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Purpose of review
The recent rediscovery of functional cold activated brown adipose tissue (BAT) in adult humans fuelled an
uprise in studies on this tissue. This review focuses on the contribution of human BAT to nonshivering
thermogenesis and on factors other than cold that activate BAT.
Recent findings
Earlier studies revealed BAT activity using a glucose tracer for positron emission tomography/computed
tomography (PET/CT) scanning. Several recent studies, using a mix of tracers and PET/CT dynamic
scanning showed that human brown fat is metabolically active and related to the perfusion of the tissue.
The actual contribution of BAT to nonshivering thermogenesis still needs to be explored.
The last few years, several new factors that activate human BAT have been described. These studies also
highlight the plasticity of brown and white adipose tissue. Some of these factors may have
pharmacological significance.
Summary
New PET/CT studies provide information on oxidative human BAT metabolism in vivo. This new information
in combination with the study on factors activating BAT are promising with respect to management of
obesity and related disorders.
Keywords
adaptive thermogenesis, facultative thermogenesis, oxidative metabolism, PET/CT scan, thermoneutral zone

INTRODUCTION
With respect to heat production in the cold the most
well known and very effective response to cold is
shivering. This, however, is a response to extreme
cold, uncomfortable and cannot be attained for a
prolonged time. Interestingly, as in many other
mammals, adult humans can use mild cold-induced
thermogenesis without shivering, so-called nonshivering thermogenesis (NST) [1,2]. NST in adults
is highly variable [mean 7–30% of basal metabolic
rate (BMR)] and blunted in obese and aged individuals [3–5]. In newborns, brown adipose tissue (BAT)
is responsible for NST. In humans, it was for long
believed that adults do not have significant amounts
of BAT. Recently, it was shown that BAT is present
and active in adult humans [6–8] and is negatively
related to BMI or body fat percentage [7], and age [9].
BAT in adult humans is most commonly present in
the supraclavicular and neck region, but also paravertebral, mediastinal, para-aortic and suprarenal
localizations. In the mean time, several studies
showed significant relations between skeletal
muscle mitochondrial function and NST [10,11].

Therefore, it is possible that both tissues may be
involved. In this review, after an introduction on
NST, the most recent studies on the contribution of
BAT on whole body energy expenditure in adult
humans will be discussed. Secondly, the studies that
appeared in the last 2 years on activation of human
BAT will be reviewed.

NONSHIVERING THERMOGENESIS AND
THE THERMAL NEUTRAL ZONE
The thermoneutral zone (TNZ) is defined as the
range of ambient temperatures at which
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in winter was significantly related to the response in
summer, indicating that the relative magnitude of
the cold response is an individual trait.
In conclusion, NST is very variable depending
on the individual, the relative contribution of the
insulative response and on the amount of cold
acclimatization (adaptation), which may already
occur in temperate climates. The most likely candidate tissues responsible for NST are BAT and skeletal
muscle. Here, we will focus on the new insights in
BAT biology.

KEY POINTS
 Studies on human BAT using PET/CT scanning with
several new tracers have shown that human brown fat
is metabolically active and is related to
nonshivering thermogenesis.
 Currently, there is enough evidence that human BAT
can be recruited and/or activated upon weight loss
and in the winter season.
 Several recently studied factors, such as Irisin and
cardiac natriuretic peptides, have shown to stimulate
browning of WAT.

BROWN ADIPOSE TISSUE
THERMOGENESIS, PLASTICITY AND
BRITE/BEIGE ADIPOCYTES

 Mild cold is a noninvasive natural stimulator of BAT: a
more varied indoor climate than prescribed by the
current standards may improve health of humans and
reduce energy consumption by the built environment.
 At least some previously identified adult human BAT
depots are composed of brite/beige adipocytes.

