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Abstract

ACKGROUND: Human fat consist of white and
. brown adipose tissue (WAT and BAT). Though
* most fat is energy — storing WAT, the thermogenic

capacity of even small amounts of BAT makes it an attractive
therapeutic target for inducing weight loss through energy
expenditure.

CONTENT: Over the past year, several independent
research teams used a combination of positron — emission
tomography and computed tomography (PET/CT) imaging,
immunohistochemistry, and gene and protein expression
assays to prove conclusively that adult humans have
functional BAT. BAT is important for thermogenesis and
energy balance in small mammals. and its induction in
mice promotes energy expenditure, reduces adiposity, and
protects mice from diet — induced obesity. The thermogenic
capacity of BAT is impressive. In humans, it has been
estimated that as little as 50g of BAT could utilize up to 20%
of basal caloric needs if maximally stimulated.

SUMMARY: The obesity pandemic requires new and novel
treatments. The past few years have witnessed multiple
studies conclusively showing that adult humans have
functional BAT, a tissue that has a tremendous capacity for
obesity — reducing thermogenesis. Novel therapies targeting
BAT thermogenesis may be available in the near future as
therapeutic options for obesity and diabetes. Thermogenic
ingredients may be considered as functional agents that
could help in preventing a positive energy balance and
obesity.

KEYWORDS: Brown adipose tissue. thermogenesis,
energy expenditure, antiobesity therapy.

Introduction

Obesity has reached

complications related to obesity contribute substantially

epidemic proportions, and
to health care costs and mortality. Since the accumulation
of fat is the net result of a prolonged state of imbalance
between energy intake and energy expenditure. one would
think that an ideal fat mass in obese persons could be
achieved relatively simply by either decreasing food intake
or increasing energy expenditure, ultimately causing a
sustained negative energy balance. Unfortunately, this
is not so easy to achieve, because evolutionary pressure
has rewarded those individuals and species able to store
sufficient energy to survive famines; also, the unrestricted
availability of food represents an unnatural condition
(1). Currently, most interventions, whether behavioral or
pharmacologic. are aimed at the energy — intake side of
the equation and result in only moderate, often temporary
improvements, with the notable exception of bariatric
surgery.

Interventions designed to increase energy expenditure
are relatively limited. An increase in physical activity,
although effective, is not easy to sustain. The pharmacologic
approach has also been disappointing. Supraphysiologic
doses of thyroid hormones or adrenergic agonists result
in an increase in energy expenditure, but their systemic
adverse events preclude their use for the treatment of
obesity (2).
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The development of obesity not only depends on the
balance between food intake and caloric utilization but also
on the balance between white adipose tissue, which is the
primary site of energy storage, and brown adipose tissue,
which is specialized for energy expenditure (3).

Brown adipose tissue represents a natural target for the
modulation of energy expenditure. This tissue is far from
being a fat depot. When activated, it requires the uptake
of substrate from the circulation, mostly free fatty acids,
but also glucose. The physiologic role of brown adipose
tissue in small mammals (and human newborns) is the
maintenance of core temperature. In brown adipose tissue,
mitochondria release chemical energy in the form of heat by
means of the uncoupling of the oxidative phosphorylation,
making the process of respiration exceedingly inefficient.
This phenomenon is mediated by the uncoupling protein
1 (UCP1). which renders the inner membrane of the
mitochondria “leaky” and hence releases energy in the
form of heat rather than storing it as ATP (4), UCP1 is,
in turn, regulated by triiodothyronine, which is generated
within brown adipose tissue by means of 5 deiodination
of the prohormone thyroxine, effectively creating a local,
tissue-specific hyperthyroid state in the absence of changes
in circulating levels of thyroid hormones (5). §3-adrenergic
signaling plays an important role in the modulation of this
process, and recent evidence indicates that food intake
results in a similar activation (6). suggesting that brown
adipose tissue could play an important role in short-term
energy homeostasis.

The findings in support of functional hBAT are highly
relevant to both basic research and clinical medicine,
since they offer the possibility of regulating human
energy expenditure. Increased energy expenditure would
be very valuable as a therapeutic approach to obesity and
obesity-related diseases such as type 2 diabetes. This could
involve recruitment of brown adipocyte progenitors and
subsequent differentiation as one way of enhancing the
hBAT compartments (7).

