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1. Brown Adipose Tissue and Thermoregulation

In mammals, thermogenesis is necessary to maintain body temperature or generate fevers
that fight infection. Thermogenesis also affects energy homeostasis, partially via
sympathetic control of brown adipose tissue (BAT) thermogenesis 1. The importance of
BAT thermogenesis in human body weight control has been debated 23 and only recently
exciting advances in the field of BAT development has opened new avenues for
pharmacological induction of brown adipocytes from progenitor cells within muscle and
white adipose tissue 4. Most importantly, several studies demonstrated substantial amounts
of functional BAT in adult humans 58, so that BAT thermogenesis has been rediscovered as
a potential target to treat obesity.

1.1. Introduction Brown Adipose Tissue

Brown adipose tissue (BAT) is a specialized tissue that is able to generate heat and thus
enables homoiotherm mammals to maintain body temperature largely independent of the
environmental temperature. BAT generates heat with the BAT-specific expression of
uncoupling protein 1 (UCP1), a proton channel of the inner mitochondrial membrane that
allows proton influx into the mitochondrial lumen. The mitochondrial respiratory chain
maintains a proton gradient across the inner mitochondrial membrane for ATP production,
which is uncoupled by UCP1 to release energy as heat instead -11. This uncoupling process
is highly regulated and depends on sympathetic stimulation of Bs-adrenergic receptors (Bs-
AR), but is also regulated by fatty acids and thyroid hormone upon other stimulants 12-15,
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Stimulation of B3-ARs increases UCP1 gene expression, UCP1 activity and p-oxidation, the
latter is of major importance to fuel the energy demanding thermogenic process. The
induction of BAT thermogenesis is also termed adaptive thermogenesis or non-shivering
thermogenesis to distinguish this highly regulated process from other non-regulated (e.g.
thermic effects of metabolic processes) or mechanical (e.g. shivering) processes that also
contribute to heat production.

1.2. Induction of BAT thermogenesis

Exposure to a cold environment robustly stimulates BAT thermogenesis (cold-induced
thermogenesis -CIT), and is particularly important for small mammals such as rodents and
newborns. This is because small mammals have a larger surface relative to their body
volume compared to large mammals and thus loose more heat in a cold environment 16:17,
BAT thermogenesis is also required for normal fever responses (fever-inducing
thermogenesis) and is mediated by endogenous pyrogenes like prostaglandin E2 18, It is also
well known that the ingestion of food per se as well as caloric dense diets increases body
temperature as well as energy expenditure (Diet-induced thermogenesis -DIT)1°. However,
the fact that any meal generally induces energy expenditure and heat production as a mere
by product of metabolic processes (non-regulated) has elicit some controversial discussions
whether DIT is indeed an adaptive, regulated process or rather an indirect metabolic

effect 23,

1.3. Controversial views and why we should mind

In the 70t BAT thermogenesis was considered as an important target for anti-obesity drugs
and launched intensive studies on DIT in humans. The insensitivity of B3-AR agents in
humans, safety issues with drugs that increased BAT thermogenesis (e.g. sibutramine)20 and
finally the lack of evidence for substantial amounts of BAT in adult humans led to a cease of
research support for DIT related drug targets. Just recently, a series of publications
demonstrated functional and inducible amounts of BAT in at least a subpopulation of adult
humans 3-8, which revived the discussion of adaptive thermogenesis as a potential obesity
drug target. Coupled with new insights into the developmental origin of brown adipocytes,
central regulation and metabolic dynamics important to induce BAT thermogenesis
dramatically highlighted that we were/are still lacking major knowledge about this peculiar
heat generating tissue as well as other potential heat generating mechanisms in rodents and
humans. Thus, there is reasonable hope that continued efforts to understand the role of BAT
function in energy homeostasis will boost our approaches to find suitable drug targets to
support energy homeostasis control in western societies.

