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Background: Brown adipose tissue (BAT) is important for cold- and diet-induced thermogenesis.
Results: Obesity and chronic exercise antagonistically regulate thermogenic capacity of BAT and subcutaneous white fat (SC WAT).
Conclusion: Endurance exercise reduces thermogenic capacity in classical BAT while increasing it in the SC WAT.
Significance: Browning of the SC WAT may be potentially used to treat obesity.

This study investigated the regulation of thermogenic capac-
ity in classical brown adipose tissue (BAT) and subcutaneous
inguinal (SC Ing) white adipose tissue (WAT) and how it affects
whole-body energy expenditure in sedentary and endurance-
trained rats fed ad libitum either low fat or high fat (HF) diets.
Analysis of tissue mass, PGC-1� and UCP-1 content, the pres-
ence of multilocular adipocytes, and palmitate oxidation
revealed that a HF diet increased the thermogenic capacity of
the interscapular and aortic brown adipose tissues, whereas
exercise markedly suppressed it. Conversely, exercise induced
browning of the SC Ing WAT. This effect was attenuated by a HF
diet. Endurance training neither affected skeletal muscle FNDC5
content nor circulating irisin, but it increased FNDC5 content in
SC Ing WAT. This suggests that locally produced FNDC5 rather
than circulating irisin mediated the exercise-induced browning
effect on this fat tissue. Importantly, despite reducing the thermo-
genic capacity of classical BAT, exercise increased whole-body
energy expenditure during the dark cycle. Therefore, browning of
subcutaneous WAT likely exerted a compensatory effect and
raised whole-body energy expenditure in endurance-trained rats.
Based on these novel findings, we propose that exercise-induced
browning of the subcutaneous WAT provides an alternative mech-
anism that reduces thermogenic capacity in core areas and
increases it in peripheral body regions. This could allow the orga-
nism to adjust its metabolic rate to accommodate diet-induced
thermogenesis while simultaneously coping with the stress of
chronically increased heat production through exercise.

Adipose tissue can be broadly classified into white and brown
(1). Although WAT3 is specialized to store energy, BAT has a

great capacity to dissipate energy in the form of heat (2). In its
activated state, BAT utilizes glucose and fatty acids for heat
production via the mitochondrial uncoupling protein-1 (UCP-
1), thereby reducing the availability of substrate for storage in
WAT. It is now recognized that adult humans have significant
amounts of inducible BAT (3– 6). In fact, two populations of
these inducible brown fat cells have been identified as follows:
classical brown and “beige“ adipocytes (7, 8). The former dis-
plays all the features of the typical brown fat cell found in
rodents and is activated upon cold exposure. The latter does not
seem to have the same developmental origin as classical BAT,
but it can be induced to acquire a “brown-like” thermogenic
phenotype and potentially increase whole-body energy expen-
diture (8).

It has been suggested that humans have a population of qui-
escent beige adipocytes dispersed within the WAT (particularly
in the SC WAT) that can be recruited to promote energy dissi-
pation (8) and therefore can be targeted for the treatment of
major metabolic disorders such as obesity and type 2 diabetes.
In this context, it has been reported that chronic endurance
exercise (9, 10) has the ability to promote the expression of
thermogenic genes in white adipocytes (“browning” of the
WAT) and increase whole-body energy expenditure. Such
effects have been proposed to be induced by a myokine released
during exercise (irisin) derived from the cleavage of fibronectin
domain-containing protein 5 (FNDC5) that promotes brown-
ing of the SC WAT (9). These findings established a direct novel
relationship between endurance exercise and browning of
WAT with important potential implications for the regulation
of whole-body energy homeostasis. However, the contribution
of exercise-induced WAT browning to whole-body energy
expenditure has been questioned. Particularly, because exercise
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augment heat production by conferring brown-like features to
WAT. Also, it has been reported that oxidation of pyruvate,
�-ketoglutarate, palmitoylcarnitine, and succinate were reduced
by at least 50% in mitochondria isolated from interscapular
BAT (iBAT) of rats subjected to treadmill running for 5– 6
weeks when compared with sedentary counterparts (11, 12).

These studies provide evidence that chronic endurance exer-
cise actually reduces thermogenic activity in classical BAT.
Based on these findings, it seems that chronic endurance exer-
cise exerts antagonistic effects on thermogenesis in classical
BAT versus SC WAT. Currently, limited information is avail-
able with regard to the thermogenic capacity of classical BAT in
comparison with SC WAT under conditions of chronic endur-
ance exercise. Additionally, even though the extent and mech-
anisms by which exercise-induced browning of WAT affects
whole-body energy expenditure are of great interest, they
remain largely undetermined. Therefore, the aim of this study
was to determine the effects of chronic endurance exercise on
thermogenic capacity in classical BAT and SC WAT and the
impact on whole-body energy expenditure. To accomplish this,
we assessed alterations in major molecular determinants of
thermogenesis in classical brown and SC Ing WAT, as well as
circulating irisin and FNDC5 content in skeletal muscle and SC
WAT. Because classical BAT plays an important role in diet-
induced thermogenesis (DIT) and regulation of whole-body
energy homeostasis (13–15), we also assessed molecular mark-
ers of thermogenesis (PGC-1� and UCP-1 content) and palmi-
tate oxidation in iBAT and aortic BAT (aBAT), as well as in SC
WAT from sedentary and chronically endurance-trained rats
fed either LF or HF diets. Here, we provide a detailed analysis of
the physiological and molecular mechanisms by which thermo-
genic capacity is regulated in classical BAT and SC WAT and at
the whole-body level under diet-induced obesity and chronic
endurance exercise conditions.