Rediscovery of BAT in Adult Humans

During 2009, several studies led to a paradigm shift in our
understanding of the potential role of BAT in adult humans.
Althoungh it has been known that adult humans may have
small pockets of BAT at postmortem examination (8),
attempts to find functional BAT during life (9) or utilize its
thermogenesis for weight loss (10.11) have been largerly
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unsuccessful (12,13), so BAT was thought to be biologically
irrelevant in adult humans. Despite this view in the
endocrine community, reports in the radiclogical literature
using positron — emission tomography and computed
tomography (PET/CT) began to suggest a different point
of view, PET. or positron emission tomography, uses
radiotracers such as ®F-fluorodeoxyglucose (®¥F-FDG) to
measure the metabolic activity of tissues. CT provides high
— resolution anatomical detail. Fusion of the PET and CT
images provides both functional and structural information
in a single image. In the course of using PET/CT to detect
and stage tumors (14) radiologists noted small. but distinct,
nontumor collections of adipose tissue. that is, fat with high
uptake of ®F-FDG (15.16). Although this tissue was often
called “BAT"™ in the radiological literature, internists, and
endocrinologists doubted these findings and persisted with
the view that adult humans have no functional BAT.

Using an experimental approach, van Marken
Lichtenbelt and colleagues (17) examined the presence,
distribution, and activity of brown adipose tissue and
its potential role in energy metabolism in a group of
volunteers. The study used *F-FDG PET-CT to assess the
cold-stimulated brown-adipose-tissue activity in relation
to metabolic measures, including energy expenditure at
rest and core and surface temperatures. All the subjects.
with the notable exception of the most obese volunteer,
displayed functional brown adipose tissue: the activity of
the tissue correlated inversely with BMI and the percentage
of body fat and correlated directly with energy expenditure
during rest. A substantial increase in energy expenditure
was observed in all the subjects exposed to mild cold, but
the authors found no correlation between cold-induced
thermogenesis and brown-adipose-tissue activity (12).

The common message from these studies is that
brown adipose tissue is present and active in adult humans,
and its presence and activity are inversely associated with
adiposity and indexes of the metabolic syndrome (2.18).
Taken together, these studies point to a potential “natural”
intervention to stimulate energy expenditure: tum
down the heat and burn calories (and reduce the carbon
footprint in the process). Obviously, this strategy is an
oversimplification, and one should expect compensatory
mechanisms aimed at maintaining the energy homeostasis
— that is, an increase in energy intake in response to a
loss of energy secondary to cold exposure. Nonetheless,
these studies, by showing the presence and activity of
brown adipose tissue in adult humans, are a powerful proof
of concept that this tissue might be used as a target for
interventions, pharmacologic and environmental, aimed at
modulating energy expenditure (2).
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BAT Function and Biology

Cold weather and scarcity of food have accompanied us
and constituted serious threats to our survival for the entire
duration of our species’ history. Fortunately, two tissues
have been selected by nature to help us deal with these
difficulties: WAT and BAT. While WAT helpsus compensate
for fluctuating availability of energy. BAT keeps us warm—
at least during our first days of extrauterine life (19).
Brown and white adipocytes have widely different
morphologies, mainly in terms of the shape of the lipid
droplets and of mitochondria. Lipids are organized as
multiple, small droplets in brown adipocytes and as a single.
large lipid droplet in white adipocytes. Mitochondria are
large and numerous and are endowed with laminar cristae
in brown adipocytes, whereas they are small and elongated.
with randomly oriented cristae, in white adipocytes. These
differences correspond to different functional roles—

Print ISSN: 2085-3297, Online ISSN: 2355-9179

respectively, heat production with energy dissipation and
energy storage and distribution. The function of brown
adipocytes is critically related to UCP1, the mitochondrial
protein uniquely expressed in this cell type and therefore
considered as the molecular marker of BAT (20). Despite
their different anatomy and functional roles, brown
and white adipocytes are found together in dissectable
structures. the fat depots (21).