2. Central control of BAT thermogenesis

2.1. Neuronal circuits

Much of the recent research has focused on BAT function per se, however, BAT
thermogenesis is generally controlled by central mechanisms. Neuroanatomical and
pharmacological approaches based on cold and pyrogen induced thermogenesis have
identified several CNS sites as key players in the control of BAT thermogenesis 2Z.

The preoptic area (POA) acts as a temperature sensor and integrates temperature information
from the CNS, peripheral and deep-body thermoreceptors 21, POA neurons provide at least
inhibitory inputs to the dorsomedial hypothalamus/dorsal hypothalamic area (DMH/
DHA)22-26_Neuronal activation of DMH/DHA neurons, likely representing glutamatergic
neurons 23, is critical for further stimulation of downstream premotor neurons in the rostral
raphe pallidus (rRPa)2%:2 to control sympathetic BAT activity (Figure 1). Indeed, typical
BAT-inducing stimuli such as cold or pyrogens like lipopolysaccharide (LPS) result in
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robust stimulation of neuronal activity in rRPa-innervating DMH/DHA neurons 26:28, The
rRPa also receives direct inputs from the POA 29 and orexin neurons in the lateral
hypothalamus (LHA) 30; and inputs from the nucleus of the solitary tract (NTS) have been
hypothesized 31, even though these circuits have been less well studied.

The VMH had been historically associated with thermoregulatory control 32-34, but recent
work suggested that the anatomically large size of deletions and injections may have
confounded the original conclusions and the observed thermogenic effects could have
resulted from leakage into the nearby DMH/DHA structure 273, Indeed, the DMH/DHA
has been well demonstrated to play a crucial role in the regulation of BAT thermogenesis
and responds to thermoregulatory drugs more sensitively than the VMH 36, However, the
DMH is also known for its exceptional interconnection with virtually all other hypothalamic
sites, including the VMH 37, so that it is still possible that VMH neurons regulate
thermoregulation indirectly through innervation of the DMH/DHA.

processes for BAT thermogenesis: from cold and pyrogens to ingested diets

Thermoregulatory control is initiated via sensory neurons in the skin, abdomen, spinal cord,
but also via thermosensing neurons in the CNS, e.g. warm sensing neurons in the POA 38,
Fever responses to LPS can be initiated by prostaglandin receptor (PGE,) expressing POA
neurons 39, that also regulate BAT thermogenesis via the DMH/DHA and rRPa neurons 26.
However, very little is known about the sensory systems that could connect changes in
dietary content with thermoregulatory control mechanisms (diet-induced thermogenesis) and
it is not entirely clear if cold- and diet-induced thermogenesis are indeed regulated by
identical systems.

Temperature sensing mechanisms have been studied in POA neurons, where warm- and
cold-sensing neurons can be distinguished due to increased firing rates with hypothalamic
warming or cooling, respectively 40-42, There is strong evidence that neuronal cold-
sensitivity is due to (GABAergic) synaptic inhibition from warm-sensing neurons 40:43-46,
DMH/DHA neurons have characteristics similar to these cold-sensing neurons, because cold
exposure increases their activity 25-27:47:48 and they are inhibited by GABAergic inputs at
least from the POA 22:25:26:47:49-51 Neuronal coupling with other sensory systems that also
influence body temperature control (e.g. neurons regulated by glucose, fasting or
reproductive hormones) may further influence neuronal firing and transmitter release within
these systems, even though this has not been investigated yet.

2.3. The Melanocortin System, thermoregulation and energy expenditure

The hypothalamic arcuate nucleus senses and reacts to changes in feeding states (e.g. high
fat diet or fasting). Particularly the melanocortin system consists of anorexigenic pro-
opiomelanocortin (POMC) neurons and orexigenic agouti-related-peptide (AgRP) neurons
that are differentially regulated in response to feeding states °2. POMC and AgRP neurons
both project broadly within the hypothalamus including the POA and DMH 23, Indeed,
melanocortin-4-receptors (MC4R) are found in many neurons associated with the regulation
of sympathetic BAT inputs >4 and MC4R function in cholinergic intermediolateral nucleus
(IML) neurons is sufficient to recover the low energy expenditure of MC4R-deficient

mice %°. Intriguingly, MC4R deficient mice are very prone to gain weight, but fail to raise
UCP1 in response to a HFD 2456 indicating that MC4R signaling is an important
component to induce diet-induced thermogenesis. Thus, the melanocortin system would be
well positioned to serve as a sensory relay between feeding state and thermoregulatory
control in diet-induced obesity.
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2.4. The Leptin System thermoregulation and energy expenditure