temperature regulation is achieved only by control
of sensible dry heat loss, that is, without regulatory
changes in metabolic heat production (facultative
thermogenesis) or evaporative heat loss (sweating)
[12,13 ]. This means that thermoregulation in the
TNZ only occurs through changes in heat loss by
the skin (insulation), which is regulated by skin
vasomotor control.
The TNZ will be different when insulation (such
as clothing or subcutaneous fat), posture or basal
energy metabolism vary. The TNZ is affected by
physical fitness, age, body composition, but also
to the amount of acclimatization to cold [13 ].
Below the TNZ energy expenditure increases by
NST and/or shivering thermogenesis.
Little information is available about mild cold
acclimatization in humans on skin vasoconstriction
(insulative response). More is known about cold
acclimatization and the metabolic response, socalled adaptive thermogenesis. The classical study
on the recruitment of cold-induced NST in humans
is from Davis, 1961 [1]. Other studies indicate a
concomitant elevation in sympathetic nervous system (SNS) activity with chronic exposure to cold.
It is likely that both metabolic and insulative
adaptation may occur [2].
Adaptive thermogenesis was studied with mild
cold exposure in summer and winter seasons in the
Netherlands, which is characterized by mild seasonal variations in temperatures [14]. The average
metabolic (facultative, nonshivering) response
during cold exposure was highly variable, but on
average significantly higher in winter (11.5%) compared with summer (7.0%). The metabolic response
&

&
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In mammals adipose tissue is present in two different forms: white adipose tissue (WAT) and BAT.
Although fat cells’ prominent function is energy
storage. On the contrary, the function of BAT is to
transfer energy from food and energy stores into
heat. Brown adipocytes are characterized by a light
pink to dark red tone, due to the high vascularization and the cytoplasm, which consists of small fatfilled vacuoles and a large amount of mitochondria.
The tissue is densely innervated by the sympathetic
nervous system [15]. The high vascularization is
necessary for oxygen supply and heat transport,
the mitochondria for the heat production, the
stored fat for fast energy supply when heat production is needed, and the SNS innervation for fast
activation of the tissue. The heat production occurs
by mitochondrial uncoupling. This uncoupling
process is executed by uncoupling protein-1
(UCP1), a unique inner-membrane mitochondrial
protein for BAT. UCP1 causes a reflux of protons into
the mitochondrial matrix, bypassing the ATP synthase. Mitochondrial uncoupling leads to proton
leakage, which induces heat dissipation by the
uncoupling itself and the other parts of the phosphorylation process [16]. Though described in
detail, in BAT, a regulated increase in mitochondrial
uncoupling may also occur in other tissues, such as
skeletal muscle. Apart from UCP1, there are several
other proteins of the mitochondrial carrier protein
family described. However, UCP1 is the only protein
from this family that mediates NST in BAT, at least
in rodents [17].
Counterintuitively, animal studies have
suggested that brown adipocytes and skeletal
muscle fibers (and not the white adipocytes) share
a common developmental ancestry [18]. On the
contrary, also WAT contain cells that can express
high levels of UCP1 and, depending on (cold) stimulation, take on a brown cell-like appearance. Thus,
classical brown fat in rodents is derived from a
Volume 15  Number 6  November 2012
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myf-5, muscle-like cellular lineage [19], whereas the
‘brown-like’ cells (called brite or beige) within white
adipose depots are not [20]. Interestingly, several
studies indicate that these two types of thermogenic
cells are regulated differently. A very recent study
provides evidence that BAT depots in adult humans
in fact are composed of brite/beige adipocytes [21 ].
Some studies indicate the plasticity of BAT in
adult humans. Retrospective studies show higher
incidences of BAT in patients in winter season,
but these kind of studies are hard to interpret.
One study shows that in winter cold-induced BAT
activity was significantly higher than in summer [6].
Recently, a weight-loss study in morbid obese
patients showed that 1 year after bariatric surgery,
BAT was increased in four out of 10 participants,
showing that indeed recruitment can take place
[22 ]. Moreover, after weight loss, BAT-positive
participants had significantly higher NST compared
with BAT-negative participants.
&&

