over the ~10 weeks was calculated from the
caloric intake corrected for changes in body composition [18].
Cold exposure of 1 and 4 hours increased TEE by 4.5% and
7.2%, respectively (ICE#1; Table 1) and 4 and 8 hours increased
it by 7.6% and 12.2% (ICE#2; Table 2). Assuming that all of the
metabolic rate increase occurs during cold exposure, these data
indicate an approximate doubling of metabolic rate during the
cold challenge. Taken together, these data demonstrate that
modest doses of intermittent cold exposure do not alter body
weight or adiposity since increases in food intake fully compensate
for the cold-induced increases in energy expenditure.

BAT activation by cold exposure

As a probe for cold-induced changes in adipose physiology,
CL316243, a selective B3-adrenergic receptor agonist, was used to
estimate the capacity for heat generation [19]. In the control mice,
CL316243 increased TEE by ~2.5-fold from the thermoneutral
baseline (Figure 2). Cold-exposed mice had a greater increase in
metabolic rate following injection of CL316243 than controls:
6.5% (not significant) and 19% (p<<0.05) greater in the 1 and
4 hour groups, respectively (ICE#1) and 26% (p<<0.05) and 29%
(p<<0.05) greater in the 4 and 8 hour groups, respectively (ICE#2,
Figure 2).

To examine the transcriptional response to intermittent cold,
markers of BAT activation were studied. Ucpl mRNA was slightly
(~25%), but not significantly, increased in the 1 h, 4 h, and 8 h
groups in ICE#1 and #2 (Tables 1, 2). No significant difference
in Ucpl protein levels was detected (data not shown). Pgcla, a
transcriptional co-activator involved in mitochondrial biogenesis
and in the induction of thermogenic genes [21], was significantly
increased in both the 4 h groups (~4-fold vs. control) and the 8 h
group (~7-fold vs. control) (Tables 1, 2). No histologic
differences were observed comparing iBAT from mice in the
different treatment groups. These changes are consistent with a
moderate increase in BAT activation with cold exposure.

We next investigated if the cold exposure induced beige/brite
adipose tissue. As expected, at baseline BAT markers were very
low in WAT (BAT: WAT ratios for Ucpl of ~4000 and Pgclo of
~10). Cold exposure had no consistent effect in the 1 h or 4 h
groups, with a possible induction (not statistically significant) in the
8 h group (Tables 1, 2). Likewise, two other beige/brite markers
(Cd137 and Tmem26) showed no differences in gene expression
(data not shown).

Tissue glucose uptake was measured using 2-deoxyglucose,
which probes glucose transport predominantly in the 45 minutes
after 2-deoxyglucose injection, weighted to the first minutes after
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injection due to exponential decay kinetics [22] (data not shown).
In the 1 h cold treatment group with 2-deoxyglucose dosed at the
start of the cold exposure, a 2-fold increase in gastrocnemius
uptake was observed with no significant increase in BAT or other
tissues (Table 3). These results suggest that muscle was a principal
glucose-driven thermogenic tissue during this time interval, likely
due to shivering. In the 4 h treatment group with 2-deoxyglucose
dosed 3 hours after the start of cold exposure, 2-deoxyglucose
uptake in BAT increased 39% (non-significant) and decreased in
most other tissues (significantly so in quadriceps, iWAT, and
spleen; Table 3). These results suggest that BAT thermogenesis
was turned on in the 4 h group, with reduced glucose uptake in
other tissues, consistent with a ‘steal’ phenomenon in which one
tissue’s uptake reduces the availability of glucose for uptake by
other tissues.

Taken together, these data demonstrate that intermittent cold
exposure increases thermogenic capacity, with modest increases in
mRNA markers of BAT activation, and no consistent activation of
beige/brite adipose tissue.