Leptin is an adipocyte derived hormone which is well known to mediate its anorexigenic
effects via the melanocortin system. However, targeted deletion of leptin receptors (LepRb)
from AgRP and/or POMC neurons did not substantially modulate energy expenditure 57:58,
In contrast, the complete lack of leptin signaling results in hypothermia, cold-

sensitivity °9-62 BAT atrophy and decreased uncoupling protein (UCP1) expression 63:64,
clearly demonstrating an important function of leptin in thermoregulatory control. Leptin
mediates food-independent body weight loss %5, that depends on UCP1 expression 6,
suggesting that food-independent body weight control by leptin is mediated via BAT
thermogenesis. Also fat oxidation — a key thermoregulatory function to fuel mitochondrial
respiration — is centrally controlled by leptin via AMP-kinase (AMPK) pathways 6769,
Similarly, in humans leptin prevents decreased energy expenditure commonly associated
with dieting 9, even though if this involves central mechanisms or regulation of peripheral
tissues (e.g. BAT, muscle) to increase energy expenditure remains unclear.

Leptin receptors are expressed in the POA and DMH/DHA and these LepRb neurons
recapitulate known thermoregulatory circuits: POA and DMH/DHA LepRb neurons are
associated with sympathetic BAT innervation and both innervate the rRPa. POA LepRb
neurons innervate the DMH/DHA and DMH/DHA LepRb neurons are robustly stimulated
by cold-exposure 7. This indicates that leptin utilizes identical circuits as cold or pyrogens
to regulate thermogenesis. The effect of leptin on energy expenditure and body temperature
is most robust in states of low leptin levels (e.g. leptin deficiency and fasting) and it has
been argued that leptin has a rather permissive than actively thermogenic effect. However,
other studies also confirm in normal fed rodents that leptin effectively increases sympathetic
BAT activity, BAT temperature and body core temperature 72=74. Furthermore, high fat diet
induced hyperleptinemia is further associated with increased body temperature, indicating
that leptin in fact contributes to the induction of diet-induced thermogenesis 72. Thus, the
capacity of this thermoregulatory leptin system to regulate energy expenditure and body
weight remains to be tested. Also, the cellular mechanisms involved to regulate neuronal
activity e.g. in DMH/DHA LepRb neurons by cold-exposure (and supposedly by leptin) are
unknown.

Thermoregulatory leptin action can also be mediated by brainstem mechanisms independent
of hypothalamic function, as observed in decerebrated rats 7°. Interestingly, while 4t
ventricle leptin alone only mildly raises body or brown fat temperature, leptin robustly
enhanced thermogenic capacities of thyroid releasing hormone (TRH)31:76. This sensitizing
effect was dependent on phospholipase C and inositol-3-phosphate calcium release
mechanisms and could be attributed to direct leptin effects on NTS neurons 77. These NTS
neurons may further stimulate rRPa neurons to control BAT thermogenesis, even though
these connections remain to be validated.