EXPERIMENTAL PROCEDURES

Reagents—Fatty acid-free bovine serum albumin (BSA),
L-carnitine, CoA, and palmitic acid were obtained from Sigma.
DTT, ATP, ADP, and nicotinamide adenine dinucleotide phos-
phate (NADP) were obtained from BioShop Canada Inc. (Bur-
lington, Ontario, Canada). [1-14C]Palmitic acid was from GE
Healthcare. The irisin kit (catalog no. 067-29) was from Phoe-
nix Pharmaceuticals, Inc. (Burlingame, CA). Protease (cOm-
plete ULTRA Tablets) and phosphatase (PhosStop) inhibitors
were from Roche Diagnostics. Specific antibodies against
ATGL, AMPK, P-AMPK� (Thr-172), and �-actin were pur-
chased from Cell Signaling Technology Inc. (Beverly, MA). The
PGC-1� antibody was from Millipore (Temecula, CA), and the
antibodies against UCP-1, FNDC5, and GAPDH were pur-
chased from Abcam (Cambridge, MA).

Animals, Selection Protocol, and Diet—Male albino rats from
the Wistar strain (Charles River Laboratories, Montreal, Que-
bec, Canada) weighing �200 g (initial weight) were maintained
at a constant temperature (23 °C), with a fixed 12-h light/12-h
dark cycle. The protocol containing all animal procedures
described in this study was specifically approved by the Com-
mittee on the Ethics of Animal Experiments of York University
(York University Animal Care Committee, permit number

2011-14) and performed strictly in accordance with the York
University Animal Care Committee guidelines. All surgery was
performed under ketamine/xylazine anesthesia, and all efforts
were made to minimize suffering. Prior to assigning animals to
each experimental group, each rat was subjected to a screening
exercise protocol to determine the ones unwilling to exercise.
The screening protocol consisted of three separate treadmill
exercise sessions, each starting with a 5-min warm-up period
with constant inclination and speed set at 5% and 10 m/min,
respectively. Subsequently, the inclination was increased to
10% and maintained constant, although the speed was
increased by 2 m/min every 2 min up to 30 m/min. Rats that did
not run beyond the speed of 20 m/min for at least 20 min all 3
days of the selection period were excluded from the study. Only
10% of the animals did not meet the inclusion criteria. The
selected animals were then randomly divided into four groups
as follows: 1) sedentary fed a LF diet (Sed LF); 2) endurance-
trained fed a LF diet (Ex LF); 3) sedentary fed a HF diet (Sed HF);
and 4) endurance-trained fed a HF diet (Ex HF). The animals
were fed ad libitum purified ingredient diets from Research
Diets Inc. Rats on the LF diet groups were provided with food
containing 10, 70, and 20% of the total calories from fat, carbo-
hydrate (sucrose levels matching the HF diet), and protein,
respectively (catalog no. D12450J). The HF diet groups were
provided with food containing 59.9, 20.1, and 20% of the total
calories from fat, carbohydrate, and protein, respectively (cata-
log no. D12492).

Determination of Organ Mass and Lean Body Mass (LBM)—
Body composition was assessed as described previously (16).
Briefly, at the end of the study, Sed and Ex rats were weighed,
anesthetized (ketamine/xylazine 0.4 and 8 mg per 100 g of body
weight), decapitated, and exsanguinated. A longitudinal ante-
rior skin incision from neck to tail was then made. A scalpel was
used to detach the entire skin consisting of fur and SC WAT
from the carcass of each animal. At this point, the SC Ing fat
depot was carefully excised and weighed. A similar procedure
was carried out to remove the skin from the head. The head and
body skins were weighed separately. The iBAT was removed,
thoroughly trimmed of any visual white adipose tissue present,
and weighed. The abdominal and thoracic cavities were then
incised longitudinally, and the internal organs were exposed.
The aBAT was excised along with the liver, kidneys, and heart
and individually weighed. The remaining abdominal organs as
well as the lungs were all accounted for as viscera. Next, the
epididymal and retroperitoneal fat depots were removed and
weighed. The mass of the remaining carcass consisting of skel-
etal muscle and bones combined with the skinned head, liver,
heart, and kidneys was used as LBM (16).

Determination of Irisin in the Serum—Irisin was determined
by using ELISA kits from Phoenix Pharmaceuticals, Inc. Blood
was extracted under resting conditions at week 8 of the study
and also immediately after exercise at week 6 of the study. For
the determination of resting irisin, blood was collected from the
saphenous vein 24 h after the last bout of exercise in the fed
state. For the determination of irisin immediately after exercise,
blood was collected at week 6 with all animals (including the
sedentary groups) immediately after running for 1 h at 70 – 85%
of peak VO2.
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Peak Oxygen Consumption (Peak VO2) and Training Protocol—
To set the initial training intensity and to adjust it as the animals
improved their running ability, peak VO2 tests were conducted
at weeks 0, 2, 4, and 6 of the study. Specially designed treadmills
connected to the comprehensive laboratory animal monitoring
system (CLAMS) from Columbus Instruments (Columbus,
OH) were used to apply an exercise protocol of incremental
workloads to determine peak VO2 in rats. To accomplish that,
all rats were placed on the treadmill, and VO2 was continuously
monitored under resting (after 15–20 min of being in the tread-
mill chamber) and exercising conditions. After recording rest-
ing VO2 values, the rats were exposed to a 5-min warm-up
period (10 m/min, 0% inclination). Subsequently, treadmill
speed was progressively increased (2 m/min every 2 min) until
exhaustion was reached (characterized by the rats remaining on
the shocking grid for 5 consecutive seconds) or at the point at
which increments in speed were not accompanied by increases
in VO2, and respiratory exchange ratio approached the value of
1. Treadmill inclination was increased to 5% in stage 1 and to
10% in stage 2 and then maintained constant until the end of the
test. Rats in the endurance training groups were exposed to
treadmill running at 75– 85% of peak VO2, 1 h/day, 5 days/week
for 8 weeks. To ensure equal conditions between the sedentary
and endurance-trained groups, all rats were placed on the
treadmill simultaneously. The treadmill speed for sedentary
animals was kept at 1–2 m/min during the entire duration (1 h)
of the training session. Treadmill speed was adjusted every 2
weeks to maintain the exercise intensity between 75 and 85% of
peak VO2 throughout the study. For weeks 1 and 2, the training
sessions started with a warm-up period (3 min at 12 m/min, 0%
inclination, followed by 2 min at 14 m/min, 5% inclination).
Treadmill inclination was then increased to 10% and main-
tained constant, and the speed was progressively increased in a
manner that by the 20th min all animals had reached the
75– 85% peak VO2 training range and were then exercised at
that intensity for the remaining 40 min. The animals quickly
adapted to the training protocol. Thus, for weeks 3– 8 the
warm-up lasted only 2 min and started at 24 m/min and 10%
inclination with the speed being progressively increased every 2
min. This was done in a manner that the training range was
reached within 10 min of the start and then maintained for the
remaining 50 min of each training session. The average tread-
mill speed required to maintain the training intensity also
increased from 24 m/min (week 1) to 38 m/min (week 4) and
then to 42 m/min at week 8. With this training regimen, the
total weekly mileage increased from 6.57 km at week 1 to 11.09
km at week 4, reaching 11.98 km at week 8. The intensity, fre-
quency, and volume of exercise chosen here have been previ-
ously demonstrated to significantly increase peak VO2 in rats
(17). This training protocol is also compatible with exercise
prescriptions used in humans to improve cardiovascular fitness
(18).