Cold effect on energy homeostasis

In ICE#1, an ipGTT was conducted the day following cold
exposure to examine the effects of cold exposure on glucose
tolerance. The 4 h group had decreased glucose concentrations at
most time points and a significantly lower area under the curve
(AUC) compared to the 1 h group (Figure 3 top). In ICE#2, the
ipGTT was performed two days after cold exposure to probe for
longer lasting effects. With this paradigm, no significant effect was
observed (Figure 3 bottom), suggesting that there is a modest,
transient beneficial effect of cold exposure on ipGTT.

In serum samples obtained at euthanasia after cold exposure,
circulating free fatty acids were increased (Table 1, 2), the result
of lipolysis and fatty acid release from WAT. Insulin levels were
slightly reduced by cold exposure, likely due to increased glucose
utilization. No significant differences were observed in serum
glucose, triglyceride, cholesterol, or adiponectin concentrations
(Table 1, 2). Regression analysis of leptin level vs. fat mass
revealed the expected [23] positive correlation (data not shown). In
addition, leptin concentrations were reduced by acute cold
exposure indicating that cold, like fasting [24], reduces circulating
leptin concentrations.

No synergistic effects of cold exposure and AM251 on

body weight, body composition, or food intake

Since cold exposure increases food intake, we tried combining
cold exposure with an obesity drug that reduces food intake. In
ICE#3, we tested, individually and in combination, 4-hour cold
exposure and AM251, a cannabinoid receptor 1 (CB1) inverse
agonist that both reduces food intake and increases metabolic rate
[25]. The AM251 dose (3 mg/kg/day) was chosen as efficacious,
but well below maximum efficacy [26], thereby allowing room in
the assay to detect additional weight loss. AM251 caused rapid and
sustained weight loss that was similar in the cold exposed (ICE
AM, —16%2%, p<0.05) and control (CON AM, —17%2%, p<
0.05) groups (Figure 4A and Table 4). Total fat mass and
inguinal and epididymal fat pad weights were reduced by ~30%
(P<<0.05) in AM251 treated animals (Table 4). Decreased fat
mass accounted for nearly all the weight loss in the drug treated
animals.

As expected, cumulative food intake was significantly decreased
by AM251 in CON mice. AM251 also decreased food intake in
cold exposed mice, but did not inhibit the compensatory increase
in food intake caused by the elevated TEE of cold exposure
(Figure 4B). 2-way ANOVA analysis of TEE revealed that cold

January 2014 | Volume 9 | Issue 1 | e85876



A OCON
130  ©1h
m4h
125

GTT&CL

-
n
(=]

-
by
(4]

1

-
o
o

Food Intake (kcal/week)
3 2
o o

©
o

©
=]
.

[

5 6
Time (weeks)

130
125
120

115

105

100

Food Intake (kcal/week)
=

©
o

920

5 6 7
Time (weeks)

Lack of Weight Loss with Cold Exposure

B 55

C

E

=

[

H

>

°

o

[i1]

-20 0 20 40 60 80
Time (days)

55 -
50

3

o

=

k=

[

3

>

-}

o

[i1]

-20 0 20 40 60 80
Time (days)

Figure 1. Cold exposure increases food intake, but not body weight. A: Caloric intake and B: body weight during ICE#1 (top) and ICE#2
(bottom) experiments were measured three times per week on days of cold exposure. Timing of the intra-peritoneal glucose tolerance tests (GTT) and
CL316243 treatment (CL) are indicated. Data are mean *SE, N=8/group. The 8 h group had higher food intake as assessed by repeated measures

ANOVA (p<<0.05).
doi:10.1371/journal.pone.0085876.g001

exposure significantly increased TEE but AM251 did not
(Table 4). Thus, there 1s no evidence for augmented (or reduced)
benefits from combining cold exposure and AM251 on body
weight, fat mass, or food intake.

