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In rodents, brown adipose tissue (BAT) is a metabolic organ that produces heat in response to cold and
dietary intake through mitochondrial uncoupling. For long time, BAT was considered to be solely impor-
tant in small mammals and infants, however recent studies have shown that BAT is also functional in
adult humans. Interestingly, the presence and/or functionality of this thermogenic tissue is diminished
in obese people, suggesting a link between human BAT and body weight regulation. In the last years, evi-
dence has also emerged for the existence of adipocytes that may have an intermediate thermogenic phe-
notype between white and brown adipocytes, so called brite or beige adipocytes. Together, these findings
have resulted in a renewed interested in (human) brown adipose tissue and pathways to increase the
activity and recruitment of these thermogenic cells. Stimulating BAT hypertrophy and hyperplasia in
humans could be a potential strategy to target obesity. Here we will review suggested pathways leading
to BAT activation in humans, and discuss novel putative BAT activators in rodents into human
perspective.

� 2013 Elsevier Ireland Ltd. All rights reserved.
1. Introduction

Brown adipose tissue (BAT) is a crucial organ in facultative
thermogenesis (acute response) and has a great plasticity to re-
spond to long-term changes (e.g. cold acclimation), known as
adaptive thermogenesis. In addition to its important role in main-
taining thermal homeostasis, BAT is likely to be involved in en-
ergy homeostasis as well, since ablation of the essential protein
for heat production in BAT, uncoupling protein-1 (UCP-1), leads
to an obese phenotype in mice housed at a thermoneutral tem-
perature (Feldmann et al., 2009). Furthermore, it has been shown
in mice that BAT is involved in plasma triglyceride clearance (Bar-
telt et al., 2011) and glucose homeostasis (Guerra et al., 2001;
Gunawardana and Piston, 2012). This implies the important role
of BAT in rodents to combat obesity and its related metabolic dis-
eases, such as diabetes and cardiovascular disease. Interestingly,
prospective studies have now demonstrated BAT to be present
and functional in most (prevalence varying from 40% to 100%)
young lean human adults by exposing them to cold (Cypess
et al., 2012; Orava et al., 2011; Ouellet et al., 2012; Vijgen
et al., 2011; Vosselman et al., 2012; Yoneshiro et al., 2012,
2011). Importantly, an inverse relationship has been shown be-
tween adiposity and BAT activity, indicating a relationship be-
tween BAT and obesity (Cypess et al., 2009; Saito et al., 2009;
van Marken Lichtenbelt et al., 2009; Vijgen et al., 2011). In addi-
tion, there is evidence that BAT contributes to nonshivering ther-
mogenesis (Orava et al., 2011; Ouellet et al., 2012; Vijgen et al.,
2011; Yoneshiro et al., 2011), although this relationship has not
always been found (van Marken Lichtenbelt et al., 2009; Vossel-
man et al., 2012). It has been estimated that fully activated BAT
in humans can contribute to 5% of the basal metabolic rate (van
Marken Lichtenbelt and Schrauwen, 2011). This means that stim-
ulation of BAT can have an impact on long-term energy balance
and thus body weight, however only when other factors (e.g. food
intake) remain stable (Christiansen and Garby, 2002). Maybe
more important, stimulation of BAT could be supportive in body
weight maintenance. Therefore, finding strategies to increase
BAT activity and recruitment in humans could be important to
combat obesity and its related chronic metabolic diseases. Cur-
rently, much effort is being put in finding ways to increase BAT
thermogenesis and the recruitment of brown adipocytes in ro-
dents. The recent discovery of the so-called brown-in-white
(brite) or beige adipocytes has further increased the interest in
BAT. Increased ‘‘browning’’ of WAT could be an attractive way
to induce weight loss. It is therefore important to find strategies
to increase the thermogenic machinery of BAT and brown-like tis-
sues in humans. This review will provide an overview of the most
promising pathways to increase BAT activity and recruitment in
humans.
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2. Brown, beige and white adipose tissue

2.1. Brown versus white adipose tissue

In rodents, brown adipose tissue is clearly distinguishable from
white adipose tissue, since it is richly innervated by the sympa-
thetic nervous system (SNS), is highly vascularized, and contains
brown adipocytes with several small lipid vacuoles and many large
mitochondria (Frontini and Cinti, 2010). Unique for the brown adi-
pocyte is the protein UCP-1 located in the inner mitochondrial
membrane, which allows protons in the intermembrane space to
re-enter the mitochondrial matrix without generating ATP, ulti-
mately resulting in heat production.

