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Preface

Spotlight on Brown Adipose Tissue: Four Short Questions
What Is Brown Adipose Tissue?
This simple question is not so easy to answer, because brown fat is a special type

of fat that has not much in common with the adipose tissue that we usually associate
with “fat,” i.e., the white adipose tissue. White fat is our largest store of energy,
whereas brown fat generates heat – this process is also called non-shivering thermo-
genesis, because it does not rely on muscle contraction and shivering. Energy
expenditure by brown fat is physiologically induced by cold stress but can also be
induced pharmacologically by the stress hormone norepinephrine. Brown adipose
tissue is special because it expresses the unique uncoupling protein 1 (UCP1) that
uncouples mitochondrial respiration from ATP production, thus generating heat. The
location and quantity of brown fat vary with age and sex; it can be found mainly
between the shoulder blades, in the neck, deep within the chest around the great
vessels, and around the kidney.

What Is Beige Fat?
Adipose tissue exhibits a substantial degree of plasticity and depots can change

their phenotype/color. White fat – especially the subcutaneous depot – can take on
the appearance of brown fat. This process can be observed after cold exposure and is
also known as “browning.” These cells share many characteristics with brown
adipocytes and are therefore called brown-in-white (thus the abbreviation brite) or
beige cells. Importantly, beige fat can contribute to whole body energy expenditure,
albeit to a lesser extent than brown fat.

Why Is BAT so Interesting at Present or Why Do We Need a Compendium of
Reviews on BAT Now?

Obesity has reached pandemic dimensions, and there is a lack of specific and
efficient pharmacological treatment of overweight and obesity. Thus, there is high
medical need for novel treatment strategies, and increasing energy expenditure has
been suggested to be a potential strategy to fight obesity. But how can energy
expenditure be achieved? Telling obese people to exercise is obviously not enough.
The publications in 2007 and 2009 showing that adult humans possess metabolically
active brown fat and that its activity correlates with leanness sparked off new interest
in this special type of fat. Many labs shifted their attention to brown and beige fat,
and since the last decade a wealth of new studies have been published on this topic.
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This review is especially dedicated to those scientists newly intrigued by the
metabolic power of brown adipose tissue.

How Is This Handbook Structured?
The 21 articles of the handbook are arranged into four parts:

• Part I focuses on the differences in the development of brown versus beige
adipocytes and how brown adipocytes can be cultured in vitro. The focus of the
articles on adipocyte models lies on human brown adipocytes. In addition to
technical aspects of lineage tracing in vivo, aspects of brown adipocyte aging are
covered in this chapter.

• Part II centers on molecular mechanisms of BAT function, especially on UCP1,
and signaling mechanisms. The latter encompass papers on novel lipid signals
that control BAT and the second messengers cAMP that plays a major role in
BAT activation and its “smaller sister/brother” cGMP, which is getting more
attention as an important enhancer of brown adipocyte differentiation. This
chapter also deals with the expanding field of noncoding RNAs (microRNAs
and long-noncoding RNAs) of BAT and beige fat. It is well established that white
fat secretes a broad spectrum of hormones and endocrine factors (e.g., leptin and
adiponectin), and recent studies suggest that BAT also has endocrine functions.

• The function of BAT in human adults is still not completely understood. A major
hurdle is the lack of efficient and cheap diagnostic markers that do not expose
subjects to radiation (X-ray and radioactive tracer). This is the topic of Part III.

• Finally, Part IV deals with BAT activation in humans by foods and drugs. The
handbook closes with a detailed review of the potential of BAT as a pharmaco-
logical target.

Bonn, Germany Alexander Pfeifer
Freising, Germany Martin Klingenspor
Neuherberg, Germany Stephan Herzig
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Abstract
Brown adipose tissue is well known to be a thermoregulatory organ particularly
important in small rodents and human infants, but it was only recently that its
existence and significance to metabolic fitness in adult humans have been widely
realized. The ability of active brown fat to expend high amounts of energy has
raised interest in stimulating thermogenesis therapeutically to treat metabolic
diseases related to obesity and type 2 diabetes. In parallel, there has been a
surge of research aimed at understanding the biology of rodent and human
brown fat development, its remarkable metabolic properties, and the phenomenon
of white fat browning, in which white adipocytes can be converted into brown
like adipocytes with similar thermogenic properties. Here, we review the current
understanding of the developmental and metabolic pathways involved in forming
thermogenic adipocytes, and highlight some of the many unknown functions of
brown fat that make its study a rich and exciting area for future research.

Keywords
Adipogenesis · Beige adipocyte · Brite adipocyte · Brown adipose tissue ·
Development · Glucose and lipid metabolism · Lineage tracing · Progenitor cells ·
Thermogenesis · Ucp1

1 Introduction and Background

1.1 Overview

Brown adipocytes, which reside in specific depots called brown adipose tissues
(BAT), produce heat in a process called non-shivering thermogenesis. Thermogene-
sis in BAT is stimulated mainly by the sympathetic nervous system in response
to cold exposure, and it helps maintain body temperature (euthermia) in placental
mammals. The acquisition of BAT in early mammalian evolution is considered one
key evolutionary advantage that allowed for the successful expansion of mammals,
and its functional importance in newborn humans and small rodents has long been
appreciated. More recently, it has become apparent that adult humans also have
functionally relevant BAT and possibly the additional capacity to induce the forma-
tion of brown-like adipocytes within white adipose tissues (WAT) (called brite or
beige adipocytes) under certain conditions. Because these thermogenic cells, when
active, have a high rate of nutrient consumption and energy expenditure, their
existence in adult humans not only correlates with improved metabolic profiles
(Betz and Enerback 2018) but has stimulated interest in targeting them therapeuti-
cally to fight obesity and improve glycemic control (Hanssen et al. 2015; Ouellet
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et al. 2012; Yoneshiro et al. 2011b, c). This has gone hand-in-hand with renewed
interest in understanding the basic biological mechanisms of brown fat development
and metabolic regulation, which includes understanding the cellular lineages and
precursor cell pools that give rise to brown and brite/beige adipocytes, and the
signals that govern their fuel selection and unique metabolism. Identifying brown
adipocyte stem and progenitor cells, and elucidating the mechanisms that stimulate
their differentiation into mature thermogenic adipocytes, could have important
implications in developing brown fat-based therapeutics. Here, we will discuss our
present understanding of brown adipocyte development and function, the related
topic of brite/beige adipocytes, and key future goals and unanswered questions
especially as they relate to potential therapies.

1.2 Basics of Non-shivering Thermogenesis

Cold-stimulated non-shivering thermogenesis (NST) in the brown adipocyte is
dependent upon the intrinsic expression and function of uncoupling protein 1
(UCP1), an inner mitochondrial membrane transporter that dissipates the energy
stored in the mitochondrial electrochemical gradient as heat, “uncoupled” from
ATP synthesis (Betz and Enerback 2018). In the absence of thermal stress, brown
adipocyte UCP1 is thought to be inhibited by purine nucleotides (Nicholls 2006;
Sluse et al. 2006). During cold stress, brown fat thermogenesis is classically
stimulated by norepinephrine released from the sympathetic nervous system
(SNS), which activates β3-adrenergic receptors on brown adipocytes to stimulate
intracellular synthesis of the second messenger cyclic AMP (cAMP), leading to
cAMP-driven protein kinase A (PKA) signaling activation. This stimulates lipid
catabolism processes such as lipolysis which liberates free fatty acids from
triacylglycerol lipid storage droplets and increases expression of a thermogenic
gene expression program that includes UCP1 mRNA (Nicholls 2006; Sluse et al.
2006; Fedorenko et al. 2012; Lehr et al. 2006).

Exactly how brown adipocytes choose and utilize fuel remains an important and
open question. Recent studies suggest that active lipolysis in brown adipocytes may
not be required for sustaining thermogenesis so long as exogenous lipids are
available; nevertheless, cellular free fatty acids reportedly directly activate UCP1
(Fedorenko et al. 2012; Shin et al. 2017; Schreiber et al. 2017). Active brown
adipocytes also take up glucose from circulation and synthesize free fatty acids
de novo from glucose and possibly other lipogenic precursors (i.e., the process
of de novo lipogenesis) to continuously fuel NST or to provide other yet-to-be-
appreciated metabolic advantages (Sanchez-Gurmaches et al. 2018; McCormack
and Denton 1977; Mottillo et al. 2014; Shimazu and Takahashi 1980; Trayhurn
1979; Yu et al. 2002). In addition, BAT thermogenesis is fueled by liver-derived
plasma-lipid metabolites (acyl-carnitines), the release of which is stimulated by cold-
induced lipolysis in the WAT (Simcox et al. 2017). It has also been suggested
recently that UCP1-independent mechanisms of thermogenesis might exist under
certain circumstances (Bertholet et al. 2017; Ikeda et al. 2018; Kazak et al. 2015).
Brown adipocytes might also have key metabolic functions in addition to

Brown Adipose Tissue Development and Metabolism 5



thermogenesis, such as secreting special adipokines (called BATokines) and
exosomes containing miRNAs that might have both autocrine function and paracrine
functions on nearby immune cells, as well as endocrine functions related to glucose
homeostasis and cardiovascular health (Thomou et al. 2017; Villarroya et al. 2013;
Hansen et al. 2014; Svensson et al. 2016; Long et al. 2016; Wang et al. 2014a;
Villarroya and Giralt 2015).

1.3 Brown Fat Anatomy and Morphology

The color distinction between a “brown” and a “white” adipocyte largely reflects
the many more mitochondria (which are high in iron) in brown adipocytes compared
to white adipocytes (Fig. 1). A stimulated brown adipocyte actively generating heat
also contains many small lipid droplets and is referred to as being multilocular, while
white adipocytes, such as those in subcutaneous and visceral depots (sWAT and
vWAT, respectively), typically have a single large unilocular lipid droplet (Fig. 1).
Having many small lipid droplets increases lipid droplet surface area and presum-
ably promotes metabolite exchange with mitochondria (Blanchette-Mackie and
Scow 1983; Benador et al. 2018). A less active brown adipocyte that is not engaged
in thermogenesis (e.g., after acclimation to thermoneutrality) adopts a morphology
more similar to a white adipocyte although it retains an epigenetic cellular identity
that differentiates it from a white adipocyte (Roh et al. 2018).

As indicated above, brown adipocytes exist in defined BAT depots in the
mouse, which is the main model organism used to study brown fat. Notably, the
size and composition of each BAT depot differs with age, gender, and mouse strain
background (Frontini and Cinti 2010; Murano et al. 2009). The largest BAT
depots are clustered in the dorsal anterior regions of the mouse body and include
the interscapular (iBAT), subscapular (sBAT), and cervical depots (cBAT) (Frontini
and Cinti 2010; de Jong et al. 2015; Walden et al. 2012; Cinti 2005) (Fig. 2).
In addition, there are several small BAT depots proximal to major blood vessels
and specific organs, such as the periaortic BAT depot (paBAT) that aligns to aortic
vessels and the perirenal BAT depot (prBAT) that localizes in a fibrous capsule of
the kidney (Frontini and Cinti 2010) (Fig. 2). Recent studies using 18F-FDG PET-CT
or (123/125I)-β-methyl-p-iodophenyl-pentadecanoic acid with SPECT/CT imaging,
which traces glucose and lipid uptake, respectively, suggest additional small pockets
of cold responsive fat depots exist in suprascapular, supraspinal, infrascapular, and
ventral spinal regions (Zhang et al. 2018; Mo et al. 2017).

Similar to the mouse, newborn humans have active brown adipocytes present
at birth in large interscapular BAT depots and perirenal depots (Fig. 3a), which
presumably help maintain core body temperature though could also have other
neonatal functions not yet appreciated. Until recently, it was widely believed that
after neonatal BAT recedes, adult humans lacked brown fat. However, about a
decade ago, the widespread existence of active BAT in adults was revealed by
retrospective analyses of 18F-fluodeoxyglucose (FDG) uptake assays, which use
positron emission tomography-computed tomography (PET-CT) to measure glucose
uptake into organs (Yoneshiro et al. 2011a, 2013; van der Lans et al. 2013; Ouellet
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et al. 2012; Hanssen et al. 2015; Nedergaard et al. 2007; Cypess et al. 2009; van
Marken Lichtenbelt et al. 2009; Saito et al. 2009; Virtanen et al. 2009; Kortelainen
et al. 1993). These studies also revealed a correlation between BAT activity/amount
and metabolic fitness. More recent studies show that BAT depots in adult humans
exist in the supraclavicular, axillar, and paravertebral regions, though the variability
across individuals and populations is still being worked out (Zhang et al. 2018;
Nedergaard et al. 2007; Cypess et al. 2009; van Marken Lichtenbelt et al. 2009;
Virtanen et al. 2009; Ouellet et al. 2012) (Fig. 3b). There are also small BAT depots
in perivascular regions (aorta, common carotid artery), and near the heart wall
(epicardium), lung bronchia, and some solid organs (hilum of kidney and spleen,
adrenal, pancreas, liver) (Sacks and Symonds 2013) (Fig. 3b).

Mitochondria Nucleus Lipid droplet

UCP1 Expression

Mitochondrial
Density 

LD Morphology

Primary
Function

Brown

Positive

High

Multi-locular

Thermogenesis

Endocrine

Brite/beige

Positive

Medium

Multi-locular

Thermogenesis?

Endocrine?

White

Negative

Low

Uni-locular

Energy storage

Endocrine

Brown Adipocyte Brite (or Beige) AdipocyteWhite Adipocyte

Fig. 1 General characteristics of brown, white, and brite/beige adipocytes. A stimulated brown
adipocyte (left) contains numerous small lipid droplets and many mitochondria and expresses
high levels of uncoupling protein 1 (UCP1), which is embedded in the inner mitochondrial
membrane and required for thermogenesis. The color of brown fat reflects the high iron content
of mitochondria. A white adipocyte (middle) in contrast contains a single large lipid droplet and
fewer mitochondria, and does not express UCP1. A brite/beige adipocyte (right) is characteristically
intermediate between brown and white adipocyte, having multiple lipid droplets (though often
larger than those seen in a brown adipocyte), more mitochondria than a white adipocyte, and it
expresses UCP1
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1.4 BAT Vascularization and Innervation

Brown fat depots are also highly vascularized, which facilitates the exchange of
oxygen and nutrients and the dissipation of heat and release of BATokines into
circulation (Bartelt et al. 2011; Labbe et al. 2015; Sacks and Symonds 2013). In fact,
BAT requires increased blood infusion rate during BAT recruitment (i.e., cold
stimulation) to obtain sufficient metabolic substrates and oxygen. Brown adipocytes
also generate vascular endothelial growth factor-A (VEGF-A) and nitric oxide (NO),
which facilitates BAT angiogenesis and vascularization (Xue et al. 2009; Sun et al.
2014; Nisoli et al. 1998; Mahdaviani et al. 2016), a process that is reduced in obese
mice resulting in loss of thermogenic activity (Shimizu et al. 2014). Other recent
work suggests that brown adipocytes may have a vasoprotective role that might be
mediated by the secretion of hydrogen peroxide (H2O2), which inhibits vessel
contractions in nearby vascular cells (Friederich-Persson et al. 2017).

In addition to being highly vascularized, BAT is extensively innervated allo-
wing for its rapid stimulation by the sympathetic nervous system (SNS). The SNS
releases catecholamines such as norepinephrine that activate G-protein-coupled
β3-adrenergic receptors that are highly expressed on mature brown adipocytes and
β1-adrenergic receptors on brown adipocyte precursors (Cannon and Nedergaard
2004; Morrison et al. 2012; Bukowiecki et al. 1986; Bronnikov et al. 1992). While
β3-adrenergic receptor signaling stimulates mature brown adipocyte lipid catabolic
activity and thermogenesis, β1-adrenergic receptor signaling stimulates brown fat
adipogenesis upon prolonged cold challenge (Bronnikov et al. 1992). Classic dener-
vation studies reveal the indispensability of the SNS connections for thermogenesis
(Silva and Larsen 1983; Rothwell and Stock 1984; Takahashi et al. 1992; Labbe

Supraclavicular

Cervical

Axillary

Paravertebral

Peri-aortic

Suprarenal

Supraclavicular

Cervical

Axillary

Paravertebral

Peri-aortic

Suprarenal

(27ºC) (19ºC)

Peri-renal

Interscapular

NewbornA B Adult

Fig. 3 Brown fat locations in humans. (a) Newborn infants have large interscapular and perirenal
BAT depots. (b) In adults, smaller BAT depots are located in the cervical, supraclavicular, axillary,
periaortic, paravertebral, and suprarenal regions. The mapping of these depots in adults is largely
based on glucose uptake measurements by 18F-FDG-PET-CT imaging, which shows increased
glucose flux at colder temperatures (shown in figure) and on postmortem resections. The molecular
and functional nature of individual (putative) BAT depots remains unclear in humans. Also note
that the amount of BAT is highly variable between individuals, but when active BAT is present, it
has been shown to correlate with improved metabolism (not shown, discussed in text). Emerging
advances in BAT imaging will likely confirm additional depots
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et al. 2015). Emerging research also suggests that innervation may also be critical
for BAT to communicate directly with other non-SNS tissues, such as the WAT
(Schulz et al. 2013; Garretson et al. 2016; Nguyen et al. 2018).

In summary, BAT is a dynamic and heterogeneous tissue, and the extensive
networks of vessels and nerves found in BAT suggest that during brown fat
development, there is tight coordination between brown adipocyte precursors
(discussed below), endothelial lineages, and nerve cell lineages and likely immune
cells too (Lumeng and Saltiel 2011; Olefsky and Glass 2010; Villarroya et al. 2018).
The signaling and metabolic interactions between different cell lineages during
brown fat development have not yet been extensively studied by system-based
approaches.

1.5 Transcriptional Control of Brown Adipocyte Differentiation

Much of the general transcriptional cascade that promotes adipogenesis is shared
between brown and white adipocytes and has been studied at length using in vitro
models (e.g., 3T3-L1 cells). The master regulator of adipogenesis, PPARγ, is both
necessary and sufficient for adipogenesis (Rosen et al. 1999; Tontonoz et al. 1994;
Wang et al. 2013a). Other key components of the general adipogenesis transcrip-
tional cascade also important in brown and brite/beige adipocyte differentiation
include the members of the C/EBP family (C/EBPα, C/EBPβ, C/EBPδ) (Farmer
2006). While PPARγ is the dominant factor, overexpression of all C/EBP family
members induces adipocyte formation. In culture, C/EBPβ and C/EBPδ function in
the first wave of adipogenic transcription factors (hours after adipogenic induction)
that eventually triggers a second wave (days after adipogenic induction) that
includes C/EBPα and PPARγ, which feed-forward activate themselves (Farmer
2006).

More recently, efforts to identify brown adipocyte lineage-specific transcription
factors have identified new additional components that may contribute to the brown
(or brite/beige) adipocyte fate. PRDM16 (PRD1-BF1-RIZ1 homologous domain
containing 16) was originally described as a BAT transcriptional determination
factor that induces a robust thermogenic adipocyte phenotype in white adipocytes
both in vitro and in vivo and can direct muscle precursors to differentiate into brown
adipocytes in vitro (Seale et al. 2007, 2008, 2011). In vivo, other PRDM family
members can compensate for the loss of PRDM16 in BAT precursors to maintain
normal BAT formation (Harms et al. 2014). In addition, the EBF2 (early B-cell
factor 2) transcription factor is selectively expressed in both BAT and brite/beige
precursors, and it is required for BAT identity and efficient brite/beige cell formation
(Rajakumari et al. 2013; Stine et al. 2016; Wang et al. 2014b). Recent studies
also identified zinc-finger protein 516 (Zfp516), whose expression in brown fat is
markedly increased in response to cold exposure or β-adrenergic stimulation via
β-AR-cAMP pathway, and it directly interacts with PRDM16 to promote BAT
development and WAT browning while suppressing myogenesis (Dempersmier
et al. 2015; Sambeat et al. 2016). Whether there are brite-/beige-specific
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transcription factors that do not function in brown adipocyte lineages remains an
important area of investigation.

In contrast to pro-thermogenic transcription factors, less is known about the
transcriptional machinery that promotes and/or maintains the white adipocyte phe-
notype. One interesting candidate is Zfp423, which has recently emerged as a critical
brake that prevents white adipocytes from converting to thermogenic adipocytes.
Zfp423 is expressed in white adipocyte precursor cells and functions to block the
brite/beige thermogenic program by inhibiting the EBF2 and PRDM16 (Gupta et al.
2010, 2012; Shao and Gupta 2018; Shao et al. 2016). While these studies are
opening the door to our understanding of adipocyte fate determination at the level
of gene expression, there is still much to be learned especially if this information is to
be harnessed for therapeutic opportunities. Moreover, other key gene expression
factors that contribute to fate decisions, such as epigenetic marks and higher-order
chromatin regulation, are just beginning to be explored (Roh et al. 2017, 2018;
Zhao et al. 2016; Carrer et al. 2017) making this an important area of investigation
for many years to come.

2 Brown Fat Growth

2.1 Techniques for Studying BAT Development

Understanding how brown fat grows begins with understanding its developmental
origins. We begin this section with a brief commentary on the two main methods
that have been instrumental in beginning to elucidate the developmental origins of
both brown and white adipocytes: (1) fluorescence-activated cell sorting (FACS), in
which stem and progenitor cells are isolated based on their expression of cell surface
markers or engineered genetic labels and then tested for their ability to function as
adipocyte precursors, and (2) lineage tracing, in which stem and progenitor cells
are indelibly labeled with a genetic mark that can be followed, or traced, throughout
development in all descendant cells.

2.1.1 FACS
Adipocyte precursors reside within whole adipose tissue depots in a highly hetero-
geneous non-adipocyte cell population commonly referred to as the stromal vascular
fraction or “SVF.” In addition to adipocyte stem and progenitor cells, the SVF
contains endothelial, immune, nerve, and other cells that support tissue function.
Adipocyte precursors are necessary not only for establishing fat depots but also
for expanding and regenerating adipocytes. Starting with only the SVF population
from white adipocytes, several studies have used FACS technology with cell surface
markers thought to label the adipocyte precursor population to enrich for pools of
adipocyte stem and progenitor cells (ASPCs) (Berry et al. 2014). Although a single
marker for prospective isolation of adipocyte precursors has not been found,
combinations of surface markers have been use in this regard to isolate white
ASPCs (Berry and Rodeheffer 2013; Rodeheffer et al. 2008). One common
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example in mice is the CD31neg, CD45neg, Ter119neg, CD29pos, Sca1pos, CD34pos,
and CD24pos population, which has enhanced adipogenic potential compared to the
total SVF. Although brown and white adipocytes have many functional, anatomical,
and morphological differences, a similar population of ASPCs can be isolated
from BAT depots (Sanchez-Gurmaches et al. 2012; Wang et al. 2014b).

Recently, PDGFRα was also reported to be a marker for ASPCs. PDGFRα can be
used to isolate ASPCs using flow cytometry from the CD31neg and CD45neg

population within the SVF of all WAT and BAT (Church et al. 2014; Berry and
Rodeheffer 2013). These findings have been further validated using lineage-tracing
approaches (discussed below), which confirm that adipocyte lineages express
Cre recombinase driven by the PDGFRα promoter (Berry and Rodeheffer 2013;
Vishvanath et al. 2016; Lee et al. 2012, 2015). From a technical perspective,
this finding is important because it simplifies the enrichment protocol for ASPCs.
Interestingly, PDGFRα also labels a fibro/adipogenic precursor cell population
within skeletal muscles and skin (Joe et al. 2010; Rivera-Gonzalez et al. 2016)
suggesting PDGFRαmay be a broadly relevant marker of ASPCs, and recent studies
further conclude that PDGFRα signaling may functionally contribute to ASPCs fate
and adipose tissue organogenesis (Rivera-Gonzalez et al. 2016; Sun et al. 2017).
However, PDGFRα also expresses in many non-adipocyte cells, and it will be
important to delineate its different roles within the heterogeneous SVF population
of adipose tissues.

A current key challenge of using FACS-isolated adipocyte precursors is that
the ASPCs, although enriched for adipogenic precursors, are still a heterogeneous
population containing subpopulations of cells that remain largely undefined by
molecular approaches, and whether a true adipocyte stem cell can be purified is
still an open question. Recent studies using single-cell RNA-seq are beginning
to provide key insights into this problem (discussed below). Other studies have
identified markers of differentiated brown or beige adipocytes (Ussar et al. 2014).
However, highly specific and reliable surface markers that can differentiate between
brown, beige, or white adipocyte progenitors have not yet been identified. On
the other hand, the prospective nature of using FACS to isolated adipocyte
precursors may facilitate the isolation and application of human ASPCs for use in
cell-based therapies. Several different protocols for the isolation of human adipocyte
progenitors are being developed (van Harmelen et al. 2005; Baglioni et al. 2009,
2012; Perrini et al. 2013).

2.1.2 Lineage Tracing
Lineage tracing is a classic developmental biology technique that has been used
to study adipose tissue development mainly in mouse models due to its genetic
nature. In classic lineage-tracing experiments, an indelible mark, often a fluorescent
reporter, is expressed in a specific population of precursor cells by homologous
recombination or by a transgenic approach, and the permanently modified cells then
transmit the reporter to all of their descendant cells or lineages. A common strategy
for studying adipocyte lineages in mice is to use a cell-specific Cre recombinase
that activates the reporter’s expression. Cre drivers can be always on in the specific
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population being studied, called constitutive, or stimulated to be active only tran-
siently in a cell population, called inducible. The latter requires the administration
of a stimulus to turn on Cre activity.

Both methods have advantages and disadvantages that need to be considered
for data interpretation of adipocyte lineages. For starters, there is currently no
known Cre driver that only expresses in ASPCs. Inducible Cre recombinases have
the advantage that they allow the timing of activation to be regulated such that
cells are only labeled for a brief moment, and then those specific cells can be
followed. This is not achievable with constitutive Cre drivers, making it difficult
to determine precisely which cells first express the Cre in a particular lineage using
these drivers. However, the inducers used to turn on the inducible Cre drivers,
typically tamoxifen or doxycycline, can have unintended toxic effects on cells
(Ye et al. 2015; Moullan et al. 2015). Even when pools of cells are inducibly labeled,
it is difficult to distinguish whether two descendant labeled cells originate from
common or distinct Cre-expressing precursors. Another consideration is whether a
particular Cre driver reflects the expression of the actual endogenous gene/protein
whose promoter is used to drive the Cre or whether it only reflects the promoter
activity uncoupled from the normal expression of the associated gene and/or protein.
The use of knock-in Cre drivers, which are expressed from endogenous promoters,
can help mitigate against this concern. Related to this point, caution should be taken
in inferring whether the activity of a specific Cre (i.e., promoter) reflects a functional
role for the associated gene in lineage specification.

The choice of a reporter (often a fluorescent reporter) is also important when
performing lineage tracing in adipocytes. One issue with adipocytes relative to
non-adipocytes is the small amount of cytoplasm and large quantity of lipid droplets,
which both make the use of cytoplasmic fluorescent reporters challenging to
detect and make it difficult to obtain high-quality frozen sections. Thus, the reporter
of choice for adipocytes is typically a membrane-targeted reporter, such as the
dual-fluorescent membrane-targeted Tomato, membrane-targeted GFP, or mTmG
reporter (Muzumdar et al. 2007). This reporter has two major advantages: (1) all
cells are labeled, the mGFP reporter only being activated in Cre-positive lineages,
and (2) both fluorescent reporters are membrane targeted. Its utility in adipose
tissue both for lineage tracing as well as for use in FACS-based studies has been
demonstrated in many reports (Berry and Rodeheffer 2013; Sanchez-Gurmaches and
Guertin 2014; Shao et al. 2016; Wang et al. 2014b). Related to lineage tracing is cell-
labeling or cell-marking, which is a common technique to study mature adipocyte
dynamics. By this strategy, only mature adipocytes are labeled (rather than
precursors), which allows single mature adipocytes to be followed over time espe-
cially when combined with inducible Cre drivers of reporter expression.

2.2 Brown Adipocyte Origins

Brown adipocytes are thought to originate from the mesoderm during embryonic
development and thus share a very early developmental origin with skeletal muscle,
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bone, white adipocytes, and connective tissues (Wang et al. 2014b; Atit et al. 2006;
Seale et al. 2008; Lepper and Fan 2010; Sanchez-Gurmaches et al. 2012). However,
the pathways that specify the brown adipocyte developmental lineage is not fully
clear. In accordance with a mesodermal origin, a population of cells within the
central dermomyotome that is labeled at E9.5 by expression of the homeobox
transcription factor Engrailed 1 (En1) gives rise to iBAT, dermis, and epaxial
muscles (Figs. 2a, 4 and Table 1) (Atit et al. 2006). However, these E9.5 En1+

progenitors do not appear to give rise to sBAT or any of the major white fat depots

M
esoderm

psWAT
asWAT

paBAT

Prx1

En1
Myf5
Pax3

Myf5
Pax3

Pax3

P
recursor Cells

A
dipocytes

rWAT
pgWAT

?

sBAT
cBAT

asWAT
rWAT

prBAT
cBAT

iBAT

Brown adipocyte

Brite/Beige
adipocyte

Fig. 4 Model of the heterogeneity and complexity in brown and brite/beige adipocyte develop-
ment. Several multipotent cell populations that are mainly mesodermal and express specific
transcription factors (e.g., En1, Myf5, Pax3, Prx1) appear to give rise heterogeneously to thermo-
genic adipocytes in different depots. Note that there is overlap shared with some markers but not
with others. For example, Pax3 andMyf5 together may mark a pool of early precursors that give rise
to iBAT, but only Pax3 marks a precursor pool that gives rise to some visceral pgWAT adipocytes
(discussed in text). The significance of this heterogeneity is not understood. Additionally, there are
several populations of brown and brite/beige adipocytes for which potential lineage markers remain
unidentified. Also note that the brown and brite/beige adipocytes shown in this figure are depicted in
their active state (i.e., upon β-adrenergic stimulation), but in vivo brown and brite/beige adipocytes
are not necessarily present at the same time, such as in mild cold conditions (see Fig. 2)
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(Atit et al. 2006) (Atit personal communication) suggesting that some brown and
white adipocyte origins may differ and that not all brown adipocytes share a
common origin (see below). This concept of adipocyte heterogeneity within and
between depots, as we will discuss, is now a central tenet of adipocyte biology.

The model tilted toward brown fat and skeletal muscle sharing a common
developmental origin with the finding that brown adipocytes in the iBAT and the
skeletal muscles, but not certain populations of WAT, share a common cellular
origin in the dermomyotome defined by the expression of Myf5-Cre (Seale et al.
2008). Using the constitutively expressing Myf5-Cre knock-in driver with a cyto-
plasmic reporter, this study found that Cre recombinase activity labels mature brown
adipocytes in the iBAT in addition to skeletal muscles (Seale et al. 2008). Myf5 is
a classic myogenic determination factor from the basic helix loop helix (bHLH)
family, and thus the labeling of brown adipocytes with Myf5-Cre (Tallquist et al.
2000) was predicated to explain the metabolic similarities between brown fat
and skeletal muscle with respect to high oxygen consumption and fuel usage and
conversely the metabolic difference between BAT and the less metabolically active
and energy-storing WAT depots (Harms and Seale 2013). Notably, at the time, most
studies used mice that were mildly cold stressed in which the BAT is hyperactive,
rather than mice living at thermoneutrality, when brown adipocytes are more similar
morphologically and metabolically to white adipocytes. Nevertheless, in support of
this model, an inducible Cre driver under control of the Pax7 promoter (the PAX
transcription factor family member 7 collaborates with Myf5 and other myogenic
factors during skeletal myogenesis) showed that Pax7+ progenitors that arise
between E9.5 and E10.5 (but not later in development) also give rise to interscapular
brown adipocytes (Lepper and Fan 2010). This also suggested an early divergence
between BAT and muscle lineages.

While the Myf5-lineage model of BAT specification was elegant in its simplicity,
studies challenging its uniformity soon after revealed that the brown adipocyte
developmental landscape is more complicated. Similar fate-mapping experiments

Table 1 Depot-specific developmental origins of BAT

Tissue
type

Anatomical locations
(Human)

Anatomical
locations (Mouse)

Developmental origins
(Lineage tracing study)

Brown
adipocyte

Supraclavicular/
paravertebral
Perivascular: (aorta, artery)
Periviscus: (heart, lung
bronchia)
Solid organs:
Kidney/spleen hilum,
pancreas, liver

Interscapular En1+, Myf5+, Pax7+, Pax3+,
Prx1�

Subscapular En1�, Myf5+, Pax7+, Pax3+,
Prx1�

Cervical En1?, Myf5�, Pax7+, Pax3�,
Prx1�

Perirenal En1?, Myf5�, Pax7+, Pax3�,
Prx1�

Periaortic En1?, Myf5�, Pax7+, Pax3�,
Prx1�

Brite/beige
adipocyte

Supraclavicular?
Subcutaneous

Posterior
subcutaneous
(Inguinal)

En1?, Myf5�, Pax3�, Prx1+
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using the same Myf5-Cre driver, but more broadly examining brown and white fat
depots, and using the mTmG reporter, showed that many white adipocytes are
also Myf5-Cre lineage positive and unexpectedly that many brown adipocytes
are Myf5-Cre lineage negative (Sanchez-Gurmaches and Guertin 2014). For exam-
ple, Myf5-Cre labeled precursors appear to give rise to nearly all brown adipocytes
in iBAT and sBAT depots, but only about half of the brown adipocytes in the
cervical BAT, and none of the brown adipocytes in prBAT or paBAT. More-
over, Myf5-Cre-positive adipocytes populate the asWAT and rWAT depots
(Fig. 2a), indicating that Myf5-Cre neither uniformly nor specifically labels brown
adipocytes. Other studies have replicated these findings confirming the heteroge-
neous labeling of adipocytes with Myf5-Cre (Sanchez-Gurmaches and Guertin
2014; Sanchez-Gurmaches et al. 2012; Shan et al. 2013; Wang et al. 2014b).

Interestingly, lineage tracing using a Pax3-Cre driver, (Pax3 is another myogenic
Pax family transcription factor that expresses just prior to Myf5) labels similar
populations of cells with a few key differences. Notably, Pax3-Cre cells give rise
to most of the brown adipocyte in iBAT, sBAT, cBAT, and prBAT, but none of the
brown adipocytes in the paBAT (Sanchez-Gurmaches and Guertin 2014; Liu et al.
2013), and also to nearly 50% of the white adipocytes in the large visceral
pgWAT depot. For comparison, MyoD-Cre (another classic myogenic transcription
factor) does not label any brown or white adipocytes but importantly does label
skeletal muscles (Sanchez-Gurmaches and Guertin 2014). Thus, there may be
specificity within skeletal muscle lineages in which some precursors (i.e., Pax3/
Myf5/Pax7positive) can also become adipocytes while others (i.e., MyoDpositive)
cannot or rather that some adipocyte and muscle precursors can independently
express Pax3/Myf5/Pax7-Cre (see discussion above on the challenges of lineage-
tracing studies) (Sanchez-Gurmaches and Guertin 2014; Haldar et al. 2008; Gensch
et al. 2008). The most interesting possibility is that there is a temporal or spatial
separation between certain lineages, and understanding this may help in under-
standing the commitment phase to brown adipocytes. Regardless, these studies
conclusively revealed an unanticipated heterogeneity in both brown and white
adipocyte development that suggests brown adipocytes residing in different depots
could have different embryonic origins.

The developmental heterogeneity observed between brown adipocyte lineages is
not likely due to low efficiency or specificity of the Cre drivers because independent
experiments with Myf5-Cre, Pax3-Cre, and Pax7-CreER lines are remarkably
similar (Lepper and Fan 2010; Sanchez-Gurmaches and Guertin 2014; Liu et al.
2013; Sanchez-Gurmaches et al. 2012; Seale et al. 2008; Shan et al. 2013; Wang
et al. 2014b). Moreover, heterogeneous Myf5 labeling is also observed in skeletal
muscle lineages in which Myf5 only labels around 50% of the satellite cells in
the limb muscles but around 80% in epaxial muscles (Haldar et al. 2008; Gensch
et al. 2008). An unanswered question is whether developmentally distinct brown
(or white) adipocytes differ only in their anatomical location or whether they have
unique functions (e.g., metabolic efficiency, BATokine production, exosome secre-
tion, etc.) that might be specific by their developmental origins. Answering these
questions will require an improved ability to isolate and study single brown
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adipocytes, a deeper understanding of the regulatory mechanisms of BAT develop-
ment, and markers that label the unidentified (Myf5-Cre; Pax3-Crenegative) brown
adipocyte lineages.

2.3 Postnatal and Adult Brown Fat Growth and Metabolism

In older laboratory mice (i.e., juveniles and adults), individual BAT depots can
expand their mass by either increasing brown adipocyte number (hyperplasia) or by
increasing individual cell size (hypertrophy) depending upon their initial housing
temperature and the duration and degree of cold exposure. For example, hypertro-
phic growth of brown adipocytes is observed when mice living in standard housing
conditions (22�C) are acclimated to their thermoneutral zone (e.g., 30–32�C). Under
these conditions, the sympathetic tone is reduced by removing thermal stress, and
the brown adipocytes decrease their thermogenic activity. This results in lipids
accumulating and coalescing into a single large unilocular lipid droplet, thereby
increasing individual cell size. Notably, while thermoneutral BAT displays a
WAT-like morphology and gene expression signature, it maintains its BAT epige-
netic signature (Hung et al. 2014; Veniant et al. 2015; Roh et al. 2018). Nevertheless,
the net result of increasing cell size is in an increase in total depot size compared
to mice living in the mild cold temperatures of most mouse facilities (Fig. 2).