AM251 decreases CL316243-induced energy expenditure
but does not affect BAT specific markers

AM251 is reported to cause weight loss partially through up-
regulation of Ucpl in BAT [27]. However, in AM251-treated
mice, CL316243-induced energy expenditure was reduced com-
pared to controls (Figure 4C). The decreased response to
CL316243 is likely due to less lipolysis from the reduced fat mass
of the AM251-treated animals. Gene expression of both Pge/o and
Ucepl in BAT showed no significant differences among the groups.
Analysis by ANOVA revealed a significant effect of prior cold
exposure to increase (p<<0.05) and of AM251 treatment to
decrease (p<<0.05) CL316243-stimulated energy expenditure, but
no interaction (p = 0.63) (Figure 4C).

Combined effect of AM251 and cold on glucose and
insulin tolerance

AM251 improves impaired glucose homeostasis [27], but how a
combination of intermittent cold and AM251 administration
affects such parameters is not known. ipGTT and ITT were
performed two days after cold exposure, as in ICE#2 to probe for
a durable effect. Glucose tolerance was significantly improved in
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the ICE AM and CON AM groups at the 30- and 60-minute time
points compared to the ICE VEH group (Figure 4D). 2-way
ANOVA using drug (£AM251) and cold exposure (£ICE) as
independent variables and the AUC as the dependent variable,
revealed a significant drug effect (p =0.035) but no cold effect or
mteraction. Non-fasting serum glucose concentrations were
significantly lower in the ICE AM compared to other groups at
the beginning of the ITT (Figure 4E). Although CON AM serum
glucose concentrations started significantly higher than ICE AM,
they reached nearly identical concentrations 30 minutes following
insulin injection (96.4%x5.0 vs. 93.5%£5.4 mg/dl respectively).
Taken together, these data demonstrate that AM251 significantly
decreases body weight and fat mass with beneficial effects on
ipGTT and I'TT but no clear synergistic effects when combined
with cold exposure.

Effect of AM251 and cold exposure on hormones and
metabolites

In ICE#3, the mice were not exposed to cold at the terminal
sampling, unlike ICE#1 and ICE#2, allowing differentiation
between acute and more persistent effects of cold exposure.
Circulating free fatty acid and triglyceride concentrations were
significantly lower in ICE vs. CON mice irrespective of drug
treatment (Table 4). B-hydroxybutyrate and D-lactate concen-
trations were lower in both ICE AM and ICE VEH when
compared to CON AM but not CON VEH. Insulin was slightly
but not significantly elevated in the two ICE groups compared to
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Table 1. ICE#1, effect of 1 hour and 4 hours of cold Table 2. ICE#2, effect of 4 hours and 8 hours of cold
exposure three times per week. exposure three times per week.