Adipose Tissue Morphology—Morphological analysis was
performed using light microscopy as described previously (19)
with a few modifications. Briefly, upon extraction of the fat
pads, small samples (�50 –100 mg) of iBAT and aBAT, as well
as of SC Ing and epididymal (Epid) white adipose tissues, were
removed. For the SC Ing fat depot, two samples were collected

as follows: one with a visible brownish appearance localized
within the central portion of the tissue, and another clearly
white in appearance localized to the proximal (upper) and distal
(lower) extremities of the SC Ing fat depot. All fat samples were
fixed in 4% paraformaldehyde, 0.1 M phosphate buffer solution,
pH 7.4, for 24 h at room temperature. After fixation, tissue
samples were washed (three times) and stored in 70% ethanol.
Samples were subsequently sent to the Toronto Centre for Phe-
nogenomics (Toronto, Ontario, Canada) where they were
embedded in paraffin blocks, sectioned, and processed for
hematoxylin and eosin staining. Stained samples were viewed
using a Nikon Eclipse TiE inverted microscope (Nikon Canada,
Mississauga, Ontario, Canada) under �10 and �20 magnifica-
tion. Average adipocyte area was determined by two independ-
ent investigators who measured the area of 150 cells in three
randomly selected fields of view for each animal. This was done
to prevent the biased selection of cells for measurement. Area
was determined by NIS-elements basic research imaging soft-
ware (Nikon Canada, Mississauga, Ontario, Canada), and
images were captured with a digital Nikon DS-QI1Mc camera
(Nikon Canada, Mississauga, Ontario, Canada).

Western Blot Determination of UCP-1, PGC-1�, AMPK,
Phospho-AMPK, ATGL, FNDC5, GAPDH, and �-Actin—
Immediately after extraction, tissues were snap-frozen in liquid
nitrogen and homogenized in buffer containing 25 mM Tris-
HCl, 25 mM NaCl, 1 mM MgCl2, 2.7 mM KCl, 1% Nonidet P-40,
and protease (cOmplete ULTRA Tablets) and phosphatase
(PhosStop) inhibitors, pH 7.4. Sample homogenates were then
transferred to microtubes and centrifuged (16,000 � g for 10
min at 4 °C), and the infranatant was collected. An aliquot of the
tissue lysates was used to determine the concentration of pro-
tein in each sample by the Bradford method. Before loading
onto SDS-polyacrylamide gels, the samples were diluted 1:1
(v/v) with Laemmli sample buffer (62.5 mM Tris-HCl, pH 6.8,
2% (w/v) SDS, 50 mM DTT, 0.01% (w/v) bromphenol blue). To
determine the total and phosphorylated (Thr-172) forms of
AMPK (62 kDa), aliquots containing 80 �g of protein were sub-
jected to SDS-PAGE and then transferred to polyvinyldifluo-
ride (PVDF) membranes (Bio-Rad). To determine ATGL (54
kDa) and UCP-1 (33 kDa) contents in SC Ing fat, aliquots con-
taining 50 �g of protein were loaded onto the gels. Aliquots
containing 25 �g of protein were used to probe for UCP-1 con-
tent in lysates from iBAT and aBAT. All primary antibodies
were at 1:1000 dilution. The blots were scanned, and the density
of each band of interest was determined using the ImageJ pro-
gram. Western blot data for ATGL, FNDC5 (22 kDa), PGC-1�
(�113 kDa), and UCP-1 were expressed as arbitrary units. The
values were obtained by dividing the density of the band of
interest by that of either �-actin (45 kDa) or GAPDH (36 kDa)
(as indicated in the figure legends) from the same blot. Simi-
larly, P-AMPK data were normalized by total AMPK.

