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ABSTRACT

Brown adipose tissue, an essential organ for thermoregulation in small and hibernating mam-
mals due to its mitochondrial uncoupling capacity, was until recently considered to be present
in humans only in newborns. The identification of brown adipose tissue in adult humans since
the development and use of positron emission tomography marked with 18-fluorodeoxyglu-
cose (PET-FDG) has raised a series of doubts and questions about its real importance in our me-
tabolism. In this review, we will discuss what we have learnt since its identification in humans
as well as both new and old concepts, some of which have been marginalized for decades, such
as diet-induced thermogenesis. Arq Bras Endocrinol Metab. 2014;58(9):889-99
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RESUMO

O tecido adiposo marrom, érgao essencial para a termorregulacao de animais hibernantes e
pequenos devido a sua capacidade desacopladora, era até poucos anos considerado presente
apenas em recém-nascidos na espécie humana. A identificacao do tecido adiposo marrom em
adultos com o desenvolvimento e uso da tomografia de emissédo de pdsitron marcado com
18-fluorodesoxiglicose (PET-FDG) gerou questoes sobre sua real importancia para nosso me-
tabolismo. Nesta revisao, discutiremos o que aprendemos nesse tempo, assim como conceitos
antigos e novos, alguns marginalizados por décadas, como a termogénese induzida por dieta.
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INTRODUCTION

he first description of brown adipose tissue dates

from 1551 when Gessner described, in an anato-
my book, the tissue as being “nec pinguitudo nec caro”,
which means “neither fat nor flesh” (1). However, it
has only been recognized as a mammal specific ther-
mogenic organ, essential for mammalian thermoregula-
tion, for less than half'a century (2). It was believed, for
the second half of the 20™ Century and the beginning
of the 21, to only be present in the human newborn
and that it began to involute throughout childhood
(2,3). Although some indirect evidence had led a few
authors to postulate its presence before (1,4-9), it was
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only when positron emission tomography marked with
18-fluorodeoxyglucose (PET-FDG), a functional imag-
ing method that evaluates areas of greater metabolic
activity, started being used more frequently in the fol-
low-up of some cancers, that brown adipose tissue was
identified in at least one subgroup of the adult human
population (2,10-14). This amazing discovery was of
great interest to medical researchers in the field and to
the hypothesis that the presence or absence of brown
adipose tissue could be a causal effect in common non-
transmissible diseases such as obesity and type 2 dia-
betes, and could also be a potential therapeutic target

since thermogenesis wastes extra energy.
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Brown adipose tissue in human adults

What is brown adipose tissue?

Being present uniquely in mammals, as already men-
tioned, the main function of brown adipose tissue is
thermoregulation via non-shivering thermogenesis (1).
Thermogenesis occurs due to a unique and specific en-
zyme, called UCP-1 (Uncoupling Protein-1), which
uncouples ATP energy production in the mitochon-
dria, generating heat instead (1,15). UCP-1 is a unique
protein that promotes proton leakage across the inner
mitochondrial membrane, reducing its transmembrane
electrochemical proton gradient, and therefore produc-
ing non shivering thermogenesis via heat production
(1,15). UCP-1 is a marker of thermogenic adipocytes
(not only the classic brown but also the recently dis-
covered beige adipocytes that will later be discussed)
and it is believed to be the only protein physiologically
capable of inducing non-shivering thermogenesis, as
UCP-1 knock-out mice can only produce heat by shi-
vering (2,16,17).

Brown adipose tissue is activated by sympathetic
noradrenergic stimuli, mainly via B-3 receptors, al-
though other receptors can activate it too (2,18). Cold
is the main physiological stimuli to this noradrenergic
activation, as mammals need to maintain their thermo-
neutrality, but it has long been speculated that it may
also be activated by food (2,17,19).

When brown adipose tissue is analyzed by micros-
copy, cells are seen with multiple fat droplets and multi-
ple mitochondria, positively-expressing UCP-1, with a
central nucleus (2,17,20,21). Classical white adipocytes
present a single large fat droplet and fewer mitochon-
dria which points to its storage function (21).

