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 Introduction 

 The Problem 
 Obesity is considered to be a pandemic that has in-

creased exponentially during the last decades. Currently, 
in the global scenario, prevalence of overweight and obe-
sity is estimated to be as high as 36.9 and 38.0% in men 
and women, respectively  [1] . Prevalence is higher even in 
developed countries  [1] . It was estimated that in 2010, 
obesity caused 3.4 million of deaths worldwide  [1] . Data 
from the European Health interview surveys (EU, 
 Eurostat) indicate that more than half of the EU popula-
tion is overweight or obese. Obesity is associated with a 
number of conditions and pathologies including insulin 
resistance, metabolic syndrome, cardiovascular diseases 
and type 2 diabetes. Data from the International Diabetes 
Federation indicate that 382 million people had diabetes 
in 2013, and this number is estimated to increase to 592 
million by 2035  [2] . Diabetes caused 5.1 million deaths in 
2013, and every 6 seconds a person dies from diabetes. 
Obesity and diabetes have an impact on society in terms 
of substantial direct and indirect costs, which have put a 
strain on healthcare and social resources. The obesogenic 
environment and behaviours (high-fat diets, physical in-
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 Abstract 

  Background:  The energy-burning capacity of brown adi-
pose tissue (BAT) makes it an attractive target for use in anti-
obesity therapies. Moreover, due to its ability to oxidize glu-
cose and lipids, BAT activation has been considered a poten-
tial therapy to combat type 2 diabetes and atherogenesis. 
 Summary:  BAT is mainly regulated by the sympathetic ner-
vous system (SNS); yet, recent findings have shown a group 
of novel activators that act independently of the stimulation 
of the SNS such as cardiac natriuretic peptides, irisin, inter-
leukin-6, β-aminoisobutyric acid and fibroblast growth fac-
tor 21 that could influence BAT metabolism. Several strate-
gies are being examined to activate and recruit BAT with no 
side effects. In this review, we postulate that exercise might 
activate and recruit human BAT through the activation of 
SNS, heart and skeletal muscle.  Key Messages:  Epidemiolog-
ical and well-designed exercise-based randomized con-
trolled studies are needed to clarify if exercise is able to acti-
vate BAT in humans.  © 2015 S. Karger AG, Basel 
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activity, etc.) are thought to be the main causes of the in-
creasing levels of obesity and insulin resistance, which in 
turn leads to compensatory hyperinsulinaemia and ulti-
mately type 2 diabetes. It is evident that our current 
knowledge and strategies are insufficient to combat the 
obesity and type 2 diabetes epidemic and new approaches 
have to be harnessed and exploited.

  The Solution? 
 An ample amount of daily exercise improves physical 

and mental health of already healthy persons, increases 
the happiness levels in people, and makes them more pro-
ductive  [3] . It also prevents the development of many 
chronic diseases. Moreover, exercise is an excellent thera-
peutic intervention for controlling obesity, cardiovascu-
lar disease, type 2 diabetes, dementia, osteoporosis, de-
pression, certain types of cancer and many other ailments 
 [3] . In terms of efficacy, exercise can be as beneficial as 
the drugs that are prescribed for many of these diseases 
 [3] ; for example, obesity  [4]  or type 2 diabetes can be well 
controlled by regular exercise  [5, 6] . However, the mech-
anisms that may mediate these effects are not fully under-
stood for some of these pathologies.

  The aim of the present review was to make a descrip-
tion of the recent knowledge related to the role of exercise 
in the activation and recruitment of brown adipose tissue 
(BAT) and its potential contribution to energy expendi-
ture and to combat obesity, type 2 and related cardiovas-
cular diseases.

  White, Brown, and BRITE Adipose Tissue 

 In mammals, adipose tissue is found in 2 forms: white 
adipose tissue (WAT) and BAT. These 2 tissues have op-
posite roles in whole-body energy metabolism. WAT has 
the ability to store energy in the form of triacylglycerol 
and to release energy in the form of free fatty acids and 
glycerol, whereas BAT has the ability to dissipate energy 
in the form of heat by oxidation of glucose and lipids  [7] . 
Brown adipocytes are thermogenic cells mainly regulated 
by the sympathetic nervous system (SNS) to defend body 
temperature when mammals are exposed to temperatures 
below thermoneutrality  [7] . BAT is characterized by a 
light pink to dark red tone due to the high vascularization 
and the cytoplasm, which contains small fat-filled drop-
lets and a large amount of mitochondria. High vascular-
ization is necessary for nutrients and oxygen supply and 
for heat dissipation. The stored triacylglycerol depots are 
necessary for fast energy supply, and the SNS innervation 

is needed for fast activation of the tissue  [8] . For mainte-
nance of prolonged thermogenesis, the tissue receives 
substrates (fatty acids and glucose) from the circulation. 
Ultimately, heat production takes place through the un-
coupling process, which is mediated by uncoupling pro-
tein 1 (UCP-1), a unique inner-membrane mitochondri-
al protein for BAT  [7] .

  In humans it was for long believed that BAT was pres-
ent only in newborns and was responsible for non-shiv-
ering thermogenesis  [9] ; yet, it was thought to be irrele-
vant in adults. However, serendipitously, radiologists us-
ing the radiotracer  18 F-fluorodeoxyglucose ( 18 F-FDG) in 
positron-emission tomography and computed tomogra-
phy (PET/CT) to detect metabolically active tumours  [10, 
11]  found competing areas with high rates of glucose up-
take that were symmetrical in nature  [12] . These areas 
were most commonly localized in the supraclavicular and 
neck regions  [13–15] . 

  The presence of active BAT in adult humans and its 
metabolic significance for human physiology was first 
claimed in 2007  [13]  and finally recognized in 2009  [14, 
16–18] . Currently, there is no doubt that this unique tis-
sue exists and is thermogenically active in human adults. 
BAT activity seems to decrease with age  [17, 19–21] , is 
inversely correlated with body mass index (BMI)  [17, 20]  
and visceral adiposity  [18, 20]  and is lower in men than 
in women  [17, 20, 22] , but gender differences have not 
been confirmed in other studies  [23] .

  It is important to note, however, that the observed as-
sociations of BAT with BMI and sex should be interpret-
ed cautiously when an individualized cooling protocol 
has not been carried out prior to the PET/CT scan  [24] . 
BAT is the main contributor to non-shivering thermo-
genesis; so it is supposed to be fully activated when mam-
mals are exposed to a temperature near the shivering 
threshold (i.e. the temperature when shivering starts). 
Lower temperatures are needed to induce shivering in 
males compared to females and in obese compared to lean 
individuals. Thus, the higher BAT activity obtained in fe-
males and in lean individuals could be biased by indoor 
temperatures, which may be low enough to induce a rel-
evant non-shivering thermogenesis in females and in lean 
individuals but not in males or obese individuals. Future 
studies should assess BAT activity and mass after an indi-
vidualized cooling protocol. This may include the deter-
mination of the shivering threshold of the individual, and 
prior to the PET/CT, the participant should be exposed 
to a cold environment relative to the temperature calcu-
lated at the shivering threshold, for instance, 3   °   C above 
the shivering threshold for 120 min  [24] . The tempera-
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ture should be well regulated to avoid any shivering  before 
the PET/CT. Findings from studies performing PET/CT 
after cold exposure have served to elucidate that BAT is 
highly prevalent in adult humans (near 100%)  [14, 16, 
25] . Moreover, Lee et al.  [25]  showed that even BAT-neg-
ative subjects on a PET/CT exploration possess a certain 
amount of BAT.

  Recently, another type of cells called brown-in-white 
(BRITE) or ‘beige’ cells have been found in WAT of both 
rodents and humans  [26] . BRITE cells possess a multi-
locular morphology, enriched mitochondria and express 
the brown adipocyte-specific UCP-1  [26–29] . They are 
peculiar in that they share characteristics with WAT and 
BAT, and their development is regulated by diverse fac-
tors in an endocrine, paracrine and autocrine fashion. The 
development of these thermogenically competent cells in 
WAT is greatly enhanced in response to chronic cold ex-
posure or prolonged β-adrenergic stimulation, and the 
occurrence of these cells is associated with resistance to 
obesity, type 2 diabetes and other metabolic diseases.