CON 1h 4h CON 4h 8h
Body Weight (g) 47.7+15 46.9+2 483*1.8 Body weight (g) 449+12 469+1.4 454+14
Fat Mass (g) 18.7+1.1 189+14 19.9%1.1 Fat Mass (g) 144+0.76 1633+123  1554+0.8
Fat Free Mass (g) 28.4+0.6 27.5+0.9 282+038 Fat Free Mass (g) 2536+0.84  2503+0.61  25.14+081
Inguinal WAT mass (g) 2.94+0.21 2.94+0.28 3.27*0.16 Inguinal WAT mass(g) 2.52*0.16 2.65+0.26 2.65*0.11
Epididymal WAT mass 2.61*0.13 2.28+0.15 2.29+0.06 Epididymal WAT mass (g) 1.71+0.23" 245+0.178 2.48+0.07%
(@ Interscapular BAT mass(g) 0.35+0.03 0.47+0.05 0.40£0.05
:;;:rscapular BAT mass  1.09+0.04 1.10*0.07 1.17*0.06 Liver mass (g) 1.86+0.13 1.65+0.13 1514012
Liver mass (g) By—— y——— By—— TEE (kcal/24 h) 1521+020" 1637+0.21°  17.07£0.20¢
TEE (kcal/24 h) 1477+023%  1543+022°®  1583+0.24° L LU 100039"  464=132°  7.271.32°
BAT Pgclo RNA 1.00£008*  158+028"  4.06-0.86° BAT Ucp1 RNA 1002022 123012 1.26=1.26
BAT Ucp1 RNA 1.00£004" 125015  1.25+0.14° WAT Pgcla RNA 1002024 060027 2.72=054
WAT Pgcia RNA 1004016 067012 079-0.09 WAT Ucp1 RNA 1.00+0.67 5.12+4.50 10.40+5.17
WAT Ucp1 RNA 100022 0.82+0.31 1.03-036 Free fatty acids (mM) 033+004*  061+0.11°®  0.91+0.14°
Free fatty acids (mM) 016=001"  023+003®  024+0.03° Triglycerides (mg/dl) 59.27.5 5069.5 69.9104
Triglyceride (mg/dl) 41.8%3.1 52.3+46 455%6.9 Serum Glucose (mg/dl) 315+24 332+27 275+16
Serum Glucose (mg/dl)  328+21 33117 352+14 Cholesterol (mg/dl) 149+7 15610 149+5
Cholesterol (mg/dl) 16612 17612 179+8 Insulin (ng/ml) 1.39+0.13%  1.19+0.09"®  1.07+0.05°
i Tt (i) e 0.84+0.26 0734009 Adiponectin (ug/ml) 15.5+1.2 16.5+0.8 157+1.0
Leptin (ng/ml) M1=7 1011148 89:+6° Esasifoml 8610 758 74=4

Tissue weights, mRNA levels, and serum analytes were taken at the end of the
experiment. TEE was calculated as described in Materials and Methods using
the energy balance method over the full 74 days of the experiment. Gene
expression values are reported relative to CON. Data are mean *=SE, N=8/
group. Levels not connected by same letter are significantly different (P<0.05).
doi:10.1371/journal.pone.0085876.t002

Tissue weights, mRNA levels, and serum analytes were taken at the end of the
experiment. TEE was calculated as described in Materials and Methods using
the energy balance method over the full 77 days of the experiment. Gene
expression values are reported relative to CON. Data are mean *SE, N=8/
group. Levels not connected by same letter are significantly different (P<0.05).
*includes adherent WAT.

doi:10.1371/journal.pone.0085876.t001

Discussion
CON mice. No significant differences were observed in serum
glucose, cholesterol, adiponectin, leptin, T3, FGF-21, or IGF-1
when compared with CON mice.

We have investigated the metabolic and physiologic conse-
quences of moderate doses of intermittent cold exposure in DIO
mice. Cold exposure increases food intake, energy expenditure,
thermogenic capacity, and expression of BAT activation genes.
Despite activation of BAT, there were no changes in body weight

ICE#1 101 ICE#2 1.0
0.9 0.9 -

0.8 -

0.7 -

Delta
—O0—CON 0.46+0.017
—a—1h 0.49+0.01A8

—0—CON  0.34£0.037
' —@-4h  0.43%0.038
01 | —@-4h  0.55:0.018 oA —e—8h  0.44:0.038

Energy Expenditure (kcal/h)
Energy Expenditure (kcal/h)

T T

o
T

250 200 150 100 -50 O 50 100 150 200 250 300 350 250 -200 -150 100 -50 O 50 100 150 200 250 300 350
Time (minutes) Time (minutes)

Figure 2. Prior cold exposure increases CL316243-induced energy expenditure. In ICE#1 (top) and ICE#2 (bottom), mice were placed in
the individual chambers at 30°C at —250 minutes, injected CL316243 (100 pg/kg) at time O as described in Experimental Procedures. Energy
expenditure was measured every 13 minutes. The initial metabolic rate peak seen in all groups is a stress response caused by handling. Inset shows
the delta energy expenditure, calculated as the mean post-CL316243 (minutes 26 to 312) minus the mean pre-CL316243 (minutes —78 to 0) energy
expenditure in kcal/h. Data are mean £SE, N=_8/group. Levels not connected by same letter are significantly different (P<0.05).
doi:10.1371/journal.pone.0085876.9g002
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Table 3. Tissue 2-deoxyglucose uptake.