White and brown adipose tissue in mice can be found in distinc-
tive or classical (i.e. pure white or pure brown) depots (Fig. 1A). All
these depots have been characterized by genetic markers, and have
a distinct genetic profile that probably determines its function
(Waldén et al., 2012). Note that these adipose tissue depots some-
times are also viewed as one organ, known as the adipose organ
(Cinti, 2001).

The largest BAT depot found in mice, iBAT, is predominantly
found in human neonates and infants, and then gradually disap-
pears after childhood (Heaton, 1972) and is rarely seen in human
adults (Fig. 1B). In adult humans, BAT ([18F]FDG-uptake) is often
found in the neck, the mediastinum (para-aortic), and above the
kidney (suprarenal), which is comparable to some BAT depots
(cBAT, mBAT, prBAT) in mice. Furthermore, BAT in humans is lo-
cated along the spinal cord, in the axillary and abdominal region
A

C
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Fig. 1. Overview of brown adipose tissue and beige adipose depots in rodents and human
susceptible to browning (beige depots). (B) The upper part shows a PET image of a lean
and the lower image a transversal PET/CT fusion slice, which demonstrates a rare exampl
for both BAT and beige depots in mice. (D) Overview of depot specific markers determin
adipose tissue, WAT = White adipose tissue. �Measured in children (Sharp et al., 2012),
(suprarenal and perihepatic), and sometimes in areas such as the
abdominal wall and acromial–clavicular area. The most prominent
and most reported BAT depot in humans is supraclavicular BAT,
which has not been found as a distinct depot in mice.

2.2. Brown like cells in white adipose tissue

In addition to classical BAT, a distinct type of adipocytes has
been found within WAT depots, the so-called brite (Petrovic
et al., 2010) or beige adipocytes (Wu et al., 2012). However, this
is still under dispute as white fat cells may differentiate into brown
fat cells (Cinti, 2002). At present, no consensus on the terminology
of these brown-like white adipocytes has been reached, and is ur-
gently awaited. However, for sake of clarity we will refer to these
cells as beige adipocytes in the remainder of this review. These
beige adipocytes can appear within WAT depots after long-term
adrenergic stimulation and cold exposure, and especially appear
in the inguinal depot. In the basal state, these beige cells resemble
the unilocular white adipocytes, whereas upon stimulation these
cells obtain a more brown like phenotype. Furthermore, these cells
do not express the myogenic markers nor the brown adipocyte
specific markers Zic1, Lhx8, Meox2, and PRDM16 (Petrovic et al.,
2010), but express specific markers as well (e.g. Hoxc9) (Waldén
et al., 2012). Interestingly, Wu et al. (2012) were able to isolate
brown-like cells from the subcutaneous (inguinal) adipose depot
and found a distinct pool of progenitors giving rise to these so-
called beige cell lines. Linkage of the expressed genes after micro-
array analysis in these cell lines revealed that beige adipocytes are
S

s. (A) Image of a mouse demonstrating classical BAT depots and WAT depots that are
human adult demonstrating 18F-FDG-uptake in BAT locations during cold exposure
e of interscapular BAT in a lean human adult. (C) Overview of depot specific markers
ed in human BAT based on marker found in beige depots from mice. BAT = Brown
��Measured in human adults (Wu et al., 2012).
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identical, but not similar, to classical brown adipocytes. These
beige adipocytes were characterized by unique genetic markers,
such as CD137, Tmem26, and Tbx1, and did not contain unique
BAT markers such as Ebf3, Eva1 and Fbxo31 (Fig. 1C). Furthermore,
they found that unstimulated beige cells resemble white adipo-
cytes since they have similar low expression of the brown adipo-
cyte markers UCP-1, Cidea, and Cox7a1. However, upon cAMP
stimulation absolute levels of UCP-1 mRNA and respiratory capac-
ity were comparable to classical brown adipocytes. In coherence
with this, Petrovic et al. (2010) showed beige cell recruitment in
the inguinal depot, and that even the purest WAT depot (epidydi-
mal) contains preadicpocytes that can be induced to functional
beige adipocytes. Again, a low basal UCP-1 expression was found
during baseline conditions, however, after rosiglitazone (PPARc
activator) treatment beige cells increased UCP-1 expression and
demonstrated many features of the classical brown adipocytes.
Moreover, oxygen consumption increased after treating these cells
with norepinephrine. In conclusion, it is clear that beige adipocytes
are molecular and developmentally different from classical brown
adipocytes, however, after stimulation these cells show compara-
ble thermogenic potential.
2.3. Type of brown adipocytes in humans