  Importance of Activating BAT 

 A potential clinical implication of activating BAT re-
lates to the stimulation of resting energy expenditure, 
meal-induced thermogenesis  [30]  and cold-induced ther-
mogenesis  [31]  ( table 1 ). In humans, meal-induced ther-
mogenesis seems to be higher in those possessing BAT, so 
that they convert a higher proportion of the calories in the 
meal directly to heat than do individuals with a less 
amount of BAT  [32] . Vosselman et al.  [33]  reported an 
increased glucose uptake in BAT after consumption of a 
high-calorie, carbohydrate-rich meal in lean adult men, 
which indicates a role for BAT in reducing metabolic ef-
ficiency. Regarding, Kajimura and Saito  [34]  estimated a 
BAT-dependent energy expenditure of about 200–400 
kcal/day under cold conditions.

  The amount of active BAT in humans is rather hetero-
geneous. An estimate of 50 g of active BAT seems to be 
realistic in humans  [15, 16, 30] . It has been estimated that 

50 g of activated BAT might translate to  ≈ 20% of resting 
energy expenditure  [30] . Less optimistic approximations 
suggest that 50 g of activated BAT could amount to  ≈ 5% 
of resting energy expenditure  [15, 16] . A 5% chronic in-
crease in resting energy expenditure turns to 75–100 kcal/
day over the course of a year, which might translate to a 
loss of 4–4.5 kg of fat mass yearly  [35] . Thus, even going 
by the less optimistic estimation, activated BAT might in-
fluence our propensity to become obese or reduce our 
body fat.

  Beyond the negative energy balance, BAT activation 
could also exert beneficial metabolic effects. These effects 
derive from the ability of BAT to oxidize glucose and lip-
ids, resulting in euglycaemic and hypolipidaemic effects 
 [36] . If BAT is able to increase the clearance and oxida-
tion of excess glucose and lipids, it might therefore delay 
the development of peripheral insulin resistance. Wheth-
er this is possible in humans remains to be elucidated. 
Moreover, more studies are needed to better understand 
if BAT activation is able to favour the restoration of pe-
ripheral insulin sensitivity, decrease the amount of insu-
lin needed to maintain euglycaemia and prevent β-cell 
dysfunction  [36] . Interestingly, a recent study showed 
that temperature-acclimated BAT is able to modulate in-
sulin sensitivity in humans  [37] .

  In animal models, cold-activated BAT potentially re-
duces plasma triacylglicerol levels  [38, 39] . Moreover, 
Berbee et al.  [40]  showed in hyperlipidemic APOE * 3-
Leiden CETP mice that BAT activation by β3-adrenergic 
receptor stimulation not only increases energy expendi-
ture but also decreases plasma triacylglycerols and cho-
lesterol levels. They demonstrated that BAT activation 
enhances the selective uptake of fatty acids from triacylg-
lycerols-rich lipoproteins into BAT, subsequently accel-
erating the hepatic clearance of the cholesterol-enriched 
remnants, and ultimately attenuating the atherosclerosis 
development  [40] . Studies in humans are sparse and con-
fined to one study that showed that improved cholesterol 
metabolism in human patients with hypercholesterolae-
mia, underscoring the potential of BAT activation as a 
possible anti-atherogenic treatment  [41] .

  Finally, recent studies have suggested a link between 
BAT and bone metabolism  [42] , mainly in women  [43, 
44] . Lee et al.  [43]  reported a positive correlation of BAT 
volume with total and spine bone mineral density in 
women, independent of fat and lean body mass, which 
suggest a possible regulatory link between brown adipo-
genesis and bone density in humans. This finding concurs 
with another study that reported lower bone mineral den-
sity and BAT mass in women with anorexia nervosa  [44] . 

Table 1.  Clinical implications of activating BAT

Stimulates basal metabolic rate
Stimulates meal-induced thermogenesis
Stimulates cold-induced thermogenesis
Increases the clearance of glucose and blood lipids
Improves cholesterol metabolism
Is positively associated with bone mineral density in women
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Interestingly, studies conducted in animal models with 
defective brown adipogenesis also showed a reduced bone 
mass  [45, 46] . Intervention studies are warranted to elu-
cidate whether BAT activation induces improvement in 
bone mineral density, and whether BAT can be used as an 
anti-osteopenia and osteoporosis treatment.

  Role of the SNS 

 Following the exposure to cold temperatures or acute 
food intake, the brain coordinates the activation of SNS. 
In the mature brown adipocytes, released norepinephrine 
bind to β-adrenergic receptors that are coupled with 

stimulatory G-proteins that activate adenylate cyclase; 
this in turn contributes to an activation of cAMP, protein 
kinase A, and p38MAPK, which subsequently activates 
lipolysis-stimulating enzymes, such as hormone-sensi-
tive lipase, adipose triacylglycerol lipase and monoacylg-
lycerol lipase  [47]  ( fig. 1 ). The resulting increase in free 
fatty acids activates UCP-1. Norepinephrine also stimu-
lates glucose uptake into brown adipocytes, and this is 
why BAT is visible to PET/CT scans. Exercise stimulates 
SNS and catecholamine release (epinephrine and norepi-
nephrine)  [48] . The duration and intensity of exercise are 
the main factors that are able to stimulate SNS and alter 
catecholamine responses to exercise  [48] . It is therefore 
biologically plausible that exercise-induced adrenergic-

  Fig. 1.  Potential role of exercise in the activation of BAT. 
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receptor stimulation has both acute (activation of UCP-1, 
stimulation of lipolysis) and chronic (UCP-1 gene tran-
scription, mitochondrial biogenesis, hyperplasia of BAT, 
recruitment of brown adipocytes in WAT) effects on BAT 
( fig. 1 ).

  Pathways Beyond the SNS 

 Interestingly, recent findings have shown a group of 
novel BAT activators that act independently of the stim-
ulation of the SNS, such as cardiac natriuretic peptides, 
irisin, interleukin-6 (IL-6), β-aminoisobutyric acid 
(BAIBA) and fibroblast growth factor 21 (FGF21) that 
seem to be sensitive to exercise and that might influence 
BAT metabolism. This opens new horizons to study the 
potential effect of exercise-based therapeutic interven-
tions.

  Cardiac Natriuretic Peptides 
 Natriuretic peptides are hormones produced by the 

heart. Traditionally known actions of natriuretic peptides 
are natriuresis, diuresis, and vasodilation, which together 
serve to counteract the excessive cardiac wall stress. How-
ever, receptors for the natriuretic peptides are not re-
stricted to the kidneys and vasculature, but fat tissue is 
also rich in the receptors that bind atrial natriuretic pep-
tide and B-type natriuretic peptide, as well as the recep-
tors that promote their clearance  [49] . Natriuretic pep-
tides increase cyclic GMP levels to activate cGMP-depen-
dant protein kinase, which shares homology with PKA, 
activating p38MAPK  [49] . These observed effects attrib-
uted to natriuretic peptides might be additive to, and per-
haps synergistic with, those increases seen with classical 
β-adrenergic stimulation  [50] . Bordicchia et al.  [49]  
showed that in human adipocytes, natriuretic peptides 
induced lipolysis and UCP-1 expression, mitochondrio-
genesis, and increased uncoupled and total respiration 
 [49] . Brain type natriuretic peptide treatment in mice en-
hanced energy expenditure and increased thermogenic 
protein levels in white and BAT  [49] .

  Acute exercise increases the secretion of atrial and 
ventricular natriuretic peptides  [51] . The stimulus for 
their secretion is the increase in heart rate as well as the 
stretch on atrial cardiomyocytes; therefore, atrial natri-
uretic peptides increase rapidly after the initiation of ex-
ercise  [51, 52] . The effects of long-term exercise effects on 
atrial natriuretic peptides in adults and its role on human 
BAT activity and recruitment remain to be investigated. 
Moreover, whether the potential effects attributed to na-

triuretic peptides might be additive to, and perhaps syn-
ergistic with, those increases seen with classical β- adren-
ergic stimulation need to be studied.

  FNDC5 Expression and Irisin Release 
 Skeletal muscle is an endocrine organ capable of 

communicating with other tissues through myokines, 
which are released into the circulation during exercise. 
Lin et al.  [53]  identified the transcriptional coactivator, 
peroxisome proliferator-activated receptor γ coactiva-
tor 1α (PGC-1α), a molecule involved in the regulation 
of gene expression, that plays a critical role in the main-
tenance of glucose, lipid, and energy homeostasis. PGC-
1α is induced in skeletal muscle by exercise and stimu-
lates many of the best-known beneficial effects of exer-
cise  [54] .