2.5. Other central regulators of thermogenesis and energy expenditure

Central thyroid function and AMPK signaling—Thyroid hormone is well known to
regulate body temperature and energy expenditure via its function in peripheral organs 14.
Thyroxin (T4) is the predominant form of thyroid hormone in the circulation and is
converted to the more potent form T3 by deiodinases in local target tissues like BAT and
white adipose tissue, liver and muscle. Such deiodinases are also found in the brain
indicating that thyroid hormone may also regulate metabolic function via central
mechanisms ’8. This has been further confirmed by hypothalamic T3 injections, which
increases energy expenditure and body temperature via inactivation of AMPK signaling
pathways and further activated rRPa neurons 79, Thus, thyroid hormone may also regulate
these typical cold- and pyrogene-induced thermoregulatory circuits.
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Leptin also deactivates hypothalamic AMPK signaling, which is well known to modulate
feeding behavior, in part via regulation of POMC and AgRP expression 67 and it is possible
that thermogenic leptin actions are also mediated via hypothalamic AMPK pathways. Also,
bone morphogenetic protein 8B (BMP8B) importantly regulates energy expenditure and
body temperature via central mechanisms that involve AMPK signaling and ultimately
results in neuronal activation of rRPa neurons 8. However, it remains unclear which cellular
mechanisms are regulated by hypothalamic AMPK that would explain neuronal excitation in
brainstem rRPa neurons.

In peripheral tissues AMPK is known as a master energy sensor and regulator of lipid
metabolism. AMPK is upregulated by increased ATP demand (thus high AMP/ATP ratio)
and activation of AMPK enables enhanced p-oxidation and FFA transport to fuel
mitochondrial energy generation 81, In the brain AMPK is inversely regulated to the
periphery, but how this relates to cellular processes within the brain (e.g. changes in lipid
metabolism, gene expression, neuronal activity) is not well understood and requires further
investigations.

Thermoregulatory neuropeptide Y (NPY) action in the dorsomedial
hypothalamus—The DMH harbors a well described population of neurons that expresses
NPY, which is greatly enhanced in states of increased energy demand 82:83 or in rodent
models of obesity 84-87 Viral knockdown of NPY mRNA selectively in the DMH increased
UCP1 expression in BAT as well as white fat, which resulted in increased energy
expenditure 88, This effect was mediated via sympathetic innervation of at least the white
fat, even though whether NPY neurons feed into the thermoregulatory circuit — POA>DMH/
DHA>rRPa — remains to be tested.

3. Peripheral control of BAT thermogenesis

3.1. Cell types responsible for thermogenesis: The origin of brown and beige (brite)

adipocytes

There are multiple fat depots all over the body containing different cell types important for
energy storage and thermogenesis 89, Excess energy is stored in white adipocytes in one
large lipid droplet, whereas brown adipocytes realize the combination of lipid storage in
multilocular lipid droplets and energy combustion by abundant mitochondria. Classical
brown adipocytes, located for instance in the interscapular region of mice, share a
developmental Myf5-positive precursor with muscle cells 9°. Critically involved in brown
adipocyte commitment and differentiation are nuclear receptors such as peroxisome
proliferator activated receptors (PPARs) and their respective transcriptional co-activators
such as PGCla and PRDM16 (for review see 91. Thermogenic stimuli also induce the
appearance of UCP1-expressing brown-like fat cells especially in subcutaneous white
adipose tissue depots. These beige or brite (made up of brown in white) adipocytes arise
from discrete progenitor cells in white adipose tissue 9293 in a process which is again
dependent on the expression of PGCla and PRDM16 %4. The regulation of browning is
regulated by a number of signals including central and endocrine signals which are
discussed in more detail in 3.2 — 3.7. Notably, recently it was demonstrated that human
brown adipose tissue resembled more closely those of murine beige adipocytes than of
classical brown adipocytes, at least when comparing gene expression signatures from human
brown adipose tissue with fat depots taken from mice 9. However, it should be emphasized
that although the development of these UCP1-positive adipocytes is associated with
beneficial effects on body weight and metabolic health 94, it is still unclear whether beige
adipocytes arising in white adipose tissue of mice are as powerful as their classical brown
adipocyte relatives.
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3.2. Hormones controlling BAT development and function

The development of brown as well as beige adipocytes is regulated by diverse factors in an
endocrine, paracrine and autocrine fashion (Figure 2). Next to catecholamines, the
pleiotropic role of thyroid hormones, sex hormones, bile acids, endocannabinoids and
corticosteroids for BAT biology has been summarized in a number of excellent

reviews 1:96-98 Recent reports indicate that also prostaglandins, members of the fibroblast
growth factor (FGF) family, BMP, cardiac natriuretic peptides and a novel myokine called
irisin are important peripheral modulators for BAT development and thermogenesis.