Do humans have brown, beige or both types of adipocytes?
Studies measuring BAT via FDG-PET/CT cannot determine the type
of BAT, as it merely measures glucose uptake. However, biopsies
from the supraclavicular region (Virtanen et al., 2009) and the peri-
thyroid region (Zingaretti et al., 2009) have already demonstrated a
mixture of both white and brown adipocytes, and showed that
brown adipocytes occur as islands within WAT. The clearly brown
colored depots as found in mice, have not (yet) been found in hu-
mans. Interestingly, a recent study has examined several adipose
depots in 13 post-mortem children (aged between 3 days and
18 years) and also found the brown like cells dispersed within
WAT (Sharp et al., 2012). These brown adipocyte islands were lo-
cated in the subcutaneous supraclavicular areas, posterior medias-
tinum, retroperitoneal, intraabdominal, and mesenteric depots.

In the study by Wu et al. (2012), human adipose tissue biopsies
(both WAT and BAT) from the supraclavicular area were analyzed
for gene expression. Interestingly, we found increased mRNA
expression of the genes that were characteristic for beige cells
(CD137, Tmem26, Tbx1) and not classical murine BAT (Ebf3,
Eva1, Fbxo31) (Fig. 1D). In addition, we also performed immuno-
histochemistry to identify the beige marker proteins (CD137 and
Tmem26), and found positive staining for both proteins in the
UCP-1 positive cells. Thus, human BAT from the supraclavicular
area in adults has beige characteristics. In the study by Sharp
et al. (2012), total RNA was isolated from the BAT depots from
post-mortem children, and interestingly, all BAT depots expressed
beige-cell selective genes and no classical brown fat-selective
genes (Fig. 1D). They found that these BAT depots correlated well
with the expression of brown fat genes such as PGC1a and
PRDM16, and with beige-cell genes (e.g. Cited1), however not with
classical BAT genes (e.g. Zic1) (Sharp et al., 2012). These findings
thus indicate that human BAT may be composed of mainly beige
adipocytes.
3. BAT physiology

Crucial in activating BAT thermogenesis is the sympathetic ner-
vous system (SNS). Furthermore, the thermogenic capacity of BAT
is dependent on the thyroid hormone axis as well. After sympa-
thetic stimulation, norepinephrine (NE) is released at the nerve
endings activating the adrenergic receptors on the brown adipo-
cytes. This leads to increased cAMP levels activating protein kinase
A (PKA), which has both acute and chronic effects on BAT. The
acute response of PKA is to increase lipolysis leading to increased
cytosolic FFA levels. These FFA’s are essential for mitochondrial en-
ergy dissipation, as they are both used as substrates and to activate
UCP-1 in the inner mitochondrial membrane. This acute effect in-
creases UCP-1 activity within seconds. On the other hand, pro-
longed stimulation of BAT for hours and days will result in
increased amounts of UCP-1 protein, mitochondrial biogenesis,
and both hyperplasia and hypertrophy of BAT (Lowell and Spiegel-
man, 2000). The thyroid hormone works synergistic with NE and is
required to generate the full thermogenic response (Silva, 2006).
Crucial is the enzyme type II iodothyronine deiodinase (D2, which
can transform the inactive prohormone thyroxine (T4) into the bio-
active hormone triiodothyronine (T3).