Conversely, if mice living at thermoneutrality are moved to the mild cold
(20–22�C) and BAT thermogenesis is activated, the mobilization and metabolism
of lipids and other metabolites reduce individual adipocyte cell size and thereby
overall BAT depot size (Fig. 2). However, if these mice are then further adapted to
more severely cold temperatures (e.g., in 4–6�C range), additional new active brown
adipocytes are recruited into the BAT depots (presumably from the brown ASPC
pool described above), which increases BAT mass but by hyperplastic growth
(Bukowiecki et al. 1982; Rehnmark and Nedergaard 1989; Geloen et al. 1992;
Lee et al. 2015; Razzoli et al. 2018). Indeed, de novo adipogenesis of brown
adipocyte precursor cells occurs in response to chronic cold (Rosenwald et al.
2013; Lee et al. 2015). Brown adipocyte size also increases by denervation, during
extended high caloric (fat) feeding, or with aging (Hung et al. 2014; Roberts-Toler
et al. 2015). Thus, while there is an underlying natural turnover of brown adipocytes
(Sakaguchi et al. 2017), the iBAT depots in laboratory mice are smallest when mice
are acclimated to standard lab conditions (mild cold), and it grows with increased or
decreased temperature mainly by hypertrophic or hyperplasic growth, respectively.

Gene expression profiling of BAT tissue reveals greater differences between mice
acclimated to thermoneutrality (30–32�C) and mild cold (20–22�C) than between
mice acclimated to mild cold (20–22�C) and severe cold (6�C) (Sanchez-Gurmaches
et al. 2018). This is consistent with brown fat morphology at these temperatures,
which shows individual brown adipocytes in an “off” state (unilocular) in
thermoneutrality and an “on” state (multilocular lipid droplets) at 22�C. Further
reductions in temperature (e.g., to 6�C) increase the magnitude of thermogenesis and
many genes associated with thermogenesis, and this is additionally reflected by
morphological “ordering” of the lipid droplets (Fig. 2). A survey of metabolic
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genes upregulated in the mild cold indicates that genes encoding regulators fatty acid
oxidation and de novo lipogenesis are both upregulated as are genes whose products
function in respiratory metabolism (e.g., the tricarboxylic (TCA) cycle, electron
transport chain) and thermogenesis (Sanchez-Gurmaches et al. 2018; McCormack
and Denton 1977; Mottillo et al. 2014; Shimazu and Takahashi 1980; Townsend and
Tseng 2015; Trayhurn 1979; Yu et al. 2002). This emphasizes an interesting
metabolic paradox of brown adipocytes that increasing BAT catabolic activity by
cold is also associated with induction of anabolic lipid synthesis pathways. This may
be another BAT characteristic futile cycling mechanism, or alternatively, the stimu-
lation of de novo lipogenesis may have other metabolic implications since many
intermediates in the de novo lipogenesis pathway, such as acetyl-coA, also function
as second messengers (Pietrocola et al. 2015).

3 Other Thermogenic Adipocytes

3.1 Brite/Beige Adipocytes

A second type of UCP1-expressing adipocyte called a brite (brown-like in white)
adipocyte, also known as a beige adipocyte, is also attracting interest as a potential
therapeutic target in obesity and metabolic disease. As the synonymous names
imply, brite/beige adipocytes appear within specific WAT depots under certain
stresses, and their morphology (lipid droplet size and mitochondria content) is
intermediary between that of classic brown and white adipocytes (Fig. 1). There
have been two experimental methods used to drive brite/beige cell formation in
sWAT. Acclimation to severe cold temperatures (4–6�C) may be the most physio-
logical approach, which strongly induces BAT thermogenesis along with the
formation of brite/beige adipocytes that express UCP1 in sWAT. Similar to how
brown adipocytes change their appearance between thermoneutrality and mild
cold, brite/beige adipocytes undergo morphological changes between mild cold
and severe cold that include the typical multilocular morphology in severe cold
(Fig. 2b). A second common method to induce brite/beige cell formation is to treat
mice with the β3-adrenergic agonists CL-316243, which resembles the effects of cold
exposure on mature adipocytes. Many other stresses can also lead to the formation of
brite/beige adipocytes including exercise, cancer cachexia, and peripheral tissue
injury (Ikeda et al. 2018; Singh and Dalton 2018) suggesting brite/beige adipocyte
formation may reflect a general stress response rather than specifically the response
to cold. Whether these alternative modes of browning indicate a physiologically
relevant role for thermogenesis or reflect a secondary consequence of altered adipo-
cyte state is not yet clear. Nevertheless, increasing brite/beige adipocyte number
could also be a strategy to fight obesity, and thus there is strong interest
in understanding the biology of how brite/beige adipocytes develop.

The location and number of brite/beige adipocytes in adult humans are less clear.
Studies suggest that UCP1-positive brown-like adipocytes purified from human
supraclavicular BAT depots have a similar gene expression pattern to murine
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brite/beige adipocytes (Lidell et al. 2013; Wu et al. 2012; Sharp et al. 2012; Shinoda
et al. 2015), whereas brown-like adipocytes isolated from other human BAT depots
(neck, cervical, perirenal) appear to more closely resemble classic brown adipocytes
in mice (Cypess et al. 2013; Xue et al. 2015). More recent studies using 18F-
fluodeoxyglucose (FDG) PET-CT imaging noticed that several additional metaboli-
cally active adipocytes reside in the abdominal and subcutaneous areas of adult
humans, which could be brown or brite/beige adipocytes (Leitner et al. 2017).
Other studies of BAT in the supraclavicular region of adult humans have shown
more mixed transcriptional profiling representative of both brown and brite/beige
adipocytes (Leitner et al. 2017). One caveat of comparing human studies to mouse
studies is that often the comparisons are made between thermoneutral humans
and cold stressed mice, and it is possible that some of the human brite/beige
adipocytes could be less-stimulated brown adipocytes. Another open question
is whether brite/beige adipocytes make significant contributions to overall thermo-
genesis (Singh and Dalton 2018; Kajimura et al. 2015: Nedergaard and Cannon
2014). Nevertheless, these studies support the idea that stimulating brite/beige
adipocyte formation in humans could be another way to improve glucose
homeostasis.

3.2 Brite/Beige Adipocyte Origins

Understanding brite/beige adipocyte origins is important because it may provide
insight into therapeutic strategies to induce their formation. Currently, there are two
main competing theories to explain where brite/beige adipocytes originate from
that are not necessarily mutually exclusive. The first theory posits that brite/beige
adipocytes form de novo upon stimulation from a precursor cell pool (Wang et al.
2013b); the second argues that they intercovert from existing adipocytes between a
dormant and active state depending upon the presence of stimulus (Lee et al. 2015;
Barbatelli et al. 2010). A third likely possibility is that both mechanisms occur,
perhaps in a context-dependent manner dependent upon many factors including
type of stimulation, its duration, the depot analyzed, and proximity to the sympa-
thetic nervous system input.

Using strategies to fluorescently mark individual adipocytes, it has been shown
that around 60% of the total UCP1+ adipocytes that form in the sWAT after
cold acclimation (7 days) are generated de novo by the process of adipogenesis
(Wang et al. 2013b; Berry et al. 2016). These new brite/beige adipocytes originate
from smooth muscle actin (SMA)-positive progenitors and require β1-adrenergic
receptor signaling similar to how nascent brown adipocytes form upon cold expo-
sure (Berry et al. 2016; Jiang et al. 2017; Bukowiecki et al. 1982, 1986; Bronnikov
et al. 1992; Rehnmark and Nedergaard 1989; Geloen et al. 1992; Razzoli et al.
2018). However, SMA+ progenitors also give rise to all white adipocytes in both
subcutaneous and visceral fats (Jiang et al. 2014). Thus, whether these reflect two
distinct sub-pools of SMA+ progenitors for white and brite/beige adipocytes, or a
common precursor pool, is unclear. The other implication of these data is that the
other 40% of the UCP1+ adipocytes that formed originate, or interconvert, from
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preexisting white adipocytes, which have also been referred to as transdifferentiation
to reflect the fundamental changes in gene expression and morphology (Cinti 2002).
However, there is inconsistency between these and other studies that may be related
to the lack of a standard experimental approach across studies or differences in strain
background, age, and/or previous exposure to environmental or dietary variables
(Lee et al. 2015).

Administering the β3-adrenergic agonist CL-316243, which is widely used to
induce brite/beige cell formation, appears to induce brite/beige adipocyte formation
from preexisting mature white adipocytes (Jiang et al. 2017; de Jong et al. 2017).
However, because CL-316423 acts only on the mature cells, a systemically derived
signal that might act on the precursors may be absent. Notably, lack of β3-adrenergic
receptor activity does not prevent the “browning” capacity of sWAT by cold further
suggesting that multiple pathways to brite/beige adipocyte formation exist that could
have compensatory capability (Jiang et al. 2017). Again, these results must be
interpreted carefully because distinct responses to β3-adrenergic receptor inactiva-
tion are observed depending on mouse background (Barbatelli et al. 2010). An
additional confusing factor is that the browning capacity of the psWAT depends
on the genetic background. For instance, the A/J mouse strain shows higher UCP1
induction upon β3-adrenergic stimulation (in the psWAT) than the more commonly
used C57Bl6 mice (Chabowska-Kita and Kozak 2016; Collins et al. 1997).
More research is clearly needed to fully understand which modality of brite/beige
adipocyte formation is most tractable for therapeutic targeting.

An interesting question is whether all white adipocytes can become brite/beige
under certain conditions or whether there is a fundamental cell intrinsic feature
of like the sWAT adipocytes that give them their “britening” capacity. A related
question is whether there is a specific brite/beige adipocyte cell lineage that is
different from the lineages that give rise to the white adipocytes that do not become
brite/beige and the brown adipocytes (Nedergaard and Cannon 2014; Kozak 2011).
Originally it was suggested that Myf5 expression could delineate between the
brown adipocyte lineage and the brite/beige adipocyte lineage, which was thought
to be Myf5-negative. However, more comprehensive Myf5-lineage-tracing studies
later showed that the brite/beige adipocytes that form in the Myf5-positive
asWAT and retroperitoneal WAT depots are also Myf5-positive (Shan et al. 2013;
Sanchez-Gurmaches and Guertin 2014) (Fig. 2a). In contrast, none of the brite/beige
adipocytes that form in psWAT are Myf5-positive, suggesting Myf5 expression
likely delineates between anatomical positioning rather than function; however,
this has not yet been fully resolved, and it is unknown if Myf5-positive brite/beige
adipocytes are functionally identical to Myf5-negative brite/beige adipocytes (Berry
et al. 2016; Sanchez-Gurmaches and Guertin 2014; Sanchez-Gurmaches et al. 2012;
Seale et al. 2008).

One study searching for markers of a brite/beige adipocyte lineage found
that CD137-positive precursors isolated from psWAT have a greater propensity to
induce UCP1 mRNA in culture compared to CD137-negative precursors, suggesting
an intrinsic heterogeneity in the capacity to adopt different metabolic profiles
(Wu et al. 2012). However, it has not yet been shown that this population is specific
to a brite/beige adipocyte lineage in vivo such as by lineage-tracing studies.

Brown Adipose Tissue Development and Metabolism 21



Ribosome-profiling studies have also shown that brite/beige adipocytes in the
psWAT possess a gene expression signature that has similarity to smooth muscle-
like cells, which is not observed in brown adipocytes, and it is independent of
anatomical position (Long et al. 2014). However, this appears to only represent a
subset of the total brite/beige adipocyte population because lineage-tracing
experiments with a Cre recombinase driven by the Myh11 promoter, which is a
marker of smooth muscle cells, only label ~10% of the UCP1+ brite/beige
adipocytes following prolonged cold acclimation (Long et al. 2014; Berry et al.
2016), and deleting PPARγ in this lineage does prevent not WAT browning
(Berry et al. 2016). These data may reflect the inherent heterogeneity in adipocytes,
and thus, a specific brite/beige adipocyte lineage marker remains elusive. High
expression of Ebf2 is found in precursor cells with high thermogenic capacity in
psWAT (Wang et al. 2014b; Stine et al. 2016). It will be interesting to see whether
Ebf2 functionally commits progenitors to a thermogenic lineage.

In contrast to the intra-depot heterogeneity seen with other brite/beige cell
markers, all psWAT and bone marrow adipocytes are homogeneously labeled by a
Cre recombinase driven from the paired related homeobox transcription factor 1
(Prx1) promoter, which expresses in mesenchymal precursors during development
in what appears to be a multipotent precursor population that also gives rise to limb
and head tissues (Sanchez-Gurmaches et al. 2015; Krueger et al. 2014; Ambrosi
et al. 2017). Interestingly, the Prx1 transcription factor itself has been linked to cell-
fate decisions including adipocyte specification (Logan et al. 2002: Cserjesi et al.
1992; Du et al. 2013; Hu et al. 1998; Lu et al. 1999: Peterson et al. 2005; ten Berge
et al. 1998). What is noteworthy about Prx1-Cre is that it does not significantly label
any other WAT or BAT depots, allowing for some degree of depot specificity when
used for targeting WAT that cannot be achieved with Adiponectin-Cre (Eguchi et al.
2011). Because Prx1-Cre does not label the brite/beige adipocytes that form in other
depots, such as the rWAT, it is not a universal brite/beige marker, and it likely
expresses very early before adipocyte specification. However, its labeling pattern
could be a clue to understanding inter-depot heterogeneity, but this remains to
be seen.

One factor to consider in studying brite/beige lineages is not only the potential
heterogeneity of the ASPC pool or the individual adipocyte functional identities
(which is still mysterious) but also the morphological heterogeneity across the depot
with respect to where these cells form. For example, cold can induce browning
in an irregular “patchy” pattern in sWAT such that distinct islands of brite/beige
adipocytes can sometimes be seen. It is possible that there are differences in the local
concentration of adrenaline/noradrenaline that is dependent upon proximity to
nerves or neurite density and could explain the erratic patterning. However, recent
discoveries suggest that almost all sWAT adipocytes are in direct contact with
sympathetic innervation (Chi et al. 2018; Jiang et al. 2017) suggesting the alternative
possibilities that the pattering is cell autonomously regulated or could reflect differ-
ent yet-to-be-defined niches within the depot. In sum, a distinct lineage or ASPC
population that exclusively gives rise to the brite/beige cells is still lacking,
suggesting their formation is likely more complex and multifactorial.
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4 Going Forward

4.1 Unanswered Questions and Future Goals

Understanding the developmental origins of brown and brite/beige adipocytes,
and the cell intrinsic and extrinsic signals that specify their fate and metabolic
properties, is not only of biological interest but critical to advancing potential
therapies that target thermogenesis as a means to increase energy expenditure. One
of the major themes in adipose tissue biology that has emerged in recent years,
driven by both developmental and metabolic studies, is that adipose tissues are
highly heterogeneous. Developmental studies suggest brown and white adipocytes
in different depots, as well as brown and white adipocytes within the same depot,
may have different embryonic origins. Metabolic studies indicate that different white
fat depots have different metabolic properties; for example, excess vWAT is meta-
bolically unhealthy, while excess sWAT can be protective against metabolic disease
(Reaven 1988; Snijder et al. 2003, 2004; Van Pelt et al. 2005). Even within WAT
depots, some neighboring adipocytes may have different metabolic activity (Lee
et al. 2017). Perhaps an interesting comparison is to skeletal muscle, which can have
both fast and slow twitch fibers. Whether different BAT depots or brown adipocytes
within single BAT depots have different metabolic properties or other functions is
less clear. Understanding the functional significance of BAT heterogeneity, both at
the mature adipocyte level and within the ASPC pool, is one important future goal.

While adipose tissue heterogeneity can be visualized by imaging studies, under-
standing the biochemical significance of BAT heterogeneity, and adipose tissue
heterogeneity in general, has been more complicated by the fact that whole depots
(as well as FACS-isolated ASPC pools) contain many non-adipocyte cells that can
“contaminate” experiments that are focused on the adipocyte linages. Thus, key
unanswered questions include whether there are genetic or epigenetic differences
between lineages; whether there are lineage-specific transcription factors, receptors,
or other factors; and whether different lineages produce different amounts of
adipokines/BATokines or other transmissible signals. Exciting technological
advances in single-cell RNA/DNA sequencing, metabolomics, and proteomics,
combined with emerging tools that can purify organelles (including nuclei) and
translating RNA away from non-adipocyte cells (Roh et al. 2017; Chen et al.
2016; Abu-Remaileh et al. 2017), are opening the door to a much higher-resolution
view of adipocyte heterogeneity.

Single-cell profiling, for example, will allow us to define the cellular heterogene-
ity of ASPCs (and mature adipocyte populations) based on their genetic and
epigenetic expression profiles. Single-cell analysis on cells captured at different
differentiation stages has been useful in other systems to understand the differentia-
tion path of a particular cell type (following what has been called pseudotime).
In one application for lineage-tracing purposes, mutations or single-nucleotide
polymorphism can be introduced in precursors in a manner that will accumulate
over time such that unique individual cell sequences can be followed cumulatively
in descendent cells (McKenna et al. 2016). Additionally, algorithms capable of
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deciphering spatial differences in gene expression are being developed to help
understand region-specific functions within a tissue (Potter 2018; Griffiths et al.
2018; Kumar et al. 2017; McKenna et al. 2016).

A recent study focusing on adipocytes that will undoubtedly usher more, single-
cell RNA sequencing of the ASPCs population in WAT identified at least three
different cell populations involved in adipocyte regulation, one of which surprisingly
secretes an unknown signal that inhibits adipogenesis (Schwalie et al. 2018).
Another recent study performed single-cell transcriptomic analysis with human
sWAT precursor cells and demonstrated that ASPCs are largely clustered in a single
population (Acosta et al. 2017). Combining such studies with new tools that can
isolate adipocytes away from the many non-adipocytes in a whole depot will be
powerful. For example, a novel mouse model called NuTRAP, when combined with
a fat-specific Cre driver, enables transcriptional and epigenomic profiling of only the
Cre-marked adipocytes isolated from whole-fat tissues (Roh et al. 2017, 2018).
Advances such as these will undoubtedly refine our understanding of the adipocyte
lineages and will be a major focus area for the near future. As such, it will be
important to standardize strains, diets, temperature, and sex across experiments as
well as consider each depot as separate and functionally distinct entities so that
results are comparable across laboratories.

Another important goal is to understand BAT fuel utilization and whether
developmental origins have any role in specifying metabolic activities. Since
thermogenesis requires free fatty acid exchange with mitochondria, it will be
important to understand how BAT handles lipids. For example, why does
BAT have both catabolic and anabolic lipid pathways working simultaneously
(Sanchez-Gurmaches et al. 2018; McCormack and Denton 1977; Mottillo et al.
2014; Shimazu and Takahashi 1980; Townsend and Tseng 2015; Trayhurn 1979;
Yu et al. 2002)? What is the significance of BAT lipolysis (Schreiber et al. 2017;
Shin et al. 2017)? Recent studies also suggest that mitochondria proximal to lipid
droplets, called peridroplet mitochondria, are functionally different from cytoplas-
mic mitochondria not associated with lipid droplets (Benador et al. 2018; Rambold
et al. 2015; Nguyen et al. 2017; Stone et al. 2009; Wang et al. 2011). The prospect of
mitochondria heterogeneity within a single cell opens up a whole new avenue of
interest in understanding how organelles communicate with each other and the
genome to control BAT metabolism. For example, although brown adipocytes
have lower endoplasmic reticulum compared to other cell types, a recent study
shows that brown adipocyte thermogenesis is regulated by an ER-membrane-
embedded transcription factor (Bartelt et al. 2018). Sorting out intracellular BAT
metabolism, and the influence of anatomical positioning, developmental patterning,
innervation/vascularization, and immune cell communication on these processes
will be critical in guiding the development of better therapeutic models.

While the role of the SNS in stimulating brown fat activity has long been
understood (Kawate et al. 1994; Muzik et al. 2017; Owen et al. 2014), there are
many interesting future questions about the role of the SNS in brite/beige adipocyte
formation, as well as in the ability of BAT to communicate back to the brain and
to other WAT depots. For example, it was recently proposed that iBAT cross talks
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to the sWAT through an “sWAT sensory neuron—Brain—iBAT” SNS connection
(Garretson et al. 2016; Nguyen et al. 2018). According to this model, cold-induced
sWAT lipolysis activates local afferent neurons triggering a neuronal circuit from
sWAT to iBAT that controls iBAT thermogenesis, and this effect is abolished when
the sWAT is denervated (Garretson et al. 2016; Nguyen et al. 2018). These findings
emphasize that BAT development is likely tightly coordinated with nerve develop-
ment and the concept of “neurometabolism” remains an understudied aspect of BAT
growth and overall metabolic homeostasis.

Regarding potential connections between brown (and white) adipocyte origins
and human fat disorders, a curious observation is that many lipodystrophy disorders
present as selective adipose tissue atrophy, in which some depots shrink or disappear
while others expand possibly as a compensatory response (Garg 2011). A similar
type of fat body redistribution is observed when Myf5-Cre is used to genetically
ablate regulators of the insulin signaling pathway in mice (Sanchez-Gurmaches
et al. 2012; Sanchez-Gurmaches and Guertin 2014). For example, deleting
PTEN (a negative regulator of insulin signaling) in the Myf5 lineage expands
Myf5-positive brown and white fat, converts the brown fat into a white fat-
like tissue, and causes the non-Myf5-lineage-positive adipocytes to disappear
(Sanchez-Gurmaches et al. 2012); in contrast, deleting insulin receptor-beta (IR-β)
with Myf5-Cre redistributes body fat in the other direction and reduces individual
adipocyte size (Sanchez-Gurmaches and Guertin 2014; Gesta et al. 2007). The
former model is strikingly similar to a rare fat disorder called multiple symmetric
lipomatosis or Madelung’s disease (Guastella et al. 2002; Ramos et al. 2010; Herbst
2012). Thus, another key question is whether differences in body fat distribution,
whether pathological—such as in lipodystrophy or obesity—or even normal fat
distribution across the population, may have some link to the developmental
heterogeneityof fat.

4.2 Prospects for BAT-Based Therapeutics

There are a number of key issues that if resolved could help inform the development
of BAT-based therapies. First, the commitment of progenitor cells to the thermo-
genic lineage is not understood. Knowing the mechanisms of brown fat specification
could greatly aid in promoting the conversion of non-thermogenic cells to brown
adipocytes. Whether better to focus on BAT or brite/beige adipocytes as a target for
increasing energy expenditure remains unknown. Brite/beige fat may be promising
because many obese or overweight adults seem to have a low abundance of BAT, at
least based on classic BAT descriptions; however, better detection methods are
needed (Hanssen et al. 2015; Ouellet et al. 2012; van der Lans et al. 2013; Yoneshiro
et al. 2011a, b; Betz and Enerback 2018). Moreover, fully activated individual
brite/beige adipocytes seem to have the same amount of UCP1 protein as an
individual brown adipocyte even though total depot levels are quite different
(Shabalina et al. 2013) and perhaps even slight increases in energy expenditure
could have large effects over time. On the other hand, it may be possible to “train”
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adults to increase BAT activity (van der Lans et al. 2013; Hanssen et al. 2015).
Understanding the development of thermogenic adipocytes is also relevant to stem
cell-based models of thermogenesis such as in isogenic cell therapy programs
(Singh and Dalton 2018). For example, it may be possible to generate human-
induced pluripotent stem cells from patient-derived somatic cells that are
reprogrammed to have a thermogenic adipocyte fate when transplanted into
recipients (Ahfeldt et al. 2012; Kishida et al. 2015; Guenantin et al. 2017; Pisani
et al. 2011). Chemical/hormonal induction protocols to generate such cells have
not yet been described but would be of interest. Directly transplanting patient-
derived brown adipocytes into obese individuals to improve metabolism may also
be possible and has been demonstrated in rodent models (Min et al. 2016). At this
point, there is not a clear consensus as to the best strategy for increasing brown fat
activity to fight obesity, and both classic brown and brite/beige adipocytes should be
considered until we know more about BAT and brite/beige adipocyte development
and function.

It is remarkable that it was only about a decade ago that it became widely
appreciated that adults have brown and brite/beige adipocytes, and thus while
excitement about the therapeutic potential of targeting these amazing cells to
increase energy expenditure is high, there is much research to be done to better
understand their biology and, in particular, understanding their development and
metabolic control, which are major challenge areas ahead.
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Abstract
The adult human adipose tissue is predominantly composed of white adipocytes.
However, within certain depots, adipose tissue contains thermogenically active
brown-like adipocytes, which have been evolutionarily conserved in mammals.
This chapter will give a brief overview on the methods used to genetically target
and trace both white and brown adipocytes using techniques such as bacterial
artificial chromosome (BAC) cloning to create transgenic mouse models and
the tools with which genetic recombination is mediated in vivo (e.g., Cre-loxP,
CreERT, and Tet-On). The chapter furthermore critically discusses the strength
and limitation of the various systems used to target mature white and brown
adipocytes (ap2-Cre, Adipoq-Cre, and Ucp1-Cre). Based on these systems, it is
evident that our knowledge of mature adipocyte categorization into brown, white,
brite, or beige adipocytes is strongly influenced by the use of the various genetic
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mouse models described in this chapter. Our evaluation of different studies using
the aforementioned systems focuses on key genes, which have been reported
to maintain adipocyte’s function (insulin receptor, Raptor, or Atgl).

Keywords
AdipoChaser · Adipocytes · Adiponectin · aP2 · Atgl · BAT · Beige · Brite ·
Brown · Cre · Doxycycline · FABP4 · Indicator mouse · Interconversion · IR ·
mTORC1 · Raptor · Rptor · Tamoxifen · Tet-On · ThermoMouse ·
Transdifferentiation · Ucp1 · Ucp1-Cre · Ucp1-CreERT · White

1 Introduction

Adipose tissue is the main energy storage organ of the body. Energy is deposited
in the form of fat molecules (triacylglycerol and cholesterol esters) in membrane-
covered lipid droplets in mature adipocytes, which gives the name to this tissue.
The fat tissue’s energy storage function is relevant during times of starvation and has
been shown to be sex-dependent. Thus, it was reported that during chronic starvation
of male rats, 33% of the total energy expended was derived from protein and 67%
from fat. In contrast, in females, which have a larger adipose tissue storage, only
8% were derived from protein and 92% from fat (Widdowson 1976). Because of its
name, it is generally believed that adipocytes are the main cell type in the adipose
tissue. This is clearly correct when comparing the volume contribution of different
cells, due to the fact that adipocytes are substantially larger than the average cell
and furthermore can change in size very rapidly depending on storage needs (Jo et al.
2009). In line with this, the adipose tissue enlargement is mainly due to an adipocyte
volume increase (Johnson and Hirsch 1972). It was reported that the adipocyte
volume is 400 pL in a healthy human female with 20 kg adipose tissue mass and
that it can reach a volume of more than 1,000 pL in humans with 100 kg adipose
tissue mass. Besides, adipocyte size adipose tissue cell number is the most important
factor determining adipose tissue mass, as has been suggested by the nonlinear
relationship between adipocyte cell volume and adipocyte mass (Spalding et al.
2008). Compared to the large adipocyte, all other cells of the adipose tissue are
dwarfish. Lymphocytes, neutrophils, fibroblasts, and alveolar macrophages range
around volumes of 0.13, 0.3, 2, and 5 pL, respectively (Krombach et al. 1997; Mitsui
and Schneider 1976; Rosengren et al. 1994; Schmid-Schonbein et al. 1980). There-
fore, it is generally believed that an increase in the numbers of non-adipocyte cells
does not affect adipose tissue volume directly. Taken together these points have
led to the hypothesis that adipocytes account for only a minority of the cells found
within adipose tissue (Müller et al. 2015; Rosenwald et al. 2013). Recent work
from our lab suggests that for the inguinal adipose tissue, the percentage of mature
adipocytes is between 10 and 20%. Therefore, any study of the adipose tissue,
which focuses on mature adipocytes, has to take into account this complication as
it can lead to wrong conclusions on specific marker gene expression, since only a
fraction of the tissue is composed of mature adipocytes.
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Around 150 years ago, adipose tissue morphology was already discussed by
Flemming who described adipocytes as “fixed branched connective tissue cells”
that are filled with lipids (Flemming 1870; Shaw 1901). With the introduction of
density centrifugation, cells of the adipose tissue could be divided based on their
physical properties into the mature adipose tissue fraction with a density below one,
which mainly contain mature adipocytes. The rest of the adipose tissue’s cells, which
exhibit a density of greater than one, were assigned to the stromal vascular fraction
(SVF). The SVF contains a population of fibroblast-like cells including adipocyte
precursor cells, immune cells, as well as endothelial and smooth muscle cells. Given
the interest in adipose tissue development, the last 10 years have seen a surge of
papers on the composition of the SVF fraction and the definition of the adipocyte
progenitor population, which have been extensively reviewed (Hepler et al. 2017;
Sanchez-Gurmaches and Guertin 2014).

This book chapter focuses on the mature adipocyte as the key functional cell
regulating lipid homeostasis through storage and release of lipids to fuel whole-body
energy expenditure. For this reason, it is important to discuss the different types of
mature adipocytes. The most important adipocyte is the white adipocyte. It is defined
by its mainly unilocular appearance, and its function is mainly lipid storage. In adult
humans, the adipose tissue is predominantly composed of white adipocytes.

In his monumental work, Historiae Animalium, between 1551 and 1558, the
Swiss natural scientist Conrad Gessner did not only describe the unicorn but
also described the anatomy of a glandular tissue, which is located in between the
shoulder plates of marmots (Gessner 1551). This tissue was later termed brown
adipose tissue. Several hundred years later, Hatai described a similar tissue in
humans (Hatai 1902); the unicorn until today remains to be found. Brown adipose
tissue is conserved within mammals; for this reason most of the experimental work
was conducted using the mouse model system (Zhang et al. 2018). Similar to the
white adipocyte, a significant part of the brown adipocyte is composed of lipid
droplets; however, in the case of the brown adipocyte, these lipid droplets present
a multilocular appearance. The third cell type, which has been termed “inducible
brown adipocyte,” “beige adipocyte,” or “brite adipocyte” (for brown in white
adipocyte), is a multilocular adipocyte that appears interspersed within what could
be considered white adipose tissue depots. In contrast to the white adipocyte, the
brown and brite adipocytes are so-called thermogenic cells which convert chemical
energy (mainly glucose and lipids) into heat to aid temperature control in response
to acute cold bouts (Cannon and Nedergaard 2004). Even though brown and white
cells have opposing functions, they share a significant number of genes, which
complicate adipocyte-specific targeting as shall be discussed later in this chapter.

In recent years the brown and brite adipocytes have received tremendous interest
as a target for energy expenditure control (Bartelt and Heeren 2012). This has been
due to the pandemic of obesity, which shows no sign of diminishing, and the large
number of associated comorbidities that pose a serious problem for life quality but
also have a severe impact on health and economy. As obesity is per definition a
pathological storage of excess energy, it is reasonable to propose to ameliorate this
problem by increasing energy expenditure, while keeping energy intake constant.
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This has been supported by multiple findings that show a tight inverse correlation
between obesity development and the presence of brown and brite adipocytes in
multiple species, including humans (Bartelt and Heeren 2014). In addition, our
knowledge of brown adipose tissue function, which is mainly derived from rodent
research, has demonstrated that targeting brown adipose tissue can not only be used
to induce weight loss. Furthermore, brown adipose tissue can be quite effective in
reducing circulating metabolites such as lipid and glucose and thereby preventing the
development of the obesity-associated comorbidities such as type 2 diabetes and
cardiovascular complications (Bartelt et al. 2011). For these reasons, it is important
to generate animal model systems, which can be used to target brown adipose tissue
to study specific genes in the context of whole-body metabolism. The individual
contribution of brown vs. brite adipocytes to energy homeostasis is still part of an
ongoing debate. Similarly, it remains unclear whether thermogenic adipocytes found
in humans should be considered brown or brite adipocytes (see chapter “Lineage
Tracing In Vivo” of David Guertin).

To target brown adipocytes, an overview of the specific marker gene expression is
required. Brown adipocytes produce heat via the uncoupling protein 1 (Ucp1), which
can dissipate the proton gradient in the inner mitochondrial membrane (Cannon and
Nedergaard 2004). Given the fact that uncoupling of the proton gradient is a unique
cellular feature, from an evolutionary perspective, such a process would require
careful restriction, because during times of energy scarcity, it might threaten sur-
vival. The Ucp1 gene thus is one of the best defining markers of brown adipose
tissue. Since Ucp1 expression depends on the activity of the brown adipocyte, it
is mainly expressed in thermogenically active brown adipocytes. Therefore, other
markers have been proposed which are specific for the adipocyte cell (even if
they are not exclusive to brown adipocytes). Given the fact that adipocytes per se
have a unique set of expressed genes and given the long-standing interest in white
adipose tissue research, specific markers have been validated for adipose tissue in
general.

2 Techniques to Create Transgenic Mouse Lines

The study of brown fat biology in vivo required the establishment of new genetic
mouse models. There are two common methods to integrate transgenes into the
genome by targeted or nontargeted strategies. In nontargeted transgenesis, cDNA or
DNA from artificial chromosomes is randomly integrated into the mouse genome
after the injection into the one-cell embryo. To ensure specificity of transgene
expression in nontargeted transgenesis, gene regulatory elements need to be present
in the transgene sequence. A widely used technique to supply transgenic DNA with
gene-specific regulatory sequences (includes promoter, enhancer, and silencer) is the
cloning of a coding sequence into mouse genomic DNA regions that are stored in
bacterial artificial chromosomes (BAC) (Osoegawa et al. 2000). BAC cloning is
most widely used to create large transgenes that contain the complete regulatory
sequence of a certain gene. BAC cloning bases upon principles of a particular form
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of homologous recombination that is termed recombineering (Copeland and Jenkins
2001). The common BAC length ranges from 150 k base pairs (kb) to 350 kb, and
the linearized BAC will be integrated randomly into the mouse genome. A compre-
hensive protocol was developed for the rapid generation of BAC transgenic mice
(Johansson et al. 2010). Another technique that is distinct from BAC recombineering
is the knock-in method. The knock-in method is a targeted transgenesis, which
allows the capture of a gene’s promoter and its gene regulatory sequences at the
correct genomic location (Rickert et al. 1997). The disadvantage of the knock-in
method is that it usually creates a null allele where the transgene was inserted. Its
advantage is that one restricts the transgene expression to half of the endogenous
expression level of the captured gene. While the copy number of the transgene
inserted with the BAC can be quite high due to formation of concatemers, the knock-
in method limits the reading frame to one copy.

3 Tamoxifen Inducible vs. Dox-Inducible Recombinase
Systems

The genetic toolbox of the Cre-loxP system has led geneticists to conditionally
recombine the mouse genome and thereby create disease models of great value
(Orban et al. 1992; Sternberg and Hamilton 1981). LoxP sites (locus of X-over P1)
were derived from the bacteriophage P1 and consist of 34 base pairs (bp). An
asymmetric 8 bp sequence is positioned in between two 13 bp symmetric sequence
elements. Cre (cyclic recombinase) is a site-specific recombinase that very efficiently
mediates deletion of a sequence flanked by two loxP sites in vivo (Rajewsky et al.
1996). This deletion of a DNA sequence is mediated by cleavage and ligation of two
loxP sequences. When a tissue-specific promoter regulates the Cre recombinase
expression, conditional tissue-specific DNA recombination can be used to achieve
spatial resolution. Inducible DNA recombination is a more complex version of a
conditional DNA recombination. The inducible Cre-loxP system adds the temporal
control to the spatial resolution of the recombination process. This development
of the Cre-loxP system allows to knockout a gene in a specific tissue at a specific
time. The two most commonly used inducible Cre-loxP systems are the doxycycline-
inducible Tet-On system (Gossen et al. 1995) and the tamoxifen-inducible Cre
recombinase (CreERT) (Feil et al. 1997).

The Tet-On system requires the conditional expression of the transcription factor
reverse tetracycline transactivator (rtTA). The rtTA drives Cre recombinase expres-
sion by binding to the Tet response element (TRE) in the promoter region of
the transgene that encodes the Cre recombinase. The third transgene is the loxP-
containing transgene, which will be recombined by Cre recombinase. Distinct from
the components of the Tet-On system, the tamoxifen-inducible Cre recombinase
adds the inducibility function to the Cre recombinase itself. The tamoxifen-inducible
Cre recombinase, or CreERT, is a fusion protein of the Cre recombinase and a
mutated version of the estrogen receptor (ERT). Tamoxifen is the ligand of the ERT
part of the fusion protein. While being excluded from the nucleus in the unbound
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state, the estrogen receptor shuttles into the nucleus upon ligand binding. Conforma-
tional changes of the mutated estrogen receptor upon ligand binding expose a
nuclear localization protein motif. Mutations were directed at creating an estrogen
receptor that exclusively binds tamoxifen, and physiological concentrations of
endogenous estrogen do not lead to nuclear localization of CreERT.

Currently an ongoing debate exists about which one of the inducible systems has
greater limitations. The toxicity of supraphysiological tamoxifen doses questioned
the feasibility of using the tamoxifen-inducible CreERT system for genetic tracing
studies of the adipose tissue (Ye et al. 2015). In addition, tamoxifen was developed
as a selective estrogen receptor modulator and might disrupt certain estrogen recep-
tor pathways in the adipocyte (Deroo and Korach 2006). On the other hand,
doxycycline has been criticized for its antibiotic effects (Moullan et al. 2015).
While the CreERT requires two transgenes (CreERT and loxP flanked target-coding
sequence), the Tet-On system requires three transgenes. The increased breeding time
due to an additional transgene in the Tet-On system increases cost and reduces speed
of the development of a new mouse model. In cell lineage tracing experiments, the
doxycycline-inducible system can be considered superior due to the fact that tamox-
ifen is a strongly hydrophobic molecule, and it takes a longer time until tamoxifen is
cleared from circulation. Doxycycline in contrast is water soluble, which accelerates
its clearance time to less than a day (Wang and Scherer 2014). To genetically target
brown adipocytes, transgenes with different promoters have been utilized. In the
following, we will discuss the brown fat-specific Ucp1 promoter as well as the
adipocyte-specific adiponectin and ap2 promoters, which have both been used in
recent years to study the brown and white adipose tissue.