  Bostrom et al.  [55]  showed that murine skeletal mus-
cles, upon increased levels of PGC-1α, induce the expres-
sion of a protein called fibronectin type III domain con-
taining 5 (FNDC5), which after cleavage is secreted into 
the blood stream as irisin. Irisin binds to the surface of 
white adipocytes, induces the expression of UCP-1, and 
triggers the transformation of white fat cells into BRITE 
cells  [55] . This change was accompanied by an increase in 
total body energy expenditure, modest weight loss, and 
modest improvements in glucose intolerance. They also 
showed an increased  FNDC5  expression after 10 weeks of 
endurance exercise in obese male type 2 diabetic patients 
aged 53 years.

  More recently, Lee et al.  [56]  showed in humans that 
circulating irisin increases 3-fold after 60 min of cycling 
at moderate intensity (40% VO 2 max). Interestingly, they 
observed no increases in irisin plasma concentration after 
a maximal exercise test, suggesting that there might be a 
dose-response effect. In contrast, Timmons et al.  [57]  
found no evidence that  FNDC5  expression was increased 
after exercise in humans; yet, they showed that a group of 
old active participants had a 30% greater  FNDC5  expres-
sion than sedentary controls. In addition to exercise, iri-
sin appears to be influenced by a number of phenotypic 
traits including increased adiposity, lean mass and fasting 
plasma glucose that may partially explain the conflicting 
results emerged in human studies.

  In summary, it seems that circulating irisin levels are 
upregulated after exercise in humans; yet, there are still 
some inconsistencies that warrant further investigation 
 [58, 59] . Indeed, there are doubts on whether commercial 
methods are able to detect irisin as well as if irisin is re-
ally functional on humans. Most of the studies men-
tioned earlier have detected irisin by using the ELISAs kit. 
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Albrecht et al.  [59]  found no evidence for circulating iri-
sin in human and several animal species when examining 
it by 4 different antibodies (three of them were used in 
corresponding ELISAs and the other one in western blot). 
All of these antibodies had prominent cross-reactions 
with non-irisin proteins in serum or plasma. However, 
they were the first to identify an irisin peptide at the cor-
rect size by mass spectrometry, which might be consid-
ered supporting evidence of the existence of irisin in hu-
mans. This serum irisin peptide has not been detected 
previously neither by western blot not by the ELISA kits, 
and this is the same peptide identified by Lee et al.  [56] . 
Although irisin seems to have been definitely detected in 
humans, the low serum concentration of the detected 
 irisin peptide could make it physiologically ineffective, 
and thus questioning its possible effect when it is released 
by exercise.

  IL-6 
 IL-6 is a multifunctional proinflammatory cytokine 

produced by immune (e.g. T cells) and non-immune 
cells, mainly adipose tissue and skeletal muscle  [60] . IL-6 
acts on a wide range of tissues through the modulation of 
cell growth and differentiation  [60] . For instance, in 
WAT, IL-6 increases lipolysis  [61] , whereas in skeletal 
muscle, it increases glycolysis and improves insulin sen-
sibility  [62] . Interestingly, although it is generally consid-
ered a proinflammatory hormone, it is known that the 
isoform released by skeletal muscle has anti-inflammato-
ry effects  [63] . Moreover, during the last decade, there has 
been some discussion about a possible role of IL-6 as an 
‘energy sensor’  [64] .

  Exercise can promote IL-6 serum increases as signifi-
cant as 100-fold  [65] . Indeed, it seems that exercise inten-
sity and duration, the form of muscular contraction (ec-
centric or concentric) and muscle damage are the main 
mechanisms that mediate the IL-6 response to acute ex-
ercise  [64] . On the other hand, a relation between IL-6 
and BAT metabolism has been documented. In rats, the 
overexpression of the IL-6 gene increases the thermogen-
ic gene expression and elevates protein levels of UCP-1 in 
BAT, which is mediated by phosphorylation of the signal 
transducer and activator of transcription 3 (pSTAT3)  [60, 
66] . These molecular changes were accompanied by 
weight loss without modifying food intake and insulin 
resistance, or visceral adipose tissue reduction. However, 
it is to be noted that chronic central IL-6 stimulation (i.e. 
similar to the situation in the obese state) desensitized 
IL-6 signal transduction characterized by reversal of ele-
vated pSTAT3 levels  [66] . Stanford et al.  [67]  showed that 

the beneficial effects of murine BAT transplantation into 
WAT depots (e.g. improvement of glucose homeostasis 
and insulin sensitivity, weight loss) were blunted when 
BAT came from IL-6 knockout mice. This suggests that 
IL-6 is indeed required to maintain the profound meta-
bolic effects of BAT transplantations and suggests that 
BAT-derived IL-6 could be a key factor acting as an auto-
crine or paracrine agent.

  Whether the observed relation between IL-6 and BAT 
activity in animal models is transferable to human physi-
ology remains unclear. Moreover, taking into account 
that IL-6 is importantly regulated by exercising muscle 
and that BAT metabolism seems to be crucially mediated 
by IL-6, there is a need for human studies investigating 
the association between IL-6 increase in response to ex-
ercise and BAT activation and recruitment, and UCP-1 
induction ( fig. 1 ).

  BAIBA 
 Early in 2014, Roberts et al.  [68]  reported that BAIBA 

levels in muscle cells are regulated by PGC-1α and in-
creases the expression of brown adipocyte-specific genes. 
In addition, exposure of human-induced pluripotent 
stem cells to BAIBA during differentiation to mature 
white adipocytes resulted in the occurrence of a brown 
adipocyte-like phenotype. In fact, the effect of BAIBA on 
the expression of brown adipocyte-specific genes was re-
produced in white adipocytes derived from human plu-
ripotent cell lines. BAIBA also induced an increased ex-
pression of brown/BRITE adipocyte-specific genes in 
vivo and muscle specific PGC-1α expression. They also 
showed that 20 weeks of highly controlled endurance ex-
ercise training increased plasma BAIBA levels by 17%. 
BAIBA also decreased weight gain and improved glucose 
tolerance in mice. Furthermore, BAIBA increased the ex-
pression of the browning gene program through a spe-
cific PPARα-dependent mechanism on white adipocytes 
in vitro and in inguinal white fat depot of mice. Finally, 
BAIBA plasma concentrations were inversely correlated 
with cardiometabolic risk factors in a large human cohort 
study (Community-based Framingham Heart Study) and 
were increased during exercise training in subjects of the 
HERITAGE Family Study.

  The expression studies carried out by Roberts et al. 
 [68]  suggest a role for PGC-1α expression in muscle with 
the production of BAIBA from valine. This is supported 
by the fact that skeletal muscle is a major site of branched-
chain amino acid utilization. During exercise, catabolism 
of the branched-chain amino acids is elevated  [69] . Fur-
thermore, the expression of genes in the valine degrada-
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tion pathway was found to be increased in the skeletal 
muscle of physically active members of twin pairs com-
pared to their inactive co-twins  [70] . However, Roberts et 
al.  [68]  did not attempt to evaluate the R and S enantio-
mers of BAIBA in plasma and they did not measure 
 BAIBA in urine, neither in mice nor in humans. Indeed, 
it cannot be excluded that BAIBA might be produced by 
the degradation of thymine associated with the fibre cells 
muscle turnover.

  FGF21 
 FGF21 is one of the ‘hormone-like’ members of the fi-

broblast growth family. It is mainly expressed by the liver, 
but also by other tissues such as the thymus, WAT and 
skeletal muscle  [71, 72] , as well as by BAT  [73] . FGF21 
can act on BAT as an autocrine, paracrine and endocrine 
agent, activating BAT thermogenesis and UCP-1 expres-
sion. On WAT, FGF21 induces the ‘browning’ process by 
enhancing adipose tissue PGC-1α protein levels  [34, 74] . 
In humans, mild cold-exposure (19   °   C for 12 h) increased 
serum diurnal levels of FGF21 and it correlated to total 
energy expenditure  [75] . More recently, Hanssen et al. 
 [76]  showed that circulating FGF21 levels were associated 
with BAT activity during acute cold exposure and that 
cold acclimation increased BAT activity in parallel with 
increased FGF21 levels in men.