Palmitate Oxidation—Samples of soleus (Sol) and extensor
digitorum longus (EDL) muscles (100 mg), iBAT and aBAT
(100 mg), and SC Ing fat (300 mg) were extracted and thor-
oughly minced in 200 �l of ice-cold SETH buffer (300 mM

sucrose, 2 mM EDTA, and 10 mM Tris-HCl, pH 7.4). Additional
SETH buffer was added to yield a 20-fold (w/v) diluted minced
tissue sample. The solution was then homogenized in an ice-
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cold Potter-Elvehjem glass homogenizer (10 –12 passes across
�30 s). Subsequently, 400 �l of tissue homogenates were trans-
ferred to plastic scintillation vials containing 1.6 ml of the reac-
tion mixture (150 mM sucrose, 5 mM MgCl2, 30 mM KCl, 30 mM

potassium phosphate buffer, 2 mM EDTA, 2 mM ADP, 15 mM

Tris-HCl, 1% BSA, 0.75 mM palmitate, 1 mM carnitine, 0.025
mM CoA, pH 7.4) containing 0.2 �Ci/ml [1-14C]palmitic acid.
Cold and labeled palmitate were complexed with fatty acid-free
BSA prior to adding to the reaction mixture. The rates of palmi-
tate oxidation by Sol and EDL muscles, iBAT, aBAT, and SC Ing
fat homogenates were measured by the production of 14CO2
from [1-14C]palmitic acid. The flasks where tissue homoge-
nates were incubated had a centered isolated well containing a
loosely folded piece of filter paper moistened with 0.2 ml of
2-phenylethylamine/methanol (1:1, v/v). After the 1-h incuba-
tion period, the media were acidified with 0.2 ml of H2SO4 (5 N),
and the flasks were maintained sealed at 37 °C for an additional
1 h for collection of the released 14CO2. Subsequently, the filter
papers were carefully removed and transferred to scintillation
vials for radioactivity counting (20).

Determination of in Vivo Metabolic Parameters—The CLAMS
was used to perform all automated in vivo determinations as
described previously (16). Briefly, the CLAMS measures oxygen
consumption (VO2), carbon dioxide production (VCO2), and
respiratory exchange ratio. Each cage is also equipped with a
system of infrared beams that detects animal movement in the
x and z axes, which was used to determine spontaneous ambu-
latory activity. Energy expenditure (heat) was calculated by
multiplying the calorific value (CV � 3.815 � 1.232 � respira-
tory exchange ratio) by VO2. Measurements using the CLAMS
were performed after 8 weeks of diet and exercise interventions.
The animals were placed in the CLAMS at 11:00 a.m. and 24 h
after the last exercise training session. The 1st h of data col-
lected in the CLAMS was discarded, because it is the time
required for the rats to acclimatize to the cage environment
(16). The rats were monitored for a 24-h period encompassing
the light (07:00 –19:00 h) and dark (19:00 – 07:00 h) cycles.

Statistical Analyses—The significance of differences between
two groups was determined by two-tailed Student’s unpaired or
paired t tests and for multiple comparisons by either one-way or
two-way analysis of variance (ANOVA) as indicated. The Bon-
ferroni post hoc multiple comparison test was used when dif-
ferences were identified. The Graph Pad Prism 5 software was
used for all statistical analyses.

RESULTS

Body Mass, LBM, and Adiposity—Body mass of the Ex LF and
Ex HF rats was �12% lower than the Sed LF and Sed HF con-
trols (Table 1). Body mass of Sed HF rats was 8% higher than
that of Sed LF rats, although this did not reach statistical signif-
icance (Table 1). LBM of Ex LF and Ex HF rats was also reduced
by �7% when compared with Sed LF and Sed HF controls
(Table 1). In Ex LF and Ex HF animals, the masses of the Epid,
SC Ing, and Retro fat pads were significantly reduced by 33 and
30%, 40 and 26%, and by 42 and 37%, respectively, when com-
pared with Sed LF and Sed HF controls (Table 1). As expected,
adiposity was significantly increased by HF feeding, which was
demonstrated by 1.73-, 1.3-, and 1.86-fold increases in the

masses of the Epid, Sc Ing, and Retro fat pads of Sed HF when
compared with Sed LF rats (Table 1). Conversely, endurance
training prevented the increase in adiposity induced by HF
feeding. In fact, the masses of the Epid, Sc Ing, and Retro fat
pads of Ex HF rats were similar to those of Sed LF rats (Table 1).

iBAT Mass and Assessment of Unilocular Droplet Area—
iBAT mass significantly increased (1.84-fold) in Sed HF when
compared with Sed LF rats (Fig. 1, A and C). Chronic endurance
exercise significantly reduced iBAT mass by 39% when compar-
ing Sed LF and Ex LF (558.26 � 47.34 versus 338.23 � 27.12 mg)
and by 26% when comparing Sed HF and Ex HF (1028.39 �
58.55 versus 756.66 � 39.84 mg) rats (Fig. 1, A and C). Micro-
scopic analysis revealed that iBAT of Sed LF and Sed HF rats
contained essentially multilocular brown adipocytes (Fig. 1B),
although the area of unilocular adipocytes was �47% higher in
the latter than the former (Fig. 1D). Interestingly, the iBAT of
Ex LF and Ex HF rats was occupied by much larger unilocular
lipid droplets resembling white adipocytes (Fig. 1B). In fact, it

FIGURE 1. Chronic endurance training and HF diet exert antagonistic
effects on mass and unilocular lipid content in the iBAT of rats. A, picture
of iBATs dissected from Sed and Ex rats fed either LF or HF diets at week 8. B,
respective microscopic images (�20 magnification) of H&E staining of iBAT
samples from all groups of animals. Average iBAT mass (C) and unilocular
adipocyte area (D) are present within the iBAT of all four groups of animals. *,
p � 0.05 versus Sed LF; #, p � 0.05 versus Sed LF, Ex LF, and Ex HF; †, p � 0.05
versus Ex LF and Sed HF; ‡, p � 0.05 versus all other conditions. Two-way
ANOVA (n � 8).

TABLE 1
Effects of chronic endurance training on body mass, adiposity, and
LBM
Total body mass, Epid, SC Ing, and Retro fat masses and LBM were measured at the
end of the study.