In contrast to the extensive knowledge in rodents, the regula-
tion and activation of human BAT is still fairly unknown. However,
both the SNS and the thyroid axis are thought to be crucial in acti-
vation of BAT in humans too. For instance, patients with pheochro-
mocytoma, who have elevated plasma catecholamine levels due to
a catecholamine-secreting tumor in de adrenal gland, had high
rates of [18F]FDG-uptake in BAT in the basal state (Hadi et al.,
2007; Joshi and Lele, 2012; Kuji et al., 2008; Yamaga et al., 2008),
which disappeared after resection of the tumor (Hadi et al.,
2007; Yamaga et al., 2008). Thus, high systemic levels of NE can
activate human BAT, indicating a role for the adrenergic part of
the SNS. In support, inhibition of b-adrenergic receptors with pro-
pranolol diminished [18F]FDG-uptake in the supraclavicular BAT
during room temperature (Parysow et al., 2007; Soderlund et al.,
2007). In 2009, anatomical evidence for the SNS involvement in
BAT was found, as BAT biopsies from the perithyroid (Zingaretti
et al., 2009) and supraclavicular region (Virtanen et al., 2009) dem-
onstrated sympathetic innervation and mRNA expression of the b3-
adrenergic receptor respectively. Finally, disruption of the sympa-
thetic fibers completely abolished [18F]FDG-uptake in BAT in a pa-
tient with the Horner Syndrome (deficiency of sympathetic
activity) (Lebron et al., 2010). With respect to the thyroid hormone
axis, it is known from patients that thyroid hormone replacement
has significant effects on resting energy expenditure (al-Adsani
et al., 1997). It has also been shown that elevated levels of thyroid
hormones are able to increase mitochondrial uncoupling in skele-
tal muscle (Lebon, 2001; Mitchell et al., 2010). Although these re-
sults may suggest that thyroid hormone also plays a role in
activation of BAT, evidence for such a role in humans has so far
not been demonstrated.
4. Known BAT activators in humans

Since the discovery of functional BAT in adult humans, some
studies have examined possible routes to activate BAT in humans,
which will be discussed here.
4.1. Cold exposure and acclimatization

Currently, the strategy for which most evidence has been gath-
ered to activate BAT in humans is cold exposure. In our cold expo-
sure experiments we applied a personalized cooling protocol in
which we decreased ambient temperature until shivering occurred
(16–17 �C) and then increased temperature slightly again. At these
mild cold temperatures, cold-induced thermogenesis levels in
young lean male adults were observed between 5% and 30% (van
Marken Lichtenbelt et al., 2009; Vosselman et al., 2012). Brown
adipose tissue was present in all individuals, however the activity
level of BAT did not correlate to cold-induced thermogenesis. Other
studies did find a relationship between BAT presence and/or activ-
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ity and cold-induced thermogenesis (Orava et al., 2011; Ouellet
et al., 2012; Vijgen et al., 2012, 2011; Yoneshiro et al., 2011). Cold
exposure likely increased BAT activity via the SNS as shown by in-
creased plasma NE levels during cold exposure (Orava et al., 2011;
Vosselman et al., 2012).

It is well known from animal studies that long-term cold expo-
sure leads to BAT recruitment in both BAT and WAT depots (Young
et al., 1984). A cold acclimation study in humans in 1961 demon-
strated that long-term cold exposure was effective to increase
cold-induced thermogenesis in man, with a decrease in shivering,
indicating a potential role for BAT (Davis, 1961). Preliminary re-
sults from our lab confirm this adaptive response to cold acclima-
tion as both cold-induced (non-shivering) thermogenesis and BAT
activity increase (unpublished results).

4.2. Isoprenaline and ephedrine

Rodent studies have clearly demonstrated that BAT can be acti-
vated (acute) and recruited (chronic) upon adrenergic receptor
agonist treatment. Recently, three studies measured the effect of
adrenergic stimulation on BAT activity in human adults. We mea-
sured BAT activity in lean human adults during infusion of the non-
selective b-adrenergic agonist isoprenaline, and compared this to
cold exposure (Vosselman et al., 2012). Isoprenaline infusion in-
creased energy expenditure with 20% comparable to levels during
cold exposure (17%). Surprisingly, nine out of ten subjects showed
no BAT activity during isoprenaline infusion, whereas cold expo-
sure increased BAT activity in all subjects. Cypess et al. (2012)
studied the effects of ephedrine (1 mg/kg), which is a sympathom-
imetic drug activating b-adrenergic receptors directly and indi-
rectly by enhancing NE release from the sympathetic terminals,
on BAT activity and compared this with cold exposure and placebo.
In coherence with our results (Vosselman et al., 2012), ephedrine
did not result in BAT activity measured by FDG-PET/CT measure-
ments, whereas cold exposure activated BAT in all subjects (Cypess
et al., 2012). However, a recent study using higher dosages of
ephedrine (2.5 mg/kg) did find increased BAT activity in six out
of nine lean human adults, however not in obese subjects (Carey
et al., 2013). This is the first study that showed that pharmacolog-
ical treatment of BAT in humans is possible. The activity level of
BAT was still 4-fold lower than observed during cold exposure.
The explanation for the lack of effect of systemic adrenergic stim-
ulation on BAT activation is likely that the concentrations of NE
reached at the brown adipocyte cell surface during central stimu-
lation (e.g. cold exposure) are higher than systemically reached
by the sympathomimetics used in these studies. Thus, pharmaco-
logical stimulation of BAT is possible, however high dosages are re-
quired. A major burden of very high levels of sympathomimetic
drugs is the cardiovascular load induced by adrenergic agonists.
All three studies observed increased blood pressure and heart rate
levels, with the highest increase in systolic blood pressure
(45 mmHg) measured in the study by Carey et al. (2013).