The recent demonstration of considerable amounts
of metabolically active brown BAT in many adult
humans has renewed the scientific interest in the subject
worldwide, mainly because of its antiobesity effects.
documented in murine models. Genetic ablation of BAT
or of all (-adrenergic receptors, which are responsible
for its activation, induces obesity in mice (22). whereas
ectopic expression of UCP1 —the protein-activating brown
adipocyte thermogenesis uniquely found in BAT—in
WAT results in resistance to obesity (23). Accordingly,
administration of drugs capable of increasing BAT activity
curbs obesity and related disorders, such as type 2 diabetes
(21).
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Figure 1. In humans, depots of WAT are found in areas all over the body, with subcutaneous and intra — abdominal depots representing
the main compartiments for fat storage. BAT is abundant at birth and still present in adulthood but fo a lesser extent (Adapted with
permission from Elsevier Inc.) (3).
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The function of BAT is to transfer energy from food
mto heat; physiologically, both the heat produced and
the resulting decrease in metabolic efficiency can be of
significance. Both the acute activity of the tissue. ie., the
heat production. and the recruitment process in the tissue
(that results in a higher thermogenic capacity) are under the
control of norepinephrine released from sympathetic nerves.
In thermoregulatory thermogenesis, BAT is essential for
classical nonshivering thermogenesis (this phenomenon
does not exist in the absence of functional BAT). as well as
for the cold acclimation-recruited norepinephrine-induced
thermogenesis. Heat production from BAT is activated
whenever the organism is in need of extra heat. eg.,
postnatally, during entry into a febrle state, and during
arousal from hibernation, and the rate of thermogenesis
is centrally controlled via a pathway initiated in the
hypothalamus. Feeding as such also results in activation of
BAT; a series of diets. apparently all characterized by being
low in protein, result in a leptin-dependent recruitment of
the tissue; this metaboloregulatory thermogenesis is also
under hypothalamic control. When the tissue is active, high
amounts of lipids and glucose are combusted in the tissue.
The development of BAT with its characteristic protein,
UCP1, was probably determinative for the evolutionary
success of mammals, as its thermogenesis enhances
neonatal survival and allows for active life even in cold
surroundings (20).
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Among the factors that influence the brown adipocyte.
norepinephrine is both the most important and the most well-
studied. This effector is most significant physiologically,
not only for the acute thermogenic process but also for the
control of cell proliferation. advanced cell differentiation,
and apoptosis.

In mature brown adipocytes. norepinephrine interacts
with all three types of adrenergic receptors: j1, a2, and
atl: these receptor types are associated with activation of
different signaling pathways in the brown adipocytes, as
will be detailed below. The most significant and the most
studied pathway is the pathway for [-adrenergic stimulation
of thermogenesis.

Of the three subtypes of 3-adrenergic receptors, the
3-adrenoceptor is the most significant in mature brown
adipocytes from rodents. f(J1-Adrenoceptors are also
expressed in mature brown adipocytes. but they are not
coupled to any significant extent to signaling processes in
these cells; they are, however, coupled to cAMP production
in brown preadipocytes, which means that in membrane
preparations from total BAT. both receptor subtypes will
be functional. [32-Adrenoceptors are not expressed in the
brown adipocytes themselves, but they are expressed in the
tissue and can be observed as binding sites in membrane
preparations from BAT. These [32-adrenoceptors are
probably predominantly localized to the vascular system
(20).
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Figure 2. Norepinephrine induced stimulation of thermogenesis in brown adiposytes: events downstream of the protein kinase A (PKA)
activation (adapted with permission from The American Physiological Society) (20).
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Free fatty acids (FFA) activated to acyl CoAs by
acyl-CoA synthetase are first transferred to acyl-carnitine
by the highly expressed muscle form of carnitine
palmitoyltransferase I (M-CPT I). which is the CPT I form
found in both brown and WAT and which is very sensitive
to inhibition by malonyl CoA. The acyl-carnitine probably
enters the mitochondria through the carnitine transporter
(not as yet explicitly described in BAT) and is probably
reconverted to acyl CoA by CPTII. The ensuing f}-oxidation
([3-ox) of the fatty acids (acyl CoAs) as well as the activity
of the citric acid cycle (CAC) lead to the formation of the
reduced electron carriers FADH and NADH, which are then
oxidized by the electron transport chain (respiratory chain)
ultimately through oxygen consumption. This results in
a pumping out of protons from the mitochondria and the
formation of a proton-motive force that drives the protons
back into the mitochondrial matrix through the uncoupling
protein UCP1. The energy stored in the proton-motive
force is then released as heat (20).

What is a matter for debate is whether BAT
thermogenesis burns off excess calories in a state of
positive energy balance to maintain energy homeostasis
as a major physiological function. This concept emerged
from experiments in the 1970s when Rothwell and Stock
observed that rats fed a cafeteria diet (composed of junk
foods high in fats and sugars) gained less weight than
expected from caloric intake, and they proposed that
excess unaccounted calories were being burned off by
the induction of BAT thermogenesis. Accordingly, BAT
thermogenesis was proposed as a mechanism not only for
protecting body temperature. but also to protect against
obesity and the development of insulin resistance (24).