Sed LF Ex LF Sed HF Ex HF

Body mass (g) 481.50 � 8.54 428.43 � 10.29a 524.20 � 8.77 464.89 � 9.73a

Fat pad mass (g)
Epid 8.16 � 0.55 5.49 � 0.36b 14.09 � 0.77c 9.83 � 0.93d

SC Ing 11.41 � 0.67 6.79 � 0.32b 14.89 � 0.87c 11.00 � 0.85d

Retro 6.78 � 0.78 3.94 � 0.23b 12.61 � 0.85c 7.95 � 0.78d

LBM (g) 294.30 � 6.14 271.60 � 5.22a 295.20 � 4.2 273.80 � 5.6a

a p � 0.05 is versus Sed LF and Sed HF.
b p � 0.05 is versus Sed LF, Sed HF, and Ex HF.
c p � 0.05 is versus Sed LF, Ex LF, and Ex HF.
d p � 0.05 is versus Ex LF and Sed HF. Two-way ANOVA is n � 18.
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was found that the area of unilocular adipocytes present in
iBAT was 3-fold higher in the Ex LF than Sed LF rats (768.6 �
15.08 versus 256.1 � 10.69 �m2) and 1.84-fold higher in Ex HF
than Sed HF (689.8 � 27.04 versus 375.5 � 8.99 �m2) rats (Fig.
1D).

PGC-1� and UCP-1 Content and Palmitate Oxidation in
iBAT and aBAT—Western blotting analysis revealed that in
iBAT and aBAT of Sed HF rats, the contents of PGC-1� and
UCP-1 were significantly increased by 3.5- and 2.55-fold and by
3.38- and 2.21-fold when compared with Sed LF rats, respec-
tively (Fig. 2, A–F). Conversely, PGC-1� content was reduced
by 69 and 63% and UCP-1 by 79 and 45% in the iBAT and aBAT
of Ex LF rats, respectively, when compared with Sed LF con-
trols. Furthermore, chronic endurance exercise completely
prevented the HF diet-induced increase in PGC-1� and UCP-1
in iBAT and aBAT (Fig. 2, A–F). These effects were accompa-
nied by increased palmitate oxidation in iBAT (2-fold) and

aBAT (2.5-fold) of Sed HF rats when compared with Sed LF
controls, whereas marked reductions were found in palmitate
oxidation in iBAT (65 and 72%) and aBAT (45 and 51%) of Ex LF
and Ex HF when compared with Sed LF and Sed HF, respec-
tively (Fig. 2, G and H). These findings indicate that HF feeding
increases and chronic endurance exercise reduces thermogenic
capacity in iBAT and aBAT.

Morphological Analysis and Mean Adipocyte Area of the SC
Ing Fat Depot—The initial visual impression of the SC Ing fat
depot indicated that the middle region of the tissue was
browner in animals exposed to chronic endurance training than
in sedentary controls, although the upper and lower extremities
conserved their white appearance (Fig. 3, A and B and G and H).
To determine whether this was because the SC Ing fat depot
was acquiring a brown-like phenotype, samples of the upper
extremities and the middle regions of the tissue were used for
H&E staining (Fig. 3, A and B and G and H). It was found that

FIGURE 2. Chronic endurance training reduces and HF diet increases PGC-1� and UCP-1 content, as well as palmitate oxidation in the iBAT and aBAT,
respectively, brown adipose tissues. iBAT and aBAT were extracted from Sed or 8-week Ex rats fed either a LF or a HF diet. Representative blots (A and B) and
densitometric analysis of PGC-1� (C and D) and UCP-1 (E and F) contents and the assessment of palmitate oxidation (G and H) in iBAT and aBAT, respectively,
are shown. �-Actin was used as loading control. *, p � 0.05 versus Sed LF; #, p � 0.05 versus all other conditions. One-way ANOVA (n � 8).
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the middle and the upper extremity regions of the SC Ing fat
from Sed LF (Fig. 3, C and D) and Sed HF (Fig. 3, I and J) rats
contained essentially unilocular adipocytes typical of WAT.
Interestingly, the middle region of the SC Ing fat depot from Ex
LF (Fig. 3, E and F) and Ex HF (Fig. 3, K and L) rats were occu-
pied by a large number of multilocular adipocytes typical of
BAT, although the upper extremities of this tissue in Ex LF and
Ex HF rats were occupied by unilocular adipocytes. Further-
more, when comparing the middle regions of the SC Ing fat
depot between Ex LF and Ex HF, it was found that the former
contained a much larger area occupied by multilocular brown-like
adipocytes than the latter (Fig. 3, F and L). These findings sug-

gested that although chronic endurance training induced brown-
ing of the SC Ing fat, HF feeding attenuated this effect. It was also
found that the mean adipocyte area of the upper extremity of the
SC Ing fat pad was significantly increased (1.66-fold) in Sed HF
compared with Sed LF controls. Also, this variable was signifi-
cantly reduced by 35% in Ex LF rats and by 65% in Ex HF when
compared with Sed LF and Sed HF, respectively (Fig. 4A). In the
middle region of the SC Ing fat depot, the mean adipocyte area was
also reduced by 30% in Ex LF rats and by 36% in Ex HF when
compared with Sed LF and Sed HF, respectively (Fig. 4B). How-
ever, this variable did not differ between Sed HF and Sed LF rats
(Fig. 4B). These findings indicated that adipocytes located in the

FIGURE 3. Chronic endurance training induces browning and increases the number of multilocular adipocytes in the SC Ing fat depot of LF- and HF-fed
rats. Pictures of left and right SC Ing fat depots from Sed and Ex rats fed either a LF (A and B) or a HF (G and H) diet for 8 weeks. Samples of the upper extremities
and middle regions of the SC Ing fat depots, as indicated by the black circles, were used for H&E staining and microscopy analyses. Representative images (�20
magnification) of adipocytes from Sed (C and D) and Ex (E and F) rats fed a LF diet or from Sed (I and J) and Ex (K and L) rats fed a HF diet are shown.

FIGURE 4. Chronic endurance training reduces unilocular adipocyte area in the upper (A) and middle (B) regions of the SC Ing fat depots, whereas a HF
diet increases unilocular adipocyte area only in the upper region. Samples of the upper and middle regions of the SC Ing fat depot (as indicated in Fig. 3)
from Sed and Ex rats fed either a LF or a HF diet for 8 weeks were extracted for microscopic analysis and determination of mean unilocular adipocyte area. *, p �
0.05 versus Sed LF; #, p � 0.05 versus all other conditions, One-way ANOVA (n � 8).
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middle region of the SC Ing fat pad were resistant to HF-induced
hypertrophy, which is compatible with the increased presence of
multilocular brown-like adipocytes in this region.