4 The ap2 Promoter

A widely used marker, which has been employed to define adipocytes, is the
adipocyte fatty acid-binding protein (A-Fabp, Fabp4, or ap2). The vast majority
of attempts to genetically manipulate the adipose tissue were performed with Cre
recombinase expression under the ap2 gene regulatory sequences. Recent work,
however, has demonstrated that ap2 is not specific for adipocytes. Therefore, several
conclusions, which have been drawn based on these mouse model systems, will have
to be reevaluated. Interestingly, expression of ap2 gene by mouse macrophages has
already been described in 2001 (Fu et al. 2000; Furuhashi et al. 2007; Makowski
et al. 2001). Recombination of macrophage genomes in models using the ap2-Cre
system could therefore have contributed to observed metabolic effects through
modulation of inflammatory processes, which is in line with the hypothesis that
adipose tissue inflammation per se can affect insulin resistance (Hotamisligil et al.
1993; Kahn et al. 2006). In 2009 it was published that mouse endothelial cells
express ap2 (Elmasri et al. 2009), a finding that was already suggested based on
the use of a porcine model in 2007 (Lee et al. 2007). Furthermore, in both brown
and white adipose tissue, ap2 marks a distinct population of adipocyte progenitors
(Shan et al. 2013). Lastly, transgene expression under the ap2 promoter was shown
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to localize within the embryo from mid-gestation, which is 9.5 days after fertilization
(Urs et al. 2006). At 15.5 days after fertilization, β-gal activity was detected
primarily in the brown adipose tissue, cartilage primordia, dorsal root ganglia,
trigeminal ganglia, and vertebrae. For this reason, the ap2 gene promoter should
only be used in well-controlled circumstances when targeting expression of genes
that are specific for mature adipocytes.

5 The Adiponectin Promoter

One explanation for the widespread use of the ap2-Cre model clearly was the lack
of a better driver line for genetic recombination experiments. This changed with
the publication of the Adiponectin-Cre transgenic mouse line by Wang and
colleagues from the Scherer Lab in 2010 (Wang et al. 2010). This mouse model
system is based on the fat-specific adipokine, adiponectin, which is expressed
both in white and brown mature adipocytes. Adiponectin was demonstrated to
improve systemic insulin sensitivity and to ameliorate several obesity-associated
comorbidities (Holland et al. 2017; Xia et al. 2017). Although the expression levels
of adiponectin are negatively correlated with adipocyte size, even low expression
levels in large adipocytes are enough to drive recombination. In the adiponectin-Cre
mouse line, adipocyte-specific expression is mediated by a 5.4 kb adiponectin gene
fragment containing key gene regulatory elements. The adiponectin-Cre mouse line
published in 2011 by Eguchi and colleagues was based on a different technique of
transgene creation. Eguchi and colleagues used the BAC recombineering technique
to ensure adipocyte-specific expression of Cre recombinase (Eguchi et al. 2011).
Until today, adiponectin expression is considered to be well confined to the adipo-
cyte, and its expression can be found in both white and brown adipocytes.

Das and colleagues systematically studied the regulatory elements of the mouse
adiponectin gene, also called Acrp30, in cell culture systems (Das et al. 2001). In
subsequent in vivo studies, it was shown that adipocyte specificity can be achieved
when a 5.4 kb regulatory fragment is used to drive Cre recombinase expression
(Wang et al. 2010). 5.4 kb is too large to fit into conventional adeno-associated virus
(AAV) gene vectors. The adiponectin regulatory fragment of choice contains 4.9 kb
of the 5’regulatory region, 100 bp of exon 1, 200 bp of the 5’end of intron 1, and
200 bp of the 3’end of intron 1. Exon 1 of the adiponectin gene encodes the 5’end
of the untranslated region. The starting methionine codon is located in exon 2. The
premise for including regions of intron 1 was to preserve the endogenous splicing
information. Adiponectin expression is transcriptionally regulated by activating
transcription factor 3 (ATF3), CCAAT/enhancer-binding protein α (Cebpα), and
peroxisome proliferator-activated receptor γ (Pparγ) (Iwaki et al. 2003; Kim et al.
2006; Park et al. 2004).

Another systematic investigation of the adiponectin promoter was performed by
Segawa et al. (2009) and focused on the human gene. O’Neill and colleagues chose
human adiponectin regulatory regions according to detailed studies of the 5’distal
regulatory region of the human adiponectin gene (O’Neill et al. 2014). One proof of
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principle study delivered the leptin gene regulated by the 5’distal regulatory region
of adiponectin through an AAV vector into leptin-deficient mice. By using the
reduced regulatory regions of the human adiponectin gene, O’Neill and colleagues
attempted to regulate transgene expression from the AAV vector only in adipocytes.
The results of this study suggest that viral systems might also be used to target
adipocytes specifically (O’Neill et al. 2014). However, a systemic injection of a high
virus titer requires a supplementation of the AAV viral genome with a miRNA
system that prevents the transgene translation in the liver. Further efforts need to be
made to design a shorter adiponectin promoter with the key gene regulatory
sequences that allow faithful use of AAV for adipocyte-specific targeting.

6 The Ucp1 Promoter

The deletion analysis of the uncoupling protein 1 (Ucp1) gene’s 5’regulatory
regions in transfected mammalian cells (Cassard-Doulcier et al. 1993) uncovered
its cis-regulatory elements. The minimal region of promoter activity was found to be
positioned between �157 bp and �57 bp (1 bp ¼ A of methionine-encoding ATG).
The location of a repressor region was found to be between �400 bp and �157 bp.
One enhancer element of the Ucp1 promoter in its 5’flanking region was found to
be 211 bp long and its detailed location defined as between �2,494 and �2,283 bp.
In subsequent in vivo studies, this enhancer element was shown to be sufficient
to regulate brown adipocyte-specific expression (Cassard-Doulcier et al. 1998). The
AAV serotypes 8 and 9 mediate efficient and long-term transduction of adipocytes
(Jimenez et al. 2013). Although further independent studies are needed to validate
the brown adipocyte-specific expression, the supplementation of AAV vector with
the 211 bp long enhancer in addition to the Ucp1 minimal promoter seems to have
ensured brown adipocyte-selective expression in the mouse.

7 Genetic Mouse Models to Disrupt Mature Brown Adipocyte
Function

The first two separately developed Ucp1-Cre lines were published by Moulin
and colleagues and Guerra and colleagues (Guerra et al. 2001; Moulin et al. 2001).
The brown fat-specific insulin receptor knockout (BATIRKO) mouse created by
Guerra and colleagues was the first brown fat-specific knockout model ever
published (Guerra et al. 2001). The Ucp1-Cre transgene was around 15 kb long
and consisted of 8.4 kb of the 5’untranslated region (UTR) of the Ucp1 gene, 2.4 kb
of Cre cDNA including a nuclear localization sequence, and 4.3 kb of a Ucp1
gene region of exons 3–6. The transgenic DNA was integrated randomly into
the mouse genome. After that it took 11 years until a study reported the use of this
same Ucp1-Cre mouse line to knockout hypoxia-inducible factor 1 alpha subunit
(Hif1α) and create the BATcKO mouse (Krishnan et al. 2012). In 2014, Kong and
colleagues reported the following (Kong et al. 2014): “Unfortunately, the available
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Ucp1-promoter driven Cre line (Guerra et al. 2001) has problems with both speci-
ficity and recombination efficiency.” It is unknown what caused the problems in
the Ucp1-Cre line and if they arose from continued breeding of the line. To solve the
problem, a new Ucp1-Cre mouse line was created using the BAC recombineering
approach to induce overexpression of an IRF4 transgene. In the same year, Turpin
and colleagues published the brown fat-specific Ceramidase 6 knockout with
a Ucp1-Cre (Turpin et al. 2014). In the following years, the Ucp1-Cre got much
more widely distributed, and many genes were targeted using this line.

A physiological effect of a conditional knockout in Ucp1-expressing cells might
be caused by developmental effects, because most adipocytes express Ucp1 in early
phases of adipose tissue development. To rule out any contribution of developmental
effects, one can use an inducible Cre-loxP system. Our lab was the first to publish
an inducible Ucp1-CreERT mouse line in 2013 (Rosenwald et al. 2013). This mouse
line allowed to induce genetic recombination by the drug tamoxifen specifically
in brown adipocytes. In 2017, Schreiber and colleagues published the first tamoxifen
inducible brown fat-specific knockout of a gene. By applying this new mouse model,
they could rule out that it was the absence of ATGL in brown adipocytes that
disrupted the non-shivering thermogenic capacity of BAT (Schreiber et al. 2017).
Until today, there are a few publications utilizing the tamoxifen-inducible Ucp1-
CreERT mouse models (Lasar et al. 2018; Sanchez-Gurmaches et al. 2018). In 2014,
the first use of a brown fat-specific doxycycline-inducible Ucp1-rtTA mouse line
was published by Sun and colleagues to overexpress vascular endothelial growth
factor A (VEGF-A) in BAT (Sun et al. 2014). By creating a genetic mouse model
that combines the transgenes Ucp1-rtTA and TRE-Cre, the Scherer laboratory was
not only able to knockout Connexin 43 but also to first perform a doxycycline-
inducible gene knockout only in brown adipocytes (Zhu et al. 2016).

8 Lessons from Fat but Non-brown Fat-Specific Gene
Targeting and Tracing

In the following, we will highlight some points, which can be deduced from
the genetic manipulation of adipose tissue with the aim to study brown fat function.
In this context, some studies have reported the use of conditional ablation of specific
genes by employing the adiponectin-Cre mice, which targets the whole adipose
tissue, to study brown adipocyte function. As described above, targeting such a large
and important organ as the adipose tissue can lead to an altered systemic metabolism,
which in turn can impact the function of brown adipocytes. One example is the study
of Labbé et al. (2016), who used the adiponectin-Cre to delete Raptor in adipose
tissue and studied the gene’s role in brown adipose tissue function. Raptor is the
regulatory-associated protein of mTOR. The Raptor knockout is a generally
accepted means of disrupting mTOR complex 1 (mTORC1) formation
and function. Labbé and colleagues showed that mice with a conditional knock-
out of Raptor have reduced mitochondrial biogenesis in and expansion of BAT.
Furthermore, they found reduced capacity of non-shivering thermogenesis in

Lessons from Cre-Mice and Indicator Mice 45



response to cold in mice lacking Raptor in all mature adipocytes. They conclude that
mTORC1 would play a key role in the process of brown adipocyte recruitment and
that the absence of mTORC1 would be responsible for shifting brown adipocytes’
metabolism from oxidizing lipids to metabolizing glucose. Even before this study
was published, it had been reported by Lee and colleagues that adipocyte-specific
Raptor knockout caused the development of a lipodystrophy, which was associated
with hepatomegaly, hepatic steatosis, and systematic insulin intolerance (Lee et al.
2016). One has to point out that the absence of functional white adipose tissue in
these mice forces an atypical allocation of fat into the liver and other organs. One of
these organs could be the brown adipose tissue. Evidence from the conditional
knockout of insulin receptor (IR) with adiponectin-Cre suggested that storage of
fat is increased in BAT upon lipodystrophy. In this mouse model, the lipoatrophy
affected preferentially white adipose tissue depots, and a contrasting whitening of
brown adipose tissue was reported (Qiang et al. 2016). Furthermore, one major part
of the phenotype on non-shivering thermogenic capacity of the Raptor knockout in
all adipocytes could be explained by the finding that lipodystrophy itself reduces the
thermogenic potential of mice, as demonstrated by an inducible lipodystrophic
mouse model (Sakaguchi et al. 2017). Based on these data, it seems more plausible
that whitening of BAT is in part caused by the lipoatrophic phenotype and it remains
to be seen how much the direct effect of mTORC1 disruption in brown adipocytes is
involved. Indeed the hypothesis that the whitening and dysfunction of BAT are an
indirect effect of systemic metabolism can be confirmed by results from a mouse
model of brown fat-specific knockout of the Raptor gene (Lee et al. 2016).
BAT-specific knockout of Raptor resulted in reduced BAT mass and lipid content.
In accordance with this, the knockout of IR using the Ucp1-Cre animal model was
shown to reduce brown adipose tissue mass and lipid content (58).

The notion that it is of great importance, to carefully analyze the cell-specific
impact of a particular gene in brown adipose tissue function, was very elegantly
demonstrated by a recent paper of Schreiber and colleagues. The authors analyzed
the role of adipose tissue triglyceride lipase (ATGL), the key lipolytic enzyme in
white and brown adipose tissue, in the context of non-shivering thermogenesis.
Based on the data from the global ATGL ko mice, which are completely cold-
intolerant, it was generally believed that release of fatty acids from intracellular fat
stores through ATGL would be a key determinant of brown adipocyte functionality.
Using BAT-specific ablation of ATGL in brown adipose tissue, the authors demon-
strate that, although ATGL loss impairs BAT lipolysis and alters BAT morphology,
it does not compromise the β3-adrenergic thermogenic response or cold-induced
non-shivering thermogenesis. Instead they could demonstrate through the use of
a complete adipose tissue ablation of ATGL that non-shivering thermogenesis
depends on the lipolysis of white adipose tissue to generate energy substrates and
that the cold intolerance in ATGL global ko mice is due to severe cardiomyopathy.
Taken together, these above-discussed studies illustrate the tight dependence of
brown adipose tissue function on white adipose tissue lipolytic capacity and clearly
underscore the necessity to ablate genes of interest specifically in brown adipocytes
to unequivocally show their cell autonomous function.
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9 Indicator Mice of Brown Fat Function

Besides their use in gene ablation, Cre-mice and other models have been used to
study brown fat formation and development. In line with this, the term “indicator
mouse” has been coined, which describes a mouse that has been genetically modified
with the goal of enabling the detection of a biological process in a simplified manner.
Concerning brown fat visualization, there have been different attempts to develop a
technique that enables in vivo tracing of active brown fat. The most well-known
indicator mouse lines for brown fat activation are the Ucp1-GFP mouse line and the
ThermoMouse.

Activation of brown adipocyte function as well as the number of brown
adipocytes can be monitored by the amount of Ucp1. One basic strategy can be
summarized by controlling the expression of a fluorescent protein through the Ucp1
gene promoter elements. In the first study, which applied genetics to transiently
indicate Ucp1 expression in vivo, our lab expressed an enhanced green fluorescent
protein (eGFP) (Rosenwald et al. 2013). As preceding studies in non-mitotic mouse
cells had shown, the half-life of eGFP was around 6 h (Corish and Tyler-Smith
1999). When brown adipocytes are activated, they increase eGFP expression. After
decreasing its eGFP expression, the eGFP is degraded by the cell, and the fluores-
cence signal weakens. In detail, the Ucp1-GFP mouse was created by bacterial
artificial chromosome (BAC) recombineering (Johansson et al. 2010). The trans-
gene encodes a primate heparin-binding epidermal growth factor-like growth factor
(HB-EGF)/eGFP fusion protein. The fusion protein is located to the plasma mem-
brane and thereby can be easily distinguished from other fluorescent proteins that
are located in the cytosol. Based upon the work of Yang and colleagues, it seems
possible to use the Ucp1-GFP mouse to study in vivo brown fat activity (Yang et al.
2000). The imaging of eGFP localization in the subcutaneous fat depots requires
transilluminated epifluorescence microscope or a fluorescence light box and a
thermoelectrically cooled color charge-coupled camera.

The ThermoMouse applies the transgenic expression of luciferase2 under the
brown fat-specific promoters of the Ucp1 gene to visualize the size and activity of
the brown fat tissue (Galmozzi et al. 2014). In detail, Galmozzi and colleagues used
BAC recombineering techniques (Warming et al. 2005) to ensure brown fat-specific
expression of the luciferase2; they inserted the luciferase2-T2A-tdTomato trans-
gene cassette at the initiation codon of exon 1 of the Ucp1 gene. The BAC was
98.6 kb long (bMQ353d13, Source BioScience) and contained the entire Ucp1 gene
locus. The transfer of recombineered BAC DNA into the germline of FVB mouse
strain was mediated by microinjection into single-cell embryos. The ThermoMouse
enabled researchers to quantify brown fat function and the amount of brown fat
present in vivo through luciferase2, which serves as a transient biomarker (Liu et al.
2017). After the injection of D-luciferin (10 μL g–1) into a living mouse, biolumi-
nescence can be measured using an in vivo optical imaging system. This approach
allows longitudinal studies of individual mice over longer times. Unfortunately, it is
only possible to obtain the male ThermoMouse, because the transgene randomly
integrated into the Y chromosome. To allow the study of both sexes, Mao and
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colleagues have developed a similar mouse model in which the transgene is not
integrated into an allosome (Mao et al. 2017). In addition, their strategy of transgenic
mouse creation was different. In contrast to the approach of Galmozzi and
colleagues, Mao and colleagues produced a knock-in mouse line by homologous
recombination the endogenous Ucp1 locus in embryonic stem cells. The targeted
insertion method excludes effects of regulatory sequences in the genome environ-
ment at the side of random integration. The end of exon 6 of the endogenous Ucp1
gene was chosen as the side for targeted insertion of luciferase-coding sequence.

10 White/Brown/Brite Adipocyte-Specific Labeling

The first genetically distinction of the different characters of adipocytes has been
made by Moulin and colleagues in 2001 (Moulin et al. 2001). They used an Ucp1-
Cre line to drive constitutive expression of LacZ in all adipocytes that at a point in
time expressed Ucp1. Although their findings seem very simple at first sight, the
concept they established with a solid experiment was of great importance for starting
the still ongoing debate about the mixed character of adipose tissue. By showing
in the adult Ucp1-CrexflstopflLacZ mouse at 21�C, which most adipocytes in white
adipose tissues did not express LacZ, they were able to prove that there are two
distinct lines of mature adipocytes. Thus, they not only established the existence of a
distinct brown adipocyte cell type but indirectly also defined the white adipocyte
as a distinct cell type. It could have been possible that all adipocytes express Ucp1 at
a certain stage of development. This could have led to the conclusion that what we
define as a white adipocyte is a brown adipocyte, which has filled its lipid storage
leading to the formation of a unilocular lipid droplet. Since then many concepts of
different adipocyte cell types have been developed. Although the nomenclature
has not been unified yet, scientists widely accepted the definition of a third adipocyte
cell type as mentioned in the introduction. A brite adipocyte can be defined as a
cell in predominantly white adipose tissue depots, which expresses Ucp1 and
contains multilocular lipid droplets. While the nomenclature controversy seems to
be an argument about which name sounds better, it actually also demonstrates
disagreements regarding aspects of underlying theoretical concepts. As of now,
“beige” adipocyte is the most widely distributed term for the third type of
adipocytes. The term was coined building on the idea that beige adipocytes are a
separate cell type that derives from a distinct precursor lineage. Critics of the term
“beige” point out that its concept does not account sufficiently for the transient
character of that cell type, which is supported by findings that demonstrated the
interconvertibility of white adipocytes into beige adipocytes. While the classical
adipocyte cell types brown and white cells are easily detectable, the appearance of
brite adipocytes is heavily dependent on environmental cues. Brite adipocytes
form upon cold exposure, excessive activation of sympathetic nerve system, or
stimulation of fat tissue with beta-3 adrenergic receptor agonists (Bartelt and Heeren
2014). The concept of interconvertibility (or transdifferentiation) of white adipocytes
into brite adipocytes has been proposed by Cinti and colleagues upon findings
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from comprehensive anatomical studies of the adipose organ housed at diffe-
rent environmental temperatures (Himms-Hagen et al. 2000; Vitali et al. 2012).
Transdifferentiation is synonymous with the term “direct lineage reprogramming,”
which can be described as a form of cellular reprogramming that converts a
mature cell type into another different mature cell type without the transitioning
through an undifferentiated progenitor stage (Jopling et al. 2011). To use the term
transdifferentiation when describing white to brite adipocyte cell, interconversion
has long been abandoned by most scientists, because it seemed premature due to
lack of molecular evidence.

Technological advances were required before the question of interconversion
could be addressed further (Wang et al. 2014). One such technological advancement
was the creation and combination of the previously described Ucp1-CreERT and
Ucp1-GFP mouse models (Lee and Cowan 2013). Technically this was mediated
by the creation of a mouse model that combined transient green fluorescent protein
labeling of acutely Ucp1-expressing cells (Ucp1-GFP transgene) with the constitu-
tive red fluorescence labeling of all brite adipocytes (Ucp1-CreERTxflstopfltdRFP
transgenes) at a first cold exposure of mice (Rosenwald et al. 2013). The first
cold exposure was followed by a warm adaptation phase of the mice during which
the brite adipocytes interconverted back to the white phenotype. After that warm
adaptation of 6 weeks, during which the tamoxifen was washed out, the second cold
exposure showed that a big fraction of all brite adipocytes have already been
activated during the first cold exposure. Since the main readout was fluorescence
microscopy, it is hard to quantify the percentage of adipocytes that interconverted
from mature cells. In another study, Wang and colleagues showed the interconver-
sion of mature adipocytes with the help of their elegant AdipoChaser mouse model
(Wang et al. 2013). The AdipoChaser mouse builds upon the Tet-On system and
contains three transgenes that allow the inducibility of Cre recombinase function
by doxycycline in mature adipocytes. Since the washout time is shorter than that of
tamoxifen, they could easily trace how preexisting mature adipocytes interconvert
into the brite state. Today, the route of the brite cell recruitment via precursor
differentiation has received most of the attention (Hepler and Gupta 2017;
Sanchez-Gurmaches et al. 2012). This might be due to the development of novel
and sophisticated tools to study precursor differentiation, in vivo (Hepler et al.
2017). Similarly, the discovery of transcription factors, which mediate adipocyte
cell type identity formation, represents key steps in the understanding of the adipose
organ (Cohen et al. 2014; Duteil et al. 2016; Harms et al. 2014; Rajakumari et al.
2013; Sambeat et al. 2016; Shao et al. 2016).

To conclude, the question of brite adipocyte formation remains one of the most
interesting questions in the field of brown adipose tissue research, due to the fact that
detailed knowledge of the involved processes might lead to strategies that would
allow to convert white into brown adipose tissue with the ultimate goal to enhance
systemic energy expenditure of an organism. In this context, in vivo studies applying
the different genetic tools, which have been illustrated in this chapter, might enable
the comprehensive profiling of the three different adipocytes.
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Abstract
Brown adipose tissue aging and the concomitant loss of thermogenic capacity
have been linked to an inability to maintain normal energy homeostasis in late
life. Similarly, the ability of white fat to convert into brite/beige adipose tissue
declines. This may ultimately exacerbate the progression of age-related metabolic
pathologies, such as insulin resistance and obesity. The depletion of all types of
brown adipocytes during aging is well-established and has been described in
rodent models as well as humans. We here review the available literature on the
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potential mechanisms leading to cell-autonomous and microenvironment-related
aspects of brown adipocyte dysfunction. Among these, cellular senescence,
mitochondrial impairment, and deteriorating changes to the local and endocrine
microenvironments have been proposed. An important goal of aging research is
to develop approaches that may not only extend life expectancy but also prolong
health-span. These efforts may also be aimed at maintaining metabolic health
throughout life by targeting brown adipocyte function.

Keywords
Aging · Brown adipose tissue · Progenitor cells · Senescence · Stem cell niche

1 Introduction

Aging is accompanied by a functional decline of many organ systems and physio-
logical processes that ultimately result in various age-related health issues. Impor-
tantly, the prevalence of over 60-year-old individuals as percentage of the worlds’
population is expected to almost double from 12 to 22% between 2015 and 2050,
altogether emphasizing the need to better understand the contributing factors that
affect life expectancy and health-span (World Health Organization 2015).

The development of obesity is aggravated during aging, which in itself is an
independent risk factor for this metabolic condition. Thus, the age-dependent accu-
mulation of body fat is well-documented in the literature (Bazzocchi et al. 2013;
Chumlea et al. 2002; Kyle et al. 2001). Specifically, old age associates with an
increase in abdominal fat, as well as ectopic fat in the liver, skeletal muscles, and the
long bones, among other tissues (Kuk et al. 2009; Kyle et al. 2001; Slawik and
Vidal-Puig 2006). The incidence of obesity, which is mainly a consequence of
increased energy consumption over reduced expenditure, has nearly tripled since
1975: More than 1.9 billion adults (18 years and older) are overweight with a body
mass index (BMI) greater than 25, and over 650 million are obese, defined by a BMI
greater than 30 (World Health Organization 2017) (Fig. 1).

White adipose tissue (WAT) stores the majority of excess energy and is by far
more abundant than the second type of fat, the brown adipose tissue (BAT) (Cannon
and Nedergaard 2004). Although both types of adipocytes are able to store
triglycerides, they differ substantially in several molecular and physiological
parameters, such as lipid droplet conformation, mitochondrial content and activity,
and localization of the nucleus (Schulz et al. 2011). Additionally, brown adipocytes
uniquely express uncoupling protein 1 (UCP1) which resides in the inner mitochon-
drial membrane (Heaton et al. 1978). UCP1 uncouples the mitochondrial proton
gradient, which is generated during oxidative phosphorylation (OXPHOS), from
ATP production, and thereby enables the generation of heat in brown adipocytes.
While this process is thought to be a main contributor to non-shivering thermogene-
sis, several recent studies have suggested that some portions of non-shivering
thermogenesis may be independent of UCP1 activity or even BAT (Bal et al.
2012; Kazak et al. 2015; Keipert et al. 2017).
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In addition to the classical brown and white adipocytes, prolonged cold exposure
or adrenergic stimulation results in a browning of WAT into the beige or brite
(brown-in-white) adipose tissue, which is recognized as a population of brown-
like adipocytes that are interspersed between the white adipocytes of most WAT
depots (Ishibashi and Seale 2010; Petrovic et al. 2010). The extent of conversion
appears to be depot specific and may be either due to transdifferentiation of mature
white adipocytes or de novo differentiation of a population of committed beige/
brite preadipocytes and/or a pool of bi-potent adipogenic progenitors in WAT
(Barbatelli et al. 2010; Himms-Hagen et al. 2000; Lee et al. 2012; Rosenwald
et al. 2013; Shao et al. 2016; Vishvanath et al. 2016; Wu et al. 2012).

Aging
Dysfunctional

brown adipocytes

Immune system: InflammAging
Altered immune cell composition 
(Macrophage-polarization, others)
Pro-inflammatory cytokines and 
chemokines

Aging endocrine systems
Gonadocorticoid and glucocorticoid 
hormones
SASP: Senescence-associated 
secretory phenotype

Impairment of neuronal control
Quality of sympathetic/neuronal input
Altered (local) sensitivity and 
processing of sympathetic input

Stem/progenitor cell dysfunction
Senescence (cell-autonomous)
Microenvironment (stem cell niche)

Fig. 1 Depiction of the main molecular processes that regulate brown and brite adipose tissue
aging, starting with impaired neuronal control, stem cell dysfunction, impaired endocrine control
mechanisms, and increased inflammatory exposure during aging (inflammaging)
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The mechanisms that control UCP1-dependent thermogenesis have been
reviewed in great detail elsewhere (for instance, Cannon and Nedergaard 2004).
Briefly, thermogenesis is initiated by the release of the neurotransmitter hormone
norepinephrine (NE) from the terminal endings of sympathetic neurons that inner-
vate adipose tissues. This leads to activation of β3-adrenergic receptors, which
triggers a classical G-protein-coupled receptor signaling cascade of adenylate
cyclase activation, increases in intracellular levels of cyclic adenosine
monophosphate (cAMP), and activation of protein kinase A. This kinase subseqently
phosphorylates important substrates such as p38-mitogen-activated protein kinase
(p38-MAPK), lipid droplet-associated protein perilipin (PLIN), and hormone-
sensitive lipase (HSL). As a result, free fatty acids are mobilized from lipid droplets
to activate UCP1 and energy metabolism.

The presence of active BAT in humans has long been thought to be restricted to
newborns and infants that are more vulnerable to heat loss than adults. BAT rapidly
declines during adolescence and is no longer detectable in significant amounts at a
very old age (Heaton 1972). However, it is by now well recognized that metaboli-
cally active BAT occurs and contributes to energy homeostasis of healthy adult
humans (Cypess et al. 2009; Nedergaard et al. 2007; Saito et al. 2009; van Marken
Lichtenbelt et al. 2009; Virtanen et al. 2009; Zingaretti et al. 2009). It has been
shown that repeated exposure to mild cold counteracts the development of obesity in
a close correlation with activation of BAT and energy expenditure (Cypess et al.
2015; Yoneshiro et al. 2013). Conversely, reduced metabolic activity of BAT is
associated with the development of insulin resistance in humans (Bakker et al. 2014;
Koksharova et al. 2017). Thus, maintaining active BAT and browning capacity
throughout life may contribute to a healthy phenotype in old age. Here we review
the body of knowledge on the age-dependent loss of brown and beige adipocytes. It
has been hypothesized that this development may exacerbate the development of
metabolic diseases such as obesity and diabetes. We highlight several potential
mechanisms in relation to brown adipogenic stem cell dysfunction, as well as
endocrine and central mechanisms that may result in loss of brown adipocyte
formation and function.

2 General Aspects of White and Brown Adipose Tissue Aging

Many aspects of adipose tissue biology display age-related dysfunction. Aside from
changes in depot and fat cell sizes, a decrease in insulin responsiveness and the
response to lipolytic agents and an increased inflammatory cytokine production have
been discussed (Kirkland et al. 2002; Kuk et al. 2009; Tchkonia et al. 2007). Fat
accumulation displays characteristic dynamics throughout life with an initial
increase of body fat content mainly in the abdominal regions, followed by a
frailty-associated decline that occurs in very old ages (Atlantis et al. 2008; Chumlea
et al. 2002; Visser et al. 2003). A reduced metabolic rate during aging is well
described, although it is still a matter of debate whether this is a cause or effect of
adiposity (St-Onge and Gallagher 2010). Since a reduced metabolic rate may to a
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certain extent be a consequence of reduced brown adipocyte function, it stands to
reason that this may also contribute to the development of adiposity.

During aging, lipid mobilization is impaired due to changes in the gene expres-
sion of apolipoproteins. This is further accompanied by a reduced ability for
adaptation to metabolic stimuli, such as fasting, due to a blunted activation of
lipoprotein lipase (Araki et al. 2004). When adipose tissue cannot meet the demand
for energy storage, triglycerides accumulate in non-adipose tissues as ectopic fat.
The resulting lipotoxicity could thereby lead to local insulin resistance in the liver
and skeletal muscles and insufficient insulin secretion in the pancreas (Kusminski
et al. 2009; McNelis and Olefsky 2014; Sun et al. 2011). Under normal physiological
conditions, adipocytes are relatively resistant to lipotoxicity. However, adipogenic
progenitor cells become more susceptible to lipotoxic reactions with age, resulting in
elevated apoptosis rates that contribute to adipose tissue dysfunction (Guo et al.
2007).

The hallmark characteristics describing BAT aging are atrophy, a functional
decline of mitochondria, and reduced UCP1 activation (Valle et al. 2008a). Accord-
ingly, a decline in mitochondrial energy metabolism and accumulation of mitochon-
drial DNA mutations are important contributors to human aging, although it has yet
to be determined whether excessive formation of reactive oxygen species is an
integral part of this process (Lapointe and Hekimi 2010; Schulz et al. 2007; Wallace
1999). In addition to telomere shortening, free oxygen radical reactions cause
progressive accumulation of oxidative damage to DNA, lipids, and proteins and
thereby may promote several pathological features (Harman 1988). Nevertheless,
mitochondrial reactive oxygen species are not entirely detrimental and exert benefi-
cial effects through a process known as mitochondrial hormesis (mitohormesis)
(Schulz et al. 2007). Indeed, acutely activated thermogenesis leads to a marked
increase of mitochondrial ROS in BAT and furthermore supports UCP1-dependent
thermogenesis by altering the redox status of cysteine thiols in UCP1 (Chouchani
et al. 2016). Related to this, reactive oxygen species may also be involved in the
regulation of mitochondrial biogenesis (St-Pierre et al. 2006).

Macrophage infiltration and excessive triglyceride accumulation promote a white
adipocyte-like phenotype that gradually replaces the brown fat cells (Bargut et al.
2016). In line with this, the browning capacity of WAT decreases with age, which
may further contribute to the age-related increase of body fat (Rogers et al. 2012).
Loss of UCP1 by genetic ablation led to an exacerbation of age-related adiposity in
mice (Kontani et al. 2005). It should be noted that this effect was only evident in
mice fed a high fat diet and did not shorten overall life expectancy. These data
suggest that compensatory mechanisms may be in effect under these housing
conditions that are sufficient to rescue detrimental consequences due to lifelong
UCP1 deficiency (Kontani et al. 2005), which reiterate the conclusions on the
presence of UCP1-independent thermogenesis (Bal et al. 2012; Kazak et al. 2015;
Keipert et al. 2017). While many of the molecular analyses of BAT aging have been
conducted in rodent models, it has been demonstrated repeatedly that aging is a
negative determinant of human BAT mass and activity (Brendle et al. 2018; Cypess
et al. 2009; Mattson 2010; McDonald and Horwitz 1999; Pfannenberg et al. 2010;
Yoneshiro et al. 2011).
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3 Molecular Characteristics of Brown Adipose Tissue Aging

The age-related decline of BAT is associated with the inability of aged rodents to
maintain body temperature and to adapt to short-term and chronic cold exposure. On
the cellular level, this appears to be mainly due to a blunted increase in BAT mass,
reduced cell proliferation, and UCP1 content (Florez-Duquet et al. 1998; McDonald
et al. 1989). It is interesting to note that this phenotype is dimorphic as it is much
more prevalent in males. Indeed, the mitochondrial ultrastructure in brown
adipocytes of female rodents appears to be much more efficiently set up for thermo-
genesis (Rodriguez-Cuenca et al. 2002). In line with these observations, greater BAT
mass has also been described in women compared to men throughout life (Cypess
et al. 2009; Pfannenberg et al. 2010).

On the molecular level, the density of β-adrenergic receptors in aged BAT is
reduced (Scarpace et al. 1988). The authors themselves argue that this could be due
to reduced receptor densities on cell surfaces or a dilution effect due to an age-related
change in the overall cellular composition. The study further describes a lower level
of adenylate cyclase activity, suggesting that aging brown adipocytes are less
sensitive to adrenergic stimulation (Scarpace et al. 1988). Transcription control
through forkhead box protein A3 (Foxa3) has recently been proposed as a potential
regulatory factor of BAT and brite fat aging. In this study, a mouse model with
genetic ablation of Foxa3 displayed sustained browning capacity and BAT gene
expression at higher levels throughout life compared to aging control animals.
Knockout animals showed extended life expectancy which was potentially due to
protection from age-related obesity (Ma et al. 2014). In addition, total DNA content
per depot and the amount of protein per DNA content are decreased in BAT of aged
rats (Valle et al. 2008a). Accordingly, reduced mitochondrial protein content was
found but an increase in mitochondrial DNA content as a compensatory mechanism
in rats. These changes were accompanied by reduced UCP1 protein levels and
UCP1-dependent as well as UCP1-independent mitochondrial respiration (Valle
et al. 2008a) and a decrease in GDP bound to mitochondria per gram of BAT
mass (McDonald et al. 1988). Altogether, these observations suggest that loss of
function in aging brown adipocytes may be a multifactorial process that involves
cell-autonomous defects on the stem cell and mature adipocyte levels. Secondly,
mechanisms related to the local microenvironment, for instance, interactions with
the extracellular matrix but also more distal effects to the nervous, endocrine, and
immune systems, may further regulate aging of BAT.

4 Cellular Senescence: Stem Cell Dysfunction

Adipocytes are regenerated from a pool of mesenchymal stem or progenitor cells that
are capable of self-renewal, expansive proliferation, and subsequent differentiation
into mature fat cells (Rodeheffer et al. 2008). Although there are different types of
adipogenic progenitor cells that give rise to either white, brown, or brite/beige
adipocytes (Schulz et al. 2011), all of them share an equal fate – the process of
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cellular senescence. This mechanism of cellular aging leads to an irreversible arrest
of cell proliferation. Accordingly, cell division rates were reduced in BAT of rats
aged 26 months during cold exposure and when compared to 6-month-old animals
(Florez-Duquet and McDonald 1998). The authors go on to demonstrate that
attenuated proliferation is not due to cold- and aging-induced changes in insulin-
like growth factor (IGF)-1 concentration, which was unchanged at either age or
changes in plasma norepinephrine, which was upregulated in response to aging.
Consistent with these data, limited proliferation and differentiation capacities were
observed in preadipocytes derived from subcutaneous WAT of aged humans when
compared to cells isolated from young subjects (Caso et al. 2013).

On the molecular level, the interruption of cell cycle progression is due to
activation of the p16INK4a/pRB and the p53/p21 pathways, both known for
their tumor suppressor functions (Terzi et al. 2016). For instance, the cell cycle
inhibitor p16INK4a controls the clearance of damaged cells, and the genetic ablation
of p16INK4a-expressing cells delays age-related tissue dysfunction (Baker et al.
2011). Adipogenic progenitor cells derived from gonadal WAT of rats exhibit a
progressive defect in proliferation and lipid accumulation with increasing age, which
is most pronounced in rats aged 24 months (Kirkland et al. 1994). Accordingly, cell
cycle arrest also impairs brown adipogenesis. In one study, fatty acid binding
protein-4 (Fabp4)-driven overexpression of the cell cycle inhibitor p27 was suffi-
cient to induce cell cycle arrest and to attenuate metabolic adaptations of BAT, but
not the formation of beige adipocytes, to cold (Okamatsu-Ogura et al. 2017). It
should be emphasized that expression of Fabp4 is not limited to mature adipocytes
but occurs in adipogenic progenitors (Shan et al. 2013). One of the factors
influencing the proliferative capacity of cells is the length of telomeres. Shortening
of telomere length in turn activates the p53-mediated growth arrest and apoptosis
(Epel et al. 2008; Sahin et al. 2011; Yu et al. 1990). In addition to impaired
proliferation, senescent cells display several other characteristics, such as changes
in chromatin organization and the secretion of pro-inflammatory cytokines and other
proteins, which have been termed senescence-associated secretory phenotype
(SASP) (Wiley et al. 2016). Release of SASP molecules from senescent cells, such
as interleukin-6 (IL6) and tumor necrosis factor alpha (TNFα), among other
cytokines and pro-inflammatory molecules, has been implicated in the functional
decline of adipose tissue and impaired adipogenesis (Tchkonia et al. 2013). Another
example is activin A, which is secreted by senescent cells and induces the
JAK/STAT (Janus kinase/signal transducer and activator of transcription) pathway.
Accordingly, inhibition of JAK/STAT led to improved function in aged adipose
tissue (Xu et al. 2015). Of note, JAK inhibition also enhances browning of white
adipose tissue (Moisan et al. 2015). The negative effect of aging on browning of
inguinal WAT in response to cold exposure may also be partially due to a progenitor
cell defect. Interestingly, the depletion of senescent progenitor cells improved the
age-related failure of browning, and senescence of adipogenic progenitors could be
reversed by inhibition of p38 MAPK (Berry et al. 2016). The rejuvenation of
inguinal WAT-derived progenitor cells by blocking the p38-MAPK pathway is
surprising since other studies could show that p38-MAPK inhibition leads to
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impaired formation of beige adipocytes during sympathetic stimulation, e.g., β3-
adrenergic receptor activation (Bordicchia et al. 2012; Cao et al. 2001). A potential
explanation for these contradicting observations could be that some subpopulations
of inguinal WAT-derived progenitor cells respond differentially to cold exposure or
β3-adrenergic stimulation, but this remains to be investigated in further detail.