3.3. Prostaglandins

3.4. FGFs

3.5. BMPs

The generation of fatty acid derived prostaglandins (PG) is controlled by two
cyclooxygenase isoenzymes (COX1 and COX2). The latter is induced by p-adrenergic
signaling after long-term cold exposure in white adipose tissue which is associated with an
increase in PGE,/PGl> levels. Interestingly, selective COX2 overexpression in white
adipose tissue leads to de novo recruitment of beige adipocytes thereby preventing high fat
diet induced obesity by increased energy expenditure 99. Accordingly, cold-induced UCP1
expression is attenuated in white adipose tissue of COX2 deficient mice 100 underlining that
the manipulation of this novel signaling pathway might be an alternative strategy to induce
slimming by browning 101,

There are a number of FGF family members which have been implicated in the regulation of
adipose tissue function. Autocrine and/or paracrine signaling are mediated via the
interaction of FGFs with their respective FGF receptors and heparin 102, The prototype of
this protein family, FGF1, is increased in obesity and seems to be the main functional FGF
protein - at least in human subcutaneous white adipose tissue 193, In line with this
observation, as a direct target of the adipose tissue master regulator PPARy, FGF1 is a
critical transducer of environmental signals to maintain white adipose tissue function 104,

Members of the FGF19 subfamily including FGF21 can exert also endocrine functions by
activating FGF receptors complexed to klotho proteins 19°. In mice, FGF21 expression is
induced by either treatment with PPARa agonist and fasting in liver, by treatment with
PPAR-y agonist and feeding in white adipose tissue or by cold exposure in brown

adipocytes 106:107_Since circulating plasma levels of FGF21 corresponds to its hepatic
expression, the endocrine function such as the induction of fat oxidation in response to
fasting is mediated exclusively by liver-derived FGF21. However, anti-diabetic properties of
PPAR-y agonist seems to be dependent on FGF21 synthesized in white adipose tissue.
Mechanistically, FGF21 prevents PPARYy inactivation by inhibiting its conversion to an
inactive, sumoylated form of PPARy 106, In addition, by enhancing PGC1la protein levels,
FGF21 is also critical for the development of beige adipocytes. Consequently, FGF21
deficiency is associated with decreased browning and an impaired adaptation to cold
exposure 108, In summary, over the past years FGF21 has evolved as a strong metabolic
regulator, positively influencing energy expenditure probably via inducing the development
of beige adipocytes. However, to gain a more comprehensive picture of FGF21 biology in
humans and to decipher its potential adverse effects on skeleton 199, future work will have to
elucidate its suitability to treat metabolic diseases in clinical studies.

BMPs are secreted molecules that are known to induce the differentiation of mesenchymal
towards bone-forming cells, the osteoblast 119, Interestingly, BMP7-mediated signaling
induces not only the key transcription factor for osteoblast differentiation, RUNX2 111 but

Endocrinol Metab Clin North Am. Author manuscript; available in PMC 2014 March 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Heeren and Muinzberg

Page 7

also promotes differentiation of brown pre-adipocytes leading to the induction of PRDM16
and PGCla. Consequently, the lack of BMP7 results in an almost complete absence of
UCP1 whereas on the other side BMP7 overexpression increases brown adipose tissue mass
and energy expenditure 112, As described above (see chapter 2.5.), another BMP family
member, BMP8B, is involved in the regulation of hypothalamic AMPK activity 80, In
addition, BMP8B expression is also induced in mature brown adipocytes in response to
thermogenic stimuli such as diet and cold exposure, thereby enhancing noradrenaline-
mediated signaling via stimulation of P38-MAPK and CREB phosphorylation €.
Consequently, BMP8B-deficient mice display an obesogenic phenotype probably mediated
by both central and peripheral actions.