Although the total mass of brown adipose tissue
in mammals is small, past research has already demon-
strated that its activation could quadruple the energy
expenditure (EE) of an animal, as an increase in tissue
perfusion occurs (15,21-23). Not only the fat stored
in its lipid droplets are used to generate heat, but also
free fatty acids and glucose from systemic circulation,
exponentially increasing its thermogenic capacity (15).
This is of particular importance to hibernating animals,
as there is an urgent need to increase body temperature
after microarousals which occur during hibernation
(2,21,22). During hibernation, its metabolism presents
under hypothermia and it must achieve thermoregula-
tion as quick as possible during microarousals or after
the end of the hibernation period (2,21). Only a high-
capacity thermogenic tissue would be able to achieve
adequate short term thermoregulation (24).
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In addition to hibernators, the importance of
brown adipose tissue to small mammals, which have a
greater body surface area in proportion to their inter-
nal volume, is well recognized (2,24,25). This greater
area increases heat loss to the environment and costs
more energy, used by brown adipose tissue, to maintain
thermoregulation. Human newborns possess a high
area/volume ratio, and it has long been documented
that brown adipose tissue is present in our early life
(2,23,26-28). However, with the progressive reduc-
tion of surface area in relation to internal volume, the
energy cost of thermoregulation is decreased and it
was believed that brown adipose tissue suffered pro-
gressive involution until its total disappearance during
early childhood (23). The invention and then popu-
larization of PET-FDG changed this view however, as
it was hypothesized that at least a fraction of humans
still present brown adipose tissue in adult life, as the
detection, in a fraction of exams, of areas of metabolic
activity raised the possibility of there being unnoticed
thermogenic fat (15,23,29).

PET-FDG: the “denouncer” of brown adipose tissue

PET-FDG is a functional exam characterized by its
ability to detect metabolically active areas that uptake
EDQG, a glucose radioisotope (23,30,31). It began be-
ing used in the 90s, mainly in oncology, to detect tu-
mors and metastases, which generally have a high meta-
bolic rate and therefore high glucose uptake. The heart
and brain are also consistently detected in a PET-FDG
scan, organs with long recognized marked glucose uti-
lization, even during fasting (31). Unexpectedly, how-
ever, a small fraction of PET exams detected bilateral
symmetrical FDG uptake areas in supraclavicular, cer-
vical and parasternal regions that could not easily be
interpreted as tumors, due to the described characteris-
tics (7,29,30,32). Anatomically, the highly active areas
were within areas of fat attenuation on computerized
tomography, suggesting metabolically active fat. The
high proportion of images with such characteristics on
PET-EDG of pheochromocytoma diagnosed indivi-
duals, with catecholamine-producing tumors known to
be of intense noradrenergic activation, raised suspicions
that these areas were actually unrecognized brown adi-
pose tissue, which had proliferated under chronic nor-
adrenergic stimuli (7,29,33,34).

The interest from endocrinologists and metabolism
experts rose in 2007 after the publication of an article
which showed compelling evidence, from a functional
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point of view, that these mysterious areas detected by
PET-FDG scans were brown adipose tissue (29). How-
ever, just two years later, with the publication of three
articles in the same edition of the New England Jour-
nal of Medicine, the scientific community accepted that
at least a fraction of human adults possess brown adi-
pose tissue (12,13,14,35). We will review those articles
shortly (Table 1).

Cypess and cols. analyzed 3640 PET-FDGs taken to
detect neoplasms and detected uptake areas suggestive
of BAT in 7.5% of women and 3.1% of men (12). Age,
body mass index (in older subjects), outdoor tempera-
ture and fasting glucose were inversely related to PET
positive imaging, and the use of beta-blockers was as-
sociated with a lower probability of uptake. However,
after multivariate analysis, fasting glucose and BMI lost
their statistical significance, but BMI continued to have
a significant negative relationship with uptake in older
individuals.