5 Extracellular Matrix and Adipose Tissue Aging

Aging is often associated with progressive tissue fibrosis, e.g., an excessive accu-
mulation of extracellular matrix (ECM) components, such as collagens and other
fibrillary proteins (Wynn 2007). Furthermore, an aging ECM is characterized by a
deregulated occurrence of proteolytic enzymes, the matrix metalloproteinases
(MMPs), and is often accompanied by a loss of elasticity due to the degradation of
elastic fibers (Sherratt 2009). Matrix elasticity in turn drives mesenchymal stem cell
specification (Engler et al. 2006) and could thus also affect adipogenic fate commit-
ment. Senescent cells themselves and proteins released as part of the SASP influence
the matrix by altered secretion of structural proteins, MMPs, and other proteins
(Wiley et al. 2016), which could in turn alter accessibility and responsiveness to
growth factors (Sprenger et al. 2010). Moreover, senescent cells express only
specific subsets of collagens and laminins which could hamper appropriate ECM
assembly. As changes of the MMP profile have been linked to the development of
obesity (Chavey et al. 2003; Liu and Hornsby 2007), increased MMP activities and
degradation processes could altogether lead to a dysfunctional matrix. While these
processes occur in most tissues, very little is known about BAT-specific roles of the
ECM. A deletion of microfibril-associated glycoprotein 1 (MAGP1) resulted in
defective thermogenesis, and animals displayed adipocyte hypertrophy and meta-
bolic dysfunction (Craft et al. 2014). The authors observed increased levels of
transforming growth factor-β (TGFβ), a growth factor that has been linked to
metabolic perturbation and impaired browning (Yadav et al. 2011). In summary,
age-related alterations to the brown adipose ECM have not been assessed in great
detail and may exert significant effects on brown adipocyte formation and metabo-
lism by regulation of growth factors and cytokines.

6 Neuronal Regulation of Aging Brown Adipocytes

Sympathetic nervous system (SNS) activity increases with age in mice as well as in
humans, which would argue against an overall, age-related reduction of sympathetic
input to brown adipocytes (Gabaldon et al. 2003; Kawate et al. 1993; Seals and Esler
2000). This is further supported by the observation that sympathetic signals to BAT
were increased in lean older humans compared to lean young individuals. At the
same time, sympathetic drive, e.g., the SNS-dependent activation of BAT, was lower
in lean aged compared to lean young study participants, but not in obese young
individuals (Bahler et al. 2016). Age-dependent changes of the SNS seem to be
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tissue-specific: for instance, similar processes were reported in the skeletal muscle
(Jones et al. 1997), while age-related degeneration of SNS innervation in the bone
marrow impairs hematopoietic stem cell function (Maryanovich et al. 2018). Alto-
gether these reports suggest that the local sensitivity to the SNS may be impaired
within adipose tissues (Seals and Bell 2004). In line with this notion, the density of
adrenergic receptors is reduced in aged BAT, and similar levels of sympathetic
stimulation result in lower thermogenesis in aged rodents in comparison to young
animals (Scarpace et al. 1988, 1992). A potential explanation consolidating these
observations could be related to an altered quality, rather than overall quantity, of the
neuronal input to brown adipocytes. The hypothalamus plays a central role in the
regulation of energy balance. Increases in fat mass are invariably accompanied by
higher leptin levels, an adipokine secreted predominantly by white adipocytes.
Notably, neurons in the preoptic area of the hypothalamus express the leptin
receptor. They control BAT-induced thermogenesis and are sufficient to inhibit
energy expenditure (Yu et al. 2016). In addition, stimulation of agouti-related
peptide (AgRP) neurons, located in the arcuate nucleus of the hypothalamus, causes
a myogenic reprogramming of BAT that is associated with defective thermogenesis
and development of insulin resistance in BAT (Steculorum et al. 2016). In addition
to this, the deletion of hypothalamic neuropeptide Y (NPY) promotes the develop-
ment of brown adipocytes (Chao et al. 2011). Notably, NPY expression is also
increased in stromal-vascular cells derived fromWAT of mice fed a high fat diet and
participates in obesity-induced adipose tissue inflammation (Singer et al. 2013).
Conversely, orexin, a neuropeptide which is produced in the hypothalamus, has
the potential to restore the age-related decline of BAT (Sellayah and Sikder 2014). In
summary, the neuronal control of thermogenesis is highly complex, and alterations
of several distinct neuronal populations during aging could translate into impaired
BAT function.

7 Age-Related Changes to the Endocrine Regulation
of Brown Adipocytes

One model of endocrine control of BAT aging has been proposed previously and
integrates changes to the gonadocorticoid and glucocorticoid hormone systems
which may drive the conversion of brown into white-like adipocytes, e.g., the
whitening of BAT (Cannon and Nedergaard 2004; Nedergaard and Cannon 2010).
This hypothesis proposes a positive effect of sex hormones on brown adipocyte
function which would serve to maintain normal levels of brown adipogenesis in the
young. The age-dependent decline of the circulating levels of androgen and estrogen
hormones may in turn contribute to a diminished brown adipogenic stimulus and
ultimately reduced thermogenesis (Rodriguez-Cuenca et al. 2007). At the same time,
glucocorticoids reduce Ucp1 expression and BAT activity in mice and rats
(Soumano et al. 2000; Valle et al. 2008b). Since glucocorticoid levels appear to
remain relatively stable throughout life, this would suggest that the loss of sex
hormones in aged animals may unmask the negative regulatory effect of
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glucocorticoids (Nedergaard and Cannon 2010). The situation is somewhat more
complex in human BAT: acute administration of glucocorticoids induces
BAT-dependent thermogenesis (Ramage et al. 2016), whereas another study has
found a negative effect of glucocorticoids during chronic treatments, suggesting that
timing and duration of glucocorticoid exposure may be an essential determining
factor (Thuzar et al. 2017). Aside from these two endocrine systems, thyroid
hormones are well-known controllers of metabolism and brown adipocyte function
(Cannon and Nedergaard 2004). In rats, aging correlates inversely with the thyroid
hormone T3 (Valle et al. 2008b). Related to this observation, the activity of
thyroxine 5-deiodinase (T5D) declines with age, suggesting that aging also leads
to perturbations of this endocrine system (Gabaldon et al. 1995).

8 Contribution of Inflammatory Processes to BAT Atrophy

Closely related to hormonal control, aging is accompanied by a reduced immune
system functionality which has been termed immuno-senescence (Baylis et al.
2013). Such changes are characterized by increased secretion of pro-inflammatory
cytokines from T lymphocytes and other immune cells and a decreased phagocytic
capability (Weiskopf et al. 2009). Interestingly, it has been shown that T cells in
gonWAT of mice contribute to a pro-inflammatory environment during aging
(Lumeng et al. 2011). Increased levels of circulating cytokines, such as interleu-
kin-1β, interleukin-6, as well as interleukin-10, and TNFα, were also found in older
humans (Alvarez-Rodriguez et al. 2012). An increase in TNFα levels and receptor
signaling has been shown to hamper brown adipogenesis where TNFα induces
apoptosis of multilocular brown adipocytes, inhibits expression of Adrb3 and
Ucp1, and decreases the thermoadaptive response of brown adipocytes to cold
(Nisoli et al. 1997, 2000).

Obesity is generally associated with a systemic low-grade inflammation that is
characterized by excessive accumulation of adipose tissue resident pro-inflammatory
macrophages and other immune cells. Macrophages can be roughly divided into two
main categories, classically activated macrophages (M1-like phenotype) and alter-
natively activated macrophages (M2-like phenotype). M1-like macrophages are
activated by interferon gamma (IFNγ) and promote to a pro-inflammatory profile
as well as an increased ROS production. M2-like, or wound-healing, macrophages
are instead activated by interleukin-4 and interleukin-13 (Doyle et al. 1994; Stein
et al. 1992) and promote tissue repair and suppress inflammation (Gordon and
Taylor 2005). During obesity, a shift toward a profile of more classically activated
pro-inflammatory macrophages can be observed (Lumeng et al. 2007). In BAT, such
an excess infiltration of macrophages negatively affects Ucp1 expression (Sakamoto
et al. 2013). In addition to macrophages, the numbers of mast cells and natural killer
(NK) lymphocytes also increase in obese compared to lean adipose tissue and can
also negatively affect brown adipocytes (Liu et al. 2009; Ohmura et al. 2010). It
has been proposed that alternatively activated macrophages are a source of
catecholamines and could thereby promote browning of WAT (Nguyen et al.
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2011). However, this finding seems to be controversial since a recent study in mice
with a peripheral deletion of tyrosine hydroxylase, an enzyme controlling catechol-
amine synthesis, demonstrated that alternatively activated macrophages do not
express tyrosine hydroxylase and therefore would not contribute to adaptive ther-
mogenesis (Fischer et al. 2017). The extent to which age-related changes to inflam-
matory processes in BAT inhibit its thermogenic function remains only partially
understood and warrants further investigation in the future.

9 Conclusion

Aging is a multifactorial process that relies on a cell-autonomous loss of function, for
instance, due to mutations and impairment of mitochondria that affect adipogenic
stem cells as well as mature, terminally differentiated brown and white adipocytes.
Secondly, external events contribute to a dysfunctional microenvironment. This may
lead to the deterioration of the stem cell niche and thereby could hamper brown
adipocyte regeneration as a normal part of tissue turnover or in response to stimula-
tory cues, such as cold. In addition to this, an altered microenvironment may provide
inhibitory input to mature brown adipocytes, for instance, in the form of
pro-inflammatory cytokines or changes to the extracellular matrix. Caloric restriction
(CR), a mechanism that attenuates many aspects of aging in multiple species, also
induces browning and BAT function (Fabbiano et al. 2016; Valle et al. 2008a). This
effect may involve microRNA processing through the protein DICER, which is
downregulated during aging and can be restored by CR in BAT and WAT. Accord-
ingly, genetic ablation of Dicer1 in murine adipose tissue also impaired brown
adipogenesis (Mori et al. 2012, 2014). From other branches of aging research
come experimental approaches that may also be employed to improve brown
adipogenesis in aged animals and individuals, such as the removal of senescent
cells form the tissue (Baker et al. 2011). Interestingly, exercise counteracts diet-
induced cellular senescence in adipose tissue (Schafer et al. 2016). This effect may
also be achieved by treatment with senolytics, e.g., reagents that can specifically
target and remove senescent cells from the tissue (Zhu et al. 2015). These promising
new approaches may also be a feasible strategy when developing strategies to
counter the age-related impairment of brown adipogenesis and, as a potential
consequence of this, the progression of metabolic disorders.
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Abstract
Obesity involves a contrasting expansion of the energy-storing white fat and
loss of functionally competent brown fat, an energy-consuming thermogenic
adipose. Leveraging our understanding of white and brown adipocyte recruit-
ment and investigating factors that regulate these processes might reveal novel
targets for counteracting obesity. In vitro differentiation of primary preadipocytes
mimics many of the morphological and transcriptional events occurring during
adipogenesis in vivo. Moreover, preadipocytes isolated from a specific depot
maintain features of their originating niche. This makes in vitro adipogenesis
a valuable model for identifying differential regulation patterns between brown
and white adipogenesis. In this chapter, we describe step-by-step how to isolate
brown and white preadipocytes from human tissue biopsies and how to culture
and differentiate them in vitro. We discuss this process, what to consider, and
how this in vitro system can be used to model in vivo adipogenesis.

Keywords
Adipogenesis · Brown fat · Human brown adipocytes · In vitro differentiation ·
Obesity · White fat

1 Introduction

Primary adipogenesis in vitro mimics the in vivo phenomenon, in terms of cell
growth arrest and remodeling, with a subsequent lipid accumulation (Cornelius
et al. 1994; Stacey et al. 2009). In vitro differentiation of preadipocytes isolated
from human tissue biopsies or mouse fat depots is a well-established model for
adipogenesis and adipose development and is heavily studied with the anticipation
of identifying mechanisms controlling adipose expansion and thereby identifying
key elements that could counteract obesity. During the recent decade, two key
findings have unraveled an exciting novel avenue in adipose and obesity research.
Firstly, it was discovered that white fat can acquire a more brown-like phenotype
known as beige (Seale et al. 2011) or brite fat (Petrovic et al. 2010) in response to
cold or to stimulation with a peroxisome proliferator-activated receptor γ (PPARγ)
agonist. Secondly, it was found that functional brown fat exist in adult humans
(Cypess et al. 2009; Van Marken Lichtenbelt et al. 2009; Virtanen et al. 2009;
Zingaretti et al. 2009; Saito et al. 2009) and that preadipocytes can be isolated
from adult human brown fat and cultured and differentiated in vitro while main-
taining key features of brown fat characteristic (Jespersen et al. 2013). As brown fat
is energy-consuming, identifying mechanisms that enhance brown fat biogenesis
and perhaps even induce a brite/beige phenotype in white fat is an attractive research
field. Potential mechanisms and regulators of adipose-type-specific differentiation
can be studied in vitro, by isolating preadipocytes and following them through-
out differentiation into mature lipid droplet-containing cells. Importantly, isolated
preadipocytes retain an intrinsic memory of the adipose type of their origin, i.e.,
white or brown adipose, despite being exposed to identical culturing conditions
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(Néchad et al. 1983; Jespersen et al. 2013), and thus represent a model for studies
of adipose-type-specific adipogenesis (Hiraike et al. 2017) as well as an in vitro
model for investigating adipose-type-specific mechanisms (Gnad et al. 2014;
Mottillo et al. 2016; Sanchez-Gurmaches et al. 2018). When investigating basic
cellular mechanisms, it can be useful to select one cell strain and just repeat the
experiment for technical replicates as would be the procedure with a cell line.
However, in many cases it will be preferable to include some biological variation
in the experiment and instead study cells derived from several individuals. When
using this approach, we would include cell cultures from at least five different donors
in our experiments. Notably, we have observed great variability in cell differentia-
tion capacity between cultures (unpublished data). Therefore it is usually necessary
to prepare a larger amount of cell cultures than needed for the actual experiment.
For example, we would recommend to perform ten cell isolations to ensure obtaining
at least five brown adipocyte cultures that differentiate well, as defined by formation
of lipid droplets covering at least 40% of the surface in the culture dish.

2 Biopsy

In this chapter, we will focus on human primary cell cultures prepared through
enzymatic digestion of fat biopsies. This approach is based on the standardized
protocols for isolating precursor cells from fat depots in rat and mice (Néchad et al.
1983). Subcutaneous fat biopsies from, e.g., the abdominal region of adult humans
can be obtained using the Bergström approach with a biopsy needle connected to
suction (Bergstrom 1975), while deep neck fat biopsies from the supraclavicular
region, representing human brown fat, are easiest accessible during a surgical
procedure (Jespersen et al. 2013). A drawing based on microscopy pictures taken
at different stages during differentiation demonstrates the progressive morpho-
logical changes from proliferating preadipocyte to mature, lipid droplet-containing
adipocyte (Fig. 1). Biopsies are immediately stored in ice cold DMEM/F-12
(Gibco) + 1% penicillin-streptomycin (P/S) (10,000 U/mL Gibco) until initiation
of the isolation. A few hours of incubation is acceptable but should be kept
consistent between isolations. Biopsies are digested in a buffer containing 1 mg/ml
collagenase II (Sigma-Aldrich) and fatty acid-free bovine serum albumin (15 mg/ml)
(Sigma-Aldrich) during gentle shaking at 37�C for 20 min. This suspension is
filtered through a cell strainer (size 70 μm), for removal of cell debris. Following
5 min of incubation to allow for the fat to be settled on the surface, the layer below
the fat is collected and filtered (size 30 μm), this time to separate the cells before
the cells are spun down for 7 min at 800 g. The supernatant is discarded, and cells
are resuspended in DMEM/F-12 + 1% P/S and spun again at 7 min at 800 g. The
supernatant is again discarded, and the pellet is resuspended in growth medium
[DMEM/F-12, 1% P/S, and 10% fetal bovine serum (FBS) (Gibco)] and plated in
a T25 culture flask. Growth medium is changed the following day and then every
other day until the fat precursor cells reach 80% confluence. Cells are then split
into a 100 mm dish, using TrypLE™ Express Enzyme (Life Technologies). When
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cells again reach 80% confluence, they are frozen in three aliquots in 10% dimethyl
sulfoxide + 90% FBS and preserved in cryotubes in liquid nitrogen until thawed
and expanded for cell experiments.

3 Proliferation

3.1 Priming/Adipocyte Commitment

Cryopreserved preadipocytes are thawed and cultured in DMEM/F-12, 1% P/S,
and 10% FBS. The timeline for the in vitro differentiation, including specifications
of the compounds added to the media, is provided in Fig. 2. During the proliferative
stage, fibroblast growth factor 1 (FGF-1), provided by the microvasculature in vivo,
is included for enhancing cell proliferation (Mori et al. 2008) and for promoting
adipogenic commitment (Hutley et al. 2004). Although still a matter of investigation,
transcription factors important at this early stage include the brown fat directing
transcription factor early b cell factor 2 (EBF2) (Rajakumari et al. 2013). Extensive

Fig. 1 In vitro adipogenesis. Preadipocytes are isolated from fat biopsies through collagenase
digestion. Liberated preadipocytes are expanded in a culture dish and are primed for adipogenic
commitment during proliferation by adding FGF-1 to the culture media. Cells are grown to
confluence which makes them line up in a more organized manner. Following two days of
confluence, a remodeling of the cytoskeleton and extracellular matrix can be observed, and here
we add the differentiation media. Further remodeling occurs, and the cytoskeleton appears to form a
net-like structure before lipid droplets finally are accumulated by the end of the differentiation
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descriptions of the transcriptional regulation during brown and white adipogenesis
has recently been provided (Loft et al. 2017; Mota de Sá et al. 2017).

3.2 Flow Cytometry for Evaluation of Cell Culture Purity

A consideration in relation to working with primary cell cultures is the composition
and heterogeneity of the cell cultures. Primary precursor cells are isolated from
an adipose tissue biopsy, and all the cell types constituting the stromal vascular
fraction besides fat precursor cells (also called adipocyte progenitor cells or
preadipocytes), e.g., endothelial cells, fibroblasts, neurons, and various types of
immune cell such as macrophages, might potentially contaminate the cell cultures
and propagate along with the subcultured fat precursor cells. When working with
primary adipocyte cultures, we have experienced that the individual cell cultures
from distinct donors differentiated and accumulated fat droplets with different
efficiencies, which could relate to different levels of priming and cell determination
but could alternatively indicate that non-adipogenic cell types were present in the
cultures. Flow cytometry analysis is an efficient way to evaluate the purity of isolated
cell populations. Cells with a high adipogenic potential are characterized as positive
for the cell surface markers CD90 and CD166, both mesenchymal stem cell markers,
and lacking the cell surface markers CD31 (epithelial cell marker) and CD45
(hematopoietic cell marker) (Schultz et al. 2014). Both fibroblasts and adipocytes
arise from mesenchymal stem cells, and as there is no good marker for fibroblasts
which is not also present on preadipocytes, it is difficult to exclude a fibroblast
contamination of the cell cultures with flow cytometry. However, differentiation
capacity and subsequent functional evaluation of the cell cultures will also illustrate
the adipogenic status of the cell cultures.

Fig. 2 Differentiation time axis. Proliferating preadipocytes are refreshed with new media every
second day and are cultured with FGF-1 added in the media until two days following confluence.
Here, the differentiation media is added which is changed every third day. IBMX is kept in the
media the first 3 days only, while Rosiglitazone is removed after the first 6 days. Dexamethasone,
insulin, transferrin and T3 are included in the differentiation media throughout the 12-day differen-
tiation protocol
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4 Confluence

Growing the preadipocytes into confluence initiate a cellular remodeling including
a reorganization of the nuclear lamina and cytoskeleton (Verstraeten et al. 2011).
Upon reaching confluence, cells are incubated for additionally 2 days, ensuring cell
growth arrest and optimizing the response to the differentiation media. During these
2 days, visible changes in the cell morphology can be observed (Fig. 1).

5 Initiation of Differentiation

Adipogenic differentiation takes place via a sequential transcription cascade,
during which various transcription factors activate and repress each other (Lefterova
and Lazar 2009; Siersbæk et al. 2012). In this phase, the master regulator of
adipogenesis, PPARγ, is induced. Other key adipogenic transcription factors
include CCAAT-enhancer binding protein α (C/EBPα) and C/EBPβ. These factors
are important for both brown and white adipogenesis.

Two days following 100% confluency, differentiation is induced with the
addition of a differentiation cocktail (Table 1). In the literature, most protocols,
including ours, are relatively similar in the composition of adipogenic differentiation
promoting factors and consist of insulin, dexamethasone, and the cyclic adenosine
monophosphate (cAMP)-increasing agent 3-isobutyl-1-methylxanthine (IBMX)
(Scott et al. 2011; Park et al. 2017). Doses however vary substantially, especially
between mouse and human protocols (Scott et al. 2011). Our differentiation media
also contain the thyroid hormone triiodothyronine (T3), transferrin, and the PPARγ
agonist, rosiglitazone. Two key events are kick-starting the early differentiation:

• Increased intracellular cAMP levels mediated by the phosphodiesterase inhibitor,
IBMX

• Stimulation of the glucocorticoid receptor by dexamethasone

The rise in cAMP activates the protein kinase A (PKA) signaling pathway and
leads to cAMP response element-binding protein (CREB) phosphorylation and
activation, followed by increased transcription of adipogenic transcription factors
such as C/EBPβ (Zhang et al. 2004; Cristancho and Lazar 2011; Siersbæk et al.
2012) and decreased expression of anti-adipogenic factors such as Wnt10b, the
major Wnt signaling ligand in adipocytes (Fox et al. 2008; Cristancho and Lazar
2011; Cawthorn et al. 2012).

Activation of the glucocorticoid receptor increases both C/EBPβ and C/EBPδ,
and their transient expression is central for the subsequent expression of the central
transcription factors of adipogenesis: C/EBPα and PPARγ (Rosen and MacDougald
2006). The key role of PPARγ in adipogenesis is illustrated by the fact that almost
all other pro-adipogenic factors, including C/EBPβ and C/EBPδ, at least partly
exert their function by interacting with PPARγ and/or C/EBPα. Conversely,
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anti-adipogenic factors act largely by repressing PPARγ expression or activity
(Rosen and MacDougald 2006).

6 Differentiation

During the last part of the differentiation, lipid droplets are accumulating and can
be visually observed (Fig. 1). While in vivo, brown and white adipocytes can be
distinguished by their unilocular appearance in white and multilocular phenotype in
brown adipose tissue, this is not visible in most cell culture models where both white
and brown adipocytes display a multilocular phenotype (Jespersen et al. 2013).
We have observed that early events as priming with FGF-1 and incubating with

Table 1 Compounds added to the differentiation media

Compound Concentration Role in differentiation

Dexamethasone 100 nM A corticosteroid that acts on the glucocorticoid
receptor. Early potent inductor of adipogenesis

3-Isobutyl-1-
methylxanthine
(IBMX)

540 μM Phosphodiesterase inhibitor which increase
intracellular cAMP levels. Stimulates the PKA
signaling pathway which is required for
transcriptional activation of PPARγ

Insulin 100 nM Activates PPARγ. Induces lipogenesis. Essential for
lipid accumulation and terminal differentiation for
both white and brown adipocytes. Increases the
number of cells which develop into mature brown
and white adipocytes in a given culture (Klaus et al.
1995)

Rosiglitazone 200 nM Activates PPARγ directly. Insulin sensitizing effect
of adipocyte (Scott et al. 2011). Also induces
browning, partly through PRDM16 stabilization
(Ohno et al. 2012)

Transferrin 10 μg/ml Transports iron, which is essential in many cellular
processes, into cells. Also possesses iron-
independent growth factor properties and modulate
growth and differentiation across many cell types
(Gomme and McCann 2005). Iron deficiency as well
as excess impairs lipid accumulation and decreases
expression of adipogenic genes during adipocyte
differentiation both in 3T3-L1 cells and primary
human preadipocytes (Moreno-Navarrete et al.
2014)

3,30,5-Triiodo-L-
thyronine sodium salt
(T3)

2 nM Stimulates adipogenesis by regulating transcription
factors and genes involved in lipogenesis,
thermogenesis, and mitochondrial function. The
active form of the thyroid hormone. Binds to the
nuclear thyroid hormone receptor, which have been
shown to modulate adipogenesis via cross talk with
PPARγ in WAT (Lu and Cheng 2010)
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the PPARγ agonist, rosiglitazone, the first 6 days of the protocol (Fig. 2) is crucial
for maximal lipid accumulation (unpublished data). The expression of PPARγ
during later stages of adipogenesis is autoregulated by its own robust induction
and through interaction with C/EBPα, C/EBPβ, and retinoid x receptors (RXR) to
maintain the terminally differentiated adipocyte stage (Cristancho and Lazar 2011).

7 Validation of Cell Cultures

To validate the brown adipocyte phenotype, we stimulate the cells with norepineph-
rine. For gene expression analysis, cells are “starved” prior to the stimulation, in
fresh cell culture media (DMEM/F12) with P/S, but without any other supplements.
Following 2 h of starvation, 1 μM NE is added into the wells (without changing
media). Following 4 h of incubation, RNA is harvested using Trizol, and cDNA
synthesis is performed. Genes that we observe to be higher expressed in brown
adipocytes and induced upon NE stimulation include UCP1, PPARGC1A, and
DIO2. Genes that are not necessarily induced but are higher expressed in brown
adipocytes compared to white (isolated from subcutaneous fat in the abdominal
region) include EBF2, PRDM16, and CIDEA. In the white adipocytes, HOXC8 and
HOXC9 are higher expressed compared to brown adipocytes (Jespersen et al. 2013).
The murine orthologue, Hoxc8, has been shown to inhibit brown adipogenesis of
white fat progenitor cells by repressing C/EBPβ (Mori et al. 2012). To evaluate the
functional brown fat phenotype, we utilize the Seahorse Bioscience XF96 platform,
to access NE-induced oxygen consumption. We specifically use the Seahorse XF
Cell Mito Stress Test Kit (Agilent) and inject 1 μM NE through the injection port of
the instrument, resulting in ~twofold increase in mitochondrial oxygen consumption
rate (unpublished data).

Some of the brown adipocyte cultures will not respond to NE in terms of gene
expression or oxygen consumption despite differentiating into lipid droplet-
containing adipocytes. Whether these cells represent white adipocytes is something
we currently investigate using global gene expression analysis at single-cell level
across adipose depots. Among the primary white adipocytes from the subcutaneous
fat depot, the expression of UCP1 is low, and we have not observed a consistent
beige/brite phenotype. Although markers for beige/brite adipocytes have been
identified in murine models (Walden et al. 2012; Wu et al. 2012), the picture is
not clear-cut in human primary cell cultures as marker genes for “classical brown”
and “beige/brite” are overlapping in human supraclavicular brown fat (Jespersen
et al. 2013; Scheele et al. 2014). Importantly, in humans, the visceral white fat
might be a more relevant depot to investigate for identifying beige/brite adipocytes
as the abdominal visceral adipose can acquire a brown fat phenotype in vivo in
humans during conditions of highly elevated levels of local and circulating levels
of NE (Frontini et al. 2013; Søndergaard et al. 2015; Scheele and Nielsen 2017).
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8 Considerations

8.1 Cell Passaging

Non-immortalized cells have limited propagation and passage capacity (Zhao et al.
2012). Repetitive passaging may alter the cell phenotype and inflict selection on a
population of cells. Thus, it is desirable to use fat precursor cell strains in as low a
passage as possible and only compare cultures in roughly the same passage number.
It is furthermore important to understand that the passage number is an unprecise
estimate of cell doublings as biopsy sizes will determine the starting number of cells.

8.2 Differentiation With or Without Serum

Adding serum to the cell culture media can provide multiple factors affecting the
adipogenesis. However, for the approach described in the current chapter, we utilize
serum-free culture media during the differentiation and instead add compounds with
known enhancing effects on adipogenesis. With this approach, the method can be
kept consistent across serum batches and should be more easily reproducible
between different laboratories.

8.3 Inducing Brown Adipogenesis with External Factors

As we have discussed in this chapter, brown and white adipocytes retain a memory
of their originating niche and will display representative phenotypes upon differen-
tiation. However, adipocytes are flexible and as also mentioned, white preadipocytes
can acquire a brown-like phenotype upon high levels of an externally added PPARγ
agonist, e.g., rosiglitazone (Petrovic et al. 2010). Since this discovery a large number
of factors have been identified to be involved in adipocyte “browning.” Interestingly,
many browning factors are produced by the brown adipocytes themselves and
are known as “batokines” (Villarroya et al. 2016). An extensive mapping of these
batokines and their mechanism of action will provide increased insight in how to
switch between brown and white adipose during adipogenesis.
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Abstract
Brown adipocytes are the key cell type in brown adipose tissue (BAT) that
express the genes required for heat production through the process of thermogen-
esis. Brown adipocyte cell culture models are important for researching the
molecular pathways that control cell autonomous processes. In vitro tools for
the study of brown adipocytes include BAT explant cultures and BAT primary
cultures that are first proliferated and then differentiated. A number of stable
brown preadipocyte cell lines have been generated by the expression
transforming factors such as SV40 T antigen. The application of these cell lines
reduces the requirement for animal tissue which is needed for primary culture and
explants. Furthermore, brown adipocyte cell lines that effectively recapitulate the
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properties of brown adipocytes permit large-scale experimental procedures that
are generally unfeasible with primary cultures that undergo a restricted number of
cell divisions. Cell lines are valuable for applications such as large-scale endoge-
nous protein expression, ChIP assay, and procedures requiring antibiotic selec-
tion over several cell divisions including stable exogenous gene expression and
CRISR/Cas9 gene editing.

Keywords
Brown adipocytes · Brown fat · Cell lines

1 Introduction

Brown adipocytes function to maintain body temperature by the expression of a set
key of factors that facilitate cellular metabolic events including uncoupling protein
1 (UCP1)-dependent thermogenesis. The dissipation of energy by brown adipocytes
is in stark contrast to white adipocytes which serve as the body’s primary site of
energy storage. In addition to the presence of brown adipocytes, brown adipose
tissue (BAT) is a heterogeneous tissue containing fibroblasts, preadipocytes,
macrophages (Wolf et al. 2017), and endothelial cells (Tran et al. 2012). The adipose
organ is composed of discrete visceral and subcutaneous depots that contain differ-
ent amounts of brown adipocytes that serve to generate heat by thermogenesis and
white adipocytes, specialised cells for energy storage. Adipose tissue is a highly
dynamic organ that responds to stimuli from the external and internal environment.
For example, upon cold exposure profound changes occur in white adipose tissue
(WAT) resulting in the appearance of brown-in-white (BRITE) or beige adipocytes
(Wu et al. 2012). These BRITE adipocytes present brown fat features, such as
multilocular lipid droplets and inducible UCP1 expression.

As obesity is a major global health issue due to its associated risk for type
2 diabetes, hypertension, cardiovascular disease, and some cancers, it is imperative
that researchers identify new approaches to improve metabolic health. Following the
identification of functional brown fat deposits in adult humans (Cypess et al. 2009),
there has been a recent resurgence in the study of brown adipocyte biology. As BAT
contributes to energy expenditure, discovering treatments that promote the recruit-
ment and activation brown fat have great therapeutic potential to combat weight
gain. Hence, there is a requirement for experimental tools to study the molecular
events that control brown adipocyte function.

2 In Vitro Adipocyte Research Tools

In vitro models are essential for researchers to study the cell autonomous actions of
brown adipocytes. Adipose tissue is composed of fully differentiated adipocytes and
numerous other cell types. Currently, most investigations of adipocyte function
utilise cell lines such as 3T3-L1 cells. Although this research tool has advanced
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the understanding of fundamental mechanisms underpinning adipocyte differentia-
tion, it cannot fully model the diverse adipose depots found in vivo. The 3T3-L1 cell
line is considered a model representative of white adipocytes and is not suitable for
the study of brown adipocyte biology. A significant limitation of 3T3-L1 cells,
derived from the mouse embryo fibroblast Swiss 3T3-M line, is their aneuploidy
which could lead to genes expressed at different levels to that of adipocytes in vivo
(Smas and Sul 1995). Primary cultures prepared from anatomically distinct adipose
tissue depots are more physiologically relevant adipocyte models but require large
numbers of animals to achieve reproducible, statistically significant data.

3 Commonly Used In Vitro Models for Studying Brown
Adipocyte Biology

3.1 Characteristics of Brown Adipocytes

Brown adipocytes in vivo are characterised histologically by the presence of
multilocular adipocytes and by the expression of a selection of genes that include
UCP1 and cell death-inducing DFFA-like effector A (CIDEA) (Christian 2015).
White adipocytes in contrast present with a single large (unilocular) lipid droplet that
almost fills the cell and low or absent expression of UCP1. In contrast, the morphol-
ogy of adipocyte lipid droplets in vitro cannot, in general, be used to discriminate
brown and white adipocytes. This is evident using the “ceiling culture” procedure
whereby dissociated mature adipocytes are placed in culture flasks completely filled
with medium. This allows the floating adipocytes to adhere to the top surface after
which the flask is inverted and the cells are subject to standard culture procedures.
Using this method, it was found that initially the mature white adipocytes retained
their unilocular appearance. However, after several days both rodent and human
cells became multilocular or assumed a fibroblast-like appearance, containing a large
number of small lipid droplets (Sugihara et al. 1986). Further approaches are
required to facilitate the in vivo lipid droplet morphologies in an in vitro context.
3D culture in a matrix such as collagen hydrogen (Emont et al. 2015) may assist in
providing the correct culture environment as opposed to standard 2D cell culture.

3.2 Brown Adipose Tissue Explant Culture

The culture of whole adipose tissue (explant cultures) has certain distinct advantages
over the use of cell culture models. As BAT is heterogeneous, explant cultures
provide a valuable method for understanding the physiology and pathophysiology of
this tissue. By maintaining the existing cross-talk between different cell types, organ
cultures preserve the paracrine signals, allowing the investigation of secreted factors
and their regulation in a physiological microenvironment. The procedure to establish
explant cultures requires fresh BAT to be cut into small pieces (1 mm) after careful
dissection to remove visible vessels and connective tissue. The explants can then be
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maintained under standard culture conditions with DMEM and 10% fetal bovine
serum (FBS). This type of experimental approach has been used to investigate a wide
range of aspects of brown adipocyte biology (Gnad et al. 2014; Lee et al. 2016;
Pulinilkunnil et al. 2011) and has even been used in conjunction with siRNA
transfection to silence gene expression (Puri et al. 2007).

3.3 Primary Culture

Preadipocytes are a major component of the brown fat stromal vascular fraction
(SVF). They are easily obtained from BAT and, under the appropriate conditions,
can be induced to differentiate into mature adipocytes. Primary brown adipocytes
have proved to be an excellent model for studying brown adipocyte biology. The
procedure to prepare primary brown preadipocytes requires freshly dissected BAT.
In the mouse, this is taken from the interscapular depot alone or pooled with the
axillary and cervical BAT depots (de Jong et al. 2015). The tissue is then finely
minced before being digested with collagenase to degrade the extracellular matrix.
The SVF consists of the cell populations that can be pelleted by centrifugation as
opposed to the mature adipocytes that float on the dissociation medium.

Although many labs use subtly different methodologies to generate and differen-
tiate preadipocyte cultures, a comprehensive description of a standard protocol is
detailed in Cannon and Nedergaard (2001).

3.4 Brown Adipocyte Cell Lines

Several immortalised human and mouse brown adipocyte cell lines have been
generated and used to study brown adipocyte function. These offer certain
advantages compared to primary cultures including a reduction in the requirement
for freshly isolated BAT. Whereas primary cultures will undergo a restricted number
of cell divisions, immortalised cell lines will undergo continuous culture. However,
validation is required to ensure that the cells retain the properties that effectively
recapitulate the properties of brown adipocytes. Commonly, the expression of the
brown fat marker gene Ucp1 is used to validate the cell phenotype. However, caution
should be taken when interpreting an in vitro model of brown adipocytes as even cell
lines that are considered white in nature, e.g. 3T3-L1 cells have the capacity to
express Ucp1 mRNA and respond to adrenergic activators (Miller et al. 2015).
Therefore, researchers should consider additional validation of brown adipocyte
models such as determining the expression of UCP1 protein.

Brown adipocyte cell lines facilitate assessment of reproducibility and permit
experimental procedures requiring continuous culture and expansion of cell numbers
that are generally unfeasible with primary cultures. These include applications such
as large-scale endogenous protein expression, chromatin immunoprecipitation
assay, and applications that require antibiotic selection over several cell divisions
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including stable exogenous gene/reporter gene expression and CRISPR/Cas9-
mediated genetic manipulations. A selection of brown adipocyte cell lines that
have been reported and characterised are described below including specific differ-
entiation treatments.