3.6. Cardiac natriuretic peptides

Atrial and brain natriuretic peptides ANP and BNP, respectively, are produced in the heart
to maintain the homeostasis of body fluids and blood pressure. It is well established that
cold exposure raises blood pressure thereby triggering cardiovascular complications in
winter 113, Thus, the release of cardiac hormones to activate thermogenesis for heat
production would make physiological sense to prevent cold-induced hypertension.
Natriuretic peptides can bind to their respective receptors present on adipocytes to stimulate
lipolysis via cGMP-dependent signaling 114, a pathway also known to control brown fat cell
differentiation and mitochondrial biogenesis 11°. Recently, Bordicchia et al. described that
increased levels of both ANP and BNP as a consequence of cold exposure or infusion of
recombinant proteins leads to the expression of PGCla and UCP1 in white and brown
adipose tissue 116, This intriguing report clearly demonstrates that cardiac hormones are
peripheral regulators for heat production, a process which might - from a evolutionary
perspective — be developed to counteract cold-induced harmful effects such as cardiac
hypertrophy and hypertension.

3.7. Muscle-derived Irisin

Similarly to the adaptive response of the heart, skeletal muscle should also activate energy
expenditure by adipose tissue to circumvent the detrimental effects of shivering
thermogenesis. Bostrom et al. showed that this concept might indeed have evolved since
exercised muscle cells increase the expression of FNDC5. After proteolytic cleavage by an
unknown shedding enzyme, this membrane protein is released into the circulation as a
hormone called irisin, a myokine driving beige adipocyte development within white adipose
tissue 117, Despite the attractive hypothesis that beneficial metabolic effects of exercise are
in part explained by the browning of white adipose tissue, open questions including the
molecular targets of irisin responsible for beige adipocyte differentiation as well as the
relevance of irisin for human physiology remain to be solved.

4. BAT mediated regulation of fuel delivery

4.1 BAT as a new player in lipoprotein metabolism

Cold exposure results in the acute break-down of cellular triglyceride stores within brown
adipocytes which are used as fuel for heat production 1. To sustain their function, brown
adipocytes rely on supply with glucose and fatty acids. In fact, up to 90% of energy for heat
production is derived from fatty acids which are the main source for p-oxidation in brown
adipocytes 1. Fatty acids are mainly transported as esterified triglycerides by two classes of
lipoproteins that are responsible for the transport of energy to the different organs via the
circulation; chylomicrons are formed in the intestine to deliver dietary fat in the postprandial
phase whereas VLDL are produced in the liver when food supply is low. In the bloodstream,
these triglyceride-rich lipoproteins (TRL) are hydrolyzed by lipoprotein lipase (LPL), which
results in the release of non-esterified fatty acids and their subsequent internalization by
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fatty acid transporters into muscle or adipose tissues. LPL activity is controlled by a number
of proteins including apolipoproteins and angiopoietin-like proteins (reviewed by 118:119,
ensuring that energy is transported into the right tissue dependent on the metabolic
conditions. Thus, the regulation of LPL activity fulfills an important gatekeeper function for
energy delivery to metabolically active tissues. In addition, LPL is able to facilitate the
interaction with lipoprotein receptors to enhance lipoprotein clearance 120, In activated

BAT, local LPL activity is enormously induced ensuring fatty acid uptake as a fuel for heat
production. Recent work from our group demonstrated that the triglyceride lowering effect
of LPL in stimulated BAT is mediated in concert with the fatty acid transporter CD36 121,
Interestingly, in addition to NEFAs also whole TRL particles were internalized in a LPL-
dependent manner at the vascular endothelium into brown adipocytes. Given that the liver is
equipped with a fenestrated endothelium enabling direct contact with plasma lipoproteins,
TRL particle uptake into BAT either involves leakage of the endothelial layer or requires
transendothelial transport. This study strongly implicates that lipids are — to a large extent —
transported by lipoproteins to brown adipocytes. However, the biological importance and the
underlying mechanisms of lipoprotein uptake into BAT is still unclear but it seems that these
processes are fundamentally different from canonical lipoprotein pathways found in skeletal
muscle or white adipose tissue 121-124