Van Marken Lichtenbelt and cols., concomitantly,
opted to perform PET-FDGs in 24 individuals after
acute cold exposure (16 degrees Celsius for two hours),

Table 1. Summary of findings of the three New England Journal of
Medicine articles from 2009 that confirmed to scientific community the
presence of brown adipose tissue in adult humans

Lichtonbelt Virtanen Cypess
and cols. (13) and cols. (14) and cols. (12)
BAT prevalence on Cold induced PET-FDG Positive scans seen in

FDG-PET in 96% of
individuals after acute
cold exposure

Significantly lower
activity in overweight
and obese individuals
(the only PET negative
subject was obese)

Higher activity has a
significant direct
positive correlation with
resting metabolic rate
and correlates
negatively with BMI and
body fat mass

uptake was 15 times
greater in paracervical
and supraclavicular
adipose tissue in five
subjects

Mathematical analysis
from one subject
suggests a 4.1 kg
decrease in body

weight over the course
of 1-year if BAT is

active

Biopsy specimens of
three subjects were
collected and
demonstrated
messenger RNA and
protein levels of UCP-1,
as well as other brown
fat markers (such as
PGC1a, DIO2, PRDM16
and ADRB3) and
morphologic
assessment found
evidence of multilocular
fat cells

7.5% of women and
3.1% of men

Probability of detection
inversely related to
outdoor temperature,
years of age, BMl in
older adults and beta
blocker use

Probability of detection
inversely related to
fasting glycemia in

univariate analysis, but

not significant in
multivariate analysis
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using light clothes and avoiding shivering (13). The
authors observed 96% of positive images and also de-
monstrated an inverse relationship between the level of
uptake measured in kilobecquerels and BMI or body
fat mass. The single individual that presented negative
uptake after cold exposure was obese. Tissues obtained
from positive uptake regions expressed UCP-1.

The last paper in the aforementioned edition of the
New England Journal, by Virtanen and cols., analyzed
tissue biopsy from PET positive areas visualized in
three young individuals and detected positive expres-
sion of UCP-1, confirming it as being brown adipose
tissue (14). Considering that only 10% of energy uti-
lization by BAT is from glucose and 90% from fatty
acids, the Finnish group calculated by mathematical
analysis based on FDG uptake in these individuals, a 7%
increase in energy expenditure, which corresponds to
4.1 kilograms a year.

Neither of the studies was designed to assess causal-
eftect relations between BMI and the presence or ab-
sence of BAT, leading to innumerous hypotheses. One
hypothesis being that as obese people have greater fat
protection they may feel less cold, in turn meaning they
need less BAT activation. Another possibility, which
should be investigated further, is that the absence of
brown adipose tissue could be, at least partially, related
to weight gain and worsening of blood glucose levels in
a subgroup of individuals.

Is brown adipose tissue metabolically important in
humans?

For such a fascinating hypothesis to be plausible, brown
adipose tissue would have to be metabolically impor-
tant in humans. What evidence exists to support this?

Initially, after first PET-FDG imaging, it was hy-
pothesized that brown adipose tissue was a residual
organ, similar to other organs that frequently do not
involute during embryology and development. Data
from the Van Marken Lichtenbelt study demonstrated
nearly 100% captation with cold stimulation and turned
out this hypothesis less probable (13).

The total brown adipose tissue mass in humans is

no larger than 60 to 100 grams, a minute fraction of =

white adipose tissue mass, even in lean individuals (23).

However, as already pointed out, the perfusion of BAT =

increases substantially during noradrenergic stimula-
tion, leading to a high peripheral uptake of glucose and
fatty acids, which makes BAT an energy demanding

tissue as well as also being an important regulator of -
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glucose homeostasis (2,22,23,35,36). It has an insu-
lin independent glucose uptake capacity and helps the
clearance of free fatty acids, which are closely related to
insulin resistance (35,36).

Some studies have tried to evaluate the energy ex-
penditure increase after BAT activation, and variances
between 5 and 77% over basal levels have been reported
(23). As previously described, Virtanen and cols. sug-
gested a 7% increase in basal metabolism (14). Orava
and cols. found a similar 8% increase after cold expo-
sure, but when the analysis was done only in PET-FDG
positive individuals, the increase climbed to 22% (35).
Ouellet and cols. opted to measure energy expenditure
by indirect calorimetry, before and after cold exposure
in an 18°C water filled shirt (37). The percentage in-
crease in this study reached 77% after cold exposure.
Yoneshiro and cols., divided PET-FDG positive and
negative in regard to BAT activation, and found a stim-
ulated 25% increase in energy expenditure in the posi-
tive group, corresponding to 358 kcal (38). The adi-
postat hypothesis, however, teaches us that an energy
expenditure increase should necessarily lead to a paral-
lel increase in energy intake to avoid weight variations
(39,40). To better understand what happens to energy
balance in a situation of increased energy expenditure
due to thermogenesis, animal studies should be evalu-
ated, as very little data on humans is available.