&

BROWN ADIPOSE TISSUE CONTRIBUTION
TO NONSHIVERING THERMOGENESIS
In the last few years, several studies appeared that
investigated the contribution of BAT to NST. But
how can we quantify the contribution of BAT to
NST?
First of all we can use animal data from rodents.
This approach is not very accurate and has led to too
high estimates (20% of daily energy expenditure)
[23]. If allometric considerations are taken into
account, the contribution of BAT is lower, 3–5%
of BMR [24]. The latter seems to be more realistic,
but actual measurements on BAT metabolic rate
in vivo are badly needed.
Techniques used to study BAT activity in vivo
consist of PET/CT scanning, though other techniques are being explored. To date, several different
PET tracers have been used in dedicated BAT studies.
The most widely used tracer is 18F-fluorodeoxy glucose (FDG), a glucose label. The radioactive label is
metabolically trapped in the cells and can later on be
visualized by scanning. 18F-FDG can by means of
dynamic PET/CT procedures quantify glucose
uptake rate. Because, fatty acids from internal stores
as well as from circulating fatty acids are most likely
the main energy source, the fatty acids share needs
to be estimated in order to calculate the contribution of BAT to whole body energy expenditure
from 18F-FDG data. By assuming that fats supplied
90% and glucose 10%, and an estimated amount of
BAT of 63 g. Virtanen et al. [8] came to a contribution
of BAT of 4.5% of BMR.
Recently, other tracers have been used in
human BAT research: H215O (blood perfusion),

18

F-thiaheptadecanoic (THA) acid (fatty acid tracer),
C-acetate (oxidative metabolism), 15O2 (oxygen
extraction), and C15O (blood volume). Orava et al.
(2011) [25 ] compared cold and insulin activation
of BAT using a combination of 18F-FDG and
15
O-H2O. They found that glucose uptake rate in
cold activated BAT was 12-fold higher than in thermal neutral conditions. Glucose uptake was significantly related to perfusion, but not with NST. Whole
body energy expenditure was related to BAT perfusion, however NST was not. Though, this is a very
interesting study, it was not possible to derive the
contribution of BAT thermogenesis to whole body
NST.
Recently, Ouellet et al. (2012) [26 ] used PET
with a mix of different tracers. With these tracers,
they were able to quantify BAT oxidative metabolism (by 11C-acetate) and uptake of glucose (by
18
F-FDG) and nonesterified fatty acid (NEFA; by
18
F-THA). They confirmed glucose uptake as in
other studies. NEFA uptake was also significantly
increased in the cold compared with other tissues,
but relatively low. Probably, other sources of fatty
acids, such as intracellular brown adipocyte triglycerides and circulating lipoproteins, may have had a
large contribution to BAT metabolic activity. Interestingly, this study showed, based on 11C-acetate, a
significant cold-induced activation of BAT oxidative
metabolism. However, the actual contribution of
BAT to NST cannot be deduced, because during
the measurements both shivering and NST took
place and no relation was found between the
cold-induced thermogenesis and BAT oxidative
metabolism.
Finally, Muzik et al. (2012) [27] studied oxidative
metabolism in BAT using triple oxygen (15H215O,
C15O and 15O2) and FDG PET scans. Surprisingly
their calculations revealed a mean BAT thermogenesis of 85 kJ per day only, which on average amounts
to 6% of NST (1.4 kcal per day; less than 1% of BMR)
only. However, the low metabolic rate of oxygen
may have been caused by the short (20 min) time of
cooling before the 15O2 tracer test (possibly no or
little BAT activation), although 115 min was used to
cool before the 18F-FDG test to show BAT activity.
Nevertheless, the use of the combination of PETtracers is promising and future studies using more
standardized cooling protocols will hopefully show
what the actual contribution of BAT on our energy
expenditure is.
11