  It was speculated that exercise may increase the FGF21 
levels and that some of the exercise-related metabolic im-
provements could be related to FGF21 induction  [77] . 
Catoire et al.  [78]  found that FGF21 muscle expression 
was induced after 1 h one-leg cycling, while no variation 
was found in the non-exercising leg. Interestingly, Kim et 
al.  [79]  found no variation in serum FGF21 levels imme-
diately after the exercise protocol but noticed variations 
after one hour of recovery. On the other hand, Cuevas-
Ramos et al.  [80]  found no acute effect of exercise on se-
rum FGF21 but an increase in concentration after 2 weeks 
of a combined training program. These findings contrast 
with those found by Scalzo et al.  [81] , who reported a de-
crease of FGF21 expression in muscle after 3  weeks of 
sprint interval training. Lee et al.  [56]  also failed to find 
any effect of exercise on FGF21, and they even observed 
a nonsignificant decrease in serum levels of FGF21. Ad-
ditionally, a negative correlation has been described be-
tween cardiorespiratory fitness and FGF21 serum levels 
 [82] .

  Several animal studies suggested that FGF21 induction 
by exercise could be dependent of the studied tissue. Kim 
et al.  [79]  found an increase in the hepatic FGF21 expres-
sion, but they did not find induction in skeletal muscle. It 

has even been postulated that exercise benefits related to 
FGF21 are explained by an increased hepatic sensibility 
to FGF21. Thus, examining different tissues as well as 
studying different types and dose of exercise might ex-
plain the observed controversy. In addition, FGF21 fol-
lows an important circadian pattern  [83] , which could be 
a bias depending on the time of the day when the study is 
conducted. The evidence mentioned earlier suggests the 
need of well-designed studies able to elucidate the acute 
and chronic effect of exercise on FGF21 serum levels and 
FGF21 expression in several tissues, and whether it is re-
lated to changes in human BAT mass and activity, as well 
as in browning ( fig. 1 ).

  BAT Activity and Recruitment in Humans 

 Although there is evidence indicating that BAT activa-
tion is possible in humans, less data exist regarding the 
increase of BAT mass. An intervention study observed 
that BAT activity in morbidly obese participants was in-
creased in 4 out of 10 patients after weight loss induced 
by bariatric surgery, indicating that recruitment can take 
place  [84] . Yoneshiro et al.  [85]  showed that cold expo-
sure at 17   °   C during 2-hour per day for 6 weeks resulted 
in an increase in BAT activity and cold-induced thermo-
genesis and a concomitant decrease in body fat mass in 
non-obese individuals with low BAT activity. Indeed, 
they observed that changes in BAT activity and body fat 
mass were negatively correlated. It would be of clinical 
interest to elucidate whether an exercise-based interven-
tion is able to increase BAT activity in obese participants, 
as well as in normal-weight and overweight individuals 
and to determine their metabolic consequences in all 
three weight status categories. It is also of relevance to 
better understand whether BAT recruitment induces 
body fat mass reduction or whether body fat mass reduc-
tion induces BAT recruitment as a thermoregulatory 
mechanism.

  Exercise, BAT and Browning in Animal Models 

 The potential influence of exercise training on BAT 
activity in animal models is not fully clear. In 2004, 
 Cannon and Nedergaard  [7]  suggested that BAT is likely 
to be hypoactive during exercise, which was indeed con-
firmed by several studies carried out using animal models 
 [86–90] . Segawa et al.  [86]  reported no effect on the ther-
mogenic activity of BAT in rats after 9 weeks or running 
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training (5 days/week)  [86] , and Shibata and Nagasaka 
 [88]  reported that daily running for 5 weeks did not 
change the size of interscapular BAT. Similarly, Wickler 
et al.  [89]  showed that running on a treadmill 90 min/day 
for 6 weeks did not have any effect on resting oxygen con-
sumption, norepinephrine-induced oxygen consump-
tion, BAT, and brown fat blood flow.

  In contrast, more recent studies have reported an in-
creased metabolic activity of brown adipocytes and a 
weak activation of thermogenic program (UCP-1) after 
a 6-week exercise program in rats  [91] . De Matteis et al. 
 [91]  showed an increased parenchymal vascularization 
of interscapular BAT, which concur with other studies 
that showed that a 9-week exercise training program 
increases angiogenesis in WAT  [92] . They also showed 
that a 1-week running training program could be 
enough stimulus to browning the visceral fat  [91] . These 
findings together with those reported by Bostrom et al. 
 [55] , and those reported by Slocum et al.  [93]  showed 
that exercising 60 min/day over 7 days upregulated mi-
tochondrial UCP-1 in the BAT, and that this upregula-
tion correlated with body weight loss in mice, are in-
dicative of a potential role of exercise in BAT metabo-
lism.

  Exercise, BAT and Browning in Humans 

 To our knowledge, there is only one epidemiological 
study investigating the association between habitual 
physical activity and BAT. Dinas et al.  [94]  showed for the 
first time a promising association between self-reported 
habitual physical activity and BAT activity in a sample of 
40 (14 females) patients with cancer. Their positive find-
ings are of great importance and although their study de-
sign does not indicate any inference to any causal rela-
tionship, the results are informative and support evidence 
from exercise-based intervention studies conducted in 
animal models. Results are, however, limited due to the 
fact that they assessed habitual physical activity with a 
questionnaire, which has low accuracy  [95] . Therefore, 
whenever possible, future epidemiological studies should 
determine the association between objectively measured 
physical activity and BAT in humans.

  More recently, Vosselman  [96]  conducted a case-con-
trol study where they compared BAT activity as well as 
browning of subcutaneous abdominal WAT in male en-
durance-trained (i.e. runners, cyclist and swimmers with 
a VO 2 max >55 ml/kg/min, and with a training experi-
ence of at least 2 years) with an age- and BMI-matched 

group of sedentary lean males. They observed that BAT 
activity was significantly lower in the endurance-trained 
group compared with their sedentary counterparts. In-
terestingly, they also observed that mRNA expression of 
 FNDC5  in skeletal muscle  (vastus lateralis)  was 1.6 times 
higher in the endurance-trained group, suggesting that 
long-term endurance exercise stimulates  FNDC5  expres-
sion. They did not show, however, that the higher  FNDC5  
expression was associated with browning of subcutane-
ous abdominal WAT, which does not concur with the 
findings from animal models  [55, 91–93, 97] . Moreover, 
Vosselman  [96]  did not detect mRNA  UCP-1  expression 
in WAT in either group, and found no differences be-
tween groups in mRNA expression of  PGC-1α ,  Cidea ,  
TMEM26  or  CD137 . Norheim et al.  [98]  observed a little 
browning effect on selected browning genes ( UPC1 ,  
PRDM16 ,  TBX1 ,  TMEM26  and  CD137 ) in subcutaneous 
abdominal WAT on 12 weeks of endurance and strength 
training in both normoglycaemic and normal weight 
participants and in pre-diabetic group  [98] . Moreover, 
they detected that the mRNA expression of UCP-1 in 
subcutaneous fat tended to increase in both normogly-
caemic and pre-diabetic groups after training, and sig-
nificantly increased when data from both groups were 
combined (1.82-fold)  [98] . They also observed that PGC-
1α and FNDC5 mRNAs were not significantly enhanced 
in response to chronic training. Unfortunately, Norheim 
et al.  [98]  did not have data on BAT activity or mass be-
fore and after the exercise intervention. Lee et al.  [56]  
reported an increase on irisin levels (3.1-fold) after one 
bout of moderate exercise intensity (60 min of cycling at 
40% VO 2 max), which was accompanied by an increased 
in vitro expression of FNDC5 and an increased BAT and 
BRITE gene expression in human adipocytes taken from 
the neck. The fact that some studies showed an expres-
sion of browning genes in WAT  [56, 99]  while others did 
not  [96, 98]  indicates that adipocytes from different loca-
tions might respond differently, and suggest that human 
BRITE cells might be located in specific anatomical de-
pots such as the supraclavicular region  [56] . The trans-
forming growth factor β1 effector protein, mothers 
against decapentaplegic homolog 3 (SMAD3) might also 
partially explain the contradictory results. Tiano et al. 
 [100]  showed in animal models that SMAD3 negatively 
regulates irisin production and/or secretion from skele-
tal muscle. Future exercise-based intervention studies 
need to monitor, whenever possible, the browning of ad-
ipocytes from different fat depots. We also need to un-
derstand the role of SMAD3 in exercising the human 
skeletal muscle.
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  Conclusions 

 In summary, there is consensus on the presence of 
BAT in humans and its potential consequences on energy 
metabolism, glucose regulation and blood lipid balance. 
Agents able to stimulate BAT activity and to increase its 
thermogenic capacity are being examined in animal mod-
els as well as in humans. We suggest that exercise could 
exert a key role on BAT metabolism  [101]  ( fig. 1 ). Exer-
cise might activate and recruit human BAT through acti-
vation of SNS, heart and skeletal muscle; yet, a number of 
studies are needed to understand if exercise can play a key 
role in BAT metabolism, which type of exercise, if inten-
sity matters, and how much time is needed to induce an 
effective BAT activation and recruitment. Data from 
case-control studies might help to explain if there are dif-
ferences regarding types of exercise: for example, com-
paring endurance vs. strength phenotypes. Epidemiolog-

ical studies determining the association of levels and pat-
terns of physical activity with BAT might also bring some 
light. Whether exercise modulates the potential environ-
mental effects on BAT needs to be investigated. Ultimate-
ly, well-designed, exercise-based randomized controlled 
studies will be able to clarify if exercise is able to activate 
or recruit BAT in humans.