4.3. Capsinoids

Another route to activate BAT via the SNS is via ingestion of cer-
tain food components. One such component are the capsinoids
(non-pungent capsaicin analogs), the active compound found in
chili pepper, which is known to increase BAT activity in rodents
(Kawabata et al., 2009), and RMR in humans (Whiting et al.,
2012), although this has not been consistenly shown (among oth-
ers: Galgani and Ravussin, 2010). A recent study showed that cap-
sinoids could be effective in activating BAT in humans (Yoneshiro
et al., 2012), without inducing unwanted side-effects. Although
they did not directly measure the effect of capsinoid intake on
BAT activity, they found that subjects with BAT (based on cold
PET-CT) showed a higher increase in energy expenditure upon cap-
sinoid intake compared to subjects without BAT. The proposed
mechanism is that capsinoids activate the transient receptor po-
tential channel 1 (TRPV1) located in the upper digestive tract lead-
ing to increased sympathetic nerve activity to BAT, as
demonstrated in interscapular BAT in rats (Ono et al., 2011). Direct
evidence for the effect of capsinoids on BAT in humans is needed to
draw definite conclusions. Furthermore, whether long-term
administration of these bioactive compounds can induce weight
loss via BAT remains to be studied.

4.4. Insulin

Another way to induce glucose uptake in BAT is via insulin
(Orava et al., 2011). In this study, insulin infusion (hyperinsuline-
mic euglycemia) was compared with cold exposure on BAT glucose
uptake and perfusion. They showed that insulin increased
[18F]FDG-uptake in BAT to similar levels as in skeletal muscle,
and much higher than in WAT. This was most likely due to the high
expression of GLUT4 in BAT compared to WAT. However, the in-
creased [18F]FDG-uptake in BAT was not accompanied by increased
perfusion, suggesting that glucose is solely transported in BAT
without concomitant thermogenesis taking place. Since insulin
leads to high glucose uptake in BAT, it would be interesting to mea-
sure whether BAT is involved in glucose uptake, and possibly ther-
mogenesis, in the postprandial state as well. It is known from
rodent studies that single meals can activate BAT, which could be
due to insulin release (Cannon and Nedergaard, 2004).
5. Novel putative BAT activators

Next to the known activators of BAT as described above, novel
findings in mainly rodent studies hint towards other potentially
important activators of BAT. The focus of this paragraph will be
on the hormones irisin (released by muscle) and the natriuretic
peptides (released by heart). We have chosen for these hormones
as they are released under physiological conditions (exercise and
cardiac stress), and because there is already indirect evidence of
these activators in humans. For information on the other potential
BAT activators we would like to refer to other reviews (Whittle,
2012; Whittle and Vidal-Puig, 2012).

5.1. Exercise and brown adipose tissue: irisin

Exercise is well known for its beneficial effects on systemic
metabolism. In the past decades, several animal studies have
investigated whether exercise has beneficial effects on BAT activity
and recruitment. It was hypothesized that exercise could affect
BAT function via the SNS, as exercise is known to increase general
SNS activity (Wickler et al., 1987). However, most studies did not
find any stimulatory effect of exercise on BAT activity (Scarpace
et al., 1994; Segawa et al., 1998; Shibata and Nagasaka, 1987;
Wickler et al., 1987), except for studies using swimming exercise
protocols (Hirata, 1982a,b; Oh-ishi et al., 1996), which probably in-
duced BAT activity to compensate for the heat loss to the water.