&&

&&

ACTIVATION OF THERMOGENESIS AND
BROWN ADIPOSE TISSUE
The SNS innervates thermogenic targets such as BAT
and skeletal muscle [28]. The sympathetic control
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of facultative thermogenesis is mediated by three
b-adrenoceptors [b-adrenoceptors (ARs)], and not by
a-adrenoceptors. Noradrenaline signals via protein
kinase A (PKA; cAMP-dependent protein kinase) to
increase thermogenesis. In humans, Zingaretti et al.
[15] showed that human brown adipocytes are
innervated by the SNS, and Virtanen et al. [8] demonstrated the presence of the b3-adrenergic receptor
(b3-AR) mRNA in these cells. In nuclear medicine,
blocking the b1-AR and b2-AR through administration of propranolol is used to decrease 18F-FDG
uptake in BAT in patients at room temperature [29].
NST is stimulated by the SNS, but also requires
thyroid hormone [30]. Thyroid hormone is essential
to maximize the responsiveness to catecholamines
acting at the adrenergic receptor level as well as at
several postreceptor steps in the catecholamine signalling pathways, particularly those initiated in the
b-ARs [30]. Thus thyroid hormone and SNS work in
concert to increase thermogenesis by means of
mitochondrial uncoupling in brown adipocytes.
Cold-induced adrenergic-receptor stimulation has
both acute (activation of UCP1, stimulation of
lipolysis) and chronic (UCP1 gene transcription,
mitochondrial biogenesis, hyperplasia of BAT,
recruitment of brown adipocytes in WAT) effects
on BAT [28].

RECENTLY STUDIED ACTIVATORS OF
HUMAN BROWN ADIPOSE TISSUE
During the last years there are several adrenergic and
nonadrenergic activators of thermogenesis and BAT
studied, but most of them in animals. They may
have interesting consequences for human BAT activation, such as an unexpected result on alternatively
activated macrophages on thermogenesis was published last year [31 ]. Below follow only those activators that have been studied in humans (see also
Fig. 1).
&

Adrenergic stimulation
&

Vosselman et al. [32 ] recently measured BAT
activity after systemic infusion of the nonselective
b-agonist isoprenaline (ISO) and compared this with
cold activated BAT activity. Though isoprenaline
increased energy expenditure to similar levels as
cold exposure, BAT was not activated during b-adrenergic stimulation. The result can have been caused
by ISO induced high levels of free fatty acids that
may have competed with glucose (FDG) uptake in
BAT. Therefore, acipimox was used in part of the
subjects to lower plasma FFA. However, this did not
increase ISO-induced FDG uptake in BAT. A plausible explanation is that the systemic concentration
of ISO reached in the plasma is not sufficient enough
550
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to trigger the b-ARs on the brown adipocytes. However, EE did increase, indicating that other tissues
are responsible for the increased b-adrenergic
thermogenesis. Interestingly, Cypess et al. 2012
[33 ] independently obtained comparable results
with the sympathomimetic drug ephedrine [33 ].
Both mild cold and ephidrine stimulated energy
expenditure, but contrary to cold ephedrine also
increased heart rate, blood pressure, and several
circulating
metabolites.
Nevertheless,
cold
increased BAT activity, whereas ephedrine did not.
&

&

Cardiac natriuretic peptides
&&

Recently, Bordicchia et al. (2012) [34 ] published a
study on human and mouse adipocytes that
indicates that cardiac natriuretic peptides are able
to activate the browning of the WAT. It is for long
known that activation of b-ARs can induce browning of adipocytes within white fat depots. Natriuretic peptides, however, are hormones that are
produced by the heart and act on the renal system.
They exist in atrial (ANP) and ventricular (BNP)
forms. NPs and b-AR agonists are comparable with
respect to stimulating lipolysis. This study now
shows that NPs use a similar pathway in the adipocyte as catecholamines to activate BAT, but use a
different receptor and the signal cascade is via
cGMP-dependent protein kinase (PKG) instead of
PKA for the catecholamines. Their findings thus
emphasize a role of the heart as a regulator of
adipose tissue biology, with NPs controlling lipid
metabolism and energy balance.