CON 1h 4h
Quadriceps (cpm/mg) 86+2.1" 8.6+1.8" 4,0+0.5°
Gastrocnemius (cpm/mg) 226+28"  462+107° 143+13"
Interscapular BAT (cpom/mg) 37.9+6.0 30.4+6.5 52.5£10.8
Inguinal WAT (cpm/mg) 12+01" 1.0+0.1"%  08=02°
Epididymal WAT (cpm/mg) 34+0.6 46*1.5 2.6+0.4
Spleen (cpm/mg) 211+17%  183+12*%  16.0+0.6°

Mice in the ad lib fed state were administered ['*C]2-deoxyglucose 1 hour prior
to euthanasia. Specifically, this was at 22°C in the CON group, at the onset of
4°C in the 1 hour group, and 3 h into the 4°C treatment in the 4 hour group.
Data are mean *SE, N=8/group. Levels not connected by same letter are
significantly different (P<<0.05).

doi:10.1371/journal.pone.0085876.t003

or composition, yet there were transient improvements in glucose
homeostasis.

In our experiments, the acute cold-induced increase in energy
expenditure is large (~2 fold), but the overall increase in daily
TEE is modest (4-12%). The appearance of brown adipocytes in
typically white adipose depots occurs with prolonged exposure to
cold temperatures [28,29]. The current study produced only mild
changes in interscapular BAT and no browning of the inguinal fat
pad, results that are consistent with the modest level of additional
cold challenge. Three questions are highlighted by our observa-
tions.

How does intermittent BAT activation compare to
exercise?

Initiating low levels of exercise in sedentary rats slightly reduced
body weight and food intake. With higher exercise levels, weight
remained stable while food intake rose, nearly doubling [30]. Like
the sedentary state, mice housed at thermoneutrality are heavier
than those housed at room temperature [31-33], supporting the
parallel between muscle exercise and BAT activation. In our
experiments, the control mice were housed at 22°C, below the
thermoneutral zone, so the additional cold exposure is analogous
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to increasing exercise in mice that are already getting some
exercise. It is plausible that intermittent cold exposure in mice
otherwise housed at thermoneutrality would produce a body
weight reduction.

In DIO mice, exercise protected against weight gain despite
increased food intake, reduced adipose tissue inflammation, and
improved insulin sensitivity [34]. Human epidemiologic evidence
suggests that exercise training in obese patients improves glucose
control and reduces inflammation, independent of weight loss
[35]. It is unknown if cold-induced BAT activation would do the
same, either by a non-specific increase in metabolic demand, or
via specific BAT hormones, analogous to irisin from muscle [36]
or leptin and adiponectin from adipose tissue. However, the
observation of transiently improved glucose tolerance is an
encouraging sign. The improvement in insulin sensitivity with
exercise in the absence of weight loss occurs in muscle [37];
whether the improvement with cold exposure occurs directly in
BAT is not known.

Cold exposure will always increase metabolism, whether via
BAT activation or shivering [38]. BAT is efficient in generating
heat via dissipating the proton motive force. Shivering involves the
work of muscle contraction, so some of the energy is used for force
production and this physical work/kinetic energy reduces the
fraction of energy spent on heat production [39].

Is BAT activation per se expected to reduce body weight?