PGC-1�, UCP-1, and ATGL Content, AMPK Phosphory-
lation, and Palmitate Oxidation in the SC Ing Fat Depot—To
test whether or not the middle region of the SC Ing fat pad
actually contained functional features of thermogenic brown
adipocytes, we measured the content of proteins involved in
thermogenesis and the oxidative capacity of the tissue. It was
found that PGC-1�, UCP-1, and ATGL content, AMPK phos-
phorylation, and palmitate oxidation were increased by 9.1-fold
(Fig. 5, A and B), 6.13-fold (Fig. 5, A and C), 4.84-fold (Fig. 5, D
and E), 3.8-fold (Fig. 5, F and G), and 3.35-fold, respectively, in
the middle region of the SC Ing fat pad of Ex LF when compared
with Sed LF controls. In Sed HF rats, the content of PGC-1�

was reduced by 78%, and UCP-1 was almost undetectable. No
alterations were found for ATGL content, AMPK phosphory-
lation, and palmitate oxidation in the middle region of the SC
Ing fat pad of Sed HF rats when compared with Sed LF controls.
In Ex HF rats, PGC-1�, UCP-1, and ATGL content, AMPK
phosphorylation, and palmitate oxidation also increased but to
a much lower extent (2.28-, 2.9-, 3.18-, 1.71-, and 2.25-fold,
respectively) than in Ex LF rats when compared with Sed LF
controls (Fig. 5, A–H). These findings indicate that the exer-
cise-induced appearance of multilocular brown-like adipocytes
within the middle region of the SC Ing fat pad was also accom-
panied by functional thermogenic adaptive responses and that
HF feeding attenuated these effects.

UCP-1 Content in Visceral Fat—To test whether exercise-
induced browning effects were specific to the SC Ing fat depot

FIGURE 5. Chronic endurance training increases and HF diet reduces PGC-1� (A and B), UCP-1 (A and C), and ATGL (D and E) contents, as well as AMPK
phosphorylation (F and G) and palmitate oxidation (H) in the SC Ing fat depot. The middle region of the SC Ing fat was extracted from Sed or 8-week Ex rats
fed either an LF or a HF diet. �-Actin was used as loading control. *, p � 0.05 versus Sed LF; #, p � 0.05 versus all other conditions. One-way ANOVA (n � 8).
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or also took place in other white fat depots, we measured UCP-1
content in the Epid and Retro (Fig. 6) fat pads. UCP-1 was not
detected in these fat pads extracted from Sed LF, Ex LF, Sed HF,
and Ex HF rats (Fig. 6). These findings indicated that the SC Ing
fat was the only WAT depot that underwent browning under
chronic exercise conditions.

PGC-1� and FNDC5 Content and Palmitate Oxidation in
Soleus Muscles—PGC-1� content in soleus muscles from Ex LF,
Sed HF, and Ex HF rats increased by 2.5-, 3.45-, and 3.85-fold,
respectively, when compared with Sed LF rats (Fig. 7, A and B).
No alterations in FNDC5 content were observed in Sol muscles
from any of the HF and/or Ex conditions (Fig. 7, A and B). When
compared with Sed LF, palmitate oxidation in Sol muscles
increased by 2.4-fold in Ex LF, 2.1-fold in Sed HF, and 2.45-fold
in Ex HF rats (Fig. 7D). Similar findings for PGC-1�, FNDC5
content, and for palmitate oxidation were also obtained with
EDL muscles (data not shown). These findings indicate that
chronic endurance exercise caused a very robust training effect
in skeletal muscles; however, it did not alter FNDC5 content in
this tissue.

Circulating Irisin and FNDC5 Content in Sc Ing Fat—After 8
weeks of the diet and exercise interventions, circulating levels
of irisin under resting conditions were similar among all groups
(Fig. 7E). When measured immediately after exercise at week 6,
circulating irisin did not differ among the four groups of ani-
mals either (Fig. 7F). Irisin levels in the serum of HF-fed animals
immediately after exercise were slightly lower than those rats
fed a LF diet; however, this was not statistically significant.
FNDC5 content was significantly increased (3.4-fold) in the SC
Ing fat depot of Ex LF rats, and the content in Sed HF was
markedly reduced (65%) (Fig. 7, G and H). Exercise attenuated
the effect of HF diet and raised FNDC5 content in the SC Ing fat

of Ex HF rats to values similar to those of Sed LF controls (Fig.
7, G and H).

Ambulatory Activity and Energy Expenditure—Ambulatory
activity during the light cycle did not differ significantly among
the groups; however, during the dark cycle this variable was 23,
29, and 35% lower in Sed HF rats than Sed LF, Ex LF, and Ex HF
rats, respectively (Fig. 8, A and B). Analysis of energy expendi-
ture expressed in kilocalories/kg of body weight revealed that
this variable did not differ among the four groups during the
light cycle, but it was significantly increased by 14.2% in Ex LF
rats and by 16.8% during the dark cycle in Ex HF rats when
compared with Sed LF controls (Fig. 8, C and D). Also, during
the dark cycle, energy expenditure was 13.3% higher in Ex HF
than Sed HF rats (Fig. 8, C and D).