4.2 BAT function: Regulated by fatty acids?

Fatty acids not only serve as fuels, they can also act as ligands for transcription factors of the
PPAR family 125, For instance, NEFAs released from intracellular triglyceride stores by
adipose triglyceride lipase (ATGL) have been shown to promote PPARa function in the
heart 126, The molecular program initiated in response to cold in BAT is induced by
PPARa, PPARYy, PGCla as well as the aforementioned PRDM16 127128 |n this light,
lipoprotein-mediated delivery of lipids to brown adipocytes could be directly linked to
mitochondrial activity and energy expenditure through the PPAR-activating properties of
certain triglyceride lipolysis products. Given that 50% of a lipid-rich meal end-up in BAT
when mice are exposed to cold 129, it is a conceivable and intriguing concept that diets -
especially the composition of ingested fatty acids - could directly influence the thermogenic
program of BAT.

5. BAT thermogenesis and Body weight control

5.1. Mouse models

There is no doubt that BAT thermogenesis is the key tissue to maintain homeothermia in
small mammals as well as newborns in cold environments. This has been greatly confirmed
in mice with genetic deletion of UCP1 (UCP1-KO mice), which are unable to survive acute
cold exposure 130, BAT thermogenesis is obviously a very energy demanding process and
impacts whole body energy homeostasis as demonstrated by the robust increase in food
intake observed during cold exposure, while body weight is maintained. Thus, it was
expected that UCP1-KO mice would develop obesity. Surprisingly, UCP1-KO mice were
leaner than their wildtype littermates 139, strongly arguing against a role of BAT
thermogenesis for body weight control. In contrast, when put on a high fat diet under
thermoneutral conditions (eliminating the need for compensatory thermogenic mechanisms
that could override the UCP1 deficiency phenotype 131) UCP1-KO mice indeed gain more
weight than control littermates 132, even though this was not found by others 130,
Furthermore, overexpression of UCP1 in epididymal fat tissue resulted in a marked
metabolic improvement beyond the expected heat generating UCP1 function. Indeed, mild
UPC1 overexpression that did not cause a change in energy expenditure resulted in a robust
leptin and insulin sensitizing effect and involved afferent nerve signals from fat to the

brain 133, Thus, while the above described mouse models convincingly connect BAT

Endocrinol Metab Clin North Am. Author manuscript; available in PMC 2014 March 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Heeren and Miinzberg Page 9

thermogenesis with body weight loss, there still remains some debate if this can be solely
explained by typical heat generating UCP1 mechanisms.

Yet, the main question remains how BAT thermogenesis can be safely modulated without
severe side effects (e.g. cardiac dysfunction). This will require a better understanding of
central and peripheral regulators of BAT thermogenesis. While the central pathways
regulating sympathetic BAT inputs have been well defined, it is not clear if these circuits
also control other peripheral tissues (e.g. white fat, liver, skeletal or heart muscle). Similarly,
novel hormones like irisin may not be restricted to peripheral actions, but could also engage
central circuits to regulate thermogenic function.