We are now entering anotherheady era for research that
seeks to relate directly the function of BAT thermogenesis
to the regulation of body weight. The basis of this renewed
interest is the realization that PET/CT images of active
glucose uptake in humans are sites of active BAT. The
function of BAT as a thermogenic mechanism for the
regulation of body temperature is well established and
indisputable. In the key experiment, Foster and Frydman
showed that following norepinephrine administration to
cold-acclimated rats. blood flow through BAT accounted
for 33% of cardiac output even though BAT mass
constitutes only 1.3% of total body mass. In the same
animals, skeletal muscle constituted 38% of body mass., yet
accounted for only 8.4% of cardiac output. The effects of
this thermogenic system for maintaining body temperature
on energy balance are correspondingly impressive (25).

Expenditure of energy to balance food intake would
come principally from physical activity and maintenance
of body temperature in individuals in harmony with their
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environment; this would exclude most modem humans.
The realization this past year that significant levels of BAT
continue to exist in adult humans has opened the door to
research that will aim to determine how this remarkable
thermogenic system may be associated with the obesity
epidemic and to discover new ways to utilize the potential
to expand and activate BAT thermogenesis to prevent or

reduce obesity in individuals (24).

Thermoregulatory Thermogenesisand
Metaboloregulatory Thermogenensis

Two main physiological purposes of brown fat-derived
thermogenesis can be identified. One is what can
be understood physiologically as thermoregulatory
thermogenesis. the function of which is to produce
heat for defense of regulated body temperature. The
second is a “metabolic inefficiency thermogenesis,”
metaboloregulatory thermogenesis, the function of which
seems to be to allow for combustion of excess energy intake,
perhaps with the purpose of allowing an “extraction” of
essential food constituents (notably protein).

When an animal is acutely exposed to a “low”
environmental temperature itneedsextraheattocompensate
for the increased heat loss. to defend its body temperature.
Principally. “low” here means any temperature lower than
that referred to as “the lower critical temperature of the
thermo-neutral zone.” For most experimental animals (and
for naked humans), this temperature lies close to 30°C (Fig
3). The extra heat needed to defend the body temperature
becomes, however, smaller in relative magnitude the
larger the animal becomes. There are two reasons for this:
basal metabolism increases. for reasons still unknown, in
proportion to the body weight to the power of 0.75. ie.,
it is ~11 ml O2emin?skg®™ irrespective of mammalian
species studied. whereas the surface (i.e., the area from
which heat is lost to the surroundings) increases. for
geometrical reasons, only in proportion to body weight to
the power of 0.67. That the power functions are different
means that the basal metabolism can provide more and
more of the necessary heat the larger an animal becomes.
The greater body weight also makes it possible for animals
to carry relatively more insulation. The outcome is that
under “normal” (room temperature) conditions. common
experimental animals constantly maintain a metabolic rate
about double their minimal metabolism, merely to defend
theirbody temperature. Chronically, this exposure to normal
room temperature will lead to the recruitment of a certain
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capacity for nonshivering thermogenesis. Larger animals,
including humans, do not normally require this “extra”
metabolism for thermal homeostasis and consequently have
not recruited such a capacity. It is not impossible that this
difference between large and small animals explains some
difficulties in extrapolating from experimental animals to
humans in these matters (20).

There is
acclimation leads to BAT recruitment, as analyzed by any

ample evidence that prolonged cold

parameter. Notably. the total amount of UCPI1 increases
some 10-fold or more due to cold acclimation, but also an
increase in total cellularity. total amount of mitochondria,
mitochondrial enzymes, fatty acid oxidizing enzymes, etc.,
contribute to the vastly enhanced oxidative capacity. That
BAT is activated in the cold was most clearly demonstrated
in the classical blood flow experiments of Foster and
Frydman. Based on measurements of tissue blood flow
distribution and the arterial-venous oxygen difference
over the tissue, it was estimated by these authors that
BAT could use at least some 60% of the extra oxygen
used in cold-acclimated animals in the cold. ie.. BAT
could be responsible for at least 60% of non-shivering
thermogenesis. Through this, BAT was accepted as the
major site for non-shivering thermogenesis (20).

Metaboloregulated thermogenesis has been interpreted
as a form of defense against a caloric load, and also as a
way of surviving on diets that are low in essential nutrients
without there being any pronounced effects on energy
depots. since excess energy will be dissipated by active BAT.
Another possibility is that readily available calories will
signal to increase the BAT compartment — not necessarily
for the purpose of dissipating energy acutely. but rather
to increase ifs size, since energy appears to be abundant,
which would perhaps confer an enhanced capacity to adapt
to sudden bursts of cold in the environment.