Cannon and Nedergaard demonstrated, several
years ago, increased vO2 and energy intake in animals
exposed to lower temperatures; but, although the feed-
ing increase was proportional to O2 consumption, the
cold living animals are lighter than their counterparts
(39). However, several authors, based on different re-
sults in different experiments, still believe that any in-
crease in energy expenditure will be readily compen-
sated by increased food intake, and that isolated BAT
activation will not result in weight loss (17,25,41,42).
Ravussin and cols. elegantly suggested that BAT acti-
vation combined with an anorexic drug could induce
weight loss synergy by dissociating the increased energy
expenditure with that of food intake, but the results of
his studies combining acute intermittent cold exposure
with AM251, an endocannabinoid receptor antagonist,
did not show any synergy nor weight loss in the group
exposed to cold that did not receive the substance (42).

Yoneshiro and cols, who analyzed differences be-
tween BAT-positive and BAT-negative individuals
based on their FDG-PET uptake, reported that BAT-
positive subjects did not gain weight with age (43).
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On the other hand, BAT-negative subjects, as is com-
mon in humans, had increased BMI, total body fat
mass and abdominal fat mass, supporting the notion
that brown adipose tissue helps protect against weight
gain and the development of obesity.

Gadea and cols. recently reported a case of a rare
brown adipose tissue tumor, called hibernoma, in a
68-year old woman who had lost 10 kg in 6 months
(44). She gained 15 kg in one-year after surgery, but
a decrease in energy expenditure was intriguingly not
reported after resection and an increase in food intake
was observed. The description of this case suggests, al-
though obviously with all the limitations of evaluating
a single case, that brown adipose tissue is capable of
inducing weight loss, at least when highly present and
stimulated. Another situation that deserves a mention
is hyperthyroidism. Although a comprehensive review
about the relation of brown adipose tissue and thyroid
hormones is beyond the scope of this review, Lahes-
maa and cols. have shown that overt hyperthyroidism,
which frequently leads to significant weight loss, is as-
sociated with a threefold greater BAT glucose uptake,
with increased energy expenditure and greater use of
lipids as an energy substrate (45). The relationship be-
tween brown adipose tissue and thyroid hormones is,
however, known for decades (2,46-50).

The real significance of brown adipose tissue depots
in human metabolism, as seen, is still highly speculative.
An old concept, resurrected by studies on brown adi-
pose tissue that could also have an important impact on
energy balance, is diet-induced thermogenesis, which
will be reviewed in the next section.

Diet-induced thermogenesis and metabolic
inefficiency

The components of daily energy expenditure are basal
metabolic rate, the energy cost of physical activity and
the thermic effect of food (51). Food thermogenesis
is classically considered as the energy cost of diges-
tion and calorie storage. Another concept however, of
diet-induced thermogenesis related to energy wasting
was hypothesized decades ago, with a close relation to
brown adipose tissue, although it was poorly accepted
and few studies have tried going down this path until
recently (17,19).

In 1979 Rothwell and Stock demonstrated, in a
seminal study published in Nature which today has more
than 1,000 citations, that in rats chronically fed with a
“cafeteria-diet” consisting of a high energy value diet,
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rich in fat and carbohydrates and protein-poor, there
was a disproportional increase in energy expenditure that
could not be attributed to the energy cost of food alone
(19). The rats gained less weight than predicted, and it
was suggested that they wasted part of the ingested ener-
gy in the form of heat. In accordance with these findings,
the rats had higher rectal and interscapular temperatures
in the postprandial period. After sacrifice, tissue analy-
sis confirmed a 260% increase in brown adipose tissue
mass compared with control rats fed with a standard
chow, suggesting that the dissipated energy derived from
brown adipose tissue recruitment and activation.