Irisin
Very recently a new myokine was found that induces browning of WAT [35 ]. Bostrom et al. [35 ]
showed that mice muscle cells, upon increased
levels of PPARg coactivator-1a induce the expression of a protein FNDC5. After cleavage, FNDC5 is
secreted into the blood stream. This form of FNDC5
is called Irisin. Irisin can bind to the surface to white
adipocytes and induce the expression of UCP1, and
a program of browning of WAT. Irisin is induced
with exercise in both mice and humans. Increased
levels of Irisin increase EE in mice.
The study is very interesting, because Irisin is
present in humans and increases in response to
exercise. In addition, exogenously administration
of Irisin induces the browning of subcutaneous fat
and thermogenesis, and it likely can be prepared as
an injectable polypeptide.
&&

&&

Capsinoids
Food can increase whole body thermogenesis and
activate BAT. Diet-induced thermogenesis consists
of an obligatory part (handling of food) and a
Volume 15  Number 6  November 2012
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Cold
Food
(Capsanoids)

Noradrenaline
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activation via PKA

activation via PKG

brite/beige cell formation

?
Insulin
Isoprenaline

–
–

Ephidrine

BAT

WAT

FIGURE 1. Recently studied activators of human brown adipose tissue (BAT). Apart from well known activation of BAT via the
sympathetic nervous system by cold and diet, other nonadrenergic factors may affect BAT thermogenesis or brown (-like)
adipocyte recruitment. Indicated are capsanoids, which are suggested to increase BAT activity via the sympathetic nervous
system (SNS), isoprenaline and ephedrine, which both affect thermogenesis but not BAT activation at the concentrations
studied. Insulin increased glucose uptake in BAT, but probably not BAT thermogenesis. Cardiac natriuretic peptides (ANP and
BNP) activate BAT via the PKG signaling pathway. Irisin, a myokine, induces browning of white adipose tissue (WAT).

facultative (regulated) part. Nutritional studies on
BAT activation have not yet been published, except
for a study with capsinoids [36 ]. Capsinoids are a
capsaisin analog (known from red peppers). They are
less pungent, yet as potent in increasing EE and fat
oxidation through the activation of the adrenosympathetic nervous system [37]. The study was carried
out with oral ingestion of capsanoid or placebo in a
group with cold activated BAT and a group without
cold-activated BAT [36 ]. The cold activated BAT
PET/CT tests were carried out separately from the
capsanoid test on whole body energy expenditure.
The results revealed that EE was significantly higher
in response to capsinoids in the BAT-positive group
than in the BAT-negative group. This indirectly
suggests that BAT is involved in capsinoid induced
energy expenditure. It would be interesting to perform as a follow-up a direct measurement studying
FDG uptake in BAT by PET/CT with and without
capsinoid ingestion.
&

&

Insulin
It is well known that skeletal muscle is sensitive to
insulin, but from human BAT, no information was
available. Using 15O-H2O and 18F-FDG PET/CT insulin sensitivity of BAT was studied in adult humans

&&

[25 ]. Their results show that glucose uptake in the
cold was increased 12-fold in BAT, and five-fold
when insulin stimulated under thermoneutral conditions. Thus, BAT appears to be differently activated by insulin and cold. Insulin induced FDG
uptake in BAT was higher than in WAT, but comparable to skeletal muscle. The insulin-mediated
activation of BAT metabolism seemed to be independent on the increased tissue perfusion. The
reason can be that no extra oxygen may have been
needed (as is the case in cold activation), probably
because insulin did not activate BAT thermogenesis.

CONCLUSION
Recent studies using PET/CT scanning techniques
show that human brown fat is metabolically active
and is related to NST. The use of a combination of
different PET-tracers is promising and future studies
likely will unravel the actual contribution of BAT on
human energy expenditure.
There are several indications that human BAT
can be recruited.
In the last few years, several factors have been
studied that affect activity and recruitment of
human BAT. Factors, such as irisin and cardiac
natriuretic peptides could be therapeutic for human
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metabolic disease. The future will show whether
such factors or related pharmaceuticals will have
relevance for treatment. Thus far, we only know
that mild cold activation effectively activates BAT
in humans without noticeable side-effects. Health
may benefit from thermal stimulation by an indoor
climate outside that established by the current
standards. Variable indoor temperatures (seasonal
and daily) may cut both ways: allowing more variable temperatures outside the TNZ can improve
health by BAT activation and increasing thermogenesis in humans and in the mean time reduce
energy consumption by the built environment.
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