5.2. Humans

In order to visualize the metabolism of cancer cells, non-invasive metabolic imaging has
been established with radiolabeled substrates such as 18F-desoxyglucose in nuclear imaging
modalities, like positron emission tomography (PET). The combination of PET with
computed tomography (PET/CT) allows determining the exact localization of glucose
uptake. BAT was long thought to be only of relevance in children and small mammals but
by using this PET/CT technology to re-evaluate 18F-desoxyglucose uptake patterns, high
metabolic activity was found within the fatty tissue of shoulders, neck and thoracic spine
especially in underweight patient. Although it was not proven at that time, the authors
proposed that these depots could represent activated brown adipose tissue 134, Meanwhile it
is accepted that the prevalence of functional BAT ranges from 30-100% depending on the
respective cohort analyzed (for review see 135:136) and that BAT activity declines in obese
and elderly people %135:137:138 However, in comparison to mice, the amount of active BAT
in humans is approximately 100 fold lower 122139 arguing against a significant role of
human BAT for energy metabolism. Nevertheless, dedicated studies imply that selective
drugs sustaining or increasing BAT activity might have beneficial effects on obesity and
metabolic health. For example, based on PET/CT tracer studies, Virtanen et al calculated the
weight of supraclavicular BAT depots for one individual with 63 g, which — if fully
activated - would be able dissipate an energy equivalent of approximately 4.1 kg during one
year38, Characteristic metabolic alterations that commonly accompany obesity and diabetes
are low levels of high density lipoproteins (HDL) and increased plasma triglycerides.
Notably, LPL and brown fat like gene expression patterns in epicardial adipose tissue
correlate positively with HDL cholesterol and negatively with plasma triglyceride levels in
dyslipidemic patients 140 suggesting that BAT activation improve plasma lipoprotein profile
not only in rodents. This intriguing concept of induced energy expenditure mediated by
BAT as a promising strategy to facilitate weight loss received further support by a very
elegant study using different radiolabeled tracers 141, The authors showed that BAT
activated by acute cold exposure significantly contributes to oxidative metabolism and fuel
uptake in humans, emphasizing the potential of BAT as an energy sink to lose weight. In
addition, Orava et al showed in cold-exposed healthy individuals a positive association
between whole-body energy expenditure and BAT perfusion 142, Interestingly and in
contrast to rodents, cold exposure but not sympathomimetic ephedrine activates human
BAT 143 accentuating the need to determine molecular targets and pathways in central and
peripheral organs which are activated by cold exposure in humans.

6. Summary and outlook

During the last decades obesity research has focused on food intake regulation, while energy
expenditure has been mainly measured based on whole body oxygene consumption. With
the renaissance of BAT thermogenesis as potential drug target in humans more thought is
put into alternative heat producing mechanisms. Also, the interaction of peripheral and
central components to regulate thermogenesis require further studies including central
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control of sympathetic outputs, humoral control of fat browning as well as the importance of
BAT activity to controlled lipid homeostasis. Certainly, several of the novel molecular
genetic tools available now, compared to 40 years ago, will be helpful to gain new insights
in BAT controlled energy homeostasis and promises new approaches to pharmacologically
control body weight.
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Figure 1.

Central pathways controlling brown fat thermogenesis

Neurons in the preoptic area (POA) receive sensory information about ambient temperature
(from skin) or pyrogens (from circulation) that is relayed to neurons in the dorsomedial
hypothalamus/dorsal hypothalamic area (DMH/DHA). Neuronal activation of DMH/DHA
neurons stimulates sympathetic premotor neurons in the rostral raphe pallidus to control
sympathetic inputs to the brown adipose tissue (BAT). It is still unclear if and where feeding
related signals could integrate into this central thermoregulatory pathway to promote diet-
induced thermogenesis.
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Figure2.

Peripheral signals controlling brown and brite adipose tissue

Next to activation via the sympathetic nervous system, diverse endocrine signals such as bile
acids or natriuretic peptides (ANP and BNP) increase energy expenditure by the induction of
thermogenic genes in brown adipose tissue. These hepatocyte- and cardiomyocyte-specific
factors also positively influence the development of UCP1-expressing, multilocular so called
beige or brite adipocytes, which are characterized by an intermediate phenotype between
brown and white adipoyctes. Irisin — a myokine released by exercised muscles — stimulate
only specific precursor cells within the white but not the brown adipose tissue to develop a
brownish phenotype. Next to endocrine control, specific prostaglandins as well as FGF21
released by white adpocytes initiate the browning in an autocrine and/or paracrine manner.
In addition, the deiodinase 2-mediated conversion of thyroxine (T4) into triiodothyronine
(T3) further promotes activation and development of brown and brite adipocytes,
respectively. Both the activation of BAT but also the occurrence of brite adipose tissue is
associated with a beneficial metabolic profile, implying that both processes are important for
the maintenance of metabolic health.

Endocrinol Metab Clin North Am. Author manuscript; available in PMC 2014 March 01.