However, recent studies in rodents did observe stimulating ef-
fects of exercise on brown and beige adipocytes (Boström et al.,
2012; Seebacher and Glanville, 2010; Slocum et al., 2012; Xu
et al., 2011). A study in rats demonstrated that a low level of exer-
cise training is beneficial for the metabolic response upon cold
exposure in classical BAT (Seebacher and Glanville, 2010). It was
shown that exercise in combination with cold exposure led to an
increase in UCP-1 expression in BAT, whereas cold exposure
(12 �C) alone did not, suggesting that physical activity is required
for an optimal heat producing BAT machinery. Xu et al. (2011)
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found that exercise in mice led to increased recruitment of adipo-
genic progenitor cells in interscapular BAT and increased UCP-1
expression (�twofold). Interestingly, in addition to these stimulat-
ing effects of exercise on classical BAT, they found an increased
expression of the thermogenic gene program in epidydimal (vis-
ceral) adipose tissue, including increased UCP-1 levels (�twofold).
Another study showed the occurrence of beige cells within the ret-
roperitoneal depot (visceral) of rats already after 1 week of exer-
cise (De Matteis et al., 2012). Quantification of UCP-1 positive
adipocytes within the retriperitoneal WAT showed a 8-fold in-
crease in the number of brown cells in the exercise group versus
controls.

Interestingly, a recent study demonstrated that endurance exer-
cise predominantly results in browning of subcutaneous WAT
(Boström et al., 2012). In this study, Boström et al. found that mice
overexpressing the transcriptional coactivator PGC1-a showed in-
creased browning in inguinal WAT. Since exercise also increases
PGC1-a, they examined the effect of endurance exercise on mark-
ers of browning and observed similar effects. In further studies,
they identified a new hormone called irisin, which is released by
skeletal muscle after proteolysis of the membrane protein FNDC5.
Boström et al. found that the irisin precursor FNDC5 induced
browning in primary subcutaneous white adipocytes demon-
strated by increased UCP1 mRNA (7–500-fold) and the upregula-
tion of thermogenic genes (Ucp1, Elovl3, Cox7a1 and Otop1).
Adenoviral-mediated overexpression of FNDC5 in mouse liver re-
sulted in plasma irisin levels to be increased 3–4-fold, which in-
creased UCP1 mRNA 13-fold in subcutaneous WAT. Furthermore,
the same technique was used in C557BL/6 mice, which are prone
to diet-induced obesity and diabetes, and increased irisin levels
leading to improved glucose tolerance, decreased fasting insulin,
increased oxygen consumption and reduced body weight. Together
these results demonstrate the possible beneficial effects of endur-
ance exercise on the recruitment of beige cells within subcutane-
ous white adipose tissue, and moreover, the potential of irisin to
induce a more healthy metabolic phenotype.

Are these stimulating effects of exercise on the recruitment of
beige cells translatable to humans? Importantly, the authors
showed that irisin in mice and humans are 100% identical and that
plasma irisin levels were increased twofold after 10 weeks of
endurance training in human subjects (Boström et al., 2012). Inter-
estingly, a study in patients with heart failure demonstrated in-
creased FNDC5 expression in skeletal muscle in the patient group
with a better aerobic performance (Lecker et al., 2012). Conversely,
a recent study by Timmons et al. (2012) demonstrated that the
stimulating effect of exercise on FNDC5 is limited. They analyzed
FNDC5 induction by means of gene expression arrays in muscle
biopsies from �200 subjects from different exercise programs
(both endurance and resistance straining) from earlier published
studies. They found that endurance exercise (6 weeks of endurance
cycling) in young adults as well as resistance training in 20–
80 year old men did not increase FNDC5 mRNA. However, only
highly active elderly subjects did show increased (30%) FNDC5
compared to sedentary controls. The authors therefore conclude
that the stimulatory effect of exercise on irisin production is lim-
ited and that irisin probably has little contribution to the overall
broad benefits of exercise on metabolic status.

Another recent paper on irisin presented data from cross-sec-
tional and interventional studies on the physiological role of irisin
in humans looking at correlations with anthropometric, metabolic,
and hormonal parameters (Huh et al., 2012). The presence of
FNDC5 in human tissues, in skeletal muscle but also in the pericar-
dium, intracranial artery, and rectum (cardiac and smooth mus-
cles) was confirmed and muscle mass was found to be the
primary predictor of circulating irisin in humans. However no sup-
port for a beneficial role for irisin in metabolic regulation in a cross
sectional study of 117 middle-aged women (BMI range 20–47.7 kg/
m2) was found. Interestingly, acute anaerobic exercise (sprint exer-
cise) in young healthy subjects increased irisin levels, whereas
chronic exercise of 8 weeks (three times sprint exercise per week)
did not. It is important to note that this study solely looked at
anaerobic exercise; it is known that aerobic exercise increases
PGC1a to a greater extent than anaerobic exercise (Handschin
and Spiegelman, 2008), and this (aerobic) type of exercise would
thus be more effective in irisin production.