  Acknowledgments 

 The study was supported by the Spanish Ministry of Economy 
and Competitiveness, Fondo de Investigación Sanitaria del Insti-
tuto de Salud Carlos III (PI13/01393), Fondos Estructurales de la 
Unión Europea (FEDER), by the Spanish Ministry of Science and 
Innovation (RYC-2010–05957), by the Spanish Ministry of Educa-
tion (FPU 13/04365), and by the Fundación Iberoamericana de 
Nutrición (FINUT). This study is part of a PhD thesis conducted 
in the Biomedicine Doctoral Studies of the University of Granada, 
Spain. 

 References 

  1 Ng M, Fleming T, Robinson M, Thomson B, 
Graetz N, Margono C, Mullany EC, Biryukov 
S, Abbafati C, Abera SF, Abraham JP, Abu-
Rmeileh NM, Achoki T, AlBuhairan FS, Ale-
mu ZA, Alfonso R, Ali MK, Ali R, Guzman 
NA, Ammar W, Anwari P, Banerjee A, Bar-
quera S, Basu S, Bennett DA, Bhutta Z, Blore 
J, Cabral N, Nonato IC, Chang JC, Chowd-
hury R, Courville KJ, Criqui MH, Cundiff DK, 
Dabhadkar KC, Dandona L, Davis A, Dayama 
A, Dharmaratne SD, Ding EL, Durrani AM, 
Esteghamati A, Farzadfar F, Fay DF, Feigin 
VL, Flaxman A, Forouzanfar MH, Goto A, 
Green MA, Gupta R, Hafezi-Nejad N, Hankey 
GJ, Harewood HC, Havmoeller R, Hay S, 
Hernandez L, Husseini A, Idrisov BT, Ikeda 
N, Islami F, Jahangir E, Jassal SK, Jee SH, Jef-
freys M, Jonas JB, Kabagambe EK, Khalifa SE, 
Kengne AP, Khader YS, Khang YH, Kim D, 
Kimokoti RW, Kinge JM, Kokubo Y, Kosen S, 
Kwan G, Lai T, Leinsalu M, Li Y, Liang X, Liu 
S, Logroscino G, Lotufo PA, Lu Y, Ma J, Mai-
noo NK, Mensah GA, Merriman TR, Mokdad 
AH, Moschandreas J, Naghavi M, Naheed A, 
Nand D, Narayan KM, Nelson EL, Neuhouser 
ML, Nisar MI, Ohkubo T, Oti SO, Pedroza A, 
Prabhakaran D, Roy N, Sampson U, Seo H, 
Sepanlou SG, Shibuya K, Shiri R, Shiue I, 
Singh GM, Singh JA, Skirbekk V, Stapelberg 
NJ, Sturua L, Sykes BL, Tobias M, Tran BX, 
Trasande L, Toyoshima H, van de Vijver S, 
Vasankari TJ, Veerman JL, Velasquez-Melen-
dez G, Vlassov VV, Vollset SE, Vos T, Wang 
C, Wang X, Weiderpass E, Werdecker A, 
Wright JL, Yang YC, Yatsuya H, Yoon J, Yoon 
SJ, Zhao Y, Zhou M, Zhu S, Lopez AD, Mur-
ray CJ, Gakidou E: Global, regional, and na-
tional prevalence of overweight and obesity in 

children and adults during 1980–2013: a sys-
tematic analysis for the global burden of dis-
ease study 2013. Lancet 2014;   384:   766–781. 

  2 International Diabetes Federation: IDF Dia-
betes Atlas teB. Belgium, International Diabe-
tes Federation, 2013. http://www.idf.org/ 
 diabetesatlas. 

  3 Fiuza-Luces C, Garatachea N, Berger NA, Lu-
cia A: Exercise is the real polypill. Physiology 
(Bethesda) 2013;   28:   330–358. 

  4 Archer E, Groessl EJ, Sui X, McClain AC, Wil-
cox S, Hand GA, Meriwether RA, Blair SN: 
An economic analysis of traditional and tech-
nology-based approaches to weight loss. Am 
J Prev Med 2012;   43:   176–182. 

  5 Knowler WC, Barrett-Connor E, Fowler SE, 
Hamman RF, Lachin JM, Walker EA, Nathan 
DM: Reduction in the incidence of type 2 dia-
betes with lifestyle intervention or metfor-
min. N Engl J Med 2002;   346:   393–403. 

  6 Coyle D, Coyle K, Kenny GP, Boulé NG, 
Wells GA, Fortier M, Reid RD, Phillips P, Si-
gal RJ: Cost-effectiveness of exercise pro-
grams in type 2 diabetes. Int J Technol Assess 
Health Care 2012;   28:   228–234. 

  7 Cannon B, Nedergaard J: Brown adipose tis-
sue: function and physiological significance. 
Physiol Rev 2004;   84:   277–359. 

  8 van Marken Lichtenbelt W: Brown adipose 
tissue and the regulation of nonshivering 
thermogenesis. Curr Opin Clin Nutr Metab 
Care 2012;   15:   547–552. 

  9 Lean ME, James WP, Jennings G, Trayhurn P: 
Brown adipose tissue uncoupling protein 
content in human infants, children and 
adults. Clin Sci (Lond) 1986;   71:   291–297. 

 10 Hany TF, Gharehpapagh E, Kamel EM, Buck 
A, Himms-Hagen J, von Schulthess GK: 

Brown adipose tissue: a factor to consider in 
symmetrical tracer uptake in the neck and up-
per chest region. Eur J Nucl Med Mol Imaging 
2002;   29:   1393–1398. 

 11 Terezakis SA, Hunt MA, Kowalski A, Mc-
Cann P, Schmidtlein CR, Reiner A, Gönen M, 
Kirov AS, Gonzales AM, Schöder H, Yaha-
lom J: [ 18 F]FDG-positron emission tomogra-
phy coregistration with computed tomogra-
phy scans for radiation treatment planning of 
lymphoma and hematologic malignancies. 
Int J Radiat Oncol Biol Phys 2011;   81:   615–
622. 

 12 Engel H, Steinert H, Buck A, Berthold T, 
Huch Boni RA, von Schulthess GK: Whole-
body PET: Physiological and artifactual fluo-
rodeoxyglucose accumulations. J Nucl Med 
1996;   37:   441–446. 

 13 Nedergaard J, Bengtsson T, Cannon B: Unex-
pected evidence for active brown adipose tis-
sue in adult humans. Am J Physiol Endocrinol 
Metab 2007;   293:E444–E452. 

 14 van Marken Lichtenbelt WD, Vanhom-
merig JW, Smulders NM, Drossaerts JM, 
Kemerink GJ, Bouvy ND, Schrauwen P, 
Teule GJ: Cold-activated brown adipose tis-
sue in healthy men. N Engl J Med 2009;   360:  
 1500–1508. 

 15 van Marken Lichtenbelt WD, Schrauwen P: 
Implications of nonshivering thermogenesis 
for energy balance regulation in humans. Am 
J Physiol Regul Integr Comp Physiol 2011;  
 301:R285–R296. 

 16 Virtanen KA, Lidell ME, Orava J, Heglind M, 
Westergren R, Niemi T, Taittonen M, Laine J, 
Savisto NJ, Enerbäck S, Nuutila P: Functional 
brown adipose tissue in healthy adults. N Engl 
J Med 2009;   360:   1518–1525. 



 Sanchez-Delgado/Martinez-Tellez/Olza/
Aguilera/Gil/Ruiz 

Ann Nutr Metab 2015;67:21–32
DOI: 10.1159/000437173

30

 17 Cypess AM, Lehman S, Williams G, Tal I, 
Rodman D, Goldfine AB, Kuo FC, Palmer EL, 
Tseng YH, Doria A, Kolodny GM, Kahn CR: 
Identification and importance of brown adi-
pose tissue in adult humans. N Engl J Med 
2009;   360:   1509–1517. 