3.4.1 T37i
The T37i immortalised cell line was derived from the hibernoma of a transgenic
mouse expressing SV40 T antigen under the control of the human mineralocorticoid
receptor promoter (Zennaro et al. 1998). This cell line differentiates when treated
with only insulin (20 nM) and triiodothyronine (T3, 2 nM) after reaching
confluency.

3.4.2 WT-1
The mouse brown adipocyte cell line WT-1 was generated from the interscapular
BAT of newborn FVB mice and immortalised by retrovirus-mediated expression of
SV40 T antigen (Klein et al. 1999). For differentiation, the preadipocytes are grown
to confluence in culture medium supplemented with 20 nM insulin and 1 nM T3. The
confluent cells are then incubated in medium supplemented with insulin (20 nM), T3
(1 nM), isobutylmethylxanthine (IBMX, 0.5 mM), dexamethasone (0.5 μM), and
indomethacin (0.125 mM) for 24 h. The cells are then maintained in medium
containing only insulin and T3 until fully differentiated (7 days after induction of
differentiation).

3.4.3 HIB 1B
HIB 1B is an immortalised cell line established from the hibernoma of a transgenic
mouse expressing SV40 transforming genes linked to the adipocyte-specific regu-
latory region of the adipocyte P2 (aP2) gene (Klaus et al. 1994; Ross et al. 1992).
HIB 1B cells are cultured in a mixture of Dulbecco’s modified Eagle’s medium
(DMEM)/Ham’s F-12 nutritive medium (1:1, v/v) supplemented with 10% FBS and
biotin (0.016 mM). Differentiation is induced by plating the cells in the same
medium supplemented with 20 nM insulin and 1 nM T3 and allowing the cells to
become confluent. When confluent, cells are treated with medium supplemented
with IBMX (0.5 mM), hydrocortisone (0.5 μM), and indomethacin (0.125 mM)
(Ross et al. 1992). Three days following the induction of differentiation, the cells are
treated with medium supplemented with 20 nM insulin and 1 nM T3 for a further
7 days until cells are fully differentiated.

3.4.4 PAZ6
The PAZ6 cell line is reported to be a human adipocyte cell line that has properties of
brown adipocytes, notably UCP1 expression (Guennoun et al. 2015; Kazantzis et al.
2012). It was obtained by immortalising cells of the vascular stromal fraction from
human infant BAT through introduction of genes coding for the SV40 T and
t antigens under the control of the human vimentin promoter (Zilberfarb et al.
1997). For differentiation, confluent PAZ6 cells (Zilberfarb et al. 1997) are treated
with DMEM/Ham’s F12 medium (1:1, v/v) supplemented with 7.5% donor calf
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serum and 2.5% newborn calf serum, IBMX (0.25 mM), dexamethasone (0.1 μM),
insulin (850 nM), T3 (1 nM), pioglitazone (1 μM), biotin (33 μM), pantothenate
(17 μM), and Hepes (15 mM). After 4 days, this medium is replaced with medium
without insulin, dexamethasone, and serum but supplemented with 10 μg/ml trans-
ferrin and differentiation continued for 15–21 days. Whether this cell line is appro-
priate for the study of human brown adipocyte biology requires further validation as
the increase in UCP1 following differentiation is low (Zilberfarb et al. 1997).
Similarly, the induction in UCP1 after norepinephrine treatment is below that
normally reported in murine brown adipocyte cells.

4 Conditionally Immortalised Brown Adipocyte Cell Lines

The immortalisation of cells with at temperature sensitive transforming factor can
offer improvements over standard protocols. For example, the thermolabile SV40 T
antigen tsA58 provides a means to generate cultures that are immortalised at the
permissive temperature of 33�C, whereas at higher temperatures (37�C) the T
antigen is ineffective. This has a distinct advantage, in relation to adipocyte study,
over the wild-type SV40 T antigen which functions by deactivating proteins such as
Retinoblastoma (Rb). Preadipocytes lacking Rb differentiate preferentially into
brown adipocytes (Scime et al. 2005) and wild-type SV40 T antigen can even
block differentiation of white adipocytes (Cherington et al. 1988). Hence, at the
non-permissive temperature (37�C), the tsA58 is unstable and the differentiation
process is not affected by the transforming gene. Such conditionally immortalised
cells have been generated by the culture of cells prepared from interscapular BAT
deposits of the “ImmortoMouse” line (H-2Kb-tsA58) (Jat et al. 1991) expressing a
gamma interferon-inducible tsA58 (Debevec et al. 2007; Hallberg et al. 2008). Cells
were allowed to proliferate in the presence of 2 ng/ml gamma interferon at 33�C and
differentiated in the absence of gamma interferon at 37�C. Although this protocol is
suitable to generate brown adipocyte cell lines, it is not applicable for most labs as it
requires access to the ImmortoMouse line. Furthermore, several crosses may be
required to obtain homozygosity for the study of the effects of knockout or trans-
genic manipulations. An alternative approach used to successfully prepare adipocyte
cell lines from BAT as well as subcutaneous, gonadal, and mesenteric WAT is to
transduce the primary cultures generated from the fat depots with a retrovirus to
express the tsA58 followed by selection with antibiotic (Rosell et al. 2014). The
tsA58 expressing cells are cultured under the same condition as those prepared from
the ImmortoMouse except that gamma interferon is not included. The advantage of
this method is that it can be used to transform primary brown adipocyte cultures
prepared from any wild-type or genetically modified mouse strain. For example, it
has been successfully used to prepare cell lines from the BAT of the RIP140
knockout mouse (Kiskinis et al. 2014). The differentiation protocol is similar to
other brown adipocyte cell lines with confluent cell lines at 37�C treated for 48 h
with DMEM/F12 medium supplemented with 10% FBS, insulin (170 nM), T3
(1 nM), dexamethasone (250 nM), IBMX (500 μM), indomethacin (125 μM),
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biotin (33 μM), and calcium pantothenate (17 μM). After induction, the cells are
maintained in the above medium without the inclusion of dexamethasone, IBMX,
and indomethacin. Cells are fully differentiated after 8 days.

5 Self-Immortalised Adipocyte Cell Lines

Brown, white, and BRITE adipocyte cell lines have been established by the classical
3T3 immortalisation protocol by serial dilution of cultures from the SVF of BAT and
subcutaneous WAT (Wu et al. 2012). This protocol enables selection of clones based
upon their capacity to proliferate and, combined with subsequent selection for
capacity to differentiate into adipocytes, isolate cell lines for studying adipocyte
biology. It was found that, when differentiated, distinct cell lines derived from
subcutaneous WAT displayed properties of BRITE or white adipocytes. The clonal
lines were differentiated with a standard protocol in which confluent cells were
induced to differentiate in DMEM/F12 supplemented with 10% FBS, dexametha-
sone (5 μM), insulin (0.5 μg/ml), IBMX (0.5, mM), rosiglitazone (1 μM), and T3
(1 nM). After 4 days of induction treatment, cells were maintained in media
containing insulin (0.5 μg/ml), T3 (1 nM), and 10% FBS until they were fully
differentiated. As preadipocytes are likely to undergo a limited number of cell
divisions, the cell lines generated could potentially be of fibroblast origin akin to
3T3-L1 adipocytes.

6 Mouse Embryo Fibroblasts

Mouse embryonic fibroblasts (MEFs) are a useful tool to investigate the genetic
control of differences between brown and white adipocytes. They are generated from
multipotent cells of early mouse embryos, generally at embryonic day 13. Primary
MEFs are easy to establish and culture, and proliferate rapidly to produce large
numbers of cells from a single embryo. The majority of MEF cultures will be
restricted in their ability to proliferate and tend to reach senescence after around
12 passages. However, MEFs can be immortalised by serial passaging or transfor-
mation with SV40 large T antigen. Due to the heterogeneity of embryonic tissue,
there is variation in the ability of MEF cultures to differentiate into adipocytes of
between 10 and 70% (Rosen and MacDougald 2006). Adipogenesis of primary
MEFs can be induced by a standard protocol of treating 2-day post-confluent
cells with insulin (170 nM), IBMX (0.5 mM), dexamethasone (250 nM), and
rosiglitazone (2.5 nM) in DMEM/F12 supplemented with 10% FBS (Leonardsson
et al. 2004; Van De Pette et al. 2016). After 48 h, the cells are maintained in medium
containing only insulin and rosiglitazone for an additional 6 days.

Studies with MEFs prepared from genetically modified mice have revealed
important information on the factors that regulate transition to the BRITE phenotype.
MEFs prepared from embryos lacking the nuclear receptor corepressor RIP140
present a brown/BRITE pattern of gene expression with elevated levels of Ucp1
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and Cidea compared to wild-type cells (Christian et al. 2005). MEFs prepared from
embryos lacking the pocket protein Rb differentiate into brown/BRITE adipocytes
(Hansen et al. 2004). The imprinted gene Cdkn1c has been found to have a key role
in the brown adipocyte lineage (Van De Pette et al. 2016). In MEFs generated from
elegant mouse genetic models that introduce additional Cdkn1c gene copies, it was
found that loss of imprinting greatly enhanced brown fat gene expression. Hence,
MEF cell lines are a very useful tool to study the molecular control of brown,
BRITE, and white adipogenesis.

7 Human Multipotent Adipose-Derived Stem Cells

Human multipotent adipose-derived stem (hMADS) cells are mesenchymal stem
cells derived from human adipose tissue of young donors which exhibit self-renewal
ability, the absence of tumorigenicity, and the ability to differentiate into a range of
different cell types (Elabd et al. 2007; Rodriguez et al. 2005; Zaragosi et al. 2006). In
the literature, there is some confusion around the nomenclature of adipose tissue-
derived multipotent stem cells. Historically, the stromal cells isolated from adipose
tissue were termed preadipocytes. More recently, it has become appreciated that the
cellular population that adhere to plastic include multipotent mesenchymal stem
cells, preadipocytes, vascular cells (pericytes and endothelial progenitors),
fibroblasts, smooth muscle cells, immune cells, and blood cells. The mesenchymal
stem cell population have the capacity of differentiating towards the adipocyte,
chondrocyte, neuronal, and osteocyte lines. Furthermore, hMADS cells can be
converted into functional brown-like adipocytes (Elabd et al. 2009). These cells
have been prepared from adipose tissue, of donors 1 month to 7 years old, by
digestion with collagenase. After centrifugation, the mature adipocytes and fat are
removed and the pelleted SVF is resuspended. The hMADS cells are isolated
following their adherence to uncoated tissue culture plastic in low glucose DMEM
supplemented with 10% FBS and culture for 160–200 population doublings
(Rodriguez et al. 2005). The cells are maintained in 2.5 ng/ml hFGF-2 (Pisani
et al. 2011). For differentiation to adipocytes, confluent hMADS cells are cultured
in DMEM/Ham’s F12 media supplemented with transferrin (10 μg/ml), insulin
(0.85 μM), T3 (0.2 nM), DEX (1 μM), and IBMX (500 μM) (Pisani et al. 2011).
After 3 days, the medium is changed (with DEX and IBMX omitted). Cells are fully
differentiated after 15–16 days. By modulating the exposure of the differentiating
cells to rosiglitazone (100 nM) during days 3–16, the cells can preferentially become
white or UCP1-expressing brown/BRITE adipocytes. White and BRITE adipocytes
can be generated by treatment between days 3–9 and 3–16, respectively (Pisani
et al. 2011).
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8 Pluripotent Stem Cells

As embryonic stem cells are pluripotent, they can be differentiated into adipocytes
and therefore are a valuable research tool to investigate the process of adipogenesis
and adipocyte biology. Adipocytes have been induced from mouse and human
embryonic stem cells as well as induced pluripotent stem cells (iPSCs). To obtain
adipocytes from mouse embryonic stem cells (mESCs), embryoid bodies are
prepared in hanging drops containing 103 cells cultured for 2 days (Dani et al.
1997). The embryoid bodies are then transferred to a culture plate and maintained
for 3 days in suspension, in the presence of all-trans retinoic acid (10�8 M).
Subsequently, the embryoid bodies are cultured for a further 2 days in suspension
in the absence of retinoic acid before being allowed to attach to gelatin-coated plates
and provided with differentiation treatment (85 nM insulin, 2 nM T3, and 10% FBS).
Differentiation is assessed at day 27.

By expressing the molecular regulators of adipogenesis and “browning” the cells
can be directed to a brown phenotype. PPARγ in combination with PRDM16 and
C/EBPβ human pluripotent stem cells have been programmed to differentiate into
brown adipocytes (Ahfeldt et al. 2012).

9 Conclusion

In vitro experimental models of brown adipocytes are a key resource for researching
the biological features of BAT. Although the use of primary cultures is an important
and useful approach, generation of immortalised cell lines more easily permits the
assessment of experiment reproducibility and reduces the requirement for fresh
tissue. Furthermore, cell lines can be used for procedures such as CRISPR/Cas9
genetic engineering which require antibiotic selection and is generally unsuited to
primary preadipocyte cultures that will undergo a restricted number of cell divisions.
The application of brown adipocyte cell lines provides a means to dissect the
molecular pathways that control the biological processes, such as thermogenesis,
that are central to BAT function.
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Abstract
Alternative strategies are urgently required to fight obesity and associated meta-
bolic disorders including diabetes and cardiovascular diseases. Brown and
brown-like adipocytes (BAs) store fat, but in contrast to white adipocytes,
activated BAs are equipped to dissipate energy stored. Therefore, BAs represent
promising cell targets to counteract obesity. However, the scarcity of BAs in
adults is a major limitation for a BA-based therapy of obesity, and the notion to
increase the BA mass by transplanting BA progenitors (BAPs) in obese patients
recently emerged. The next challenge is to identify an abundant and reliable
source of BAPs. In this chapter, we describe the capacity of human-induced
pluripotent stem cells (hiPSCs) to generate BAPs able to differentiate at a high
efficiency with no gene transfer. This cell model represents an unlimited source of
human BAPs that in a near future may be a suitable tool for both therapeutic
transplantation and for the discovery of novel efficient and safe anti-obesity
drugs. The generation of a relevant cell model, such as hiPSC-BAs in 3D
adipospheres enriched with macrophages and endothelial cells to better mimic
the microenvironment within the adipose tissue, will be the next critical step.
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1 Introduction

Obesity and associated metabolic disorders such as diabetes and cardiovascular
diseases are major health problems. Obesity results from an imbalance between
calorie intake and energy expenditure, and three types of adipocytes are the main
regulators of this balance. White adipocytes are involved in energy storage and
their accumulation marks obesity. Therapies based to reduce energy intake are
difficult to follow in our modern life, and current anti-obesity drugs cause important
side effects for the patients that limits their use. Bariatric surgery has proven
efficiency for obesity, although long-term complications and obesity relapse may
appear. Therefore, alternative strategies to increase energy expenditure with the
identification of new anti-obesity targets are urgently required. In contrast to white
adipocytes, classical brown adipocytes and brown-like adipocytes (BAs) dispersed
in white adipose tissues are specialized in energy expenditure. Upon activation,
BAs consume metabolic substrates and burn fat via the mitochondrial uncoupling
protein-1 (UCP-1). Moreover, the ability of BAs to actively drain circulating glu-
cose and triglycerides to oxidize them can prevent hyperglycemia and hyper-
triglyceridemia. Therefore, BAs represent promising cell targets to counteract
obesity in human. However, there are major limitations for a BA-based treatment
of obesity. BAs hold a minor fraction of adipose tissue in human and disappear
from most areas with age, persisting only around deeper organs. In addition, BA
activity is lower in overweight and obese individuals than in leans (Cypess et al.
2013; van Marken Lichtenbelt et al. 2009). Hence, the notion to increase the BA
mass by transplanting BA progenitors (BAPs) in obese patients as a therapeutic
alternative to counteract obesity and its associated metabolic complications recently
emerged. The proof-of-concept has been validated in murine models as it has been
reported that implants of mouse BAT or of human BAs developed from capillary
networks were able to restore normoglycemia in diabetic mice and to reduce obesity
in Ob/Ob mice (Gunawardana and Piston 2010; Liu et al. 2015; Min et al. 2016;
Stanford et al. 2013). It is interesting to note that small amount of transplanted
materials was sufficient to display a beneficial effect, reflecting that in addition
to acting as a glucose and energy sink, BAs secrete adipokines that could also
contribute to metabolic effects (Villarroya et al. 2017).

Therefore, a reliable source of human BAs is urgently needed. Induced pluripo-
tent stem cells appear as a suitable source of BAs for both cell transplantation to
increase the BA mass in patients and for anti-obesity drug discovery.
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2 Capacity of Human-Induced Pluripotent Stem Cells
to Generate BAs

As embryonic stem cells (ESCs) are derived from frozen extra embryos after in vitro
fertilization, induced pluripotent stem cells (iPSCs) generated from adult cells
represent an abundant source of multiple cell types of therapeutic interest for drug
screening as well as for transplantation (Shi et al. 2016; Takahashi et al. 2007).
However, in contrast to human ESCs human iPSCs are generated from somatic cells.
Their derivation does not require destruction of embryos, thus avoiding ethical
problems. Nakao’s group was the first to demonstrate the capacity of hiPSCs to
generate white adipocytes (Taura et al. 2009). Then, Nishio et al. (2012) developed
a procedure to generate functional brown adipocytes at a high efficiency using
a hematopoietic cocktail to induce hiPSC differentiation. Interestingly, hiPSC-
brown adipocytes were able to improve glucose tolerance after transplantation
in mice underlying the therapeutic potential of hiPSCs in the obesity field. However,
numerous issues have to be investigated before a therapeutic use of hiPSC-BAs,
notably the purification of BA progenitors (BAPs) and their differentiation into
functional adipocytes at a high level. In fact, in both works mentioned above, total
differentiated hiPSC populations, but not purified progenitors, were transplanted into
mice. Indeed, differentiated hiPSC cultures can be enriched with adipocytes but still
contain other cell types that are unsuitable for transplantation, including undifferen-
tiated hiPSCs that can form teratomas. An alternative to eliminate hiPSC capacity to
form teratomas consists in purifying progenitors of interest during hiPSC differenti-
ation. This has been done by Ahfeldt et al. who purified adipose progenitors (APs)
from hiPSCs able to undergo differentiation into BAs but only following forced
expression of three adipogenic master genes (Ahfeldt et al. 2012). Mohsen-Kanson
et al. reported a procedure to selectively derive white and brown-like APs from
hiPSCs. Adipogenic cocktails usually used to induce the differentiation of APs
derived from adult adipose tissues failed to differentiate hiPSC-BAPs and forced
expression of a master adipogenic gene was also required for their differentiation
(Mohsen-Kanson et al. 2014). The need to genetically modify hiPSC-APs clearly
illustrates their weak adipogenic potential that represents a bottleneck hampering
their clinical use. This feature has been observed by us and others using different
approaches to derive progenitors from hiPSCs (Hafner and Dani 2014). These data
suggested that the commitment of hiPSC-BAPs toward adipocytes requires activa-
tion and/or inhibition of pathways different from those regulating differentiation of
BAPs derived from adult adipose tissues.

3 Pathways Governing hiPSC-BAP Adipogenic Capacity

Critical pathways regulating hiPSC-BAPs differentiation were recently identified
(Hafner et al. 2016a, b; Mohsen-Kanson et al. 2014). It has been shown that Smad2,
a potent anti-adipogenic pathway (Dani 2013), is activated during the differentiation
of hiPSC-BAPs, likely thanks to the autocrine expression of TGFb1 and of activin
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A. Interestingly, treatment of hiPSC-BAPs with the activin/TGFb inhibitor
SB431542 switched on the differentiation process. Other factors such as ascorbic
acid, EGF, and hydrocortisone have also been shown to be required for hiPSC-BAPs
differentiation. A detailed protocol for the differentiation of hiPSC-BAPs is
described in Hafner et al. (2016b). The molecular pathways mediating the effects
of these compounds in hiPSC-BAPs remain to be elucidated. Ascorbic acid was
previously shown to enhance the differentiation of 3T3-L1 mouse cell line, and
recent studies attribute this effect to the regulation of type VI collagen (Kim et al.
2013; Liu et al. 2017). However, the requirement of ascorbic acid for UCP-1
expression would deserve further investigations. EGF is known to stimulate adult-
BAPs proliferation (Hebert et al. 2009; Holmstrom et al. 2008); however, its role in
the differentiation of human BAPs is not known. The stimulation of EGR1 (early
growth response-1) observed upon treatment of hiPSC-BAPs with EGF is of interest.
EGR1 is a zinc finger transcription factor expressed in adult adipose tissue, and it has
been reported that Egr1 deficiency induces WAT browning by releasing EGR1-
mediated UCP-1 transcription repression in mice (Milet et al. 2017; Zhang et al.
2013). The role of EGR1 in EGF-induced hiPSC-BAPs differentiation remains to be
determined, but these data suggest a dual role of EGF, i.e., required for the commit-
ment of BAPs toward adipocytes and a break for fully expression of UCP-1. Finally,
it appears that the choice of the basal medium enriched with the different factors
indicated above is not trivial. Indeed, no differentiation was observed when hiPSC-
BAPs were maintained in DMEM. In contrast, hiPSC-BAPs could undergo differ-
entiation at a high level when maintained in a medium developed to support
proliferation and differentiation of endothelial cells (Hafner et al. 2016a, b). Inter-
estingly, a common basal medium is used for differentiation of functional endothe-
lial cells, hematopoietic cells, and brown adipocytes from human iPSCs (Hafner
et al. 2016a, b; Nishio et al. 2012; Orlova et al. 2014). The reasons why a medium
supporting endothelial cells is critical for hiPSC-BAPs differentiation are unknown.
Studies showed that adipocytes and endothelial cells surrounding might originate
from a common progenitor that could go through adipogenesis or angiogenesis
depending on the microenvironment. There are other evidences showing that
human adipose-derived stem cells have feature of endothelial progenitor cells
(Planat-Benard et al. 2004). Striking similarity between the differentiation
conditions suggests a close developmental origin, and the fact that adipocytes may
originate from subsets of endothelial cells could be an explanation (Sanchez-
Gurmaches and Guertin 2013). Altogether, these data show a functional link
between adipogenesis and angiogenesis, and the differentiation of hiPSC-BAPs
can constitute a platform for the identification of new pathways regulating the
generation of human BAs.

4 Perspectives of hiPSCs in the Obesity Field

The lack of a relevant physiologic cell model for preclinical testing of drugs
activating human BAs is a major limitation for a BA-based treatment of obesity.
The cellular models mainly used for drug discovery are murine cell lines. They may
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not provide relevant models as recent findings support species differences for key
adipogenic regulatory pathways (Lindroos et al. 2013). Despite their gold standard
state, primary human cells derived from adult adipose tissues can be studied
only for short periods before they reach senescence and differentiation failure
precluding reproducible assays. Because iPSCs display a high self-renewal capacity,
they can be cultured for long term and expanded into large numbers under
completely defined conditions. In addition, human iPSCs are able to undergo differ-
entiation into hepatocytes and cardiomyocytes, and therefore they are outstanding
tools in early preclinical phase of drug discovery to perform toxicity assessment.
A myriad of molecules has been tested as anti-obesity drugs. To date, the marketed
drugs for BAs activation showed limited efficacy and/or displayed substantial
adverse effects (Giordano et al. 2016). Among the reasons involved in this weak
efficacy, one can also mention the limitation of the drug testing models due to the
culture conditions that do not mimic the phenotype of the cells and their physiologi-
cal microenvironment within the adipose tissue. Cells are classically grown as
monolayer, which poorly reflects the in vivo situation (Horvath et al. 2016). In
contrast, the cell–cell and cell–extracellular matrix interactions are promoted in 3D
configurations. Therefore, 3D cultures represent a bridge between traditional cell
culture and live tissue to overcome the limitations that impaired discovery of
efficient and safe drugs. hiPSC-BAPs can form 3D aggregates, also known as
spheroids, able to differentiate into UCP-1-expressing adipocytes, therefore named
as adipospheres (Yao and Dani, personal observation). Three-dimensional
adipospheres formed from hiPSC-BAs could serve as a platform to identify
pathways governing the recruitment and the activation of human BAs and for anti-
obesity drug discovery (see Fig. 1). On the other hand, the use of iPSC-derived cells
in clinic has been approved by the FDA for at least two diseases, for iPSC-myogenic
progenitors to be delivered to muscular dystrophic patients, and phase I/II results are
showing promising safety data as well as possible efficacy when used in ocular
diseases. Therefore, BA adipospheres from obese-iPSCs can be proposed as thera-
peutic cells (see Fig. 1). Interestingly, it has been recently demonstrated that the
therapeutic potential of cells is dramatically improved when transplanted as 3D
structures (Petrenko et al. 2017). Indeed, autologous transplantations are not finan-
cially feasible at present, but a recent study reported the possibility of allogenic
iPSCs transplants, which has a tremendous potential for clinic use (Shiba et al.
2016). Human iPSCs can be cultured for long term and expanded into large numbers
under complete defined conditions. Thanks to their high self-renewal capacity, it is
not a challenge to produce a sufficient number of cells for an effective treatment.
However, crucial points for future applications in humans remain to be solved.
Recent studies have clearly established that hiPSC clones can display variable
capacities to differentiate into specific lineages (Nishizawa et al. 2016) which
complicate the development of universal protocols of differentiation. The identifica-
tion of the origins of this functional variability is still a file of investigations
(Ortmann and Vallier 2017). An alternative to bypass the hiPSC variability consists
in the purification of progenitors from differentiating hiPSCs. Several approaches
have been used for the purification of hiPSC-BAPs (Hafner and Dani 2014). The
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purification of hiPSC-BAPs from different hiPSC clones displays various
efficiencies, but we showed that progenitors purified from different hiPSC sources
have a similar capacity to undergo differentiation when using a unique adipogenic
protocol (Hafner et al. 2016a, b). This result strongly supports that the progenitor
purification step is a requirement. An advantage to purify progenitors is also to
eliminate undifferentiated hiPSCs prone to form teratoma after transplantation.
Another issue is the generation of mutations during hiPSC expansion. Fine genetic
analysis and preclinical animal studies should be able to address the safety of hiPSC-
BAs to be transplanted, including potential teratoma formation and other cancer
development. Finally, the stability of the phenotype of transplanted BAs has to be
monitored as dedifferentiation of BAs or transdifferentiation of BAs into white
adipocytes after transplantation cannot be ruled out. Tissue engineering aiming to
develop tissue-like structures that mimic the in vivo situation as closely as possible
should prevent this risk. As hiPSCs can differentiate into cells present in the adipose

Somatic cells iPSCs

Obese patient

BA Adipospheres

BAP spheroids

Drug discovery

A

B

C

D

E

F

Fig. 1 The main steps of the generation of hiPSC-BA adipospheres for anti-obesity drug discovery
and cell-based therapy. (a) Generation of iPSCs from obese patients; (b) derivation of brown-like
adipose progenitors and cell culture in spheroids; (c) spheroids induction of differentiation into
functional BAs and to mimic the physio- or pathological microenvironments; (d) transplantation of
BA adipospheres to increase the BA mass in obese; (e) use the physiological model as a basis
for drug discovery or drug repositioning and drug safety; (f) discovery of drugs which could
attend patient drug treatment to activate BAs. The cartoon of the man comes from Farmer (2009).
Photos of BAP spheroids and of BA adipospheres come from experiments performed by X. Yao
in C. Dani’s lab
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tissue, BA adipospheres could be enriched with macrophages and endothelial cells
(ECs) to mimic an adipose-like structure and to improve their therapeutic potential.
Endothelial growth media supports hiPSC-BAPs differentiation (see above),
suggesting the feasibility to coculture BA adipospheres with ECs. Pre-vascularized
organoids derived from hiPSCs have been generated including the liver, skeletal,
and cardiac muscle. All constructs show incorporation into vascular network and a
better viability of the graft after transplantation in animal models (Caspi et al. 2007;
Takebe et al. 2013).

Numerous other issues have also to be solved before a therapeutic use of iPSCs
in the obesity field, but the derivation of BAPs having a high level of differentiation
without gene transfer and their capacity to form 3D adipospheres open the opportu-
nity of using hiPSCs advantages for anti-obesity therapy and for a better under-
standing of the interactions between different cell types of adipose tissue for BAs
recruitment and activation.
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Abstract
Adapting to the cold extrauterine environment after birth is a great challenge for
the newborn. Due to their high surface area-to-volume ratio, infants tend to lose
more heat to the environment as compared to adults. In addition, human
newborns lack sufficiently developed skeletal muscle mass to maintain body
temperature through shivering thermogenesis, an important source of heat in
cold-exposed adults. Evolution has provided humans and other placental
mammals with brown adipose tissue (BAT), a tissue that converts chemically
stored energy, in the form of fatty acids and glucose, into heat through
non-shivering thermogenesis. The thermogenic activity of this tissue is significant
for the human infant’s ability to maintain a sufficiently high core body tempera-
ture. Although BAT has been studied in human infants for more than a century,
the literature covering different aspects of the tissue is rather limited. The aim of
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this review is to summarize the literature and describe what is actually known
about the tissue and its importance for early human life.

Keywords
Brown adipose tissue · Fetal · Human · Infant

1 Introduction

One of the key challenges a newborn mammal faces after birth is to cope with
the temperature in the extrauterine environment that is often well below their
thermoneutral zone. Evolution has provided different mammalian species with
various attributes that help their newborns to maintain a constant body temperature
above ambient temperature. One important feature that modern eutherian (placental)
mammals have acquired is brown adipose tissue (BAT) (Oelkrug et al. 2015). This
tissue contains thermogenic adipocytes that, in response to signals triggered by cold
exposure, are able to generate heat by a process referred to as non-shivering
thermogenesis. There are two types of thermogenic adipocytes; brown adipocytes
that are typically found in the classical BAT organ that is located in the interscapular
region, and beige adipocytes (also referred to as inducible brown or brite adipocytes)
that appear in otherwise white adipose tissue (WAT) depots in response to prolonged
cold exposure or stimulation with β3-adrenergic agonists (Harms and Seale 2013).
The two cell types share many features; they both contain multilocular lipid droplets
and are very rich in mitochondria that contain uncoupling protein 1 (UCP1) in their
inner membrane. Despite their similarities, the brown and beige adipocytes appear to
be derived from different cell lineages. Brown adipocytes have been shown to
originate from precursor cells that at some time point have expressed the myogenic
marker gene Myf5, suggesting an ontogenetic relationship between brown
adipocytes and skeletal muscle cells (Seale et al. 2008). Beige adipocytes on the
other hand are derived from a Myf5-negative cell population related to that of mural
and vascular smooth muscle cells (Long et al. 2014; Vishvanath et al. 2016). The
different origins of brown and beige as well as white adipocytes are also reflected by
the fact that they express distinct sets of cell selective marker genes (Wu et al. 2012).
In addition, in contrast to brown adipocytes, beige adipocytes have a low basal
expression level of Ucp1. However, in response to β-adrenergic signaling the Ucp1
expression in these cells can reach a level similar to that in brown adipocytes
(Wu et al. 2012).

Classical BAT can be viewed as a specialized heat-generating organ that is
activated when the organism senses cold and needs to induce heat production to
maintain core body temperature. Thermogenesis in BAT is primarily activated by the
sympathetic nervous system; reflected by the tissue being densely innervated by
adrenergic nerve fibers (Smith and Horwitz 1969). Peripheral temperature-sensitive
receptors relay sensation of cold to hypothalamus that integrates the signals and
activates BAT through increased adrenergic nerve activity (Kooijman et al. 2015).
Norepinephrine released from the sympathetic nerve endings activates β-adrenergic

108 M. E. Lidell



receptors found on the surface of brown adipocytes, thereby inducing lipolysis of
stored triglycerides (Cannon and Nedergaard 2004). The released fatty acids serve
both as fuel for the thermogenesis and as activators of the main thermogenic executer
in BAT, UCP1 (Fedorenko et al. 2012), a protein uniquely found in the inner
mitochondrial membrane of thermogenic adipocytes (Cannon et al. 1982; Lin and
Klingenberg 1980). When activated, UCP1 uncouples cellular respiration from ATP
production by short-circuiting the proton gradient over the inner mitochondrial
membrane, thereby generating heat. Hence, BAT has the ability to transform chemi-
cally stored energy into heat, a feature that has caught a lot of attention as it makes it
an interesting drug target of potential use in the fight against obesity and obesity-
related diseases, such as type 2 diabetes (Lidell et al. 2014).

BAT is also highly vascularized, and cold exposure significantly increases the
perfusion of the tissue (Orava et al. 2011). The increased blood flow both helps
supplying the tissue with sufficient amounts of oxygen for uncoupled respiration,
and to distribute the generated heat to the rest of the body.

Thermogenesis in BAT is particularly important for small animals and infants,
who due to their large surface area-to-volume ratio are prone to lose more heat and
therefore have a greater demand for thermogenesis as compared to larger animals
(Silva 2006). In addition, newborns often lack a skeletal muscle mass sufficient for
maintaining body temperature through shivering thermogenesis, an important source
of heat in cold-exposed adults. In the literature covering BAT and its properties, it is
often stated that the tissue is important also for the human newborn’s ability to
maintain normal body temperature. In most cases, the statement is not supported by
any references, and it therefore appears to be considered common knowledge that the
tissue is an important thermoregulator during human infancy. This chapter reviews
the literature related to human fetal/infant BAT and pinpoints what is actually known
about the tissue, and its importance for early human life.

2 Anatomical Location and Morphology of Fetal/Infant
Brown Adipose Tissue

2.1 The Early Studies of Fetal/Infant Brown Adipose Tissue

Although BAT was described in hibernating animals as early as the mid-sixteenth
century, it was not until the early twentieth century that the tissue was generally
recognized in humans. Due to its presence in most hibernating mammals, the tissue
was initially referred to as the hibernating gland. However, the name soon became a
bit ambiguous as the tissue was also found in many nonhibernating mammals such as
rats and cats (Sheldon 1924). One of the first indications of the tissue being present
also in humans came from the work of Hatai (1902). During his studies on the
structure and histogenesis of the hibernating gland, he got access to five human
fetuses (varying in length from 75 to 260 mm). When examining these, he “much to
his surprise” found a tissue that closely resembled the hibernating gland of lower
mammals, both in terms of location and gross morphology. Hatai found the tissue in
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all fetal specimens, but not in an adult subject, and described the tissue as “a long,
narrow paired organ, lying partly along the neck and partly occupying the scapular
region.” He provisionally named the human tissue the interscapular gland (glandula
interscapularis), a name that was commonly used the years that followed. A
reproduction of Hatai’s original illustration showing the anatomical site and gross
morphology of the tissue is seen in Fig. 1. In 1902, Bonnot published the results from
a more extensive study on human samples (Bonnot 1908). In addition to a set of
samples from adults, 12 human embryos/fetuses (32–280 mm in length; uterine
position) were also examined. Like Hatai, Bonnot focused his study on the shoulder
and neck areas, and his results concerning the gross morphology of the fetal tissue
were well in agreement with those presented by Hatai. Bonnot concluded that the
whole tissue mass was lobulated, and presented with a size almost proportional to the
length of the embryo (being about 25% of the head and body length). A histologic
examination of the tissue showed that its lobulated appearance was due to connective
tissue septa that divided the tissue into asymmetrical units, a feature adding to the
overall gland-like appearance of the tissue. Furthermore, Bonnot reported that a
large, irregularly shaped, and reticular cell type, partially filled with fat, was present
within the lobules, a cell morphology matching that of brown adipocytes. The
arrangement of multilocular parenchymal cells in lobular structures separated by
septa of connective tissue was also noticed by Shattock a few years later (Shattock
1909). In a human fetus of about 5 months, he found these lobular structures adjacent
to the great vessels of the neck. He also noticed that the multilocular cells within the
lobules clearly differed from the unilocular cells found in the neighboring subcuta-
neous fat and concluded that two forms of adipose tissue may exist.

Although, the majority of the early studies on human fetal/infant BAT were
concentrated on the shoulder and neck areas; anatomical regions harboring the
hibernating gland in lower mammals, some studies suggested the existence of

Fig. 1 The first illustration of
the gross morphology of
human fetal brown adipose
tissue (BAT). The illustration
shows the BAT depot
described by Hatai in 1902.
The author provisionally
named the tissue the
interscapular gland, and
described it as “a long, narrow
paired organ, lying partly
along the neck and partly
occupying the scapular
region.” Illustration from
Hatai (1902)
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polygonal multilocular cells in gland-like structures at other sites, such as the
subpleural, axillary, and perirenal regions (Rasmussen 1923; Shaw 1901). However,
it was not until about half a century later that studies dedicated to map the overall
distribution of BAT were performed.

2.2 The Global Distribution and Appearance of Fetal/Infant
Brown Adipose Tissue

During the 1960s and 1970s, several ambitious investigations focusing on the
localization of BAT depots were conducted. Although first used by Hammar already
in 1895 (Hammar 1895), it was also now that the term BAT (or brown fat) started to
be more widely used instead of the previous gland-related names.

Aherne and Hull collected adipose tissue samples from a wide range of sites
during 25 successive necropsies of infants whose gestational age varied from 29 to
40 weeks, and postnatal age 3 min to 4 weeks (Aherne and Hull 1966). Based on the
morphology of the cells in the sampled tissue, they assigned them as WAT or BAT.
In all infants, they found BAT in the following locations: (1) the interscapular region
(here, a thin diamond-shaped sheet of BAT was found under the subcutaneous
WAT), (2) as many small masses around the muscles and blood vessels of the
neck (the main depot followed the internal jugular vein and the common carotid
artery), (3) the axillae (these depots were connected to the ones in the neck through
extensions passing under the clavicles), (4) around the trachea, esophagus, and large
vessels in mediastinum, spreading laterally with the intercostal arteries, and (5) intra-
abdominally around structures such as the aorta, paravertebral autonomic ganglia,
kidneys, and adrenals. Hence, with the exception of the interscapular depot, most
BAT appeared to be situated deep within the body, around important structures of
the neck, chest, and abdomen.