It has been estimated that 40-50 g of maximally
stimulated BAT in man could correspond to as much as 20%
of energy expenditure, equivalent to 20 kg of body weight,
over a year. Thus, even a fraction of this effect could be
highly relevant in terms of human energy expenditure. It
should be pointed out that while in the mouse BAT makesup
some 5%—10% of the total body weight. the corresponding
value for infants has been estimated to be approximately
2%—5% and in adults about 0.05%-0.1% (19).

Two pathways for diet control of BAT recruitment
status. First: the intake of a meal is signaled to the brain
through blood-bome substances that interact with the
centers in the brain that regulate BAT activity. Due to the
repetitive (although intermittent) effect of single meals, a
certain degree of BAT recruitment is maintained. Second:
due to overfeeding (which may e.g., be secondary to
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Figure 3. Thermoregulatory metabolic response to environmental
temperature. Principal sketch is based on actual observations (=)
on mice. RMR< resting metabolic rate; TNZ, thermoneutral zone
(Adapted with permission fr0n(12/a;nerican Physiological Society)

protein dilution in the diet, as occurs in cafeteria diets
and in most high-fat diets), obesity will develop, leading
to increased leptin signaling to the centers in the brain
that regulate BAT activity. This will lead to a positive
correlation between degree of obesity and recruitment
state of BAT. Suggest that this is the basis for so-called
“diet-induced thermogenesis” (which thus rather may be
considered to be “obesity-induced thermogenesis”). The
effect of this pathway is that obesity is reduced due to
decreased metabolic efficiency. Obviously, failures in the
leptin signaling pathway, such as are found in ob/ob, db/
db, and fa/fa animals, will lead to augimented obesity as the
increased food intake is not counteracted by increased BAT
activity. Accordingly, different sensitivities of the leptin
feedback system may be involved or even be explanatory
for the differences between individuals (or between inbred
mouse strains) in their responses to high-fat diets (20).
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Transcriptional Control of BAT
Development and Differentation

Despite the differences in the developmental origins and
physiological functions of brown and white adipocytes,
both cell types share a very similar transcriptional cascade
that controls the process of fat differentiation. Detailed
studies of white fat differentiation had previously identified
PPAR" (peroxisome proliferator-activated receptor-g) and
the C/EBPs (CCAAT/enhancer-binding proteins) as key
transcription factors driving fat cell differentiation (27).
Indeed. PPARYis absolutely necessary for both white fat and
brown fat cell development. C/EBPs function cooperatively
with PPARv and promote a transcriptional cascade that
promotes and maintains the stable differentiated state of
adipocytes. Brown fat cell differentiation requires PPARY
but, importantly. this factor alone is not sufficient to drive
mesenchymal cells into a brown fat program (27).

Forkhead Box C2

Forkhead box C2 (FOXC2) is a member of the forkhead/
winged helix transcription factor family whose gene
expression is enriched in the adipose tissues of human and
mouse. Enerback and colleagues reported that transgenic
expression of FOXC2 in the adipose tissue induced the
emergence of brown fat-like cells in WAT, with increased
mitochondria and elevated expression of thermogenic
genes, including UCP1 and PPARy-coactivator-1a (PGC-
lay (28). Notably, transgenic expression of FOXC2
counteracts many obesity-associated pathologies, including
insulin resistance and hypertriglyceridemia (28).

PGC-1a and Its Transcriptional
Regulators

PGC-1a was originally identified from brown fat cells as
a cold-inducible coactivator of PPARY (29). Accumulating
evidence indicates that PGC-la is a master regulator of
mitochondrial biogenesis and oxidative metabolism in
most cell types, including brown fat and skeletal muscle.
Several transcriptional regulators have been shown
to control brown fat development and function, at least
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in part, through regulating the transcriptional activity or
gene expression of PGC-la. RIP140, a corepressor of
many nuclear receptors, has been shown to suppress the
transcriptional activity of PGC-la through a physical
ablation of RIP140 causes the
emergence of brown fat-like cells in WAT (30). Similarly,
SRC2/TIF2/GRIP1, a member of the steroid receptor
coactivator (SRC) family, represses PGC-1a transcriptional