DISCUSSION

Here, we provide novel evidence that thermogenesis is antag-
onistically regulated under conditions of chronic endurance
exercise and energy surplus (HF diet) in classical brown fat
depots and SC Ing WAT. This is supported by our observations
that in Sed HF rats iBAT and aBAT tissue mass, PGC-1�
and UCP-1 contents, and palmitate oxidation significantly
increased, whereas in Ex LF rats these variables were markedly
reduced. Conversely, in the SC Ing fat depot of Ex LF rats PGC-
1�, UCP-1, and ATGL contents, AMPK phosphorylation as
well as palmitate oxidation were robustly increased, whereas
HF feeding attenuated these effects. These antagonistic effects
of exercise and HF diet on thermogenesis in brown and WAT
depots were also compatible with our findings that a large num-
ber of unilocular adipocytes typically found in WAT accumu-
lated in iBAT and aBAT from Ex LF and Ex HF rats, although
the SC Ing fat depot of Ex LF and Ex HF rats was enriched with
brown-like UCP-1-positive multilocular adipocytes. Further-
more, specific areas within the SC Ing fat depot were more
responsive to the browning effect of chronic endurance train-
ing than others. In fact, the exercise-induced increases in the
number of multilocular adipocytes, UCP-1 content, and rate of
palmitate oxidation were found in the middle region of the SC
Ing fat but not at the proximal and distal extremities of this fat
depot. Additionally, in Sed HF rats, the mean adipocyte area in
the extremities of the SC Ing fat depot increased, whereas the
middle region of this tissue remained unchanged. This indi-
cates that the middle region of the SC Ing fat depot contains
adipocytes that are resistant to hypertrophy under conditions
of energy surplus, which is compatible with the site-specific
differences in thermogenic capacity that we have found within
the SC Ing fat depot in rats. Studies in mice have indeed
reported major depot- and strain-specific differences in UCP-1
expression, indicating that the SC WAT is more prone to
acquiring a brown-like phenotype through transdifferentiation
than other visceral fat depots upon cold exposure (21). Here, we
show that the exercise-induced browning of WAT is also
depot-specific in rats, because increased UCP-1 content and
the presence of multilocular adipocytes were found in the SC
Ing fat pad but not in the Epid and Retro fat depots of these
animals.

It has been reported that moderate to high intensity endur-
ance training increases sympathetic nervous system activity

FIGURE 6. Neither Ex nor HF diet affect UCP1 content in the Epid and Retro
fat pads. The Epid and Retro fat pads were excised from Sed and 8-week
endurance-trained rats fed either a HF or a LF diet. The whole tissues were
used for the determination by Western blot of UCP-1 content. �-Actin was
used as loading control. A sample containing 10 �g of protein extracted from
the iBAT was used as a positive control for UCP-1. All samples from Epid and
Retro fat pads contained 50 �g of protein.
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and circulating catecholamines when compared before and
after training under conditions of same relative intensity (22,
23). Importantly, catecholamines are well known for inducing
BAT thermogenesis (24, 25). Throughout our study, training
intensity was kept constant (70 – 85% VO2 max), so circulating
catecholamines are expected to have been consistently
increased during exercise bouts in our endurance-trained rats.
Despite that, thermogenic capacities in classical BAT and SC
Ing fat were regulated in an opposite fashion. It appears that
chronic exposure to increased heat production through exer-
cise overrides catecholamine-induced nonshivering thermo-
genesis in core regions (iBAT and aBAT) but not in specific fat
depots located peripherally. The mechanism underlying these
effects is unknown. However, this could be conferred by adapt-
ive responses that affect local catecholamine release and distri-
bution of �- and �-adrenergic receptors, as well as by central
nervous system-mediated regulatory responses that drive sym-
pathetic activity in a tissue-specific manner. Also, it has been

recently demonstrated that brown fat activation can occur via a
nonadrenergic activation mechanism (26). Therefore, in our
study, other exercise-induced factors could have promoted
browning of the SC Ing fat independently of catecholamines.

In this context, previous studies have suggested that exer-
cise-induced browning of the SC Ing fat depot is mediated by
the release of a PGC-1�-dependent myokine named irisin,
which is proposed to be derived from the cleavage of the ecto-
domain of the FNDC5 receptor under exercising conditions (9).
Therefore, we tested whether this could also be the case in this
study. We found that the exercise training protocol and HF diet
both caused robust increases in PGC-1� content and palmitate
oxidation in Sol and EDL muscles. However, we did not detect
any significant alterations in FNDC5 content in these muscles.
Furthermore, circulating levels of irisin under resting condi-
tions were not affected by either chronic endurance training or
HF feeding. It could be that irisin increased transiently after
exercise, and values obtained under resting conditions 24 h

FIGURE 7. Chronic endurance training increases PGC-1� and FNDC5 content in SC Ing fat, but neither affects soleus muscle FNDC5 content nor
circulating irisin levels. Soleus muscles were extracted from Sed and 8-week Ex rats fed either a LF or a HF diet and assayed for PGC-1� (A and B) and FNDC5
content (A and C), as well as palmitate oxidation (D). Irisin was measured in the plasma under resting conditions 24 h after the last bout of exercise (E) and
immediately after exercise at week 6 (F). The middle region of the SC Ing fat depot was used for the determination of FNDC5 content (G and H). �-Actin and
GAPDH were used as loading control. *, p � 0.05 versus Sed LF; #, p � 0.05 versus all other conditions. One-way ANOVA (n � 8).
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after the last bout of exercise could have missed such an effect.
Therefore, we also measured circulating irisin immediately
after exercise at week 6 of the study, but again, no significant
differences were found among the four groups of animals. Our
findings are consistent with other studies reporting a lack of
muscle FNDC5 and irisin regulation under exercising condi-
tions in humans (27–29). The discrepancy of our findings with
those that do report an increase in circulating irisin with exer-
cise in either humans or rodents (9, 30 –34) could derive from
methodological differences (rodent species, mode, intensity,
and duration of exercise, as well as timing of blood sampling)
that exist among the studies.