A few years later, Merklin performed a study aiming at identifying all fetal BAT
depots (Merklin 1974). Although he found some small additional BAT depots in
locations such as the anterior abdominal, and retropubic areas, and behind the
sternum, the outcome of his study was well in agreement with that earlier presented
for human infants by Aherne and Hull (1966). Merklin concluded that the fetal BAT
depots collectively resembled a high collared vest that covered the cervical, thoracic,
and abdominal viscera. As had been noticed in earlier studies, he also observed that,
in addition to the multilocular brown adipocytes, the different BAT depots also
contained a varying proportion of white-like unilocular adipocytes. BAT depots
such as the perirenal and posterior cervical depots presented with a very low
proportion of these white-like adipocytes, while others such as the interscapular
and axillary depots contained a more mixed cell population with multilocular and
unilocular adipocytes in almost equal proportions. Notably, Merklin did not exclude
the possibility that also the unilocular adipocytes were of the brown type, as they
generally were smaller and contained a wider and more granular cytoplasm as
compared to true white adipocytes.
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In 1972, Heaton performed a study on the presence of BAT at 18 different
locations, from infancy to late adult life (Heaton 1972). She showed that BAT
present with a wide distribution during the first decade of life and thereafter starts
to disappear from most areas. The depots most resistant to regression appeared to be
the ones around the kidneys, adrenals, and aorta as well as those in the neck region
and mediastinum, where BAT could be found even in the eighth decade of life.

All the studies mentioned above had one limitation in common: as no cell-specific
marker proteins had been deciphered yet, the authors identified BAT solely on the
morphological features of the cells within the tissue. Although, the combined cell
features, polygonal shape, reticular cytoplasm, and multilocular lipid droplets, are
a very good indicator of a brown adipocyte phenotype, there is a risk of
misinterpreting a less active, and therefore lipid filled, brown adipocyte as being
white. Despite this limitation, the results from the studies mentioned above consti-
tute the foundation for our knowledge of the global distribution of BAT in human
fetuses and infants. A schematic overview of the main BAT depots identified in
human infants is seen in Fig. 2.

With the discovery of UCP1 in the late 1970s (Heaton et al. 1978; Ricquier and
Kader 1976), and the subsequent generation of the first antisera against the protein
(Cannon et al. 1982; Lean and James 1983), an important tool that allowed a more
certain identification of BAT was attained. However, this tool has so far not been
extensively used in histological studies of human fetal or infant BAT. Kortelainen
et al. used an antiserum raised against rat UCP1 to analyze human BAT obtained at

Fig. 2 The main BAT depots
in the human newborn. The
illustrations specifically depict
the BAT depots present in the
interscapular, neck, and
axillary regions (left), and the
smaller deposits behind the
sternum, and along the spine
(right). Illustration from
Dawkins and Hull (1965).
Reproduced with permission.
Copyright# (1965) Scientific
American, a division of
Nature America, Inc. All
rights reserved
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medicolegal autopsies (Kortelainen et al. 1993). They confirmed that the
multilocular adipocytes present in BAT collected from areas around the carotid
arteries, subscapular region, and around the thoracic aorta of infants stained positive
for UCP1. Interestingly, some small unilocular adipocytes present in the tissues also
stained positive, suggesting that these cells might represent less active brown
(or beige) adipocytes. UCP1-positive unilocular cells have recently also been
found among the multilocular adipocytes in axillary BAT of human fetuses
(Velickovic et al. 2014). Hence, as there is an apparent risk of misinterpreting a
less active, and therefore unilocular, brown, or beige adipocyte as being white when
determining its cell identity on the basis of morphological appearance only, the
morphological evaluation should preferentially be performed in conjunction with
UCP1 immunostaining when possible.

2.3 Studies of Infant Brown Adipose Tissue Using Modern
Noninvasive Imaging Techniques

In recent years, several noninvasive imaging strategies have been used in studies of
BAT in human adults (Sampath et al. 2016). Positron emission tomography (PET)
with 18F-fluorodeoxyglucose (18F-FDG) as a tracer in combination with computed
tomography (CT) has been the most commonly used strategy so far. This modality is
attractive as it gives information about the distribution and the metabolic activity of
BAT, reflected by the level of tracer uptake in the tissue. Clearly, this is a useful
feature when looking for regimens with the potential of affecting BAT activity and
recruitment. However, the fact that only metabolically active, and not inactive BAT
can be observed is a limitation of the modality. Another limitation of the technique is
that it includes the use of radioactive tracers. Hence, its use is primarily restricted to
the field of oncology, where it is a key imaging modality for cancer imaging,
assisting in diagnosis, staging, and follow-up of treatment success. As in adults,
children often show an increased 18F-FDG uptake in the neck, supraclavicular and
axillary regions, mediastinum, paravertebral and perinephric areas, and anterior
abdominal wall, suggesting the presence of metabolically active BAT in
these locations (Gelfand et al. 2005; Hong et al. 2011). No studies presenting data
from 18F-FDG-PET/CT imaging performed on human infants appear to have been
published so far.

Scintigraphy and single-photon emission computed tomography
(SPECT) are other imaging technologies that can be utilized to identify BAT.
123I-metaiodobenzylguanidine (123I-MIBG) is a radioisotope that accumulates in
adrenergic tissues and is used when studying the sympathetic innervation of the
heart, and to detect neuroendocrine tumors such as pheochromocytomas and
neuroblastomas. On the indication that 123I-MIBG scintigraphy of neuroendocrine
tumors sometimes displays symmetrical accumulation of the radioisotope in the
neck and shoulder regions of children, Okuyama et al. performed a study in which
they showed that 123I-MIBG accumulates in the adrenergic nervous system of
interscapular BAT of rats (Okuyama et al. 2002). In a retrospective study,

Infant BAT 113



examining a multitude of 123I-MIBG scintigraphic studies performed on infants and
children who had been treated for neuroendocrine tumors, it was shown that the
radioisotope accumulated in the nape of the neck region of 12% of the patients
(Okuyama et al. 2003). The fact that the 123I-MIBG uptake is blocked by
surgical interruption of thoracic and cervical sympathetic innervation supports
the view that the tissue with elevated radioisotope uptake is BAT (Gelfand 2004).
99mTc-tetrofosmin, a radioisotope absorbed by functional mitochondria, is another
example of a tracer accumulating in the shoulder and neck areas of human adults
and children, potentially detecting mitochondria-rich BAT (Fukuchi et al. 2003).
Like PET, the latter technologies involve the use of radioactive substances, making
them less suitable for studies on healthy subjects, particularly infants and children,
and studies performed on such groups would need to use safer imaging techniques.

During the last years, magnetic resonance imaging (MRI), a safe modality not
involving the use of radioactive tracers or ionizing radiation, has been applied in
studies of human BAT in both adults and infants. This is a modality that generally
does not depend on the tissue being active and can consequently be used also in
postmortem studies. Several MRI based studies have identified BAT by the fat
fraction method. In a postmortem study, Hu et al. used this method to identify
BAT in a 3-month-old infant (Hu et al. 2012). The authors focused their study on
the neck region where they could detect a bilateral tissue in the supraclavicular area
that presented with an intermediate-fat fraction. The BAT identity was confirmed by
the histological appearance of tissue sampled from the areas assumed to contain
BAT, thereby establishing the feasibility of the imaging method for identifying the
tissue. Using the fat fraction method, BAT has also been identified in the
interscapular region (Hu et al. 2013, 2014; Lidell et al. 2013). Lidell et al. performed
postmortem MRI of eight human infants (aged between 0 and 74 weeks) and found
an adipose depot in the interscapular region that presented with an intermediate-fat
fraction, as expected for BAT (Fig. 3 shows a representative reconstruction of the
depot) (Lidell et al. 2013). From a subset of these subjects, tissue samples were
collected from the locations indicative of BAT. Histological analyses of the sampled
tissue showed that it contained densely packed multilocular UCP1-positive
adipocytes. In addition, gene expression analyses revealed that the tissue showed a
high UCP1 expression. Hence, the overall analyses clearly confirmed the BAT
identity of the tissue identified by MRI.

Collectively, the modern noninvasive techniques appear to have the ability to
visualize most of the BAT depots discovered in the old postmortem studies that
identified the tissue by its gross morphology and histological appearance. However,
small BAT depots and clusters of thermogenic adipocytes present in otherwise WAT
are more difficult to detect by these modern techniques, and histological analyses of
sampled tissue will continue to be an integral component of studies of BAT.
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3 The Physiology of Infant Brown Adipose Tissue

From the discussion above, it is clear that human infants have morphologically
identifiable BAT depots. So, what human data exists to support a thermogenic
capacity of the tissue during infancy? Silverman et al. were probably first to provide
data suggesting the presence of a thermogenic tissue, presumably BAT, in the
interscapular region of infants (Silverman et al. 1964). They showed that when
exposing infants to a moderately cold environment, the skin temperature over the
nape of the neck remained relatively constant while it fell at other exposed body
areas. In a few cases, the skin temperature in the neck region even increased in
response to the cold exposure. Similar results were later attained by Grausz, who
showed that the interscapular skin temperature increased in 13 out of 16 cold
exposures, and rose as much as 0.5�C above the colonic temperature during the
treatment (Grausz 1970). Furthermore, when assessing cold-exposed infants by
thermography, Rylander et al. noted a tendency of heat gain in the nape region
after about 10–15 min of cold exposure, and after 30 min the region was the warmest

a b

c

Fig. 3 Postmortem magnetic
resonance imaging of infant
interscapular BAT. (a–c)
Three-dimensional
reconstruction of interscapular
BAT in a human infant. The
volume-rendered data set is
shown in the sagittal (a),
coronal (b), and axial (c)
planes. The interscapular BAT
is highlighted in green. Scale
bars, 5 cm. Reprinted with
permission from Macmillan
Publishers Ltd: Nature
Medicine (Lidell et al. 2013),
Copyright # 2013
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area on the back (Rylander et al. 1972). Collectively, the studies above suggest that
newborn human infants respond to a decreased environmental temperature by
increasing their heat production in an anatomical location coinciding with that of
the vital thermogenic interscapular BAT organ in lower mammals.

Human infants increase their oxygen consumption in response to cold or norepi-
nephrine infusion without shivering (Brück 1961; Hey 1969; Karlberg et al. 1962).
Dawkins and Scopes showed that the increased oxygen consumption seen when
exposing human newborns to mild cold associates with increased levels of
circulating glycerol, without an accompanying rise in plasma free fatty acids,
suggesting that cold exposure induces lipolysis in BAT that uses the liberated fatty
acids for local thermogenesis (Dawkins and Scopes 1965). The suggestion that cold
exposure induces local lipolysis in BAT is supported by histological analyses of
BAT from necropsies of infants nursed at different ambient temperatures. Such
studies have shown that, while the tissue is lipid filled in infants nursed at
thermoneutrality (34–35�C), it is devoid of fat in infants conventionally swaddled
and nursed at room temperature (23–27�C) (reviewed in Smith and Horwitz 1969).
These results are in line with those recently presented by Hu et al. who used MRI to
study a group of newborns who had been subjected to hypothermia therapy (lower-
ing of body core temperature by 3–4�C below normal for 48 h) as a treatment for
hypoxic–ischemic encephalopathy (Hu et al. 2014). The authors found that the
fat-signal fraction was significantly lower in the supraclavicular BAT depots of the
hypothermia-treated infants as compared to those in the untreated control group,
suggesting a lower triglyceride content in the BAT of the cold-exposed group. A
similar trend, although not statistically significant, was also seen in the interscapular
BAT depot, but not in subcutaneous WAT. The authors concluded that it is likely
that the hypothermia therapy triggers BAT-mediated non-shivering thermogenesis,
which subsequently depletes the tissue of its intracellular triglyceride stores.

Interestingly, an infant’s nutritional status might affect its ability to generate heat
in BAT. Brooke et al. examined a group of malnourished Jamaican infants and
young children, before and after recovery, to see if malnutrition impaired their
response to cold (Brooke et al. 1973). They found that, while malnourished, the
patients failed to increase their heat production above resting levels when subjected
to mild cold, and consequently their body temperature fell. However, following
recovery from malnourishment, the patients increased their heat production by 20%
during cold exposure and were able to maintain stable body temperature. Since none
of the patients shivered during the cold exposure, the thermogenesis was apparently
of the non-shivering type. The authors also performed a postmortem study in which
the histology of interscapular BAT of malnourished and well-nourished infants and
young children was examined. While the tissue sampled from malnourished subjects
was fat-depleted, the tissue sampled from well-nourished ones was not. Based on
their collective data, the authors concluded that malnourishment, and the associated
lipid depletion in BAT, makes the tissue unable to produce all the heat needed for
maintaining body temperature when the infant is subjected to cold.

If BAT is of high importance for an infant’s ability to maintain core body
temperature, one would expect a hampered function of the tissue to have
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devastating consequences. That functional BAT, and intact sympathetic signaling
via β-adrenergic receptors is vital for thermoregulation in small mammals such as
rodents is undisputed. Both Ucp1-deficient mice (Enerbäck et al. 1997), and mice
with reduced BAT content due to transgenic overexpression of the cell toxic
diphtheria toxin A-chain specifically in Ucp1-expressing adipocytes (Lowell et al.
1993), are sensitive to cold, indicating that their thermoregulation is defective. The
same is true for both mice lacking all the β-adrenergic receptors (Bachman et al.
2002), and mice not capable of synthesizing norepinephrine and epinephrine due to
inactivation of the gene encoding the enzyme dopamine β-hydroxylase (Thomas
and Palmiter 1997). For obvious reasons, similar studies cannot be performed on
humans. However, there are some indications that malfunctioning BAT might have
serious consequences also for an infant’s health. Sudden infant death syndrome
(SIDS) is characterized by the sudden death of a seemingly healthy infant during
sleep. The etiology of SIDS is complex and includes interactions between multiple
factors (Kinney and Thach 2009). One of the risk factors for SIDS has been
suggested to be thermal stress (Sawczenko and Fleming 1996), and dysregulated
activity in BAT has been hypothesized to play a role in some cases of the syndrome.
Based on the indication that the specific UCP1 content in axillary BAT seemed to be
lower in subjects with SIDS as cause of death, as compared to infants who had died
from other causes, Douglas proposed that a lowered capacity for thermogenesis in
BAT could play a role in the etiology of SIDS (Douglas 1992). This view was in line
with the results attained in a large postmortem study performed a few years earlier
(Emery and Dinsdale 1978). Here, it was shown that periadrenal BAT of young
infants, aged 2–20 weeks, who had died from SIDS, contained a higher proportion of
unilocular adipocytes, indicating a less active tissue, as compared to the tissue
collected from infants in the control group. However, no evidence for a link between
SIDS and polymorphisms in the genes encoding UCP1 or the β3-adrenergic recep-
tor, both polymorphisms suggested to associate with a lower ability for BAT
thermogenesis, have been found (Fatemi et al. 2002). Interestingly, an increased
thermogenic activity in BAT has also been suggested to be involved in the etiology
of SIDS. In a report describing two cases of SIDS in which the infants’ core
temperatures were above 40�C on arrival to the morgue, Lean and Jennings collected
tissue from the axillary, cervical, interscapular, and perirenal BAT depots (Lean and
Jennings 1989). Measurements on mitochondria isolated from the tissues indicated
active thermogenesis with uncoupled respiration, as measured by guanosine diphos-
phate binding and oxygen uptake. The authors proposed that inappropriate thermo-
genesis in BAT in the pyrexial state might have contributed to the deaths, and that
thermogenesis in BAT, occurring inappropriately in a warm, well-insulated infant
could be a cause of some cases of SIDS. Taken together, the notion of a connection
between dysregulated thermogenesis in BAT and SIDS is interesting. However, the
data supporting such connection are rather weak, and further studies evaluating the
potential link are therefore warranted.

Infant BAT 117



4 The Molecular Characteristics of Infant Brown Adipose
Tissue

Few studies have investigated the molecular features of infant BAT in detail.
However, some molecular data have been attained. The development of antisera
against UCP1 enabled analyses of the specific UCP1 content in different BAT
depots. In a postmortem study of BAT from almost 50 subjects, about half being
infants, it was shown that the UCP1 content, as measured by a radioimmunoassay,
was higher in the mitochondria of axillary as compared to perirenal BAT (Lean et al.
1986). In addition, variations in the UCP1 content were seen between the different
age groups. Adults as well as preterm and stillborn infants had lower UCP1 levels
than older infants and children, an observation consistent with altered requirements
and capacities for thermogenesis at different stages of human development. In
another postmortem study of newborn infants, gestational age 25–40 weeks,
interscapular BAT was analyzed for its specific UCP1 content (Houstek et al.
1993). All samples contained significant amounts of UCP1 and the specific content
of the protein almost doubled in the tissue between weeks 25 and 32, and remained
nearly constant thereafter. It was also shown that the activity of type II iodothyronine
deiodinase (DIO2), an enzyme that converts thyroxine (T4) to triiodothyronine (T3),
the more active ligand for the thyroid hormone receptors, was active in interscapular
BAT already at gestational week 25, and that the activity of the enzyme increased
over the gestational period examined in a similar way as that of the UCP1 content in
the tissue. From animal studies, it is clear that DIO2-mediated local production of T3
in BAT, and the subsequent activation of signaling through thyroid hormone
receptors, is of great importance for adaptive thermogenesis in the tissue (de Jesus
et al. 2001). Taken together, based on the UCP1 content and DIO2 activity in
interscapular BAT, it appears that the thermogenic capacity of the tissue develops
rather early, and by the beginning of the last trimester it is likely that it has acquired a
significant thermogenic potential.

As mentioned above, it is now clear that there are two types of UCP1 expressing
adipocytes, the classical brown and the beige adipocytes, that originate from distinct
cell lineages. The studies reaching this conclusion included lineage tracing
experiments (Seale et al. 2008), and molecular characterization of clonal cell lines
established from precursor cells isolated from the stromal vascular fractions of
interscapular BAT and inguinal adipose tissue of mice (Wu et al. 2012). The energy
expending feature of thermogenic adipocytes is of potential therapeutic use against
obesity and obesity-related diseases such as type 2 diabetes. Therefore, the existence
of two different thermogenic cell types, which potentially can be recruited and/or
activated by different stimuli, is of great interest, as they might represent two
separate targets for therapeutic intervention. Hence, it is important to establish if
humans, as rodents, possess the two cell types. In rodents, classical brown
adipocytes are typically found in the interscapular BAT depot. The observations
from the discussion above indicate that human infants have BAT in the interscapular
region, and it is probably here it is most likely to find classical brown adipocytes in
humans. Recently, a postmortem study of human infants showed that BAT sampled
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from this region guided by its intermediate-fat fraction, as determined by MRI,
presented with features similar to that of the interscapular BAT organ of rodents
(Lidell et al. 2013). Like the classical brown adipocytes present in the rodent tissue,
the multilocular and UCP1-positive cells in the infant tissue were densely packed
and delineated from the subcutaneous WAT by a layer of connective tissue. In
addition, the cells presented with a gene expression signature more similar to that of
classical brown than beige adipocytes. Hence, it appears like at least human infants
possess classical brown adipocytes. This view is also supported by a late study in
which mesenchymal stem cells, attained from interscapular BAT of human fetuses,
were shown to differentiate into thermogenically competent, UCP1-containing
adipocytes with a classical brown-like gene expression profile, when subjected to
an adipogenic differentiation cocktail (Di Franco et al. 2016). Importantly, as in
mice, the identity of the thermogenic cells in different adipose depots appears to
differ in human infants. Sharp et al. studied the molecular features of BAT sampled
from supraclavicular areas, posterior mediastinum, and retroperitoneal, intra-
abdominal, and mesenteric depots (Sharp et al. 2012). They found that nearly all
sampled BAT abundantly expressed beige-selective genes, while the expression of
classical brown-selective genes was barely detectable, suggesting that the BAT was
of the beige type. The beige nature of human supraclavicular BAT had previously
been suggested in adults (Wu et al. 2012), and at the time it was even questioned if
humans possess classical brown adipocytes at all (Cannon and Nedergaard 2012).
However, apart from the studies mentioned above, showing that infant interscapular
BAT is likely to contain this cell type, there are also indications of it being present in
the deep neck region of adults (Cypess et al. 2013). Hence, it is likely that humans, as
rodents, have both classical brown and beige adipocytes.

5 Conclusions

The collective data from studies of BAT in human fetuses and infants indicate that
the tissue is widely distributed during these developmental stages, and that the tissue
is particularly developed in the axillae, neck, and upper back regions as well as deep
internally, around important structures such as the kidneys. The thermogenic capac-
ity of the tissue, as measured by its UCP1 content, develops with gestational age and
reaches its maximum in infancy and early childhood when the demands for thermo-
genesis can be expected to be especially high. When subjected to cold, human
infants lack a sufficiently developed skeletal muscle mass for maintaining body
temperature through shivering thermogenesis. Instead, they respond to cold expo-
sure by inducing non-shivering thermogenesis. As the response is associated with
increased lipolysis in BAT, and induction of heat production in regions harboring the
tissue, it is reasonable to assume that the cold-induced thermogenesis occurs in BAT.
This notion is also supported by numerous animal studies that additionally have
shown that thermogenesis in BAT is essential for maintaining a stable core body
temperature in a cold environment.

Infant BAT 119



Over the last years, our knowledge of rodent BAT, and factors that affect its
recruitment and activation, have increased substantially. However, despite these
advances, little is still known about the human tissue on a molecular level, and
dedicated studies trying to establish if the knowledge attained in the animal studies
can be translated to humans are warranted. Importantly, the infant data that are
available imply that humans, as rodents, harbor two types of thermogenic
adipocytes, the classical brown and the beige adipocytes. Further evaluations of
the molecular features of the human cells would benefit from establishing clonal cell
lines from the different fetal and infant BAT depots. Such clonal cell lines would
also be useful tools in studies aiming to identify factors with the capacity of
activating and/or expanding the thermogenic potential of human BAT; that is,
factors that would pose potential targets for therapy against obesity and obesity-
related diseases such as type 2 diabetes.
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Abstract
Brown adipose tissue (BAT), the specialized heat-producing organ found in
many placental mammals including humans, may be accessible for clinical drug
intervention to help combat metabolic diseases. Understanding the biology of
BAT and its thermogenic uncoupling protein 1 (UCP1) will benefit from an
assessment of its evolution, answering where UCP1 originated and how it has
been modified and integrated into cellular energy metabolism. Here, we review
topical insights regarding the molecular evolution of UCP1—also reconstructing
the proximate and ultimate factors selecting for brown fat thermogenesis in
placental mammals. This new thinking on “old” events will assist our under-
standing of how thermogenic mitochondrial uncoupling was integrated into the
physiology of the brown adipocyte. Recent comparative studies examining the
occurrence of UCP1 in vertebrates not only identified the ancient (pre-mammal)
rise of UCP1 but also its repeated downfall during mammalian evolution as
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evidenced by multiple independent gene loss and/or inactivation events. Together
with the comparative physiology of various species, we may be able to find
conditions that favor UCP1 thermogenesis and, learning from these insights,
identify molecular networks that will be useful to pharmacologically stimulate
the tissue.

Keywords
Brown adipose tissue · Evolution · Metabolic disease · Thermogenesis ·
Uncoupling protein

1 Brown Adipose Tissue Thermogenesis

Brown adipose tissue (BAT) is a specialized organ in placental mammals that
enables non-shivering thermogenesis (NST) via molecular mechanisms centered in
the mitochondria that lower metabolic efficiency. In addition to the dense mitochon-
drial content of this tissue imparting its brown coloration, BAT is both advanta-
geously situated near vital organs of the body (i.e., interscapular, subscapular,
dorso-cervical and axillary regions, as well as near the kidneys) and highly
vascularized allowing for effective transfer of heat to the circulatory system
(Oelkrug et al. 2015). The rapid energy turnover in brown adipocytes is enabled
by high mitochondrial concentrations of uncoupling protein 1 (UCP1). UCP1 short-
circuits the proton-motive force that typically drives ATP synthesis, increasing
substrate oxidation and, consequently, enhancing cellular heat output (Cannon and
Nedergaard 2004). BAT is widely accepted to enable both small-bodied mammals
and the neonates of many larger-bodied species to survive acute and chronic
cold challenges, as well as to facilitate rewarming in lineages that utilize torpor
(Oelkrug et al. 2010, 2013; Cannon and Nedergaard 2004; Nicol et al. 2009). While
multilocular lipid droplets of brown adipocytes provide enhanced surface area
to facilitate rapid lipolysis and catabolism (Keipert and Jastroch 2014), heat output
of BAT can also be maintained via glucose oxidation without the contribution of
lipolysis (Shin et al. 2017). This indifference regarding substrate preference further
highlights the predominant role of UCP1 for mitochondrial energy turnover.
However, a pivotal role for UCP1 in thermogenesis is not universal among mammals
(Gaudry et al. 2017; Keipert et al. 2017; Meyer et al. 2012; Golozoubova et al. 2001;
Ukropec et al. 2006), as alternative molecular mechanisms to produce heat via
ATP-consuming processes or other endogenous uncouplers have been proposed
(Ikeda et al. 2017; Kazak et al. 2017b; Long et al. 2016). These thermogenic
pathways offer new pharmacological potential, but notably, their measured physio-
logical impacts have so far been exclusively restricted to UCP1 knockout mice
(Kazak et al. 2017b; Long et al. 2016). For pigs, which naturally lack UCP1
(Berg et al. 2006), and mice, an ATP-consuming calcium futile cycle through
SERCA/ryanodine receptor activity has been proposed as an elegant alternative
heat-generating mechanism in beige adipose tissue (Ikeda et al. 2017). While
pharmacological as well as gain- and loss-of-function experiments targeting
SERCA and ryanodine receptors show the impact on mitochondrial respiration
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rates in beige adipocytes, the bioenergetic data of the study surprisingly reveal no
impact on ATP-linked respiration, which is in stark contrast to the suggested
ATP-dependent model of thermogenesis. Notably, increased ATP consumption
would stimulate both glycolytic and oxidative ATP production, at least based
upon our current understanding of cellular bioenergetics. Further experiments
are thus required to delineate whether calcium futile cycling contributes to thermo-
genesis in pigs or whether this mechanism remains fishy (in the sense that it was
originally proposed for and remains limited to the cranial heater organ of billfishes,
swordfish, and the butterfly mackerel; Morrissette et al. 2003). It should be taken into
consideration that the disturbance of calcium homeostasis in the Ikeda study may
have affected calcium-sensitive dehydrogenases (e.g., pyruvate dehydrogenase),
providing a simple explanation for the observed cellular phenomena. Additional
research is required to determine whether these and other alternative mechanisms of
heat production have any physiological significance in nature, or not. With regard to
mitochondrial uncoupling, other UCPs have been suggested to thermogenically
compensate if BAT-mediated NST becomes impaired, but this idea has been refuted
several times (Golozoubova et al. 2001; Nedergaard and Cannon 2003), mainly due
to inconclusive evidence regarding uncoupling activity (Cadenas et al. 2002;
Shabalina et al. 2010: Nabben et al. 2011). A potential role for UCP3 in thermo-
genesis by uncoupled respiration has been recently revived in (some) pig breeds
lacking UCP1 (Lin et al. 2017), but the conclusions have to be taken with similar
caution as the observed uncoupling cannot be reconciled with our current knowledge
on mitochondrial respiratory control (Jastroch et al. 2018). Notably, UCP1-ablated
mice further render BAT dysfunctional by inflammation and electron transport
deficiencies in the cold (Oelkrug et al. 2010; Kazak et al. 2017a; Keipert et al.
2017), most likely also compromising ATP output. Thus, it remains questionable
whether BAT of UCP1 knockout mice represents a good model to investigate some
proposed ATP-dependent thermogenic pathways. ATP-dependent thermogenic
pathways in beige adipose tissue may be significant if glycolytic and oxidative
ATP production can provide sufficient capacities. Furthermore, it should not be
forgotten that heat generated by muscle shivering is able to compensate for the
lack of brown fat NST (Golozoubova et al. 2001).

2 The Rise of UCP1

Utilizing a comparative approach to investigate the evolution of UCP1 over millions
of years could provide valuable insights of both its function and capacity for medical
intervention. UCP1, first discovered in the late 1970s (Ricquier and Kader 1976;
Heaton et al. 1978), was long believed to have originated with the evolution of
eutherian BAT as a unique strategy to defend high body temperatures in the cold
(Cannon and Nedergaard 2004). However, tracing orthologous UCP1 loci by com-
parative genomics unambiguously revealed the presence of this six-exon gene in
teleost fishes, discernible from UCP2 and UCP3 paralogs by its conserved syntenic
arrangement (i.e., 50-TBC1D9-UCP1-ELMOD2-30; Fig. 1; Jastroch et al. 2005).
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This unequivocally revealed that UCP1 predated the evolution of endothermy and
was present in a common ancestor of ray- and lobe-finned fishes (~420 million years
ago [MYA]), thus spurring a re-examination of its evolutionary origin.

Common carp (Cyprinus carpio) UCP1 mRNA is detected in a wide range of
tissues including the liver, brain, intestine, and kidney, but interestingly not adipose
tissue (Jastroch et al. 2005). The high expression of the fish UCP1 orthologue in
the liver of the common carp has been independently confirmed by other studies
(Bermejo-Nogales et al. 2014; Murakami et al. 2015; Wen et al. 2015). Interestingly,
the regulation of fish UCP1 by environmental cues differs vastly between organs as
cold-exposed carp downregulate UCP1 mRNA levels in the liver (Jastroch et al.
2005), but increase expression in brain tissue (Jastroch et al. 2007). In particular,
this latter upregulation in certain areas of the brain fostered speculation of local
thermogenesis in the neuronal tissues of carp (Jastroch et al. 2007). A similar role for
UCP1 has also been suggested in the brain of hibernating thirteen-lined ground
squirrels (Spermophilus tridecemlineatus; Laursen et al. 2015), but these results
await confirmation by other studies. Additionally, one has to take into account that
local thermogenesis would not only require UCP1, but also high oxidative capacity
and rapid metabolic fluxes. Although liver mitochondrial uncoupling in carp
coincides with the presence of UCP1 mRNA (Jastroch et al. 2007), the involvement
of other mitochondrial anion carriers, such as GDP-sensitive uncoupling activity of
the adenine nucleotide transporter (Khailova et al. 2006), has not yet been ruled out.
In short, future studies are required to fully elucidate the myriad functions of UCP1
in ectothermic vertebrates and nonplacental mammals (monotremes and marsupials),
though its physiological roles are likely important as it is highly conserved and

Cyprinus
carpio

Ornithorhynchus
anatinus

Mus
musculus

Homo
sapiens

100% 

64% 

10 kb 

Fig. 1 Sequence identity comparison made in Easyfig 2.2.2 displaying the conserved synteny
of the UCP1 gene among representative vertebrate species (common carp [Cyprinus carpio],
platypus [Ornithorhynchus anatinus], house mouse [Mus musculus], and human [Homo sapiens])
with respective accession numbers of LHQP01013372.1, NW_001794248.1, AC122890.4, and
LOQN01003215.1. UCP1 exons are symbolized by solid red bars with intervening intron
sequences shaded in red. Terminal exons of flanking genes TBC1D9 and ELMOD2 are symbolized
with green and purple boxes, respectively
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evolving under strong purifying selection within these lineages (Gaudry et al. 2017).
Similarly, UCP2 and especially UCP3 are remarkably well conserved among
vertebrates (Gaudry et al. 2017), and while these paralogous members of the UCP
gene family have been proposed to fulfill several functions including catalyzing mild
uncoupling to mitigate the production of harmful reactive oxygen species, to date, a
consensus has not been reached on their functions, and any suggestions of their
thermogenicity remain unsubstantiated (Brand and Esteves 2005; Echtay 2007;
Mailloux and Harper 2011; Lin et al. 2017).

When we focus on the most basal branch of the mammalian family tree,
monotremes, RNA-seq BLAST searches reveal the presence of UCP1 translation
in a surprisingly wide range of tissue types (Gaudry and Campbell 2017). Indeed,
UCP1 transcripts are found in platypus (Ornithorhynchus anatinus) testis, ovary,
liver, kidney, heart, and brain tissue, which is reminiscent of the expression pattern
seen in ectothermic vertebrates. By contrast, available published evidence suggests
marsupial UCP1 may be restricted to adipose depots, which often appear brownish
in coloration and are located in the pectoral regions of juvenile gray short-tailed
opossums (Monodelphis domestica) and the interscapular regions of the fat-tailed
dunnart (Sminthopsis crassicaudata; Jastroch et al. 2008). Furthermore, this latter
species utilizes daily torpor and upregulates UCP1 expression following cold expo-
sure, raising the possibility of a heat-producing role. Yet, so far, evidence for
thermogenesis by marsupial UCP1 is lacking, as the fat-tailed dunnart was later
shown to be incapable of adaptive NST through classical noradrenaline injection
(Polymeropoulos et al. 2012). It remains unknown whether monotreme or marsupial
UCP1 permits mitochondrial proton leak as it does in eutherians. Notably, a 50

enhancer box located ~3–5 kb upstream of the UCP1 gene, believed to contribute
to high UCP1 expression in eutherian BAT, first arose in a stem eutherian ancestor
and is absent in non-eutherian mammals (Jastroch et al. 2008; Gaudry and Campbell
2017). This difference may partly underlie comparatively lower UCP1 transcription
in marsupial adipose depots relative to that of comparably sized eutherians (Rousset
et al. 2004). While this “brownish” adipose tissue may still contribute to heat
production in this lineage, further studies are required to clarify this and other
potential physiological roles.

In sharp contrast to ectothermic vertebrates and the platypus, eutherian UCP1
is predominantly expressed in brown adipocytes and, under certain physio-
logical conditions (e.g., cold stress), within white adipose tissue depots. These
latter UCP1-positive cells are referred to as “beige” or “brite” (brown-in-white)
adipocytes, as they take on further brown adipocyte-like characteristics such as
increased mitochondrial density and multilocularity (Harms and Seale 2013).
Apart from some reports on UCP1 expression in neurons and thymocytes (Carroll
et al. 2005; Adams et al. 2008; Laursen et al. 2015), eutherian UCP1 expression
appears highly tissue-specific. Moreover, UCP1 in BAT mitochondria is exceed-
ingly concentrated and can represent as much as 8% of mitochondrial membrane
proteins in brown adipocytes (Rousset et al. 2004), some 100- to 1000�-fold higher
than expression levels of UCP2 and UCP3 in other tissues (Brand and Esteves 2005).
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Among a wide range of eutherian mammals, the role of UCP1 has been well-
documented to be thermogenic and, for some species, contribute a crucial survival
advantage in cold environments, including mouse knockout models that confirm
an essential role of UCP1 to acute cold challenges. For instance, UCP1 is implicated
in BAT-mediated NST of the rock elephant shrew (Elephantulus myurus; Mzilikazi
et al. 2007) and lesser hedgehog tenrec (Echinops telfairi; Oelkrug et al. 2013), two
affiliates of the Afrotherian superorder. Some features of BAT in Afrotherian species
may be considered archetypal, such as no regulation of BAT mass and UCP1 content
in the elephant shrews, or the unusual abdominal location of BAT in the tenrec.
This finding is in line with recent work that reveals marked differences in putative
promoter and enhancer elements in non-model versus murid rodent model systems
(Gaudry and Campbell 2017). Indeed, some promoter elements (e.g., CRE-4 and
CCAAT box) postulated to contribute toUCP1 transcription in the mouse and rat are
absent in non-murid species. Also, while the enhancer is generally conserved,
relatively few motifs (CRE-3, PPRE, and RARE-3) thought to be key for UCP1
expression in rodents display high identity to homologous sequences in other
lineages, highlighting the likely evolution of differential transcriptional control
mechanisms within the eutherian radiation. In members of both the Laurasiatheria
and Euarchontoglires superorders, BAT-mediated NST has been detailed in a wide
range of studies as reviewed by Oelkrug et al. (2015). Notably, the Euarchontoglires
superorder also includes humans, who are known to express BAT as newborns
and even into adulthood (Nedergaard et al. 2007; Cypress et al. 2009; van Marken
Lichtenbelt et al. 2009; Virtanen et al. 2009). Thus, due to its widespread occurrence
across the eutherian radiation, the rise of adaptive UCP1 thermogenesis presumably
originated following the marsupial/placental divergence. Recent fossil-calibrated
timetrees (Springer et al. 2017; Liu et al. 2017) accordingly place this event within
a ~100 million year window between the Middle Jurassic and Late Cretaceous (~180
and 80MYA). The global climate over much of this period is generally characterized
as a warm-to-hot “greenhouse” with no polar glaciations and only small latitudinal
temperature gradients, though the early Middle Jurassic may have been cooler with
latitudinal gradients more in line with the present (O’Brien et al. 2017; Alberti et al.
2017). Ancestral reconstructions also infer that the Late Cretaceous crown eutherian
ancestor was a small-bodied (<245 g) scansorial insectivore with an altricial repro-
ductive strategy (O’Leary et al. 2013) and was probably heterothermic (Lovegrove
2012). Therefore, despite likely having evolved in a much warmer world, BAT may
have arisen as a mechanism to maintain elevated body temperatures in newborns
(Rowlatt et al. 1971), for offspring thermoincubation (Oelkrug et al. 2013), and/or as
a more efficient method of rewarming from bouts of torpor (Oelkrug et al. 2011).
Although UCP1-mediated NST has even been proposed to have facilitated the
expansion of modern eutherian groups to cold ecological niches (and temperature
seasonality) that emerged in the early Oligocene (~34 MYA), it should be noted that
the advent of thermogenic BAT predates these events by 50–150 million years.