interaction. Genetic

activity. Loss of SRC2 function leads to an increase in
adaptive thermogenesis and energy expenditure in vivo (31).
Rb (retinoblastoma) protein and pl07. another member of
the Rb pocket protein family. also negatively regulate PGC-
1o gene expression. Adipocytes derived from pRb-deficient
fibroblasts or embryonic stem cells exhibit a brown fat
phenotype with high mitochondrial content and elevated
expression of UCP1, PGC-1a. and mitochondrial genes
(32). pl07-deficient mice display a striking accumulation
of brown fat-like cells in WAT, with multilocular lipid
droplets. abundant mitochondna, and high levels of UCP1
and PGC-la expression (33). The biological effect of p107
on brown fat development appears to be mediated through
the repression of pRb, because pRb levels are significantly
reduced in Sca-1+ CD31- Lin- adipogenic precursors
isolated from pl07-deficient mice. Lastly., TWISTIL. a
helix-loop-helix-containing transcriptional regulator, has
recently been reported as a negative regulator of PGC-
la function in brown fat. Genetic ablation or depletion
of TWIST1 induces the expression of brown fat-selective
genes, while over-expression of TWIST1 represses them in
a PGC-la-dependent fashion (34).

PRDMI16

PRDI1-BF-1-RIZ1 homologous domain containing
protein-16 (PRDM16) is a 140 kDa zinc finger protein that
was originally identified at a chromosomal breakpoint of
t(1:3)(p36:q21)-positive human acute myeloid leukemia
cells (35). Study showed that PRDMI16 expression was
highly enriched in BAT compared with WAT (36). When
ectopically expressed in white fat preadipocytes or
myoblasts, PRDM16 induces a nearly complete brown fat
genetic program. This includes mitochondrial biogenesis,
increased cellular respiration, and expression of brown
fat-selective genes, both the cAMP-inducible thermogenic
genes (Ucpl. Pge-1a, and Deiodinase-d2) and those BAT-
selective genes that are not sensitive to cAMP (such as
Cidea and Elovl3).
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Depletion of PRDMI16 in primary brown fat cell
precursors not only causes a near-total loss of brown fat
characteristics but also, unexpectedly, causes the emergence
of distinct morphological and genetic characteristics of
skeletal myotubes in culture. These include the formation
of syncytia and ectopic activation of skeletal muscle-
specific genes. Consistent with this. BAT from PRDM16-
deficient mice exhibits an abnormal morphology. with
reduced expression of brown fat-selective marker genes
and elevated expression of skeletal musclespecific genes
(36). These results suggest that PRDMI16 is a critical
determinant of the brown fat lineage from myoblast
progenitors during the embryonic development.

How does PRDMI16 control the conversion of
myoblastic precursors to brown fat? Recent studies
demonstrated that PRDMI16 forms a transcriptional
complex with the active form of C/EBPb (LAP) that is
abundantly expressed both in brown fat and myoblasts
(38). It has also been reported that C/EBPb is a dominant
transcription factor that controls cAMP-induced gene
expression in brown fat cells (39). These studies indicate
that a PRDM16-C/EBPb complex controls the initiating
events of the conversion from myoblastic precursors to
brown fat cells.

PRDMI16  directly interacts with canonical
transcription factors such as PPARa, PPARY, and C/EBP
family members and transcriptional coactivators PGC-1a
and PGC-1p through the two sets of zinc finger domains
(ZF1 and 7ZF2). PRDMI16 is also associated with the
corepressors CtBP1 and 2 through its PLDLS motif. This
interaction mediates the repressive action of PRDMI16 on
the expression of white fat cell-specific genes.

PRDMI16-C/EBPf} transcriptional complex acts in
Myt5-positive myoblastic precursors or preadipocytes to
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induce the expression of PPARy and PGC-1a. PRDMI16
coactivates PPARy and PGC-lo. which then drives a
brown fat differentiation program. The cAMP-dependent
thermogenic gene program is potentiated by FOXC2 and
PRDM16. RIP140. Rb/pl07, and TWIST1 antagonize
the expression or transcriptional activity of PGC-la and
repress brown fat genetic program.

The signaling molecules that control the timing and
specificity of PRDM16 expression and commitment to the
brown adipose lineage are unknown. Bone morphogenic
proteins (BMPs), members of the TGF-f} superfamily
of secreted factors, have been suggested to facilitate
adipogenic differentiation. Of particular interest 1s BMP7,
which has been described as a selective and potent inducer
of brown but not white adipogenesis in preadipocyte and
multipotent fibroblast cultures (40). BMP7 treatment
of fibroblast cultures is associated with induction of key
brown adipogenic regulators such as PRDM16 and PGC-
la, although the mechanisms that mediate this effect are
not known. Importantly, BMP7-deficient embryos possess
significantly reduced amounts of BAT that lack UCPI1
expression (40).