 18 Saito M, Okamatsu-Ogura Y, Matsushita M, 
Watanabe K, Yoneshiro T, Nio-Kobayashi J, 
Iwanaga T, Miyagawa M, Kameya T, Nakada 
K, Kawai Y, Tsujisaki M: High incidence of 
metabolically active brown adipose tissue in 
healthy adult humans: effects of cold exposure 
and adiposity. Diabetes 2009;   58:   1526–1531. 

 19 Sturkenboom MG, Franssen EJ, Berkhof J, 
Hoekstra OS: Physiological uptake of [18F]
fluorodeoxyglucose in the neck and upper 
chest region: are there predictive characteris-
tics? Nucl Med Commun 2004;   25:   1109–1111. 

 20 Wang Q, Zhang M, Xu M, Gu W, Xi Y, Qi L, 
Li B, Wang W: Brown adipose tissue activa-
tion is inversely related to central obesity and 
metabolic parameters in adult human. PLoS 
One 2015;   10:e0123795. 

 21 Yoneshiro T, Aita S, Matsushita M, Okamat-
su-Ogura Y, Kameya T, Kawai Y, Miyagawa 
M, Tsujisaki M, Saito M: Age-related decrease 
in cold-activated brown adipose tissue and 
accumulation of body fat in healthy humans. 
Obesity (Silver Spring) 2011;   19:   1755–1760. 

 22 Cohade C, Mourtzikos KA, Wahl RL: ‘USA-
Fat’: prevalence is related to ambient outdoor 
temperature-evaluation with 18F-FDG PET/
CT. J Nucl Med 2003;   44:   1267–1270. 

 23 Orava J, Nuutila P, Lidell ME, Oikonen V, 
Noponen T, Viljanen T, Scheinin M, Tait-
tonen M, Niemi T, Enerbäck S, Virtanen KA: 
Different metabolic responses of human 
brown adipose tissue to activation by cold and 
insulin. Cell Metab 2011;   14:   272–279. 

 24 van der Lans AA, Wierts R, Vosselman MJ, 
Schrauwen P, Brans B, van Marken Lichten-
belt WD: Cold-activated brown adipose tissue 
in human adults: methodological issues. Am 
J Physiol Regul Integr Comp Physiol 2014;  
 307:R103–R113. 

 25 Lee P, Zhao JT, Swarbrick MM, Gracie G, 
Bova R, Greenfield JR, Freund J, Ho KK: High 
prevalence of brown adipose tissue in adult 
humans. J Clin Endocrinol Metab 2011;   96:  
 2450–2455. 

 26 Cao L, Choi EY, Liu X, Martin A, Wang C, Xu 
X, During MJ: White to brown fat phenotypic 
switch induced by genetic and environmental 
activation of a hypothalamic-adipocyte axis. 
Cell Metab 2011;   14:   324–338. 

 27 Wu J, Boström P, Sparks LM, Ye L, Choi JH, 
Giang AH, Khandekar M, Virtanen KA, Nuu-
tila P, Schaart G, Huang K, Tu H, van Marken 
Lichtenbelt WD, Hoeks J, Enerbäck S, Schrau-
wen P, Spiegelman BM: Beige adipocytes are 
a distinct type of thermogenic fat cell in 
mouse and human. Cell 2012;   150:   366–376. 

 28 Petrovic N, Walden TB, Shabalina IG, Tim-
mons JA, Cannon B, Nedergaard J: Chronic 
peroxisome proliferator-activated receptor 
gamma (PPARgamma) activation of epididy-
mally derived white adipocyte cultures reveals 

a population of thermogenically competent, 
UCP1-containing adipocytes molecularly 
distinct from classic brown adipocytes. J Biol 
Chem 2010;   285:   7153–7164. 

 29 Guerra C, Koza RA, Yamashita H, Walsh K, 
Kozak LP: Emergence of brown adipocytes in 
white fat in mice is under genetic control. Ef-
fects on body weight and adiposity. J Clin In-
vest 1998;   102:   412–420. 

 30 Rothwell NJ, Stock MJ: A role for brown adi-
pose tissue in diet-induced thermogenesis. 
Nature 1979;   281:   31–35. 

 31 Lee P, Swarbrick MM, Ho KK: Brown adipose 
tissue in adult humans: a metabolic renais-
sance. Endocr Rev 2013;   34:   413–438. 

 32 Saito M, Yoneshiro T, Aita S: Postprandial 
thermogenesis and brown adipose tissue in 
humans. Obesity 2011;   19(suppl 11):S80. 

 33 Vosselman MJ, Brans B, van der Lans AA, 
Wierts R, van Baak MA, Mottaghy FM, 
Schrauwen P, van Marken Lichtenbelt WD: 
Brown adipose tissue activity after a high-cal-
orie meal in humans. Am J Clin Nutr 2013;   98:  
 57–64. 

 34 Kajimura S, Saito M: A new era in brown adi-
pose tissue biology: molecular control of 
brown fat development and energy homeo-
stasis. Annu Rev Physiol 2014;   76:   225–249. 

 35 Hill JO: Can a small-changes approach help 
address the obesity epidemic? A report of the 
joint task force of the American society for 
nutrition, institute of food technologists, and 
international food information council. Am J 
Clin Nutr 2009;   89:   477–484. 

 36 Peirce V, Vidal-Puig A: Regulation of glucose 
homoeostasis by brown adipose tissue. Lancet 
Diabetes Endocrinol 2013;   1:   353–360. 

 37 Lee P, Smith S, Linderman J, Courville AB, 
Brychta RJ, Dieckmann W, Werner CD, Chen 
KY, Celi FS: Temperature-acclimated brown 
adipose tissue modulates insulin sensitivity in 
humans. Diabetes 2014;   63:   3686–3698. 

 38 Bartelt A, Bruns OT, Reimer R, Hohenberg H, 
Ittrich H, Peldschus K, Kaul MG, Troms-
dorf UI, Weller H, Waurisch C, Eychmüller 
A, Gordts PL, Rinninger F, Bruegelmann K, 
Freund B, Nielsen P, Merkel M, Heeren J: 
Brown adipose tissue activity controls triglyc-
eride clearance. Nat Med 2011;   17:   200–205. 

 39 Khedoe PP, Hoeke G, Kooijman S, Dijk W, 
Buijs JT, Kersten S, Havekes LM, Hiemstra 
PS, Berbée JF, Boon MR, Rensen PC: Brown 
adipose tissue takes up plasma triglycerides 
mostly after lipolysis. J Lipid Res 2015;   56:   51–
59. 

 40 Berbée JF, Boon MR, Khedoe PP, Bartelt A, 
Schlein C, Worthmann A, Kooijman S, Hoeke 
G, Mol IM, John C, Jung C, Vazirpanah N, 
Brouwers LP, Gordts PL, Esko JD, Hiemstra 
PS, Havekes LM, Scheja L, Heeren J, Rensen 
PC: Brown fat activation reduces hypercho-
lesterolaemia and protects from atherosclero-
sis development. Nat Commun 2015;   6:   6356. 

 41 De Lorenzo F, Mukherjee M, Kadziola Z, 
Sherwood R, Kakkar VV: Central cooling ef-
fects in patients with hypercholesterolaemia. 
Clin Sci (Lond) 1998;   95:   213–217. 

 42 Motyl KJ, Rosen CJ: Temperatures rising: 
brown fat and bone. Discov Med 2011;   11:  
 179–185. 

 43 Lee P, Brychta RJ, Collins MT, Linderman J, 
Smith S, Herscovitch P, Millo C, Chen KY, 
Celi FS: Cold-activated brown adipose tissue 
is an independent predictor of higher bone 
mineral density in women. Osteoporos Int 
2013;   24:   1513–1518. 

 44 Bredella MA, Fazeli PK, Freedman LM, 
Calder G, Lee H, Rosen CJ, Klibanski A: 
Young women with cold-activated brown ad-
ipose tissue have higher bone mineral density 
and lower Pref-1 than women without brown 
adipose tissue: a study in women with anorex-
ia nervosa, women recovered from anorexia 
nervosa, and normal-weight women. J Clin 
Endocrinol Metab 2012;   97:E584–E590. 

 45 Motyl KJ, Raetz M, Tekalur SA, Schwartz RC, 
McCabe LR: CCAAT/enhancer binding pro-
tein β-deficiency enhances type 1 diabetic 
bone phenotype by increasing marrow adi-
posity and bone resorption. Am J Physiol 
Regul Integr Comp Physiol 2011;   300:R1250–
R1260. 