Molecular phylogenetic studies reveal long stem eutherian branch lengths in both
UCP1 nucleotide and amino acid trees relative to those of UCP2 and UCP3 (Fig. 2),
demonstrating an elevated substitution rate that may have led to the hypothesized
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novel function of UCP1 that permitted physiologically significant proton transloca-
tion across the mitochondrial inner membrane (Saito et al. 2008; Hughes et al. 2009;
Gaudry and Campbell 2017). Saito et al. (2008) attributed this apparent gain of
thermogenic function to directional/positive selection, although follow-up studies
with improved (larger and more diverse) data sets indicate non-synonymous (dn) to
synonymous (ds) nucleotide substitution ratios along the stem eutherian branch of
0.5–0.6, which is more in line with relaxed evolutionary constraints rather than
positive selection (defined as dn/ds > 1; Hughes et al. 2009; Gaudry et al. 2017).
Additionally, while eutherian UCP1s exhibit numerous unique amino acid residues
relative to non-eutherian mammals, to date, no evidence demonstrates that these
substitutions can be accredited to positive selection (Fig. 3; Hughes et al. 2009;
Gaudry et al. 2017). However, future studies may be able to target these residues to
determine if they do in fact alter proton translocation across the mitochondrial inner
membrane and can serve as potential sites of medical intervention. Comparative
cryo-EM or crystal structures will also be key in identifying important amino
acid interactions and structure-function relationships underlying the variability in
uncoupling activity among vertebrate UCP1s. Unfortunately, attempts to resolve the
physical structure of UCP1 have failed so far, and uncertainty remains with many
mutational loss-of-function studies, as protein integrity cannot be confirmed. How-
ever, it may be possible to scale UCP1 functional features by naturally diversified
sequences, which circumvent mutational integrity problems as nature’s blueprint
has purified functional sequences for the in vivo condition.

UCP1 

UCP2 

UCP3 

0.2 

UCP1 

UCP2 

UCP3 
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A B 

Fig. 2 UCP gene trees of nucleotide coding sequences (a) and virtually translated amino acid
sequences (b) from the data set of Gaudry and Campbell (2017; n ¼ 448). Approximately-
maximum-likelihood phylogenetic trees were built using FastTree 2.1.5 with default settings.
Branch lengths denote number of substitutions per site. Branches of non-eutherians are displayed
in black, while eutherian branches are colored in green (UCP1), red (UCP2), and blue (UCP3). Note
the lengths of the stem eutherian branches are substantially longer for UCP1 than both UCP2 and
UCP3 indicating an increased rate of nucleotide and amino acid substitution
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3 The Fall of UCP1

Despite the documented benefits of UCP1-mediated NST in several (small)
eutherian species, members of a variety of lineages are accomplished endotherms
despite lacking a functional UCP1. For instance, birds possess even higher body

Fig. 3 Deduced UCP1 amino acid alignment of the marsupial consensus sequence, eutherian
consensus sequence, human (Homo sapiens), and mouse (Mus musculus). Consensus sequences
were generated from the Gaudry and Campbell (2017) data set by a simple majority and excluding
any eutherian UCP1 pseudogenes. Equally represented amino acids between the four marsupial
species (Monodelphis domestica, Macropus eugenii, Sminthopsis crassicaudata, Sarcophilus
harrisii) are shown in red. Amino acids highlighted in blue have been tested as candidates for
positive selection, but these hypotheses were statistically rejected using likelihood ratio tests
(Hughes et al. 2009; Gaudry et al. 2017)
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temperatures than mammals and defend their body temperature by shivering and
possibly other poorly characterized mechanisms. The detection of a UCP mRNA,
termed avian UCP, fostered early speculation that it may catalyze thermogenesis
similar to eutherian UCP1. However, the molecular and physiological evidence
remains correlative (Raimbault et al. 2001; Vianna et al. 2001), and functional
data in bird mitochondria do not support the typical mode of UCP1 action and
may instead be related to reactive oxygen species (Talbot et al. 2004; Criscuolo et al.
2005). Conserved synteny revealed that avian UCP is an orthologue of UCP3
and suggested that UCP1 and UCP2 are absent in birds (Emre et al. 2007). In fact,
UCP1 appears to have been excised from the genome in a common ancestor of
the Sauropsida lineage (reptiles and birds; Mezentseva et al. 2008; McGaugh and
Schwartz 2017).

Among mammals, suids (pigs and kin) were the first described lineage to lack a
functional copy of the UCP1 gene (Berg et al. 2006). Exons 3–5 of this pseudogene
have been deleted, and the remaining exons (1, 2, and 6) are plagued by nonsense
and frameshift mutations (Berg et al. 2006). A recent attempt to override genomic
evidence with immunological detection (Mostyn et al. 2014) has been criticized
for methodological shortcomings (Jastroch and Andersson 2015). Delineating
experiments using specific pig UCP1 antibodies further confirmed that this
inactivated gene does not result in a translated protein (Hou et al. 2017a). Taken
together, this work provides a molecular explanation of why piglets lack BAT
(Herpin et al. 2002, Hou et al. 2017b), are vulnerable to cold temperatures, and
rely upon shivering thermogenesis and behavioral adaptations, such as maternal
nest building, to defend against hypothermia. While Berg et al. (2006) estimated
this pseudogene to have arisen ~20 MYA, newborn peccaries also reportedly lack
BAT (Rowlatt et al. 1971); thus it seems plausible that a shared inactivation event
may have occurred prior to the radiation of Suoidea ~37 MYA. More recent work
by Lin et al. (2017) suggested that certain cold-adapted pig breeds compensate
for the lack of UCP1 and BAT by upregulating UCP3 expression in thermogenic
white/beige adipocytes in response to cold. However, the interpretation that UCP3
contributes to an increased rate of proton leak may be a misconception stemming
from a lack of proton leak kinetics data that require simultaneous measurement of
mitochondrial membrane potential and oxygen consumption (Jastroch et al. 2018).
Thus, UCP3 has not actually been shown to contribute to proton conductance in pigs.

The progressive downfall of UCP1 throughout the course of eutherian evolution
was further traced in two studies by McGaugh and Schwartz (2017) and Gaudry
et al. (2017). The latter study employed a comparative phylogenetic approach to
reveal that members within nearly half of all traditional eutherian orders (8 of 18)
lack functional UCP1. These findings corroborate reports that failed to detect
discernable BAT depots in neonates of each of these groups (Rowlatt et al. 1971).
Notably, as these ancient inactivations were accompanied by dn/ds ratios indicative
of neutral evolution, Gaudry et al. (2017) were further able to estimate pseudo-
genization dates using nucleotide substitution models and phylogenetic bracketing
techniques, thereby correlating these independent inactivations to sharp reductions
in metabolic intensity or rapid evolutionary increases in body size (and hence species
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diversity). For instance, ancient (likely Cretaceous to early Paleocene) independent
UCP1 inactivations in both Xenarthrans (anteaters, sloths, and armadillos)
and pangolins are presumably linked to the adoption of energetically diffuse diets
that favored energy-conserving reductions in body temperature and metabolic
turnover. By contrast, independent UCP1 inactivations in the ancestors of probo-
scideans (elephants and mammoths), hyraxes, sirenians (sea cows), equids (horses
and zebras), and cetaceans (whales and dolphins) all temporally coincide with
magnitude-scale increases in body size of each lineage. For the terrestrial clades,
these shifts in body size were likely driven in part by progressive global cooling
in the ~30 million years following the Paleocene-Eocene thermal maximum
some 55 MYA (Gaudry et al. 2017); i.e., UCP1 was primarily inactivated in
response to planetary cooling as opposed to a relaxation of thermogenic needs
in tropic environments as was previously proposed for pigs (Berg et al. 2006).
The evolution of larger body size evident from the fossil record of these lineages
reduced surface area to volume ratios, allowing for more efficient retention of body
heat and, theoretically, reduced their need for BAT-mediated NST. This interpreta-
tion is consistent with a strong negative correlation between body size and NST
capacity that has been observed for eutherians by Oelkrug et al. (2015). Heldmaier
(1971) similarly predicted no thermal benefit of BAT in species above 10 kg. It is
thus perhaps unsurprising that a number of large-bodied species that lack UCP1
(mammoths, Steller’s sea cows, horses, cetaceans, and even extinct ground sloths)
were able to expand their ranges into Arctic and sub-Arctic environments. It should
be stressed, however, that UCP1 pseudogenization did not come without evolution-
ary costs as it presumably hindered the re-evolution of small body size, thereby
limiting current species diversity in UCP1 lacking clades (Gaudry et al. 2017). It is
also of note that some large-bodied eutherian species (e.g., rhinoceroses, hippos,
giraffes, camels) possess UCP1 genes with putatively translatable open reading
frames, though whether or not the protein is expressed in BAT or beige adipocytes
remains unknown. Future functional assays of UCP1 from these species may reveal
amino acid substitutions accumulated through neutral evolution or relaxed selection
pressures that suppress maximal proton leak or other uncoupling attributes relative
to species that are known to rely heavily upon BAT-mediated thermogenesis.
For example, UCP1 of extant camels contains a four-residue deletion bordering
the putative GDP-binding domain that may compromise functional control of
thermogenesis (Gaudry et al. 2017). Overall, the fall of UCP1 highlights the need
to further investigate alternate heat-producing mechanisms or greater heat retention
capacities (e.g., arteriovenous rete) in these lineages that may compensate for
the lack of BAT-mediated NST, as well as the importance of BAT in eutherians
that have retained it throughout evolution, such as humans.

4 Translational Value

The most relevant mammals to the medical community are humans, Homo sapiens.
Over the last decades, and presumably as a consequence of the modern lifestyle
in our society, there has been an increasing prevalence of metabolic diseases such as
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obesity and type 2 diabetes. The metabolic syndrome of positive energy balance
that leads to corpulence, inflammation, and insulin resistance is usually mimicked in
mice to gain further insights into this condition. To overcome disease-promoting
aspects, the scientific community concurs that increasing energy expenditure would
benefit humans by adjusting energy balance and improving systemic lipid and
glucose metabolism. The discovery of BAT in adult humans (Nedergaard et al.
2007; Cypress et al. 2009; van Marken Lichtenbelt et al. 2009; Virtanen et al. 2009)
fostered major efforts to harness adipose tissue thermogenesis to this end, and
current efforts are geared toward the recruitment and activation of brown and
beige cells. In addition to cold exposure, many promising “browning” agents have
been discovered (e.g., butyrate metabolite, lactate, BMPs, adenosine) that may
have potential to be targeted in humans (Roberts et al. 2014; Carrière et al. 2014;
Xue et al. 2014; Okla et al. 2015; Gnad et al. 2014). These avenues await further
consolidation, and future research of signaling pathways controlling the differentia-
tion of beige adipocytes may yield additional sites of possible therapeutic/pharma-
cological intervention.

However, the dominant experimental model organism is the house mouse
(Mus musculus), and our knowledge from this species is translated to the human
condition. Restricting our research to laboratory mice, however, may bare some
caveats that can only be rectified by expanding the range of experimental species.
The mouse reflects very different thermoregulatory demands compared to humans,
which can be up to three orders heavier than mice. Furthermore, the relative
amount of brown fat in adult humans is minor, decreasing in mass after neonatal
life (Cannon and Nedergaard 2004; Nedergaard et al. 2007). Thus, the amount of
UCP1 in adult humans is rather small, with further decreases in obese subjects
(Wang et al. 2015). Furthermore, from the viewpoint of a comparative physiologist,
medical research performs a 1-vs-1 species comparison, and we cannot be sure
which signaling pathways in mice are specialized for this diminutive life-form and
which signaling pathways apply to the energy-wasting function that can be applied
to humans. Indeed,UCP1 transcriptional control mechanisms may vary substantially
between humans and mice (Gaudry and Campbell 2017), highlighting the need
for broad comparative studies that provide translatable insights to human medicine.
For all these caveats, nature’s diversity provides blueprints for the understanding
of BAT, in particular in humans. Embracing Krogh’s principle “for such a large
number of problems there will be some animal of choice, or a few such animals, on
which it can be most conveniently studied” could be very true to solve the metabolic
pandemic with mechanisms of brown adipose tissue.
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Abstract
Uncoupling protein 1 (UCP1) is an integral protein of the inner mitochondrial
membrane (IMM) that is expressed specifically in brown and beige fat depots.
UCP1 is responsible for the production of heat to control core body temperature,
the regulation of fat metabolism, and the energy balance. As an uncoupling
protein, UCP1 transports H+ across the IMM in presence of long-chain fatty
acids (FA), which makes brown fat mitochondria produce heat at the expense of
ATP. However, the exact mechanism of UCP1 action has remained difficult to
elucidate, because direct methods for studying currents generated by UCP1 were
unavailable. Recently, the patch-clamp technique was successfully applied to
brown and beige fat mitochondria to directly study H+ currents across the IMM
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and characterize UCP1 function. A new model of the UCP1 mechanism was
proposed based on the patch-clamp analysis. In this model, both FA anions (FA�)
and H+ are transport substrates of UCP1, and UCP1 operates as a non-canonical
FA�/H+ symporter. Here, we summarize recent findings obtained with the patch-
clamp technique that describe how UCP1 can transport not only H+ but also FA�.

Keywords
Beige fat · Brown fat · Fatty acid · Mitochondrial uncoupling · Mitochondrial
uncoupling protein 1 · Patch-clamp technique · Purine nucleotides ·
Thermogenesis · UCP1

1 Introduction

Brown fat and the more recently identified beige fat are tissues specialized in
adaptive thermogenesis and fat burning in mammals (Cannon and Nedergaard
2004; Cohen and Spiegelman 2015; Wu et al. 2012). The H+ leak across the inner
mitochondrial membrane (IMM) of brown and beige fat is responsible for the
thermogenesis (Bertholet et al. 2017; Cannon and Nedergaard 2004; Enerback
et al. 1997; Feldmann et al. 2009; Nicholls and Locke 1984; Shabalina et al.
2008). This leak dissipates the mitochondrial H+ gradient and converts the energy
of substrate oxidation into heat. The mitochondrial H+ leak in brown and beige fat is
mediated by uncoupling protein 1 (UCP1) (Aquila et al. 1985; Bertholet et al. 2017;
Bouillaud et al. 1986; Fedorenko et al. 2012; Klingenberg andWinkler 1985; Krauss
et al. 2005; Lin and Klingenberg 1982; Rial et al. 1983; Ricquier and Kader 1976;
Shabalina et al. 2013), which belongs to the SLC25 superfamily of mitochondrial
solute carriers (Palmieri 2014). UCP1 is activated by long-chain fatty acids (FA) and
inhibited by Mg2+-free purines nucleotides (Nicholls and Lindberg 1973; Nicholls
and Locke 1984). Despite the importance of UCP1 for the maintenance of core body
temperature and the control of fat metabolism (Cannon and Nedergaard 2004;
Feldmann et al. 2009; Kozak et al. 2010), the mechanism by which UCP1 increases
the permeability of the IMM for H+ in presence of long-chain FA remains contro-
versial (Cannon and Nedergaard 2004; Klingenberg 2017). The main barrier to
understanding the mechanism of the UCP1-mediated H+ leak has been the lack of
direct methods to measure this leak and the inability to strictly control experimental
conditions. Application of the patch-clamp technique to mitochondria for the first
time allowed high-resolution functional analysis of UCP1 in its native membrane
environment in both brown and beige fat (Bertholet et al. 2017; Bertholet and
Kirichok 2017; Fedorenko et al. 2012). This method led to refinement of the
mechanism by which FA and purine nucleotides regulate the H+ leak through
UCP1. Here we describe a new model of UCP1 operation based on the patch-
clamp analysis and recently obtained structural data for UCP1 and other SLC25
members.
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2 Molecular Mechanisms of UCP1: Different Models

Despite the fact that free long-chain FA and purine nucleotides were established as
the principal UCP1 regulators as early as the 1970s (Nicholls 2001; Nicholls and
Lindberg 1973; Nicholls and Locke 1984), the exact mechanism by which FA
activate and cytosolic nucleotides inhibit the UCP1-dependent H+ leak is still
actively debated. Over the years, several mechanisms of the FA-dependent H+

leak through UCP1 were proposed. The following models have attracted the most
attention (Fig. 1).

1. The H+ uniporter (channel) model
In this model, UCP1 has a basal, FA-independent H+ transport activity, and the

allosteric binding of FA to UCP1 is primarily required to competitively remove
purine nucleotide inhibition (Cannon and Nedergaard 2004; Gonzalez-Barroso
et al. 1998; Jiménez-Jiménez et al. 2006; Rial and Gonzalez-Barroso 2001;
Shabalina et al. 2004; Winkler and Klingenberg 1994).
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Fig. 1 Proposed models of UCP1 function. (a) The H+ channel model. Upon allosteric binding of
FA, UCP1 acts as a H+ channel. (b) The OH� channel model. This model is similar to the H+

channel model, but UCP1 transports OH� in the opposite direction. (c) The “H+ buffering” model.
This model postulates that UCP1 is a H+ channel, but the FA binds in the translocation pathway.
The carboxylic group of the FA enables H+ binding and translocation, possibly along with titratable
amino acid residues (aa) of UCP1. (d) The “FA-cycling” model. In this model, UCP1 operates as
a FA� carrier, and the H+ transport occurs outside the UCP1 translocation pathway. UCP1
transports FA� outside mitochondria, where they bind H+ and, in protonated form, cross the
IMM to release H+ into the mitochondrial matrix
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2. The OH� uniporter (channel) model
UCP1 carries not H+ but OH� ions and is activated by allosteric binding of FA

(Nicholls 2006; Nicholls and Rial 1999).
3. The “H+ buffering” model

UCP1 acts as a H+ channel in which FA bind in the pore and provide their
carboxylic groups to complete the H+ translocation pathway along with the
titratable amino acid residues of UCP1 (Klingenberg and Huang 1999).

4. The “FA-cycling” model
In this model, UCP1 is a long-chain FA� carrier that indirectly transports H+.

UCP1 carries long-chain FA� outside the mitochondria where they bind H+ and,
in protonated form, “flip-flop” back across the IMM to release the proton into the
mitochondrial matrix (Garlid et al. 1998; Garlid et al. 1996; Skulachev 1991).

However, the mechanism of thermogenic H+ leak mediated by UCP1 was
controversial, and numerous questions remained unanswered. First, it was unclear
what species were transported by UCP1. Second, it was uncertain whether UCP1 has
a FA-independent “basal” H+ transport activity. Third, the mechanism by which FA
increase H+ (or OH�) leak through UCP1 was unresolved. All these questions have
been addressed directly by studying the H+ leak across the IMM with the mitochon-
drial patch-clamp technique.

3 Direct Patch-Clamp Analysis of UCP1 Currents Across
the IMM of Brown and Beige Fat

The patch-clamp technique is applied to mitochondria in essentially the same way as
it is to cells, except that the mitochondrion is significantly smaller and has two
membranes. Therefore, the outer mitochondrial membrane (OMM) is first mechani-
cally disrupted to release the whole intact IMM (so called mitoplasts, Fig. 2a).
UCP1-dependent H+ currents are then recorded from the whole IMM (mitoplasts)
isolated from brown and beige fat of mice. Specifically, after formation of the
gigaohm seal between the patch pipette and a mitoplast, the small patch of the
IMM under the pipette is disrupted (break-in into the mitoplast) by application of
high-amplitude voltage steps to gain access into the mitochondrial matrix from the
pipette (Fig. 2b). This whole-mitoplast configuration (also called whole-IMM con-
figuration) allows measurement of currents across the whole IMM with full control
of the transmembrane voltage (Fig. 2b, c). Solution compositions on both sides of
the IMM, matrix (pipette) and cytosolic (bath), are also fully controlled.

Application of long-chain FA on the cytosolic face of the IMM induces a large H+

current across the IMM of brown and beige fat mitochondria (Bertholet et al. 2017;
Fedorenko et al. 2012). This current is inhibited by purine nucleotides such as GDP
and ATP and cannot be detected in UCP1-deficient mice. Thus, it is mediated by
UCP1. The reversal potential analysis of the UCP1 current induced by long-chain
FA revealed a H+ selectivity (Fedorenko et al. 2012). These experiments
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demonstrated the possibility of recording UCP1 currents directly using the patch-
clamp technique in both thermogenic tissues, brown and beige fat. In contrast to
indirect analysis of the mitochondrial H+ leak by respiration in suspensions of
isolated mitochondria, this method directly measures the H+ leak to assess the
thermogenic capacity of an individual single mitochondrion.

The application of the patch-clamp technique to brown and beige fat
mitochondria demonstrated that UCP1 generates one of the largest H+ currents
ever recorded across any cellular membrane (Bertholet et al. 2017; Fedorenko
et al. 2012). These large currents can be explained by the extremely high density
of UCP1 expression (~10% of the total mitochondrial protein) (Lin and Klingenberg
1980; Ricquier and Kader 1976).

Interestingly, although all mitochondria isolated from subcutaneous (inguinal)
beige fat have robust UCP1-dependent H+ leak, only about 15% of beige fat
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IMMOMM
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amplifier 
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Fig. 2 The patch-clamp technique applied to mitochondria. (a) Isolation of mitoplasts, native IMM
with attached remnants of the OMM. Mitochondria are isolated from brown and beige fat tissue
lysates and exposed to low-pressure French press to rupture the OMM and release the IMM,
generating mitoplasts. (b) Formation of the whole-mitoplast configuration of the mitochondrial
patch-clamp. First, a gigaohm seal is formed between the glass patch pipette and the IMM to obtain
the so-called mitoplast-attached configuration. Next, high-amplitude voltage pulses are applied into
the pipette to rupture the IMM patch under the pipette (this is referred to as “break-in”). After the
break-in, the whole-mitoplast configuration is formed, and the interior of the mitoplast is perfused
with the pipette solution. Because the tonicity of the pipette solution is higher than that of the bath
solution, the IMM is completely released from the OMM, and the mitoplast assumes a round shape.
(c) Whole-mitoplast configuration of the mitochondrial patch clamp. Two electrodes, one in the
pipette and one in the bath, control the voltage across the IMM and enable recording of a current
(I) across the whole IMM. The convention used for the directions of currents flowing across the
IMM: inward currents (positive charge flowing into the mitoplast) are negative, while outward
currents are positive. Voltages are in the matrix as compared to the bath solution (bath solution is
defined as 0 mV)
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mitochondria of abdominal (epididymal) fat have this current (Bertholet et al. 2017).
In this study, beige fat mitochondria were isolated upon chronic injection of mice
with β3-adrenergic agonist CL316.243 (in control mice injected with saline, the
inguinal and epididymal depots contained only white adipocytes, and the same
mitochondrial isolation protocol produced no mitochondria). Thus, the mitochon-
drial patch-clamp analysis revealed two types of beige adipocytes: UCP1 positive
and UCP1 negative. UCP1-negative beige adipocytes do not use UCP1 for thermo-
genesis and appear to employ only mitochondrial creatine-driven futile cycling as an
alternative thermogenic mechanism (Bertholet et al. 2017; Kazak et al. 2015).

The UCP1-negative beige adipocytes are similar to UCP1-positive beige
adipocytes in several important ways. Both types of beige adipocytes are
multilocular, have robust mitochondrial biogenesis and mitochondrial biomass,
possess active thermogenic gene program, and have similar OXPHOS profile dis-
tinct from that of the classical interscapular brown fat (Bertholet et al. 2017). Finally,
the UCP1-negative and UCP1-positive beige adipocytes are both capable of
creatine-driven futile cycling (Bertholet et al. 2017). Interestingly, although UCP1
is not detectable on the protein level in UCP1-negative beige adipocytes, Ucp1
mRNA is upregulated in these cells as compared to white fat (Bertholet et al. 2017).
When multilocular UCP1-negative cells are compared to white adipocytes, striking
differences in cytoplasmic lipid droplet morphology, mitochondrial abundance, and
thermogenic gene expression are observed (Bertholet et al. 2017). From all these
data, it follows that the multilocular UCP1-negative cells are a new type of a
thermogenic beige adipocyte.

To summarize, the mitochondrial patch clamp combined with genetic, histologi-
cal, and biochemical techniques enables a new level of insight into the cellular and
molecular mechanisms of thermogenesis.

3.1 FA Are Required for H+ Leak via UCP1

It was long recognized that FA stimulate the UCP1-dependent mitochondrial
uncoupling and thermogenesis. Moreover, UCP1 reconstituted in artificial lipid
membranes requires FA for its activity (Klingenberg 2010). However, isolated
brown fat mitochondria remained uncoupled even in the presence of large
concentrations of albumin, a FA acceptor (Nicholls 2006). The complete inhibition
of UCP1 and recoupling of brown fat mitochondria could only be achieved in the
presence of purine nucleotides (Nicholls 2006). Therefore, it was unclear whether
FA are required for UCP1 activation or UCP1 has basal, FA-independent H+

transport activity.
The patch-clamp technique not only allows the study of UCP1 in its native

membrane environment but also provides full control over the concentration of
membrane FA. Such patch-clamp experiments have demonstrated that the IMM of
brown and beige fat possesses a robust phospholipase A2 (PLA2) activity, and it is
very effective in activating the H+ leak through UCP1 (Bertholet et al. 2017;
Fedorenko et al. 2012). Furthermore, this PLA2 activity was so strong that
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application of FA-free albumin only on the cytosolic face of the IMM could not
completely inhibit the H+ current via UCP1. Only high concentrations of albumin
applied on both sides of the IMM fully deactivated the H+ current, and no additional
inhibition could be achieved with purine nucleotides. These data demonstrate that
UCP1 has no FA-independent basal H+ transport activity. Previous observations of
“FA-independent” or “basal” uncoupling in suspensions of brown fat-isolated
mitochondria were very likely associated with the inability to fully extract endoge-
nous FA due to mitochondrial PLA2 activity. These results highlight a potential role
of the signaling mechanisms associated with IMM phospholipases in regulating
UCP1 in vivo.

3.2 FA as Transport Substrates of UCP1

It was essential to identify the ion species transported by UCP1 to determine the
mechanism by which FA activate the UCP1-dependent H+ leak across the IMM of
brown fat. As mentioned previously, the patch-clamp experiments demonstrated that
the UCP1-dependent current induced by long-chain FA is highly H+ selective
(Fedorenko et al. 2012). However, to facilitate H+ current across the IMM, UCP1
may not need to conduct H+ directly. Indeed, the previously proposed FA-cycling
model postulated that UCP1 only transports FA� while H+ are carried across the
IMM via flip-flop of protonated FA (Fig. 1d).

To reveal a possible FA� current via UCP1 in isolation from the H+ current,
UCP1 activity was recorded in the presence of various low-pKa FA analogs (such as
long-chain alkyl sulfonates) that are unable to bind H+ at physiological pH and
cannot cause UCP1-dependent H+ translocation. These experiments demonstrated
that UCP1 indeed transports low-pKa FA� (Fedorenko et al. 2012). Interestingly,
differences exist in the way UCP1 interacts with short-chain and long-chain
FA. Specifically, short-chain FA� are simply carried by UCP1 across the membrane
as they produce steady transmembrane currents in response to a voltage step protocol
(Fig. 3a). In contrast, long-chain FA� are translocated but cannot dissociate from
UCP1 due to strong hydrophobic interactions, resulting in limited motion within the
membrane and transient currents in response to the same voltage step protocol
(Fig. 3b). In addition, long-chain FA� activate UCP1 currents at significantly
lower concentrations than short-chain FA (low micromolar vs. millimolar, respec-
tively), likely due to stronger hydrophobic interactions with UCP1.

Interestingly, long-chain FA� (the physiological activators of the H+ leak via
UCP1) bind to UCP1 only on the cytosolic side, while the short-chain FA� can bind
on both cytosolic and matrix sides. Even when added at unphysiologically high
concentrations, matrix long-chain FA� failed to induce UCP1 currents in the
electrophysiological experiments (Fedorenko et al. 2012). In contrast, short-chain
FA could activate UCP1 currents when added on any side of the IMM. This suggests
that access to the substrate-binding site on the matrix side of UCP1 is limited and
long-chain FA cannot reach it probably due to their larger size.
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Fig. 3 A new model of the UCP1 mechanism based on the electrophysiological data. (a) UCP1
transports short-chain FA�. The polar head of a FA� binds to the UCP1 SBS, while the carbon tail
is stabilized by a hydrophobic pocket within UCP1 or simply protrudes into the lipid bilayer. Short-
chain FA� added on the cytosolic face of the IMM are transported by UCP1 across the IMM (left
panel), which induces a steady transmembrane FA� current. A typical whole-mitoplast recording of
a short-chain FA� current via UCP1 (right panel). The voltage protocol is shown above. This model
assumes that UCP1 is a transporter and has two conformation states, with the SBS exposed either to
the cytosolic (c-state) or matrix (m-state) side of the IMM. The access to the SBS is shown to be
narrower in the m-state than in the c-state, because long-chain FA� cannot bind to UCP1 on the
matrix side. (b) UCP1 traps long-chain FA�. UCP1 binds and transports long-chain FA� in the
same fashion as short-chain FA�. However, long-chain FA� establish a much stronger hydrophobic
interaction with UCP1 and cannot leave the UCP1 translocation pathway as easily as short-chain
FA� (left panel). Thus, long-chain FA� shuttle within the UCP1 translocation pathway to produce
transient currents in response to changes in the transmembrane voltage (left panel). A typical whole-
mitoplast recording of a long-chain FA� current via UCP1 in response to voltage steps (right panel).
To explain why the long-chain FA� generates transient currents while associated with the SBS, we
need to assume that the SBS changes its position within the membrane during the c to m
conformational change. Alternatively, if SBS and bound long-chain FA remain in the same position
within the membrane, transient currents could be explained by the movement of charged UCP1
amino acid residues during the c-m transition. (c) UCP1 operates as a FA-dependent H+ carrier in
the presence of protonatable long-chain FA. When the long-chain FA� can be protonated at
physiological pH, UCP1 acts as a FA�/H+ symporter (left panel). FA� and H+ bind on the cytosolic
side of the IMM. Upon the c to m conformational change, H+ is released on the opposite side of the
IMM, while the long-chain FA� stays associated with UCP1 due to the hydrophobic interactions.
The FA� then returns back to face the cytosolic side and starts a new H+ translocation cycle. A
typical whole-mitoplast recording of a H+ current activated by protonatable long-chain FA in
response to voltage steps (right panel)
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Thus, FA� are UCP1 transport substrates. Although certain aspects of FA�

transport via UCP1 resemble an ion channel mechanism (Fedorenko et al. 2012;
Jezek et al. 2010), it is assumed that UCP1, similar to other SLC25 members, is a
carrier, and to this extent, UCP1 likely transports FA� by an alternating access
mechanism of transport (Kunji and Robinson 2010; Robinson and Kunji 2006;
Robinson et al. 2008). Indeed, FA� have two radically different moieties, a hydro-
phobic tail and a polar head, and it would be difficult to imagine a channel that would
simultaneously translocate both. FA� transport requires a transporter.

Finally, the long-chain low-pKa FA� inhibit the H+ currents activated by regular
long-chain FA, which suggests that (1) FA� and H+ transport use the same
translocation pathway and (2) H+ binding to the polar head of the FA� is essential
for the H+ transport through UCP1.

How do FA, the UCP1 transport substrates, activate the H+ leak through UCP1?

4 A New Model of the FA-Dependent H+ Leak via UCP1

The patch-clamp analysis of FA-dependent H+ leak helped to dissect the UCP1
transport function into H+ and FA� currents and redefined the model of the mecha-
nism of UCP1 action. The previously proposed models of UCP1 operation (Fig. 1)
could not entirely explain the new data on FA–UCP1 interaction obtained in the
patch-clamp electrophysiology experiments. Indeed, because FA are essential for the
activation of the H+ leak and serve as UCP1 transport substrates, the models in which
FA activate the H+ leak via UCP1 allosterically and especially those in which UCP1
has a basal FA-independent H+ transport activity (the “H+ channel” or “OH�

”

channel in Fig. 1) cannot adequately explain the functional properties of UCP1.
Moreover, the “H+ buffering” model does not incorporate the fact that FA� are
UCP1 transport substrates. Finally, since long-chain FA� cannot bind UCP1 on the
matrix side (Fedorenko et al. 2012), the “FA-cycling”model, which requires binding
of long-chain FA� on the matrix side of the IMM for H+ translocation into the
mitochondrion, does not align with the electrophysiological data.

Therefore, a new model of UCP1 operation had to be proposed, which took into
consideration both the new patch-clamp data and the previous findings (Fedorenko
et al. 2012). This model, presented in Fig. 3c, assumes that UCP1 operates as a
transporter rather than a channel and FA� serve as a co-substrate for H+ transport by
UCP1. However, as mentioned above, long-chain FA� are retained within the UCP1
translocation pathway by hydrophobic interactions and essentially serve as cofactors
that shuttle within the UCP1 to enable H+ transport. In accordance with this model,
long-chain FA� and H+ interact with the UCP1 substrate-binding site (SBS) on the
cytosolic face of the IMM (Fig. 3c), which triggers a conformational change. Upon
the conformational change, the SBS is exposed to the opposite side of the IMM. H+

is then released in the mitochondrial matrix, while the FA� remains anchored to
UCP1 due to the hydrophobic interactions established by its long carbon tail. Next,
the model postulates that while the FA� is still associated with UCP1, the reverse
conformational change is possible, which will return the FA� back to the
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cytosolic face of the IMM to initiate another H+ transport cycle. Because in this
model the FA� shuttles within UCP1, it was called the “FA shuttling” model of
UCP1 operation (Fedorenko et al. 2012). In the “FA shuttling” model, the
cotransport of FA�/H+ through UCP1 is electroneutral, and the charge translocation
is produced by the long-chain FA� when it returns, after the release of H+, to the
opposite side of the membrane (Fig. 3c).

5 FA Remove Purine Nucleotide Inhibition of UCP1

In intact brown adipocytes, cytosolic purine nucleotides (primarily ATP) bind on the
cytosolic side of UCP1 and occlude the translocation pathway to tonically inhibit
UCP1-dependent thermogenesis (Berardi et al. 2011; Klingenberg 2010). Upon
adrenergic stimulation of brown adipocytes, which triggers UCP1-dependent ther-
mogenesis, the purine nucleotide inhibition is relieved. Two primary candidates
have been suggested to overcome the purine nucleotide inhibition: FA and long-
chain acyl-CoA. However, results pertaining to the ability of either of these two
molecules to overcome purine nucleotide inhibition have been controversial (Huang
2003; Rial et al. 1983; Shabalina et al. 2004; Winkler and Klingenberg 1994).

Patch-clamp experiments demonstrated that long-chain FA overcome the inhibi-
tion of UCP1 by ATP (Fedorenko et al. 2012). FA� are a permeable species and
could compete with ATP4� that binds near or within the translocation pathway
(Klingenberg 2010). Structurally, FA� and ATP4� are too different to bind to the
same site within UCP1. However, their binding sites may partially overlap or be
located in close proximity, so that the electrostatic repulsion between the two
negatively charged species results in competition. In the absence of purine
nucleotides, even sub-micromolar concentrations of long-chain FA can activate
very large UCP1 currents (Fedorenko et al. 2012). Purine nucleotides reduce the
sensitivity of UCP1 for long-chain FA, likely to ensure that the UCP1-dependent H+

leak is not activated by basal cytosolic FA concentrations (before adrenergic
stimulation).

Although it has been proposed that acyl-CoA can overcome UCP1 inhibition by
purine nucleotides (Cannon et al. 1977; Katiyar and Shrago 1991), patch-clamp data
demonstrate that long-chain acyl-CoA inhibits the FA-dependent H+ leak via UCP1
(Fedorenko et al. 2012). Thus, acyl-CoA is not an activator but rather an inhibitor of
UCP1 similar to purine nucleotides. Indeed, the acyl-CoA molecule contains a
nucleotide and acyl moieties. Thus, the nucleotide moiety could associate with the
purine nucleotide-binding site of UCP1, while the acyl moiety could bind to the
hydrophobic pocket intended for the carbon tail of the long-chain FA, resulting in
UCP1 inhibition. The physiological significance of the acyl-CoA inhibition remains
unclear.

While electrophysiological analysis demonstrated that long-chain FA can over-
come ATP inhibition, this may not be the only physiological mechanism for the
removal of UCP1 inhibition by purine nucleotides. Other mechanisms such as the
elevation of pH in the cytosol (or more locally, in the intermembrane space)
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(Nicholls and Locke 1984), by the interaction of UCP1 with cardiolipin
(Klingenberg 2010), or by a recently reported redox regulation of UCP1 could
also overcome the ATP inhibition in vivo (Chouchani et al. 2016).

6 Converging UCP1 Function and SLC25 Structural Data

6.1 A Consensus Structure for All SLC25 Members

UCP1 belongs to the SLC25 family, a large family of mitochondrial carriers
responsible for the transport of various ions and metabolites across the IMM
(Palmieri 2014). All SLC25 members have six transmembrane α-helices – three
homologous two-transmembrane helix repeats that form a quasi-symmetrical tripar-
tite structure. Although the nature and size of the transported substrates differ among
the SLC25 members, the general molecular mechanism of substrate translocation is
believed to be the same (Robinson et al. 2008). Hence, structural insight into the
general mechanism of operation of SCL25 carriers can help to understand the UCP1
structure–function mechanisms.

Based on sequence and symmetry analyses, all SLC25 family members are
predicted to have one SBS located near the center of the membrane (Robinson and
Kunji 2006; Robinson et al. 2008). This single SBS is believed to be intermittently
exposed to different sides of the IMM as the carrier changes its conformation from a
cytosolic to a matrix state during substrate translocation (Kunji and Robinson 2010;
Robinson et al. 2008). The structures for the cytosolic state of the transporter are
currently available for two SLC25 members: the ADP/ATP carrier (Pebay-Peyroula
et al. 2003; Ruprecht et al. 2014) and UCP2 (Berardi et al. 2011). These two
structures suggest the existence of a deep aqueous cavity on the cytosolic side
with a putative SBS located at the bottom (Fig. 4). The cytosolic state of all other
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D28
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H+
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UCP1 UCP1

Fig. 4 Predicted SBS of UCP1. Schematic representation of UCP1 in the c-conformation state
(SBS is exposed to cytosol). The proposed SBS of UCP1 with key arginines R84, R183, and R277
shown in blue and the titratable residue D28 in red. When FA� and H+ bind to the SBS, the FA
carboxylic group interacts with the arginines, while H+ is stabilized between the carboxylic
headgroup of FA and D28
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carriers is predicted to have a similar architecture (Kunji and Robinson 2010;
Robinson and Kunji 2006).