Another member of the TGF-f§ superfamily, GDF-3,
has been shown to negatively regulate a thermogenic
gene program in white fat depots; hence. this factor could
also play a role in BAT development (41). Wnt activation
represses both brown and white adipogenesis by suppressing
the induction of PPARYy and C/EBPa in precursor cells
(42). By contrast. Wnat ligands are crucial inductive cues
for embryonic muscle formation through direct activation
of muscle determination factors. Fibroblast growth factors
(FGFs) -16.-19 (FGF15 in mouse), and -21 have also been
mmplicated in the regulation of brown adipogenesis and
thermogenic activity of brown fat (43).
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Figure 4. Evidence for an essential role of BMP-7 in BAT development and regulation of whole body energy expenditure by loss — of —
function and gain — of — function approaches (Adapted with permission from Nature Publishing Group) (40).
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Human BAT: Antiobesity
Therapeutic Visions

As BAT is an adipose tissue in the sense that its cells
accumulate lipid, the general concept has been that BAT
produces heat by combusting this stored lipid. However,
the stores are limited, and it has thus been recognized that
lipids required for combustion are also obtained from the
rest of the organism, particularly from chylomicrons in
the circulation. through the activity of lipoprotein lipase.
Additionally. brown fat mitochondria are equally well
suited to carbohydrate combustion as to lipid combustion.
The realization that BAT and muscle share a common
origin (27) may make it easier to accept the concept that
BAT is not a selective lipid consumer but will also readily
combust carbohydrate (indeed it is glucose uptake that is
seen in the PET scans) (44).

Thus, the glucose-utilizing activity of BAT could
delay the development of a situation in which steadily
increased glucose levels would successively lead to insulin
resistance (44).

With the recognition that adult humans have in BAT
an organ with substantial capacity to dissipate energy.
targeting BAT thermogenesis may now be viewed as an
appealing way to treat or prevent obesity and its associated
disease. This is especially important because there are
currently only three drugs approved by the FDA specifically
for weight loss (sibutramine, phentermine, and orlistat).
all of which focus primarily on the reduction on energy
intake, and none of which have provided adequate long —
term clinical efficacy (45).

Looking forward to the future, there are two general
approaches that could be used to increase BAT mass and
activity: an in — vivo pharmacological approach using
small molecules and growth factors (46-53) to stimulate
BAT growth, differentiation, and activation, and an ex
— vivo cell based approach, in which recent advances in
brown adipogenesis could be used to increase brown fat
differentiation from progenitor cells that m vitro could
then be implanted in patients seeking weight loss.

The pharmacological approach is very attractive
through

thermogenesis has already proved to be very effective in

because increasing energy  expenditure
achieving weight loss. Increasing energy expenditure may
support the body’s own adaptive response to weight gain.
Interventions designed fo increase BAT — mediated energy
expenditure may be able to reset an obese individual’s
settling point for body weight back to a lower, healthier

range (54).
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Approaches to activate BAT by selective sympathetic
activation have thus far had only limited success. early
human trials using [33 receptor agonists was not successful.
This is at least in part. because human (3 adrenergic
receptors have different binding characteristics than those
in rodents (55) and did not recognize some of the early
ligands used in the clinical studies. Second generation [33
agonists, which do bind human 33 receptors, have poor
oral bioavailability of unfavorable pharmacokinetics (47).
One new generation [}3 agonists, [.-796568. has been
shown to acutely increase lipolysis and energy expenditure
in overweight men (56), but its effect seemed to be lost
after 28 days of treatments (11 .47).

A second approach for pharmacologic stimulation of
BAT thermogenesis relies not on the traditional adrenergic
pathways, but on newly discovered mechanisms involving
BAT — specific growth factors (Fig. 4). For example, as
noted earlier, the mesodermal growth factor BMP-7 can
stimulate BAT growth and reduce weight gain when
expressed systemically in mice (40).

The nexus between nutritional and pharmacological
activators of BAT activity can be seen with the FGFs. Mice
overexpressing FGF-21 are lean and have increased brown
fat (58). FGF-21 can also be induced by a ketogenic diet
(57) suggesting that some of the beneficial metabolic effects
induced by a ketogenic diet are brought by increases in
BAT mass. Through further details of his family’s function
remain to be determined. development of recombinant
FGFs designed to stimulate BAT growth and activation
hold promise as means for treating obesity (58).

In addition to these hormones, small — molecule
regulators of proteins known to control brown
adipogenesis, such as PGC-la, Rb, necdin, or PRDMI16
may be developed. They could fill a niche similar to the
thiasolidinedione, which may themselves improves insulin
sensitivity through increased brown adipogenesis (59).