These first human studies question the potential beneficial ef-
fects of irisin on metabolic status. However, prospective studies
that measure the direct effects of exercise on browning are re-
quired, and prospective studies should focus on aerobic exercise
protocols. In addition to the physiological release of irisin by exer-
cise, the therapeutic use of irisin in human clinical trials should be
investigated.

5.2. Natriuretic peptides and brown adipose tissue

A recent study showed that the cardiac natriuretic peptides
(NPs) are capable of browning white adipocytes from mice and hu-
mans (Bordicchia et al., 2012). The cardiac peptides, atrial NP (ANP)
and the ventricular form (BNP), are predominantly known for their
role in the homeostatic control of blood pressure, by promoting
vasodilatation, natriuresis and diuresis, and inhibiting renin and
aldosterone release (Levin et al., 1998). Later, these hormones were
also found to regulate lipolysis as demonstrated both in vitro as
in vivo (Sengenès et al., 2000). Natriuretic peptides mediate these
lipolytic effects predominantly via the NP receptor A (NPRA),
whereas the clearance receptor (NPRC) removes the peptides from
the circulation. Binding of the NPs to the guanylyl cyclase receptor
NPRA leads to increased cellular cGMP, which stimulates lipolysis
by acting on HSL (Sengenès et al., 2000). These lipolytic effects of
the NPs were only observed in human WAT, and were thought to
be primate specific due to the high expression of clearance recep-
tors and a low expression of ‘‘biologically active’’ receptors in other
species (Sengenès et al., 2002).

This was confirmed in the study by Bordicchia et al. (2012), in
which primary adipocyte cultures from wildtype mice showed no
lipolytic response upon ANP infusion. However, in NPRC knockout
mice they did find increased lipolysis in these adipocytes, indicat-
ing the inhibitory effects of this clearance receptor. Interestingly,
these knockout mice had reduced adipose tissue mass and a more
brownish adipose tissue phenotype. In support, brown adipocyte
marker genes, such as PRDM16, were elevated in both BAT and
WAT (inguinal and epididymal). These results indicated the brown-
ing effects on WAT via the NPs. It was then shown that exposing
mice to cold (4� for 6 h) significantly increased plasma BNP levels,
and ANP and BNP mRNA expression in the heart. Furthermore, BNP
infusion in mice increased UCP-1 and PGC-1a mRNA expression in
both WAT and BAT (Bordicchia et al., 2012). Altogether, these data
demonstrate that the NPs have the capacity to enhance BAT activ-
ity and recruitment in mice in vitro and in vivo.

Do these NPs exert similar effects in humans? Administering
ANP systemically and via a microdialysis probe increased lipolysis
in healthy men (Birkenfeld et al., 2005). One functional role for the
lipolytic effects of NPs could be substrate supply of fatty acids to
the heart and muscle during aerobic exercise (Moro et al., 2006).
In addition, it is thought that the NPs are important regulators in
postprandial fatty acid oxidation in humans (Birkenfeld et al.,
2008). Interestingly, it is known in humans that low NP levels
are associated with hypertension, obesity, insulin resistance and
diabetes (Khan et al., 2011; Magnusson et al., 2012). Furthermore,
weight loss in obese subjects by lifestyle intervention (Chainani-
Wu et al., 2010) and bariatric surgery (Changchien et al., 2011;
Chen-Tournoux et al., 2010; St Peter et al., 2006) showed that
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BNP levels are increased after weight loss. Interestingly patients
with heart failure who suffer from severe weight loss (cachexia)
have increased levels of both forms of NPs (de Lemos et al.,
2003; Tikkanen et al., 1985), and elevated energy expenditure lev-
els, and it could be suggested that elevated NP levels increase
brown adipocyte recruitment and activity leading to elevated EE.
Birkenfeld et al. (2005, 2008) showed that ANP infusion increased
postprandial energy expenditure, however energy expenditure in
the fasted state was not affected. The dosage (25 ng/kg/min) of
ANP used by Birkenfeld et al. (2008) increased plasma ANP concen-
trations fourfold (approximately 300 pg/mL), which is lower than
found in heart failure patients (>500 pg/mL). This relative low dose
already affected lipid mobilization and postprandial thermogenesis
(and possibly BAT) without causing any adverse effects. Currently,
therapeutic use of NPs (carperitide and nesiritide) in patients with
acute heart failure and acutely decompensated heart failure is only
possible by means of infusion and not orally (Saito, 2010).