Prior experiments suggest that increases in BAT quantity and/
or activation can cause weight loss. Examples include BAT
activation by transgenic manipulation [9], BAT transplantation
[10], and B3-adrenergic agonist treatment [40—42]. The effect of
BAT activation depends on whether the activation increases
energy expenditure beyond the endogenous level, either by large
increases in thermogenests, or by affecting regulatory mechanisms.
Long term increased energy expenditure is expected to be
balanced by increased food intake to avoid eventual starvation.
Indeed, in one study using CL.316243, an initial reduction in food
intake was followed by an increase over baseline [43]. Studies
using chronic B3-adrenergic agonist treatment typically find little
(or transient) weight loss and an increase in food intake [19,41-
43]. The protection of body weight is not limited to B3-adrenergic
agonist stimulation or modest doses of cold—mice chronically
exposed to —3°C maintain their body weight despite a 4-fold
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Figure 3. Transient improvement in glucose tolerance by cold exposure. In ICE#1 (top) and ICE#2 (bottom), intra-peritoneal glucose
tolerance tests (1 g/kg) were performed in the overnight-fasted mice. In ICE#1, the ipGTT was conducted the day after cold exposure, while in ICE#2
it was conducted on the second day following cold exposure. The inset shows the mean area AUC in mg/dlemin *=SE, N=8/group. Levels not

connected by same letter are significantly different (P<<0.05).
doi:10.1371/journal.pone.0085876.g003
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Figure 4. Effects of AM251 and cold exposure. Mice were administered vehicle or AM251 (3 mg/kg/day) by oral gavage. A: Caloric intake and B:
body weight were measured three times per week on days of cold exposure. C: Mice at 30°C were administered CL316243 (100 ug/kg) at time 0 as
described in Experimental Procedures (the prior AM251 was given at —24 hours). Inset shows the delta TEE, calculated as in Figure 2. 2-way ANOVA
showed significant temperature (p<<0.01) and drug (p<0.05) effects with no significant interaction (p=0.62). D: Intra-peritoneal glucose tolerance
tests (1 g/kg) were performed in overnight-fasted mice of the indicated treatment group two days after cold exposure. AUC numbers are in mg/
dleminute. E. Insulin tolerance test. Insulin (0.75 U/kg) was injected and blood glucose measured at the indicated times. GTT = intraperitoneal
glucose tolerance test. CL= CL316243 experiment. ITT = insulin tolerance test. AM251 was administered 24 h prior to the GTT and ITT. In D & E, a
poor-responding outlier in the CON AM group was removed from the analysis. If included in the ipGTT AUC, this group’s AUC is 29304 *3382 mg/d|I
min and the CON AM significantly different from the ICE AM group. All data are mean *SE. N=6/group. Levels not connected by same letter are
significantly different (P<<0.05).

doi:10.1371/journal.pone.0085876.9g004

increase in metabolic rate [15]. In summary, achieving weight loss Are there strategies for using modest cold exposure that

depends on h(')w food intake compensates f'or the incr'ease in would ameliorate obesity and its metabolic
energy expenditure, so BAT activation per se is not sufficient for consequences?

Successful therapeutic use of cold exposure requires blunting the
accompanying increase in food intake. To address this issue, we
investigated combining cold exposure with a weight loss drug,

weight loss.
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AM251, a cannabinoid receptor inverse agonist that reduces food
intake. However, while both cold and AM251 maintained their
individual effects, the combination did not yield augmented
benefit. Another possible approach would be to supplement leptin
levels. Cold stress induces central nervous system leptin receptor
gene expression [44] and decreases WAT leptin [45]. Leptin
replacement to the levels present in the absence of cold exposure
would address this idea.

Is the mouse a relevant model for human energy homeostasis?
Due to their large surface area-to-volume ratio, small mammals
are exquisitely sensitive to environmental temperature and capable
of drastically increasing BAT thermogenesis and food intake in
response to decreases in ambient temperature. While it has been
known since Lavoisier (ca 1790) that food intake and metabolic
rate are increased by cold in humans [46], only relatively recently
was it established that BAT is contributing to the cold-induced
increase in thermogenesis in adult humans. Thus, while the
magnitude of the effect is dramatically different, the biological
insights from the mouse should provide fruitful investigative paths
vis-a-vis BAT activation and function in humans. For example one

PLOS ONE | www.plosone.org

Table 4. ICE#3, effect of daily AM251 and of 4 hours of cold exposure three times per week.