Despite the impact of the study, diet-induced
thermogenesis was almost forgotten, at least by hu-
man physiologists. However, in 1999, Stock himself
compiled a series of overfeeding studies in humans
which intended to evaluate interindividual responses
to weight gain based on possible differences between
fat mass and fat free mass percentages (52). Using the
law of thermodynamics Stock calculated that between
30 and 45 kJ/kg should be required to cause a one
kilogram increase in body weight. However, some in-
dividuals presented values as high as 100 kJ /kg to gain
one kilogram. The only possibility, according to the
author, is that this large variation is due to metabolic
inefficiency and thermogenesis. Recently, Wijers and
cols. found an individual linear correlation between the
energy cost of a 1 kg weight gain and the cold-induced
energy expenditure, suggesting that the same mecha-
nism which leads to metabolic inefficiency is involved in
cold-induced thermogenesis, probably brown adipose
tissue (53).

A recent study, assessing post-prandial PET-FDG,
with all the interpretation caveats that it causes due to
post-prandial muscle glucose uptake, suggested that
compared with thermoneutrality, there is BAT glu-
cose uptake after a hypercaloric and hyperproteic diet,
similar to that which occurs after cold activation (54).
Nevertheless, another recent study questioned the sig-
nificance of diet-induced thermogenesis, after dem-
onstrating that chronically overfed individuals (200%
overfeeding) did not increase their BAT glucose up-
take when PET-FDG scans done before and after the
overfeeding period were compared (55). The post-
overfeeding PET-FDG was performed four hours after
the meal using a low carbohydrate diet. Timing and
composition of the diet may have obscured the results.

Interestingly, the finding that individuals with con-
stitutional thinness (CT), even at thermoneutral condi-
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tions, had a 16.7 times greater glucose uptake in BAT
compared with normal weight control individuals (56)
deserves mentioning. In contrast, women with anorex-
ia nervosa, with a similar weight to CT individuals, had
almost zero BAT glucose uptake, suggesting BAT has
a role in metabolic inefficiency in this uncommon but
fascinating subgroup of people.

Although it might be difficult to imagine an evo-
lutionary advantage of metabolic inefficiency, as it
is commonly accepted that obesity is the result of a
thrifty phenotype adapted to store energy in a food
scarce environment, a possible explanation would be
that it is active in low protein diets and thermogene-
sis would be important to keep the animal constantly
seeking protein sources (2,17,52). In fact, it has been
demonstrated in humans that low protein diets are
associated with greater metabolic inefficiency, as well
as high-protein diets leading to high thermogenesis,
the latter mainly due to the high cost of digestion,
metabolization and storage of this macronutrient
(52,57-59).

In spite of being a highly controversial concept, and
highly refuted by some (60,61), the concept that brown
adipose tissue may dissipate excess calories as heat and
make weight gain difficult in some individuals deserves
further investigation and could lead to the possible dis-
covery of drugs which activate these mechanisms. An-
other debate which remains open for discussion is why
some individuals would have more or less BAT than
their counterparts.

What is the real prevalence of brown adipose tissue?
Concepts of recruitment and activation

As highlighted previously, in 2009 Cypess and cols.
found 7.5% of women and 3.1% of men to be BAT-
positive in ambient temperatures (12). Similar results
were found in previous studies done under similar
conditions, with small variations (23). After acute cold
exposure, van Marken Lichtenbelt and cols., in the
Netherlands, encountered 96% of BAT-positive indi-
viduals (only one obese man was BAT-negative) (13),
however this number dropped to 40% in a Japanese

population (38). In Brazil, there are no published stud- ¢

ies on this subject, but unpublished data suggests even
lower levels. Table 2 highlights differences in BAT up-
take in different populations, in ambient temperature
and after cold exposure (12,13,14,23,30,38,62-67)
What could the reason be for such differences consid-
ering similar protocols?
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Table 2. Prevalence of positive PET-FDG uptake in different populations
from different countries

Ambient temperature

USA (Cohade, and cols.) — 13.7%
(winter), 4.1% (rest of the year)

USA (Yeung, and cols.) — 3.7%
(neck fat)

USA (Cypess, and cols.) — 7.5%
(women), 3.1% (men)

UK (Au-Yong, and cols.) — 7.2%
(winter), 2.5% (summer)

Canada (Ouellet, and cols.) — 6.8%

Australia (Lee, and cols.) — 8.5%

Acute cold exposure

Netherlands (von Marken Lichtenbelt,
and cols.) — 97%

Finland (Virtanen, and cols.) — 100%
Japan (Saito, and cols.) — 53% (young

individuals)