The potential effect of NPs on browning in humans has been
demonstrated in the study of Bordicchia et al., where they tested
whether NPs could induce a thermogenic gene program in differ-
entiated human multipotent adipose-derived stem (hMADS) cells
and subcutaneous adipocytes. Interestingly, both ANP and BNP
activated PGC-1a and UCP-1 expression, induced mitochondrial
biogenesis, and increased uncoupled and total respiration. These
findings imply the potential role of the NPs in increasing acute
thermogenesis and brown adipocyte recruitment in humans. They
demonstrated that the mechanism of action of the NP’s share a
common downstream target with the adrenergic pathway, namely
p38 MAPK. Activation of the p38 MAPK pathway ultimately leads
to increased transcription of UCP-1 and PGC-1a (Bordicchia et al.,
2012). Moreover, it was shown that ANP treatment of hMADS led
to a similar increase in UCP-1, PGC-1a, and cytochrome c protein
levels as shown during b-adrenergic treatment. The authors also
found that both the adrenergic and NP’s signaling pathways work
additive at very low (physiological) concentrations. The activation
pathway of the NPs could therefore play a prominent role in addi-
tion to the well-known adrenergic pathway in inducing both short-
term as long-term effects on BAT. Currently, this is the only direct
evidence of browning effects via NPs in humans and future studies
are warranted.
6. Conclusions and perspectives

The current global obesity problem is affecting more than 1.4
billion adults of 20 years and older, and strikingly, more than 40
million children under the age of five were overweight in 2010
(WHO). Obesity goes along with increased risk on developing dis-
eases such as type 2 diabetes and cardiovascular diseases. Finding
strategies to induce weight loss are therefore necessary. Currently,
brown adipose tissue is regarded as a potential tissue to tackle
obesity due to its great capacity to increase energy expenditure
and thereby stimulating weight loss. The rediscovery of functional
BAT in humans has resulted in an explosion of BAT studies, espe-
cially in rodents, to find potential molecules that could lead to
BAT hypertrophy and hyperplasia. It is now clear that a third type
of adipocyte exists, the beige adipocyte, which can be recruited
within WAT after cold acclimation and long-term adrenergic
receptor stimulation. This distinct type of adipocyte has shown
to arise from a different lineage as the other two types, although
functionally and metabolically seen it is similar to the brown adi-
pocyte. Current evidence shows that human BAT is likely com-
posed of mainly beige adipocytes.

Prospective studies in humans are scarce, mostly because of the
difficulties associated with the technique to measure BAT activity
(PET-CT). Nevertheless, current studies have shown that cold expo-
sure is the most effective in stimulating BAT in humans. Adjusting
ambient temperature in public buildings to the lower range of our
thermoneutral zone could therefore be a sensible and physiological
way to increase thermogenesis by increasing the thermogenic po-
tential of BAT. Adrenergic agonists (isoprenaline and ephedrine)
have not shown to be effective in BAT activation as high dosages
are required. This indicates that pharmacological activation of
BAT via the adrenergic part of the SNS is difficult. Furthermore, a
major drawback of adrenergic agonists and sympathomimetics is
the associated cardiovascular stress. Sympathetic activation via
capsinoids could be a way to increase energy expenditure and pos-
sibly weight loss (with low risks of adverse events), and the indi-
rect evidence of BAT being a mediator is promising. Insulin has
been shown to induce glucose uptake in BAT to higher levels than
WAT, and comparable to skeletal muscle. However, since perfusion
of BAT was absent, it remains unclear whether actual thermogen-
esis takes place after insulin stimulation.

Interestingly, studies in rodents have shown additional
pathways to activate BAT and recruit beige adipocytes. Two of
them – irisin and NPs – have recently attracted much attention,
but definitive answers in humans are so far lacking. Therefore,
the coming years are crucial in finding and testing novel activators
of BAT in human clinical trials, but most of all to test the hypoth-
esis that activation of BAT may indeed be of importance in the
treatment of human obesity. Furthermore, future studies should
also reveal if continuous activation of mitochondrial uncoupling
in BAT could lead to hyperthermia, as has previously been shown
to occur when dinitrophenol was used in humans to obtain weight
loss.
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