Although certainly in its earliest phases, recent
studies (38) have suggested a new model for antiobesity
treatment: ex — vivo manipulation to form functional BAT.
The underlying principle that makes this an alluring option
is that only gram — amounts of BAT are needed to have a
meaningful metabolic impact (60). As noted earlier, at least
two different routes of differentiation have been suggested
to give rise to BAT (3). one leading to the major preformed
depot of BAT in rodents, that is, the interscapular brown fat
pad, which are derived from myf-5 expressing precursors
(37) and the second involving systemic brown adipocytes
that appear to be derived from myf-5 negative precursors
(61.62).

Thus, in ex vivo approach, one would envision —
isolating progenitor cells from an individual by liposuction
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or muscle biopsy. then inducing brown adipogenesis
using appropriate growth factors such as the BMPs, and
transplanting them back into the original donor for in-
vivo expansion. This methodology of autotransplantation
could avoid unwarranted side effects of differentiating
agents or growth factors and require only minimal
surgical intervention. One challenge related to this novel
methodology is whether increasing BAT mass will also
result in increased activated BAT, which is required for
thermogenesis and weight oss to occur (58).

Thermogenic Ingredients

The ultimate cause of obesity is an imbalance between
energy intake and energy expenditure (EE). A negative
energy balance is needed to produce weight loss and can
be achieved by either decreasing intake or increasing
expenditure.

Tools for obesity management, including consumption
of caffeine, capsaicin and different teas such as green,
white and oolong tea, have been proposed as strategies for
weight loss and weight maintenance. as they may increase
energy expenditure (4-5%). fat oxidation (10-16%) and
have been proposed to counteract the decrease in metabolic
rate that is present during weight loss. Daily increases in
thermogenesis of approximately 300—400 kJ can eventually
lead to substantial weight loss (63).

Catechins in tea inhibit the enzyme catechol
O-methyltransferase (COMT) that is present in almost
every tissue and degrades catecholic compounds such
as norepinephrine (NE) (64,65). COMT decreases the
hydrophilicity by methylation. followed by sulfation and
glucuronidation to make the excretion in urine and bile
possible (66). NE cannot be degraded through the inhibition
of COMT, and consequently the sympathetic nerve system
(SNS) will be stimulated continuously due to the presence
of NE, which attaches to b-adrenoceptors and causes an
increase in EE and fat oxidation.

As caffeine is also present in tea, its effect will also
take place after tea consumption. Caffeine affects the
thermogenesis by inhibiting the enzyme phosphodiesterase.
This enzyme degrades intracellular cyclic amino mono
phosphate (67). Phosphodiesterase usually hydrolyses
cyclic adenosine monophosphate (cAMP) to AMP. but
after consumption of caffeine, cAMP concentration rises
and SNS activity will be increased and inactive hormone-
sensitive lipase will be activated, which promotes lipolysis
(68). The SNS activity and lipoysis are dependent on cAMP,
because cAMP activates the protein kinase A (69). Besides

Brown Adipose Tissue (Meiliana A, et al.)
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the inhibition of phosphodiesterase. caffeine also affects the
thermogenesis through the stimulation of substrate cycles
such as the Cori-cycle and the FFA-triglyceride cycle.
Capsaicin has been reported to increase thermogenesis
by enhancing catecholamine secretion from the adrenal
medulla in rats, mainly through activation of the central
nervous system. Increase in thermogenesis induced by
capsaicin is probably based on f3-adrenergic stimulation.
Both animal and human studies showed that the increase
in thermogenesis 1s abolished after administration
of f-adrenergic blockers such as propranolol. The
upregulation of UCPs 1 and 2 after capsiate administration
in animals was showed by Masuda et al (70) and believed
to be responsible for the increase in thermogenesis.
Ingredients for obesity management are tea, caffeine
and capsaicin, as they increase daily EE with 4-5% (.300—
400 kJ) without increasing energy intake and counteract the
decrease in metabolic rate during weight loss. Studies have
shown that these ingredients are useful in losing weight or
preventing weight regain after weight loss (63).

Conclusions

The obesity pandemic requires new and novel treatments.
The past few years have witnessed multiple studies
conclusively showing that adult humans have functional
BAT, a tissue that has a tremendous capacity for obesity
— reducing thermogenesis. This leads to a paradigm shift
in the understanding of human metabolism and of obesity.
Adaptive adrenergic thermogenesis in humans represents
BAT activity, the absence of which may contribute to
obesity. Although many questions remain regarding
efficacy, safety, practically, and durability of such
treatments, we are encourage that novel therapies targeting
BAT thermogenesis may be available in the near future as
therapies for obesity and diabetes.
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