Japan (Yoneshiro, and cols.) — 46%

Germany (Stefan, and cols.) — 3.05%

To better understand this difference, we should re-
turn to physiology and studies in mice. If an animal lives
under total thermoneutrality and is acutely exposed to
cold, its first response is to shiver to protect internal
temperature (2,68). At that moment the animal does
not possess brown adipose tissue ready to be activated
and defend its temperature. As cold exposure is main-
tained, the animal starts to recruit BAT and activate it,
decreasing shivering (although muscular resistance also
improves to allow muscles to shiver without fatigue).
As recruitment reaches its maximum, the animal stops
shivering and all heat production comes from BAT and
its UCP-1 mitochondrial uncoupling. After returning
to thermoneutrality, the animal retains its recruited
BAT, inactive, but ready to be activated in case of a
new cold exposure. This is demonstrated by injecting
norepinephrine before and after recruitment. The en-
ergy expenditure increase after recruitment is substan-
tial, proving that BAT was recruited, ready to become
active, different to what occurs before when there is no
BAT recruited to be rapidly activated after acute nor-
epinephrine stimulus (2,69-72).

This is a fundamental concept because it helps to
explain why there is such a population variance in PET-
FDG uptake — daily chronic cold exposure probably
recruits BAT, which can become more active after an
acute reduction in ambient temperature. This hypoth-
esis was confirmed by two groups that found greater
BAT activation after chronic and daily cold exposure,
as well as an increase in energy expenditure during
acute cold exposure after chronic stimulation versus
acute cold exposure in the beginning of the experiment

- (73,74).

A higher percentage of individuals, as we might

expect based on this hypothesis, present BAT-positive
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PET-FDG in winter (62,63,67), even when ambient
temperature is controlled (63). Another fascinating
theory that helps to explain this difference is that pho-
toperiod could also interfere with BAT recruitment
(63). As the days start to get shorter, in anticipation of
winter, BAT may slowly be recruited, in order to have
sufficient levels ready for when the cold starts, and pre-
venting body thermoneutrality from being reliant upon
shivering. Melatonin is a possible player in this process,
as previous studies in hibernators generally demonstrate
higher BAT mass in melatonin supplemented animals
(75) and, in a recent study, a higher body temperature
measured by infrared thermography (which will be dis-
cussed further) was seen in mice given a melatonin rich
10 mg/kg supplement (76).

As the concept of recruitment has been explained,
the next question is how this recruitment occurs.

Where does BAT come from? The difference between
brown and beige adipocytes

Research on pre-adipocytes and progenitor cells sug-
gest that BAT, as well as white adipose tissue, origi-
nates from mesoderm, but from distinct regions (77-
79). Classic brown adipose tissue, as it is known, has its
origins from engrailed-1-expressing cells in the central
dermomyotome and from myogenic factor 5 (Myt-5)
positive precursors. This myf-5 + lineage is the same
for myocytes, but different from the lineage of white
adipose tissue, derived from myf5 — cells from lateral
mesoderm. It was therefore believed that in order to
recruit new BAT, it would be necessary to start from
initial pre-adipocyte differentiation and pass through a
series of steps before developing mature brown adipo-
cytes.

This particular view has changed since the discovery
that cells present in areas of WAT, after specific stimulus
(such as chronic cold exposure or norepinephrine), may
be able to express UCP-1, and achieve thermogenesis
(79-81). Would WAT be able to transdifferentiate in
BAT? These cells, apparently white while non-stimulat-
ed, were called beige or “brite” (from brown-in-white)
cells and their study developed rapidly.