CON VEH CON AM ICE VEH ICE AM
Body weight (g) 39.6+1.8° 34.1+36" 39.3+1.4° 342+1.24
Fat mass (g) 14.1+1.28 9.7+2.6" 14.2+1.48 9.8+1.0%
Fat free mass (g) 25.8+0.7 25+0.9 253+0.4 24.9+0.7
Inguinal WAT mass (g) 1.8+0.38 1.19+043% 2.00+0.318 1.26+0.16*
Epididymal WAT mass (g) 1.75+0.08° 1.26+0.24% 2.02+0.05% 1.29+0.10%
Interscapular BAT mass (g) 0.18+23 0.18+37 0.22*+16 0.18+16
Liver mass (g) 1.4+0.1 1.4+0.2 1.4+0.1 1.2+0.1
TEE (kcal/24 h) 13.13+0.28% 13.07+0.30% 14.74+0.28° 14.94+0.28"
BAT Pgcla RNA 1.00£0.21 1.19£0.21 0.90%+0.16 0.99+0.13
BAT Ucp1 RNA 1.00*0.20 1.18%£0.18 1.13%£0.18 1.15£0.11
WAT Pgcla RNA 1.00£0.11 0.96+0.16 1.49+0.22 1.16=0.07
WAT Ucp1 RNA 1.00£0.45 1.70x1.11 3.95+3.35 2.26*+1.32
Free fatty acids (mM) 0.41+0.03 # 0.40+0.03 # 0.25+0.01 © 0.26+0.03 ©
Triglyceride (mg/dl) 423+24 4 47.7+25 4 352+20° 322+158B
Serum Glucose (mg/dl) 166+18 170%=10 17613 16212
Cholesterol (mg/dl) 1166 99+13 126+5 10614
Insulin (ng/ml) 0.86+0.17 0.82+0.31 1.06+£0.25 1.09+0.34
Adiponectin (ug/ml) 18.1+1.0 18.0+0.7 17.9+0.9 182*13
Leptin (ng/ml) 54£11 60£15 72+7 58+18
T3 (ng/ml) 2.03£0.05 2.13+0.18 2.09+0.12 2.04*+0.10
T4 (ug/dl) 223+0.17 8 2.52+0.21 A8 2.81+0.15 4~ 2.76+0.21 A8
p-hydroxybutyrate (mM) 0.60+0.03 *& 0.71+0.05 * 0.48+0.07 © 0.50+0.03 ©
D-Lactate (mM) 0.65+0.02 *® 0.82+0.06 * 0.51+0.09 ® 0.58+0.04 ®
FGF-21 (pg/ml) 167+43 289*90 18647 187+86
IGF-1 (ng/ml) 271%21 259*16 291£18 258*9
Tissue weights, mRNA levels, and serum analytes were taken at the end of the experiment. TEE was calculated as described in Materials and Methods using the energy
balance method over the full 28 days of the experiment. Gene expression values are reported relative to CON VEH. Data are mean *=SE, N=6/group. Levels not
connected by same letter are significantly different (P<0.05).
doi:10.1371/journal.pone.0085876.t004

of two recent human cold exposure trials did observe a reduction
in fat mass [7,8].

In summary, modest intermittent cold exposure does not reduce
body weight or fat mass in mice but appears to transiently improve
glucose homeostasis. The stimulation of BAT by cold has
similarities to the stimulation of muscle by physical activity.
Reducing the compensatory increase in food intake seen with cold
exposure would be an effective way to achieve weight loss and
improve metabolic status. Devising optimal use of cold exposure
requires understanding how to combine it with exercise, food
restriction, and pharmacologic therapy.
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