 46 Zanotti S, Stadmeyer L, Smerdel-Ramoya 
A,  Durant D, Canalis E: Misexpression of 
CCAAT/enhancer binding protein beta 
causes osteopenia. J Endocrinol 2009;   201:  
 263–274. 

 47 Kolditz CI, Langin D: Adipose tissue lipolysis. 
Curr Opin Clin Nutr Metab Care 2010;   13:  
 377–381. 

 48 Zouhal H, Jacob C, Delamarche P, Gratas-
Delamarche A: Catecholamines and the ef-
fects of exercise, training and gender. Sports 
Med 2008;   38:   401–423. 

 49 Bordicchia M, Liu D, Amri EZ, Ailhaud G, 
Dessì-Fulgheri P, Zhang C, Takahashi N, Sar-
zani R, Collins S: Cardiac natriuretic peptides 
act via p38 MAPK to induce the brown fat 
thermogenic program in mouse and human 
adipocytes. J Clin Invest 2012;   122:   1022–1036. 

 50 Whittle AJ, Vidal-Puig A: NPs – heart hor-
mones that regulate brown fat? J Clin Invest 
2012;   122:   804–807. 

 51 Hansen D, Meeusen R, Mullens A, Dendale P: 
Effect of acute endurance and resistance exer-
cise on endocrine hormones directly related 
to lipolysis and skeletal muscle protein syn-
thesis in adult individuals with obesity. Sports 
Med 2012;   42:   415–431. 

 52 Koppo K, Larrouy D, Marques MA, Berlan M, 
Bajzova M, Polak J, Van de Voorde J, Bülow 
J, Lafontan M, Crampes F, Langin D, Stich V, 
de Glisezinski I: Lipid mobilization in subcu-
taneous adipose tissue during exercise in lean 
and obese humans. Roles of insulin and natri-
uretic peptides. Am J Physiol Endocrinol 
Metab 2010;   299:E258–E265. 

 53 Lin J, Handschin C, Spiegelman BM: Meta-
bolic control through the PGC-1 family of 
transcription coactivators. Cell Metab 2005;   1:  
 361–370. 

 54 Handschin C, Spiegelman BM: The role of ex-
ercise and PGC1alpha in inflammation and 
chronic disease. Nature 2008;   454:   463–469. 



 BAT and Exercise Ann Nutr Metab 2015;67:21–32
DOI: 10.1159/000437173

31

 55 Boström P, Wu J, Jedrychowski MP, Korde A, 
Ye L, Lo JC, Rasbach KA, Boström EA, Choi 
JH, Long JZ, Kajimura S, Zingaretti MC, Vind 
BF, Tu H, Cinti S, Højlund K, Gygi SP, Spie-
gelman BM: A PGC1-α-dependent myokine 
that drives brown-fat-like development of 
white fat and thermogenesis. Nature 2012;  
 481:   463–468. 

 56 Lee P, Linderman JD, Smith S, Brychta RJ, 
Wang J, Idelson C, Perron RM, Werner CD, 
Phan GQ, Kammula US, Kebebew E, Pacak K, 
Chen KY, Celi FS: Irisin and FGF21 are cold-
induced endocrine activators of brown fat 
function in humans. Cell Metab 2014;   19:   302–
309. 

 57 Timmons JA, Baar K, Davidsen PK, Atherton 
PJ: Is irisin a human exercise gene? Nature 
2012;   488:E9–E10; discussion E10–E11. 

 58 Hofmann T, Elbelt U, Stengel A: Irisin as a 
muscle-derived hormone stimulating ther-
mogenesis – a critical update. Peptides 2014;  
 54:   89–100. 

 59 Albrecht E, Norheim F, Thiede B, Holen T, 
Ohashi T, Schering L, Lee S, Brenmoehl J, 
Thomas S, Drevon CA, Erickson HP, Maak S: 
Irisin – a myth rather than an exercise-induc-
ible myokine. Sci Rep 2015;   5:   8889. 

 60 Ma Y, Gao M, Sun H, Liu D: Interleukin-6 
gene transfer reverses body weight gain and 
fatty liver in obese mice. Biochim Biophys 
Acta 2015;   1852:   1001–1011. 

 61 Sarelius I, Pohl U: Control of muscle blood 
flow during exercise: local factors and integra-
tive mechanisms. Acta Physiol (Oxf) 2010;  
 199:   349–365. 

 62 Pedersen BK, Febbraio MA: Muscle as an en-
docrine organ: focus on muscle-derived inter-
leukin-6. Physiol Rev 2008;   88:   1379–1406. 

 63 Pedersen BK, Fischer CP: Beneficial health ef-
fects of exercise – the role of IL-6 as a myo-
kine. Trends Pharmacol Sci 2007;   28:   152–156. 

 64 Reihmane D, Dela F: Interleukin-6: possible 
biological roles during exercise. Eur J Sport 
Sci 2014;   14:   242–250. 

 65 Pedersen BK, Fischer CP: Physiological roles 
of muscle-derived interleukin-6 in response 
to exercise. Curr Opin Clin Nutr Metab Care 
2007;   10:   265–271. 

 66 Li G, Klein RL, Matheny M, King MA, Meyer 
EM, Scarpace PJ: Induction of uncoupling 
protein 1 by central interleukin-6 gene deliv-
ery is dependent on sympathetic innervation 
of brown adipose tissue and underlies one 
mechanism of body weight reduction in rats. 
Neuroscience 2002;   115:   879–889. 

 67 Stanford KI, Middelbeek RJ, Townsend KL, 
An D, Nygaard EB, Hitchcox KM, Markan 
KR, Nakano K, Hirshman MF, Tseng YH, 
Goodyear LJ: Brown adipose tissue regulates 
glucose homeostasis and insulin sensitivity. J 
Clin Invest 2013;   123:   215–223. 

 68 Roberts LD, Boström P, O’Sullivan JF, 
Schinzel RT, Lewis GD, Dejam A, Lee YK, 
Palma MJ, Calhoun S, Georgiadi A, Chen 
MH, Ramachandran VS, Larson MG, Boucha-
rd C, Rankinen T, Souza AL, Clish CB, Wang 
TJ, Estall JL, Soukas AA, Cowan CA, Spiegel-

man BM, Gerszten RE: β-aminoisobutyric 
acid induces browning of white fat and he-
patic β-oxidation and is inversely correlated 
with cardiometabolic risk factors. Cell Metab 
2014;   19:   96–108. 

 69 Shimomura Y, Honda T, Shiraki M, Muraka-
mi T, Sato J, Kobayashi H, Mawatari K, 
Obayashi M, Harris RA: Branched-chain 
amino acid catabolism in exercise and liver 
disease. J Nutr 2006;   136(1 suppl):250S–253S. 

 70 Leskinen T, Rinnankoski-Tuikka R, Rintala 
M, Seppänen-Laakso T, Pöllänen E, Alen M, 
Sipilä S, Kaprio J, Kovanen V, Rahkila P, Ore-
sic M, Kainulainen H, Kujala UM: Differenc-
es in muscle and adipose tissue gene expres-
sion and cardio-metabolic risk factors in the 
members of physical activity discordant twin 
pairs. PLoS One 2010;pii:e12609. 

 71 Izumiya Y, Bina HA, Ouchi N, Akasaki Y, 
Kharitonenkov A, Walsh K: FGF21 is an Akt-
regulated myokine. FEBS Lett 2008;   582:  
 3805–3810. 

 72 Muise ES, Azzolina B, Kuo DW, El-Sherbeini 
M, Tan Y, Yuan X, Mu J, Thompson JR, Berg-
er JP, Wong KK: Adipose fibroblast growth 
factor 21 is up-regulated by peroxisome pro-
liferator-activated receptor gamma and al-
tered metabolic states. Mol Pharmacol 2008;  
 74:   403–412. 

 73 Zafrir B: Brown adipose tissue: research mile-
stones of a potential player in human energy 
balance and obesity. Horm Metab Res 2013;  
 45:   774–785. 

 74 Poher AL, Altirriba J, Veyrat-Durebex C, 
Rohner-Jeanrenaud F: Brown adipose tissue 
activity as a target for the treatment of obesity/
insulin resistance. Front Physiol 2015;   6:   4. 

 75 Lee P, Brychta RJ, Linderman J, Smith S, Chen 
KY, Celi FS: Mild cold exposure modulates 
 fibroblast growth factor 21 (FGF21) diurnal 
rhythm in humans: relationship between 
FGF21 levels, lipolysis, and cold-induced 
thermogenesis. J Clin Endocrinol Metab 
2013;   98:E98–E102. 