The first doubt, already mentioned in the last para-
graph was: any white cell could, under specific stimu-
lus, express UCP-1 or only a specific cell lineage? This
question has not been clearly solved, as different groups
advocate different ideas (17,82), but recent evidence
points more towards a specific lineage derived from
myf5 — cells (77,80,81,83,84). Wu and cols. observed
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a distinct gene expression between classic white adi-
pocytes, unable to express UCP-1 after stimulus, and
beige adipocytes (81). This same study also suggested
that almost all adult human UCP-1 positive cells de-
rived from beige adipocytes, questioning again whether
humans possesses classic brown adipose tissue at all.
Controversy increases with the study by Lidell and
cols., which unequivocally demonstrates classic brown
adipocytes in the interscapular region of newborns (ex-
pressing a specific gene called ZIC1) (85) The much
smaller frequence of ZIC1 expression in other thermo-
genic areas (as periadrenal and supraclavicular) of new-
borns suggested that beige adipocytes were responsible
for thermogenesis in these areas. As these articles are
very recent, it is too early to draw any definitive conclu-
sions about the real origins of all of our UCP-1 positive
cells. From a clinical perspective, the main implication
in differentiating both tissues would be on possible
therapeutics derived from this knowledge (23,86,87).
While it seems too slow and energy costing to differ-
entiate embrionary cells through mature adipocytes,
beige adipocytes, already present mixed with white
adipocytes, can express UCP-1 much quicker. Research
on therapeutics that permit UCP-1 expression in beige
cells, increasing energy expenditure, appears to be an
excellent choice.

Is it possible to pharmacologically stimulate brown
adipose tissue?

After the great increase in BAT studies, the next step
is the study of pathways and drugs that could lead
to its differentiation, proliferation and activation, as
already mentioned. A complete review of therapeu-
tic possibilities is beyond the scope of this overview
article and it has been well discussed by Bonet and
cols. (86), and Broeders and cols., brilliantly reviews
endogenous ways to stimulate brown adipose tissue
(88). The pharmacological stimulation of brown adi-
pose tissue will be a potential target for weight loss
drugs, or as proposed by some authors, for weight
maintenance drugs after weight loss (17,86,88). As
the potential to increase energy expenditure could be
limited to achieve great weight loss in short-term, it
could, on the other hand, mitigate or totally counter-
act the physiological decrease in energy expenditure
that follows weight loss (17).

Two possibilities, linked with distinct pathways
more than any drug in particular, will be briefly dis-
cussed. The first is capsaicin, which has already been
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studied in humans, by a Japanese group. In a series
of studies Yoneshiro and cols. found that capsaicin is
able to activate previously recruited BAT (89). This
group drew such a conclusion by observing that en-
ergy expenditure increased after the ingestion of cap-
saicin in the group that had previously presented a
positive PET-FDG glucose uptake. In the PET-FDG
negative group, this was not observed. In another
study, the same group recruited BAT after two weeks
of chronic daily cold exposure in PET-FDG negative
individuals (PET-FDG done under acute cold expo-
sure) and they observed an increase in energy ex-
penditure after the cold habituation compared with
basal state (74). As a conclusion, capsaicin seems to
be able to activate an already recruited brown (or
beige) adipocyte.

More useful, however, would be finding drugs able
of “browning” apparent white adipocytes. A much
celebrated discovery, the hormone irisin, may be able to
do that physiologically (90). Discovered by Bruce Spie-
gelman’s group, this hormone is produced by skeletal
muscle after FNDC5 protein cleavage, in response to
physical activity and its main function would be exactly
the browning of apparent white cells, being partially
responsible for the positive metabolic effects of exer-
cise. The hormone was isolated in mice but the same
group also detected circulating levels of this hormone
in humans. A great debate is ongoing, after some pre-
vious findings questioned the relevance of the hormone
(91,92). Raschke suggested that humans are unable to
cleave FDNCS5 and the detected irisin may just be labo-
ratory interferences and even exogenous irisin adminis-
tration in human cells does not appear to have the ex-
pected result. Independently of the future relevance of
irisin in humans, “browning” drugs appear as potential
therapeutic targets (86). As irisin is an endogenous sub-
stance, finding other potential endogenous browning
hormones or substances seems like an excellent option,
as recently reviewed (87). Our group started to evalu-
ate BAT recruitment with circadian rhythms, believing
in the possible role of melatonin, as previously men-
tioned (75). Since hypothalamic regulation of BAT is

now being clearly recognized, hypothalamic effectors, -

such as orexin, also appear to have therapeutic potential
(17,93).