Because FNDC5 and irisin have been reported to be also
expressed and released by adipocytes (35, 36), we measured
FNDC5 content in the SC Ing fat depot. Similarly to what was
found for PGC-1� and UCP-1, chronic endurance exercise
caused a significant increase in FNDC5 content, whereas HF
diet markedly reduced it in the SC Ing fat depot. These findings
suggest that locally produced FNDC5 rather than circulating
irisin could have mediated the browning effect of chronic
endurance exercise on SC Ing fat. Recent crystal structure anal-
ysis and biochemical characterization studies have predicted
that a tight dimerization of the FNDC5 ectodomain may form
intra- and/or intercellular dimers at the cell surface, which
could lead to autocrine or paracrine signaling independently of
cleavage and release of irisin in the circulation (37). In this con-
text, the increase and reduction in FNDC5 content found in the
SC Ing fat depot of Ex LF and Sed HF rats, respectively, could
provide a mechanism by which exercise induced a marked
browning effect in LF-fed rats, whereas HF feeding attenuated
this effect.

Exercise is thermogenic in itself, and a large amount of heat is
actually produced as a consequence of muscle contractions.

Thus, a reduction in BAT activity is expected to occur under
conditions of repeated chronic endurance exercise. In fact, pre-
vious studies have reported that the tissue mass and Ucp-1
mRNA levels of iBAT were markedly reduced in rodents
exposed to chronic endurance training (38). Other studies have
also demonstrated that chronic endurance exercise reduces the
thermogenic activity of iBAT (11, 12, 39, 40). Besides cold-in-
duced thermogenesis, previous studies in rats have consistently
demonstrated that structural and functional alterations in
iBAT are also directly related to DIT and the regulation of
energy balance (13–15, 31, 41– 44). In mice, UCP-1 ablation
abolished DIT, and the animals developed obesity when living
at thermoneutrality (44). In humans, it has also been reported
that glucose uptake in BAT increases after a meal, which indi-
cates a role for BAT in reducing metabolic efficiency (45). In
this context, our findings that chronic endurance exercise
reduces tissue mass and thermogenic capacity in iBAT and
aBAT are compatible with a compensatory adaptive response
that down-regulates thermogenesis in an animal that is regu-
larly exposed to exercise-induced increased heat production.
Also, our findings of increased iBAT and aBAT mass and ther-
mogenic capacity in Sed HF rats are consistent with increased
DIT in a sedentary animal that is chronically exposed to energy
surplus and increased adiposity.

The question that arises is why does chronic endurance exer-
cise induce browning of the SC Ing fat depot if heat production
is already increased by muscle contractions? It has been pro-
posed that exercise-induced browning of the SC WAT could
have evolved from shivering-related muscle contractions, serv-
ing to augment brown fat thermogenesis under conditions of
cold exposure (33). The rats in our study were not exposed to
cold stress, and the typically thermogenic iBAT and aBAT had
their masses, UCP-1 content, and rate of fatty acid oxidation

FIGURE 8. Effects of chronic Ex and HF diet on spontaneous physical activity and whole-body energy expenditure. Ambulatory activity (A and B) and
energy expenditure (C and D) were measured after the last bout of exercise at the end of the 8-week endurance training period. The rats were allowed to rest
for 24 h prior to being placed in the CLAMS. *, p � 0.05 versus Sed LF; #, p � 0.05 versus all other conditions. Two-way ANOVA (n � 18).
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markedly reduced in animals exposed to chronic endurance
training. Therefore, it seems unlikely that exercise-induced
browning of the SC Ing fat depot took place to enhance BAT
thermogenesis in these animals. Instead, it appears to be more
compatible with an adaptive response to chronic endurance
exercise that provides an alternative mechanism for the regula-
tion of whole-body energy balance when DIT and cold-induced
thermogenesis through classical BAT is impaired. This is con-
sistent with our in vivo findings that whole-body dark-cycle
energy expenditure was increased by 14.2% in Ex LF rats and by
16.8% in Ex HF rats when compared with Sed LF rats. This
occurred despite the reductions in tissue mass, UCP-1 content,
and palmitate oxidation in iBAT and aBAT in Ex LF and Ex HF
rats. We cannot attribute these effects solely to browning of the
SC Ing fat pad in these animals; however, it seems to have at
least partially contributed to increase whole-body energy
expenditure in chronically endurance-trained rats. This is sup-
ported by the fact that thermogenic capacity in iBAT and aBAT
was markedly attenuated in Ex LF and Ex HF rats, yet whole-
body energy expenditure was increased in these animals when
compared with Sed LF rats. This suggests that an alternative
mechanism, likely browning of SC WAT, exerted a compensa-
tory effect and raised whole-body energy expenditure in these
animals. Importantly, dark cycle spontaneous physical activity
was 23–35% lower in Sed HF rats than in the other groups of
animals, and endurance training completely reversed this
effect. In fact, spontaneous physical activity of Ex HF rats in the
dark cycle was the highest among the groups, although not sta-
tistically significant from those of Sed LF and Ex LF rats.
Because energy expenditure did not differ between Sed LF and
Sed HF rats despite lower ambulatory activity in the latter than
the former, it appears that alterations in dark cycle spontaneous
physical activity was not the major force driving the increase in
energy expenditure found in chronically endurance-trained
rats. This again provides support to a compensatory increase in
thermogenesis through browning of SC Ing WAT.

In conclusion, this study provides novel evidence that thermo-
genic capacity is antagonistically regulated in classical brown and
white adipose tissues by chronic endurance training and HF diet.
These adaptive responses indicate that DIT, which normally
depends on increased classical BAT activity in core areas, is shifted
by chronic endurance exercise toward more superficial regions.
This is characterized by a reduction in thermogenic capacity of
classical BAT accompanied by browning of SC WAT. This may
serve to allow the organism to make adjustments in whole-body
energy expenditure by activating thermogenesis in peripheral tis-
sues while simultaneously coping with the stress of exercise-in-
duced heat production in core regions of the body. Our in vivo
findings also provide evidence that the induction of browning in
SC WAT may have an important impact on whole-body energy
expenditure and be potentially used as a therapeutic approach to
treat obesity and its related metabolic disorders.
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