 76 Hanssen MJ, Broeders E, Samms RJ, Vossel-
man MJ, van der Lans AA, Cheng CC, Adams 
AC, van Marken Lichtenbelt WD, Schrauwen 
P: Serum FGF21 levels are associated with 
brown adipose tissue activity in humans. Sci 
Rep 2015;   5:   10275. 

 77 Kim KH, Lee MS: FGF21 as a stress hormone: 
the roles of FGF21 in stress adaptation and the 
treatment of metabolic diseases. Diabetes 
Metab J 2014;   38:   245–251. 

 78 Catoire M, Mensink M, Kalkhoven E, 
Schrauwen P, Kersten S: Identification of hu-
man exercise-induced myokines using secre-
tome analysis. Physiol Genomics 2014;   46:  
 256–267. 

 79 Kim KH, Kim SH, Min YK, Yang HM, Lee JB, 
Lee MS: Acute exercise induces FGF21 ex-
pression in mice and in healthy humans. PLoS 
One 2013;   8:e63517. 

 80 Cuevas-Ramos D, Almeda-Valdés P, Meza-
Arana CE, Brito-Córdova G, Gómez-Pérez 
FJ, Mehta R, Oseguera-Moguel J, Aguilar-Sa-
linas CA: Exercise increases serum fibroblast 

growth factor 21 (FGF21) levels. PLoS One 
2012;   7:e38022. 

 81 Scalzo RL, Peltonen GL, Giordano GR, Binns 
SE, Klochak AL, Paris HL, Schweder MM, 
Szallar SE, Wood LM, Larson DG, Luckasen 
GJ, Hickey MS, Bell C: Regulators of human 
white adipose browning: evidence for sympa-
thetic control and sexual dimorphic respons-
es to sprint interval training. PLoS One 2014;  
 9:e90696. 

 82 Pedersen LR, Olsen RH, Jürs A, Astrup A, 
Chabanova E, Simonsen L, Wisløff U, 
Haugaard SB, Prescott E: A randomised trial 
comparing weight loss with aerobic exercise 
in overweight individuals with coronary ar-
tery disease: the CUT-IT trial. Eur J Prev Car-
diol 2015;   22:   1009–1017. 

 83 Yu H, Xia F, Lam KS, Wang Y, Bao Y, Zhang 
J, Gu Y, Zhou P, Lu J, Jia W, Xu A: Circadian 
rhythm of circulating fibroblast growth factor 
21 is related to diurnal changes in fatty acids 
in humans. Clin Chem 2011;   57:   691–700. 

 84 Vijgen GH, Bouvy ND, Teule GJ, Brans B, 
Hoeks J, Schrauwen P, van Marken Lichten-
belt WD: Increase in brown adipose tissue ac-
tivity after weight loss in morbidly obese sub-
jects. J Clin Endocrinol Metab 2012;   97:E1229–
E1233. 

 85 Yoneshiro T, Aita S, Matsushita M, Kayahara 
T, Kameya T, Kawai Y, Iwanaga T, Saito M: 
Recruited brown adipose tissue as an antiobe-
sity agent in humans. J Clin Invest 2013;   123:  
 3404–3408. 

 86 Segawa M, Oh-Ishi S, Kizaki T, Ookawara T, 
Sakurai T, Izawa T, Nagasawa J, Kawada T, 
Fushiki T, Ohno H: Effect of running training 
on brown adipose tissue activity in rats: a re-
evaluation. Res Commun Mol Pathol Phar-
macol 1998;   100:   77–82. 

 87 Scarpace PJ, Yenice S, Tümer N: Influence of 
exercise training and age on uncoupling pro-
tein mRNA expression in brown adipose tis-
sue. Pharmacol Biochem Behav 1994;   49:  
 1057–1059. 

 88 Shibata H, Nagasaka T: The effect of forced 
running on heat production in brown adipose 
tissue in rats. Physiol Behav 1987;   39:   377–380. 

 89 Wickler SJ, Stern JS, Glick Z, Horwitz BA: 
Thermogenic capacity and brown fat in rats 
exercise-trained by running. Metabolism 
1987;   36:   76–81. 

 90 Yamashita H, Yamamoto M, Sato Y, Izawa T, 
Komabayashi T, Saito D, Ohno H: Effect of 
running training on uncoupling protein 
mRNA expression in rat brown adipose tis-
sue. Int J Biometeorol 1993;   37:   61–64. 

 91 De Matteis R, Lucertini F, Guescini M, Poli-
dori E, Zeppa S, Stocchi V, Cinti S, Cuppini R: 
Exercise as a new physiological stimulus for 
brown adipose tissue activity. Nutr Metab 
Cardiovasc Dis 2013;   23:   582–590. 

 92 Hatano D, Ogasawara J, Endoh S, Sakurai T, 
Nomura S, Kizaki T, Ohno H, Komabayashi 
T, Izawa T: Effect of exercise training on the 
density of endothelial cells in the white adi-
pose tissue of rats. Scand J Med Sci Sports 
2011;   21:e115–e121. 



 Sanchez-Delgado/Martinez-Tellez/Olza/
Aguilera/Gil/Ruiz 

Ann Nutr Metab 2015;67:21–32
DOI: 10.1159/000437173

32

  93 Slocum N, Durrant JR, Bailey D, Yoon L, 
Jordan H, Barton J, Brown RH, Clifton L, 
Milliken T, Harrington W, Kimbrough C, 
Faber CA, Cariello N, Elangbam CS: Re-
sponses of brown adipose tissue to diet-in-
duced obesity, exercise, dietary restriction 
and ephedrine treatment. Exp Toxicol 
Pathol 2013;   65:   549–557. 

  94 Dinas PC, Nikaki A, Jamurtas AZ, Prasso-
poulos V, Efthymiadou R, Koutedakis Y, 
Georgoulias P, Flouris AD: Association be-
tween habitual physical activity and brown 
adipose tissue activity in individuals under-
going PET-CT scan. Clin Endocrinol (Oxf) 
2015;   82:   147–154. 

  95 Ruiz JR, Sánchez-Delgado G, Martínez-
Téllez B, Aguilera CM, Gil A: Re: Associa-
tion between habitual physical activity and 
brown adipose tissue activity in individuals 

undergoing PET-CT scan. Clin Endocrinol 
(Oxf) 2014, Epub ahead of print. 

  96 Vosselman MJ, Hoeks J, Brans B, Pallubinsky 
H, Nascimento EB, van der Lans AA, Broed-
ers EP, Mottaghy FM, Schrauwen P, van 
Marken Lichtenbelt WD: Low brown adipose 
tissue activity in endurance trained compared 
to lean sedentary men. Int J Obes (Lond) 
2015, DOI: 10.1038/ijo.2015.130. 

  97 Xu X, Ying Z, Cai M, Xu Z, Li Y, Jiang SY, 
Tzan K, Wang A, Parthasarathy S, He G, Ra-
jagopalan S, Sun Q: Exercise ameliorates 
high-fat diet-induced metabolic and vascu-
lar dysfunction, and increases adipocyte 
progenitor cell population in brown adipose 
tissue. Am J Physiol Regul Integr Comp 
Physiol 2011;   300:R1115–R1125. 

  98 Norheim F, Langleite TM, Hjorth M, Holen T, 
Kielland A, Stadheim HK, Gulseth HL, Birke-

land KI, Jensen J, Drevon CA: The effects of 
acute and chronic exercise on PGC-1α, irisin 
and browning of subcutaneous adipose tissue 
in humans. FEBS J 2014;   281:   739–749. 

  99 Lee P, Werner CD, Kebebew E, Celi FS: 
Functional thermogenic beige adipogenesis 
is inducible in human neck fat. Int J Obes 
(Lond) 2014;   38:   170–176. 

 100 Tiano JP, Springer DA, Rane SG: SMAD3 
negatively regulates serum irisin and skeletal 
muscle FNDC5 and peroxisome prolifera-
tor-activated receptor γ coactivator 1-α 
(PGC-1α) during exercise. J Biol Chem 
2015;   290:   7671–7684. 

 101 Ruiz JR, Martinez-Tellez B, Sanchez-Delga-
do G, Aguilera CM, Gil A: Regulation of en-
ergy balance by brown adipose tissue: at least 
three potential roles for physical activity. Br 
J Sports Med 2015;pii:bjsports- 2014-094537.   