Past studies with sibutramine and more recent ones
with intracerebral injection of GLP-1, in animals, sug-

gest that both drugs could activate BAT (94-96). Al- -
though this does not change clinical prescription, the =
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presence or absence of BAT could be a possible expla-
nation for the sometimes incomprehensible interindi-
vidual variability in weight loss with both sibutramine
and GLP-1 agonists (97,98).

Does brown adipose tissue play a role in diabetes,
independently of weight loss?

Various physiological mechanisms previously described
support the hypothesis that BAT regulates glucose ho-
meostasis. Examples are the increased energy expendi-
ture and possible weight loss seen in animal models and
an increase in the uptake of free fatty acids (a major
player in insulin resistance) as well as the uptake of in-
sulin independent glucose when there is greater BAT
perfusion (99). Clinical data supports this theory as
BAT uptake is inversely related to fasting blood glucose
levels, as already mentioned.

A recent review explores these possible mechanisms
to exhaustion and suggests different ones, such as ba-
tokines, substances produced by BAT, like BMP8B,
FGF21 and PTGDS, which can be implicated in im-
proving insulin sensitivity and even insulin secretion by
pancreatic beta-cells (99).

There are some studies with brown adipose tissue
transplantation which demonstrate improvement in
glucose homeostasis. Stanford and cols. transplanted
BAT from male donor mice into the visceral cavity
of age and sex matched recipient mice and found im-
proved glucose tolerance and insulin sensitivity as well
as a complete reversal of high-fat induced insulin resis-
tance (100). Gunawardana and cols. studied mice with
streptozocin induced diabetes, a model of type 1 diabe-
tes, which also presented a significant improvement in
glycemic response after BAT transplantation, support-
ing an insulin independent effect (101).

Therefore, evidence linking brown adipose tissue
(or a lack of) with type 2 diabetes is emerging and
should be an important field of research over the next
few years.

New imaging methods for the detection of brown
adipose tissue

The difficulties of studying BAT derive in part from the
detection methods. PET-FDG was fundamental to the
identification of BAT in human adults, but it is an ex-
pensive method, involving ionizing radiation, and de-
pends on activation to be detected (17). As only 10%
of BAT uptake comes from glucose, the sensitivity of a
mainly glucose uptake method can be low (15).
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New imaging methods are therefore being pro-
posed to substitute PET-FDG in research and even
clinical practice (102). Validation studies of magnetic
resonance have already been done in animals, with
promising results and good capacity for detecting
brown depots within white adipose tissue (103-106).
Pilot studies have also been performed in humans and
suggest a good sensitivity with the additional advantage
of detecting even non active tissue (although, logically,
it must have at least been recruited) (106,107).

Another viable option is infrared thermography
(IT), a non-invasive and simple method, which evalu-
ates body temperature in different tissues by image (a
method long used in civil construction and in medi-
cal conditions such as pain and cancer) (108,109). The
feasibility of obtaining results with IT makes it a prom-
ising and useful method, as demonstrated by a letter
from Lee and Ho, which describes an increase in tem-
perature in BAT correspondent areas after cold expo-
sure and meals in humans (110). Studies in children
with infrared thermography have also found promising
results (111).

Dual energy computerized tomography (DECT)
appears to be a new option, as recently reviewed by
Borga and cols (102).

In conclusion, the study of brown adipose tissue
grew enormously after human adult detection by FDG-
PET, becoming an intense research field not only in
general biology but also in medicine. Most are recent
discoveries and therefore need further confirmation
and validation, but there is already a vast amount of
data that puts BAT as an emerging protagonist in the
fields of obesity and diabetes.

A better understanding of the differences between
classic brown and beige adipocytes, and between re-
cruitment and activation, may lead to a great impulse
in the development of diabetes and obesity drugs that
act through BAT. Browning apparent white adipocytes,
and making them express UCP-1 and generating heat
seems easier, under specific stimulus, than differentiat-
ing new preadipocytes from classic brown cells.

The idea that part of interindividual weight gain can
be explained by greater diet-induced thermogenesis, or
metabolic inefficiency, is also fascinating and could help
to change some obesity (and constitutional thinness) par-
adigms and misconceptions. Unfortunately, the vast ma-
jority of clinical practitioners still see obesity as a minor
condition associated to individual choices, despite de-
cades of obesity research pointing in a different direction.

Arq Bras Endocrinol Metab. 2014;58/9
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