6.2 Preliminary Considerations for UCP1 Structure–Function
Relations

UCP1 was proposed to have a SBS consisting of three positively charged arginines
(R84, R183, and R277) and a titratable residue (aspartate, D28) (Robinson et al.
2008). Based on the symmetry analysis of this SBS, it was proposed that the
intended substrates of UCP1 and other uncoupling proteins are small carboxylic or
keto acids, transported in symport with protons (Robinson et al. 2008). The reported
transport of short-chain FA by UCP1 (Fig. 3a) correlates well with this prediction.
As was suggested (Robinson et al. 2008), the positively charged arginines of the SBS
could attract the negatively charged head of FA. However, substitution of any one of
the arginines with a neutral amino acid did not seem to affect H+ transport when
mutant UCP1 was expressed in yeast (Echtay et al. 2001). Arguably, neutralization
of more than one arginine must be required to completely prevent attraction of FA�

into the SBS and H+ translocation.
Interestingly, long-chain FA do not fit well into the predicted category of UCP1

substrates. Indeed, because of their long carbon tail, long-chain FA are neither small
carboxylic nor keto acids. UCP1 residues that bind the hydrophobic tail of FA
should be located near the SBS. However, identification of such residues has been
problematic (Robinson et al. 2008). Alternatively, the long hydrophobic tail could
simply protrude into and be stabilized within the lipid bilayer. Regardless of the
nature of the hydrophobic interactions that long-chain FA establish either with UCP1
or the lipid bilayer, such interactions do exist because the concentration at which FA
activate UCP1 currents sharply decreases as the length of the hydrophobic tail
increases (Fedorenko et al. 2012).

The importance of a long hydrophobic tail in FA activation of UCP1 uncoupling
is consistent between the patch-clamp experiments and previous studies (Fedorenko
et al. 2012; Rial et al. 1983; Winkler and Klingenberg 1994). Interestingly, indirect
assessment of UCP1 transport activities in suspensions of isolated brown fat
mitochondria suggested that UCP1 could mediate a GDP-sensitive Cl� current
(Nicholls and Lindberg 1973; Nicholls and Rial 1999). Therefore, it was proposed
that UCP1 could be an anion channel, and its uncoupling activity is due to the
transport OH� rather than H+ (Nicholls and Rial 1999). The new model of UCP1
function based on electrophysiological studies does not completely exclude transport
of Cl� or OH�. However, because Cl� and OH� cannot establish hydrophobic
interactions with UCP1, their binding and transport should be very limited. UCP1-
mediated Cl� currents could not be detected by the patch-clamp technique, but Cl�

could slightly affect the reversal potential of H+ currents (Fedorenko et al. 2012).
The negatively charged D28 may serve as a UCP1 selectivity filter that helps to
prevent binding of small anions to the arginines of the SBS. FA� would also be

154 A. M. Bertholet and Y. Kirichok



repelled by D28, but FA binding to UCP1 is additionally stabilized by the hydro-
phobic interactions, which make translocation of FA� possible.

The hydrophobic interactions are especially strong for long-chain FA, which
easily bind to UCP1 and activate H+ currents at low micromolar or even
sub-micromolar concentrations. How could long-chain FA carry H+ through
UCP1, if their solution pKa is around 5, and the vast majority of them are
unprotonated at physiological pH 7? The hydrophobic interactions that anchor
long-chain FA within UCP1 could also help to bring the anionic head of long-
chain FA in close proximity to D28 (Fig. 4). The close proximity of the carboxylic
headgroup of FA (solution pKa ~5) and anionic aspartate D28 (solution pKa ~4)
could dramatically increase the pKa of both FA and D28, so that they bind H+ at
physiological pH (Fig. 4). In this preliminary model, both the FA headgroup and
D28 are required to stabilize a single H+ within the SBS, similar to what has been
proposed for the mitochondrial phosphate carrier (Kunji and Robinson 2010). Thus,
D28 would not only contribute to UCP1 hydrophobic anion selectivity but also H+

permeation. D28 is known to be essential for H+ translocation by UCP1 (Echtay
et al. 2000).

Low-pKa long-chain FA analogs would bind to the SBS in the same fashion as
regular long-chain FA, but the close proximity to D28 would not be able to elevate
their pKa enough to enable H+ binding and translocation. Therefore, low-pKa long-
chain FA analogs would be unprotonated within the SBS, resulting in transient FA�

currents in response to the steps in membrane voltage (Fig. 3b).

6.3 Changes in UCP1 Conformation During Transport

It is likely that after the initial binding of the FA� to the SBS, UCP1 “engulfs” FA
and brings it within the membrane electric field (Fig. 5). Indeed, because low-pKa
FA� associated with UCP1 generate transient currents in response to membrane
voltage steps (Fig. 3b), they must be located within the membrane electric field, not
inside the water-filled cavity (Fedorenko et al. 2012). Furthermore, because FA�

bound to UCP1 translocate in response to changes in transmembrane voltage
(Fig. 3b) (Fedorenko et al. 2012), UCP1 must be able to undergo conformational
changes when associated with a FA substrate.

The engulfment of the substrate upon binding and the ability to undergo confor-
mational changes thereafter are reminiscent of the “induced transition fit” principle
originally proposed for the ATP/ADP carrier (Klingenberg 2008). In accordance
with this principle, immediately after the initial binding, the substrate induces a
conformational change in the SBS (carrier optimally engulfs the substrate). Such a
SBS conformational change enables transitions between the cytosolic and matrix
states. Thus, we propose that when a long-chain FA is bound to UCP1, UCP1
can change its conformation state so that the SBS with the attached FA headgroup
and H+ is intermittently exposed to the cytosolic and matrix side to accomplish H+

transport (Fig. 5).
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However, UCP1 may be able to transition between the cytosolic and matrix states
even in the absence of FA. Electrophysiological experiments demonstrate that
low-pKa short-chain FA analogs can be transported by UCP1 when present only
on the cytosolic (or matrix) side of the IMM (Fig. 3a) (Fedorenko et al. 2012).
Although other interpretations are possible, this could mean that empty (FA-free)
UCP1 can transition between matrix and cytosolic conformations without FA�.

7 Concluding Remarks

Direct patch-clamp analysis of currents carried by UCP1 for the first time provided
the true functional identity of UCP1 as a carrier for FA� and H+. The wealth of new
functional information generated with patch-clamp electrophysiology has resulted in
a new model of UCP1 function. However, this model only represents the simplest
explanation of the electrophysiological data obtained, and the validity of this
model must be further confirmed with structural data. The exact UCP1-binding
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Fig. 5 Proposed UCP1 conformational changes during FA�/H+ transport. When long-chain FA�

and H+ bind to the SBS (1 and 2), UCP1 undergoes a conformational change to “engulf” the
substrates. In this state (occluded state, 3), FA� and H+ are located in the area that separates the
cytosolic cavity and the matrix, within the membrane electric field. The substrate-bound UCP1
(3) spontaneously transitions between the cytosolic state (4) and the matrix state (5), which results
in exposure of the SBS to different sides of the IMM to accomplish H+ transport
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sites for FA� and H+ need to be identified as well. The ability to directly record FA�

and H+ currents carried by UCP1 using patch-clamp electrophysiology, combined
with improved UCP1 structural data/protein crystallography, will answer these
important questions and provide further insight into UCP1 structure–function
relations.
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Abstract
Cold-induced activation of brown adipose tissue (BAT) is mediated by norepi-
nephrine and adenosine that are released during sympathetic nerve activation.
Both signaling molecules induce an increase in intracellular levels of 30,50-cyclic
adenosine monophosphate (cAMP) in murine and human BAT. In brown adipo-
cytes, cAMP plays a central role, because it activates lipolysis, glucose uptake,
and thermogenesis. Another well-studied intracellular second messenger is
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30,50-cyclic guanosine monophosphate (cGMP), which closely resembles cAMP.
Several studies have shown that intact cGMP signaling is essential for normal
adipogenic differentiation and BAT-mediated thermogenesis in mice. This chap-
ter highlights recent observations, demonstrating the physiological significance
of cyclic nucleotide signaling in BAT as well as their potential to induce
browning of white adipose tissue (WAT) in mice and humans.

Keywords
Brown adipose tissue · Browning · cAMP · cGMP · UCP1

1 Importance of the 30,50-Cyclic Adenosine Monophosphate
Signaling Pathway in Brown Adipocytes

In 1957, Earl Wilbur Sutherland (Berthet et al. 1957a, b) discovered 30,50-cyclic
adenosine monophosphate (cAMP). cAMP is a ubiquitous second messenger that
plays an important role in a broad spectrum of cells and numerous signaling path-
ways. Stimulation of Gs protein-coupled receptors, such as β-adrenergic receptors
(β-AR) and adenosine receptors, activates adenylate cyclase (AC), triggering con-
version of adenosine triphosphate (ATP) to cAMP. In contrast, Gi protein-coupled
receptors inhibit AC and thus decrease cAMP levels (Hanoune and Defer 2001). The
AC family comprises ten isoforms, nine of them are membrane bound (AC1-9) and
one (AC10) is soluble (Hanoune and Defer 2001). Increased intracellular cAMP
levels subsequently lead to activation of different cAMP downstream effectors
depending on the cell type, receptor, and spatiotemporal context. To date, three
major classes of cAMP-activated effectors have been described: protein kinase A
(PKA), exchange proteins directly activated by cAMP (EPACs), and cAMP-gated
ion channels (CNG).

1.1 Downstream Targets of 30,50-Cyclic Adenosine
Monophosphate

1.1.1 Protein Kinase A
PKA is a tetramer consisting of two catalytic and two regulatory subunits (Scott et al.
1986; Shabb 2001). The binding of two molecules of cAMP to each regulatory
subunit induces the activation of PKA by dissociating the regulatory and the
catalytic subunits. Once released, the catalytic subunits are free to phosphorylate
Serine (Ser) and Threonine (Thr) residues on target proteins. There are four different
catalytic subunits (Cα, Cβ, Cγ, and the related gene Cχ) and four regulatory subunits
(RIα, RIβ, RIIα, and RIIβ) (Jahnsen et al. 1988; Uhler et al. 1986a, b, Ringheim and
Taylor 1990; Corbin et al. 1977; Zoller et al. 1979; Bechtel et al. 1977; Lee et al.
1983; Scott et al. 1987; Eide et al. 2003). The different regulatory subunits RI and
RII rise term to the distinct PKA subtypes, PKA I and PKA II, respectively, which
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differ in their cAMP sensitivity, expression levels, and localization (Sim and Scott
1999; Tasken and Aandahl 2004; Langeberg and Scott 2015). The subcellular
localization and signaling of PKA is determined by A-kinase anchoring proteins
(AKAPs) (Gold et al. 2006; Kinderman et al. 2006; Newlon et al. 2001; Perino et al.
2011). The PKA–AKAP complexes allow the cAMP-derived events to be localized
within cellular compartments. Namely, AKAPs are responsible to target PKA to
different subcellular localizations, optimizing the cAMP signaling transduction
(Pidoux and Tasken 2010). Adipose tissue expresses mostly the RIIβ subtype;
however, the regulation of the PKA signaling is highly complex. Studies using
whole body knockout of RIIβ showed that the loss of RIIβ was compensated by an
increased expression of RIα, conferring the mice a lean phenotype and protection
against diet-induced obesity (DIO) and insulin resistance (Cummings et al. 1996;
Brandon et al. 1998). Studies analyzing the physiological consequences of an activa-
tion of the PKA catalytic subunit α in the adipose tissue in vivo observed an improved
metabolic status and resistance to DIO, most likely through increased energy expen-
diture and browning of white adipose tissue (WAT) (Dickson et al. 2016).

1.1.2 Exchange Protein Activated by 30,50-Cyclic Adenosine
Monophosphate

EPACs have a similar affinity to cAMP as PKA (Dao et al. 2006) and regulate small
GTPases promoting the transition to the active GTP-bound form. Two isoforms have
been described so far, EPAC1 and EPAC2. Structurally, these isoforms differ only in
their catalytic subunit (Rehmann et al. 2006). EPAC1 is expressed ubiquitously,
while the expression of EPAC2 appears to be restricted to the brain, liver, pancreas,
and adrenal glands (Kawasaki et al. 1998). A recent study showed that EPAC1
regulates leptin levels in 3T3-L1 cells and in WAT (Hu et al. 2016). Although EPAC
has been described to contribute to leptin resistance in murine hypothalamus (Hwang
et al. 2017; Fukuda et al. 2011) and to regulate insulin secretion in the pancreas
(Kasai et al. 1999; Kelley et al. 2009), the role of EPAC in BAT is not known.

1.1.3 30,50-Cyclic Adenosine Monophosphate-Gated Ion Channels
cAMP can also signal through CNG such as HCN channels, which act as pacemakers
in cardiomyocytes (Kaupp and Seifert 2001). All CNGs respond to both cAMP and
30,50-cyclic guanosine monophosphate (cGMP), although depending on the channel
and the composition of the channel complex, their specificity and selectivity varies.
CNG activity is modulated by diverse stimuli, e.g., phosphorylation, and interestingly,
in the continuous presence of cAMP or cGMP they do not desensitize (Bradley et al.
2005; Pifferi et al. 2006). Although not expressed in the adipose tissue, CNGs play a
key role in visual and olfactory signal transduction (Kaupp and Seifert 2002).

1.1.4 Cyclic Nucleotide Phosphodiesterases
The activities of all three cAMP effectors are mainly dependent on the availability of
intracellular levels of cAMP in different pools. Phosphodiesterases (PDEs) are the
main modulators of cyclic nucleotide levels (Bender and Beavo 2006). PDEs break
down the phosphodiester bond of cAMP and cGMP, regulating their concentrations
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and therefore the different cellular processes. There are 11 different PDE families
that differ in their structure, activity, and localization, out of which only PDE4,
PDE7, and PDE8 are cAMP specific. In addition, PDE1, PDE2, PDE3, PDE10, and
PDE11 have dual specificity, modulating levels of both cAMP and cGMP (Bender
and Beavo 2006).

PDEs play an important role in brown adipocyte signaling. When cultured
in vitro, preadipocytes are induced by adding a nonselective PDE inhibitor such as
3-isobutyl-1-methylxanthine (IBMX) (Jennissen et al. 2013). Insulin activates
PDE3B in 3T3-L1 adipocytes in a phosphoinositide 3-kinase-dependent manner,
thereby lowering the levels of cellular cAMP (Kitamura et al. 1999). Other PDEs
have been described to be regulators of brown adipogenesis. Kraynik and colleagues
observed that inhibition of both PDE3 and PDE4 is necessary for the maximal
induction of lipolysis and PKA-mediated accumulation of uncoupling protein 1
(UCP1) mRNA (Kraynik et al. 2013).

Inhibition of PDE10A has been shown to increase glucose uptake and thermo-
genesis, and its expression is increased in BAT of different models of obesity
(Hankir et al. 2016). PDE10A modulates the levels of cAMP and cGMP; thus, it
was hypothesized that the effects of PDE10A inhibition might be due to a synergistic
action of cAMP and cGMP (Hankir et al. 2016).

1.2 Effects of 30,50-Cyclic Adenosine Monophosphate Signaling
in Brown Adipocytes

BAT is under control of the sympathetic nervous system (SNS). SNS activation
regulates lipolysis, metabolic rate, and glucose availability (Bartness et al. 2010)
(Louis et al. 2000; Hom et al. 2001). Sympathetic release of norepinephrine (NE)
activates β-AR and the subsequent increase in cAMP levels activates brown adipo-
cyte energy expenditure. There are three different subtypes of β-AR: β1-AR, β2-AR,
and β3-AR (Deng et al. 1996; Bengtsson et al. 2000). Their expression in BAT varies
depending on the differentiation status of brown adipocytes (Granneman and
Lahners 1992; Bengtsson et al. 2000). While β1-AR are highly expressed in pre-
adipocytes, β3-AR expression levels are increased in mature adipocytes (Bronnikov
et al. 1999). In addition to NE, the SNS releases co-transmitters and Gnad et al.
(2014) showed that adenosine is released during SNS activation of BAT. Four
receptors for adenosine have been described that either couple to Gs or Gi proteins,
respectively: A1/Gi, A2A/Gs, A2B/Gs, and A3/Gi (Sheth et al. 2014). Interestingly,
murine and human BAT expresses high levels of A2A and adenosine acts synergis-
tically to NE by increasing cAMP in the BAT of these species (Gnad et al. 2014)
(Fig. 1).

1.2.1 Pivotal Role of 30,50-Cyclic Adenosine Monophosphate
in the Activation of Brown Adipocytes

Lipolysis is the process by which triglycerides are broken down to fatty acids. It is
mainly controlled by the enzyme hormone-sensitive lipase (HSL) and it is negatively
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regulated by insulin. The three major lipases driving lipolysis are adipose triglyceride
lipase (ATGL), HSL, and monoacylglycerol lipase (MAGL) (Duncan et al. 2007).

The canonical pathway for the activation of lipolysis is the NE-derived stimula-
tion of the β3-AR (Louis et al. 2000; Hom et al. 2001). β3-AR agonists have been
shown to activate brown adipose tissue (BAT) in vivo as well as to induce WAT
lipolysis (Cypess et al. 2015). Adenosine, which was firstly described to negatively
regulate thermogenesis and lipolysis in brown adipocytes from hamsters and rats
(Schimmel and McCarthy 1984; Szillat and Bukowiecki 1983; Unelius et al. 1990),
was later discovered by Gnad et al. to activate and induce lipolysis of murine and
human brown adipocytes via the A2A receptors (Gnad et al. 2014). Glucagon, which
induces thermogenesis and increases energy expenditure (Billington et al. 1991;
Kinoshita et al. 2014), is released during cold exposure (Seitz et al. 1981) and
promotes lipolysis by increasing fatty acid utilization (Howland and Benning
1986). NE, adenosine, and glucagon signal through Gs-coupled receptors and their
effects are a consequence of increased cAMP levels and subsequent activation of
HSL, leading to triglyceride lipolysis and nonesterified fatty acid (NEFA) release
(Anthonsen et al. 1998; Chernick et al. 1986; Perea et al. 1995; Heckemeyer et al.
1983). cAMP signaling promotes lipolysis both in WAT and BAT. Recently, it has
been proposed that the main source for BAT activation are the free fatty acids (FFA)
released from lipolysis in WAT (Shin et al. 2017; Schreiber et al. 2017; Fedorenko
et al. 2012).

The cAMP/PKA pathway has also been proposed to promote lipolysis by
inactivating AMP-activated protein kinase α (AMPKα) through phosphorylation at
Ser-173 in vitro and in vivo (Djouder et al. 2010). Thus, the stimuli that induce the
activation of lipolysis via the PKA/HSL pathway suppress the phosphorylation of
HSL by AMPK at Ser-565 (Djouder et al. 2010). The AMPK-derived phosphoryla-
tion of HSL is proposed to prevent PKA-mediated phosphorylation and to reduce
lipolysis (Daval et al. 2005; Gauthier et al. 2008; Omar et al. 2009). Although the

Fig. 1 Pivotal role of cAMP in brown adipocyte activation. A2A adenosine receptor 2A, GCGR
glucagon receptor, β3-AR beta-3 adrenergic receptor, NE Norepinephrine, cAMP 30,50-cyclic adeno-
sine monophosphate, PDE3B phosphodiesterase 3B, PKA protein kinase A, AMPK AMP-activated
protein kinase, HSL hormone-sensitive lipase, FFA free fatty acids, UCP1 uncoupling protein 1
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effect of AMPK on HSL activity has been debated (Yin et al. 2003; Koh et al. 2007),
the inhibitory role of AMPK on lipolysis seems to be the most accepted (Fig. 1).

The inhibitory effect of insulin on lipolysis is mediated through an inhibition of
the cAMP-mediated signaling to HSL via the PI3K/Akt pathway. The PI3K/Akt
pathway is responsible for the phosphorylation and activation of the phosphodies-
terase PDE3B, inducing the degradation of cAMP (Kitamura et al. 1999). Although
PI3K has been proven to mediate the insulin-derived inhibition of lipolysis, Akt
might be dispensable (DiPilato et al. 2015). Additionally, Choi et al. proposed that
insulin inhibits lipolysis by interfering with the phosphorylation of perilipin by PKA
(Choi et al. 2010). The cAMP/PKA-dependent phosphorylation of perilipin A is key
for HSL to be translocated to the lipid droplet and be functional (Miyoshi et al. 2006,
2007). Moreover, phosphorylation of perilipin A by PKA facilitates the interaction
with HSL, increasing its activity (Sztalryd et al. 2003; Su et al. 2003) (Fig. 1).

Additionally to its role in lipolysis, cAMP promotes glucose transport into brown
adipocytes (Chernogubova et al. 2004). The main glucose transporters (GLUT)
expressed in BAT are GLUT-1 and GLUT-4, which mediate glucose uptake upon
cold exposure (Shimizu et al. 1998; Greco-Perotto et al. 1987; Bryant et al. 2002).
Adrenergic stimulation of β3-AR triggers glucose uptake by recruiting and
stimulating the PI3K signaling pathway in a cAMP/PKA-dependent manner, simi-
larly to the effects that insulin exerts on glucose uptake (Chernogubova et al. 2004).
Moreover, cAMP also promotes expression and translocation of GLUT1 to the
plasma membrane through the mTOR pathway in vitro and in vivo (Olsen et al.
2014, 2017) and it has also been suggested that cAMP promotes glucose uptake
through activation of AMPK (Hutchinson et al. 2005).

1.2.2 Role of 30,50-Cyclic Adenosine Monophosphate in Differentiation
of Brown Adipocytes

cAMP signaling is involved in differentiation of murine brown adipocytes by promot-
ing proliferation and the expression of transcription factors involved in early stages of
differentiation as well as the expression of key regulators of thermogenesis.

Proliferation of brown adipocytes has been attributed to be driven by β1-AR/cAMP
signaling in vitro (Bronnikov et al. 1992; Kozak and Kozak 1994). Using NE, cAMP
analogs and forskolin (an AC stimulator), Bronnikov et al. could mimic the response to
the in vivo cold-induced increase of cell proliferation (Bronnikov et al. 1992). Indeed,
mice lacking β1-AR were not able to induce de novo brown adipogenesis after
stimulation with NE (Lee et al. 2016). Frediksson et al. proposed that cAMP promotes
proliferation of murine brown preadipocytes in a PKA-dependent manner, upregulating
the Ribonucleotide Reductase Subunit R2 and ultimately signaling through Src-ERK1/2
(Fredriksson and Nedergaard 2002). However, NE can also induce proliferation of rat
fetal brown adipocytes through ERK1/2 in a cAMP/PKA-independent manner, since
inhibition of PKA did not reduce the NE-derived stimulation of ERK1/2 phosphoryla-
tion (Valladares et al. 2000).

Two of the most well-known mediators of early murine brown adipocyte differentia-
tion are the family of transcription factors CCAAT/enhancer-binding proteins (C/EBPs)
and peroxisome proliferator-activated receptors (PPARs) (MacDougald and Lane 1995).
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C/EBPβ is a key regulator of the transition from preadipocytes to mature brown
adipocytes. Moreover, mice lacking C/EBPβ show reduced lipid accumulation and
UCP1 expression (Tanaka et al. 1997). cAMP enhances C/EBPβ expression via the
cAMP-response element binding protein (CREB) (Zhang et al. 2004). The addition of
cAMP elevating agents and glucocorticoids, which increase intracellular levels of
cAMP and Ca2+, during the in vitro induction of brown adipogenesis leads to
increased C/EBPβ expression for a proper brown adipocyte differentiation (Cao
et al. 1991; Darlington et al. 1998; Rosen et al. 2002; Carmona et al. 2005).
Peroxisome proliferator-activated receptor gamma (PPARγ) expression is second-
ary to C/EBPβ as part of a positive loop between C/EBPα and PPARγ itself (Sheyn
et al. 2013). PPARγ expression has been reported to be induced by cAMP/PKA and
Akt (Kim et al. 2010).

Importantly, cAMP signaling triggers the expression of the thermogenic markers
UCP1 and PGC1α. PGC1α regulates the transcription of genes involved in mito-
chondrial biogenesis (Tiraby and Langin 2003; Tiraby et al. 2003) and its expression
is highly induced in response to cold exposure through cAMP signaling and pro-
motes Ucp1 expression by interacting with other transcription factors. For instance,
interferon regulatory factor 4 (IRF4), which is also induced by cAMP, interacts with
PGC1α and binds the regulatory regions of Ucp1 (Kong et al. 2014). PRDM16 also
interacts with PGC1α to induce its transcriptional activity (Seale et al. 2007). In
addition, cAMP activates the p38 mitogen-activated protein kinase (p38), which
induces PGC1α expression (Cao et al. 2001, 2005; Robidoux et al. 2005). The
cAMP/PKA/p38 pathway controls the factors that bind to the Ucp1 gene by two
separate ways: (1) phosphorylating the cAMP-dependent transcription factor ATF2
(ATF2) and (2) promoting the transcription of PGC1α.

ATF2 is a transcriptional activator, whose activity depends on its binding to a
cAMP-response element. It coordinates the transcription of PGC1α and UCP1, and it
has also been proposed to regulate PPARγ in vitro (Lee et al. 2001). Additionally, p38
can activate PGC1α by direct phosphorylation (Puigserver and Spiegelman 2003).

Stimulating the cAMP pathway enhances transcription of the fibroblast growth
factor 21 (FGF21) via the PKA/p38/ATF2 pathway. FGF21 is released by brown
adipocytes after cold exposure and it has been reported to promote thermogenic
activity in an autocrine manner (Hondares et al. 2010, 2011).

1.3 Role of 30,50-Cyclic Adenosine Monophosphate in Browning
of White Adipose Tissue

Browning of WAT – i.e., the appearance of brown-like “beige” adipocytes – can be
stimulated after prolonged cold exposure (Loncar 1991). Beige adipocytes have
UCP1-expressing mitochondria, which upon activation contribute to an increase in
thermogenesis and energy expenditure (Kim and Plutzky 2016). The physiological
response to cold exposure involves an increase in cAMP levels and the subsequent
upregulation of UCP1, which can be pharmacologically mimicked by β3-AR ago-
nists. Rats treated with CL 316243, a β3-AR agonist, showed an increase in the
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number of multilocular cells among WAT depots (Himms-Hagen et al. 2000) and
restored levels of genes involved in fatty acid oxidation downregulated in type 2
diabetic mice (Kumar et al. 2015). Another β3-AR agonist, Mirabegron (used for the
treatment of hyperactive bladder), stimulated the appearance of beige adipocytes in
WAT depots of human subjects and increased glucose uptake in BAT as well as
lipolysis of WAT (Cypess et al. 2015). However, Mirabegron had unwanted cardio-
vascular side effects (Cypess et al. 2015). To avoid undesirable adverse effects, other
pathways involving cAMP signaling have been investigated to promote browning.

Adenosine stimulates browning of WAT upon stimulation of the Gs-coupled
adenosine receptor A2A, which induces an increase in the intracellular levels of
cAMP (Gnad et al. 2014). Slit2 is an extracellular matrix protein that has been
mostly studied in the brain. However, Svensson and colleagues showed that Slit2 is
not only secreted by beige adipocytes but induces browning of WAT involving
increased cAMP levels and the activation of PKA (Svensson et al. 2016). Addition-
ally, the activation of the transient receptor potential cation channel subfamily M
member 8 (TRPM8) by menthol induces browning of WAT in a PKA-dependent
manner, although it is not well known if it directly involves an increase in cAMP
levels (Jiang et al. 2017).

2 The 30,50-Cyclic Guanosine Monophosphate Signaling
and its Role in Brown Adipose Tissue

cGMP is another important intracellular second messenger (Tsai and Kass 2009).
Cyclic GMP was first synthesized in the early 1960s. Soon after, cGMP-degrading
enzymes were identified, known as PDEs, which hydrolyze the 30-50 phosphodiester
bond (Kots et al. 2009). In nature, cGMP was first observed in rat urine (Ashman
et al. 1963). Following this discovery, a variety of hormones and neurotransmitters
were shown to alter physiological cGMP levels (Kots et al. 2009). This section
focuses on the various components making up the cGMP signaling cascade and their
effects on brown/beige adipocyte-mediated thermogenesis.

2.1 30,50-Cyclic Guanosine Monophosphate Production

The conversion of guanosine triphosphate (GTP) to cGMP is catalyzed by a family of
enzymes known as guanylate cyclases (GCs) (Koesling et al. 1991). GCs are broadly
classified into two categories: (1) cytoplasmic or soluble GCs (sGCs) (Koesling et al.
1991; McDonald and Murad 1996; Poulos 2006), and (2) membrane-bound particu-
late or receptor GCs (pGCs), which are receptors for natriuretic peptides (NPRs)
(Miyashita et al. 2009; Waldman et al. 1984).

Soluble guanylate cyclases are heterodimeric enzymes made up of an alpha (sGCα1
or sGCα2) and a beta (sGCβ1) subunit. These subunits have a 32% amino acid
sequence homology. Importantly, sGCβ1 contains a heme moiety at its N-terminal
domain (Derbyshire and Marletta 2012). sGCs catalyze cGMP production (from GTP)
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upon activation by the gaseous ligand, nitric oxide (NO) (Koesling et al. 1991).
Synthesized physiologically in several types of cells by enzymes known as
NO-synthases (NOS) (Förstermann and Sessa 2012), nitric oxide binds to the heme-
containing sGCβ1 at its reduced state (Fe2+). Binding of NO to the sGCβ1 subunit leads
to conformational changes in sGC that ultimately lead to conversion of GTP to cGMP.
At an oxidized state, sGCβ1 is unresponsive to NO (Denninger and Marletta 1999).

NPRs are membrane-bound GCs that are receptors for the extracellular ligands
known as natriuretic peptides (NPs) (Waldman et al. 1984). A-type NP (ANP;
secreted by atrial myocytes), B-type NP (BNP; secreted in the ventricles), and
C-type NP (CNP; secreted by central nervous system, cardiac fibroblasts, endothe-
lium, and macrophages) (Nishikimi et al. 2006) play an essential role in regulation of
blood pressure and natriuresis (Pandit et al. 2011). These NPs bind to the extracellu-
lar domain of the homodimeric NPRs and activate the production of cGMP
(Miyashita et al. 2009).

In recent years, several reports have demonstrated the importance of guanylate
cyclases in adipocyte function. Acting through the NPRs, natriuretic peptides have
been shown to enhance insulin sensitivity as well as mitochondrial biogenesis in
adipocytes (Bordicchia et al. 2012). In humans, natriuretic peptides induce lipolysis
in white adipocytes, mobilizing FFA availability that undergoes β-oxidation in the
liver, skeletal muscle, and adipose tissue (Gruden et al. 2014). Interestingly, NPR-
induced lipolysis is primate specific and is not observed in rodent or canine adipocytes
(Moro and Lafontan 2012). Several in vitro studies on adipocytes have shown that an
increase in cGMP production by NPR-A receptor activates PKG, which can phos-
phorylate perilipin (Moro and Lafontan 2012). Phosphorylation of perilipin leads to
physical alterations at the lipid droplet surface, activating lipases, such as ATGL and
HSL (Moro and Lafontan 2012). Moreover, NPR activation has been shown to
enhance p38-MAPK signaling and phosphorylation of ATF2. This enhances the
expression of PPARγ cofactor 1-alpha (PGC-1α) and UCP1, leading to mitochondrial
biogenesis and thermogenesis (Bordicchia et al. 2012; Gruden et al. 2014).

Similarly, the importance of sGC in brown adipocytes has also been well studied.
It has been demonstrated that exogenous NO stimulation of various cell types leads
to enhanced expression of PGC-1α, UCP1, and mitochondrial markers such as
nuclear respiratory factor and mitochondrial transcription factor (Nisoli et al. 1998,
2003). Blocking sGC function (in NO-stimulated cells) abrogates these effects,
indicating the importance of sGC/cGMP signaling in mediating NO-induced mito-
chondrial biogenesis (Nisoli et al. 1998, 2003). Likewise, genetic ablation of endo-
thelial NOS (eNOS) in mice leads to reduced mitochondrial content in BAT
accompanied with increased lipid accumulation (Nisoli et al. 2003). In accordance,
ablation of sGCβ1 expression diminishes in vitro adipogenic and thermogenic
differentiation of brown adipocytes (Hoffmann et al. 2015). In addition, mice
lacking sGCβ1 expression have impaired thermogenesis compared to wild-type
littermates (Hoffmann et al. 2015). On the other hand, pharmacological stimulation
of sGC using BAY 41-8543 (a precursor to the drug Riociguat) enhances lipid
accumulation, mitochondrial biogenesis, and UCP1 expression in brown adipocytes
(Hoffmann et al. 2015). Accordingly, enhanced expression of sGCβ1 has also been
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demonstrated to increase adipogenesis (lipid accumulation) accompanied by increased
UCP1 expression (Jennissen et al. 2012).

2.2 Downstream Targets of 30,50-Cyclic Guanosine
Monophosphate

As an intracellular second messenger, cGMP acts on three major targets: (a) cyclic
nucleotide-gated ion channels (CNGs), (b) cyclic nucleotide PDEs, and (c) cGMP-
dependent protein kinases (PKGs).

2.2.1 Cyclic Nucleotide-Gated Ion Channels
CNGs are nonselective cation channels that conduct a mixed inward current, carried
by Na+ and Ca2+ ions. These channels are responsive to both cAMP and cGMP, with
varying degrees of affinity, depending on the cell type and function (Kaupp and
Seifert 2002). CNGs have been shown to play an important role in the functioning of
photoreceptors, chemosensory cells (like olfactory sensory neurons), and spermatozoa
but have not been described in adipocytes (Kaupp and Seifert 2002).

2.2.2 Cyclic Nucleotide Phosphodiesterases
Inhibiting PDEs has been known to enhance adipocyte lipolysis (Snyder et al. 2005).
Studies assessing the effects of inhibiting cGMP-specific PDEs have focused on PDE5,
using its inhibitor sildenafil, thereby enhancing cGMP signaling (Moreland et al. 1998).
It has been shown that sildenafil promotes adipogenesis in 3T3-L1 cells, through the
cGMP–PKG pathway (Mitschke et al. 2013). Sildenafil treatment increases glucose
uptake and lipid content as well as enhances expression of adipogenic markers, such as
PPARγ and FABP4 in adipocytes (Mitschke et al. 2013; Zhang et al. 2010). Further-
more, treatment of primary murine white adipocytes (in vitro) with sildenafil also
induces browning and increases expression of thermogenic markers, such as UCP1
and PGC-1α (Mitschke et al. 2013).

2.2.3 30,50-Cyclic Guanosine Monophosphate-Dependent Protein
Kinases

The major downstream targets of cGMP in the cardiovascular system and adipocytes
are PKGs (Haas et al. 2009; Mitschke et al. 2013; Tsai and Kass 2009). Mammals
have two types of PKGs, namely PKG1 and PKG2, encoded by two distinct genes
(Wernet et al. 1989). PKG1 is further classified into two subtypes: PKG1α and
PKG1β (Jaumann et al. 2012). While PKG1 isoforms are cytosolic, PKG2 is a
transmembrane protein (Jaumann et al. 2012; Nádvorník et al. 1999). N-terminal
myristoylation is a major determinant of PKG2 membrane association, whereas ace-
tylation of PKG1 N-terminal enhances its solubility and cytoplasmic localization
(Vaandrager and de Jonge 1996). Both PKG1 and PKG2 are homodimeric proteins
with similar structural features, consisting of an N-terminal regulatory domain (con-
sisting of a homodimerization, an autoinhibitory–autophosphorylation, and a cGMP-
binding subdomain) and a C-terminal kinase domain (comprising ofMg2+/ATP-binding
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and substrate-binding subdomains) (Francis et al. 2010). In an inactive state, the
regulatory domain binds (with high affinity) to the catalytic domain, inhibiting any
kinase activity. Upon binding of cGMP at the allosteric sites on the regulatory domain,
the holoenzyme undergoes conformational changes, freeing the catalytic domain and
leading to activation of PKG (Alverdi et al. 2008).

PKG2 is expressed in the kidneys, intestinal mucosa, lungs, and chondrocytes
(Hofmann et al. 2006; Tsai and Kass 2009). Genetic ablation of PKG2 in mice
imparts resistance to Escherichia coli STa, an enterotoxin that stimulates cGMP
accumulation and intestinal fluid secretion (Pfeifer et al. 1996). Furthermore, PKG2
knockout mice have retarded bone growth due to reduced endochondral but not
membranous ossification resulting in dwarfism (Pfeifer et al. 1996).

Several downstream targets of PKG1 have been reported influencing diverse
cellular processes, such as bone development, regulation of cytoskeleton, and
vesicular trafficking, as well as regulation of smooth muscle tone (Hofmann et al.
2006). PKG1 has also been identified as the major downstream target of cGMP in
adipocytes (Haas et al. 2009; Mitschke et al. 2013) and PKG1 is indispensable for
differentiation of adipocytes in vitro (Haas et al. 2009; Mitschke et al. 2013). Similar
to the genetic ablation of sGCβ1, mice lacking PKG1 (PKG1�/�) demonstrate
severely reduced thermogenic capacity, accompanied by severely reduced UCP1
expression and mitochondrial content in BAT (Haas et al. 2009). Moreover, in vitro
differentiation of brown adipocytes from PKG1�/� mice is drastically reduced,
compared to wild-type cells. On the contrary, enhancing PKG1 activity, by exoge-
nous stimulation with a cell membrane permeable cGMP analog, has been shown to
improve adipogenic and thermogenic differentiation (Haas et al. 2009). In brown
adipocytes, PKG1 inhibits the small GTPase RhoA and its associated kinases
(ROCKs). This, in turn, reduces ROCK-mediated inhibitory phosphorylation of
insulin receptor substrate 1 (IRS-1), thereby, maintaining insulin sensitivity in these
cells (Haas et al. 2009). Mice overexpressing PKG1 (PKG1tg) have been shown to be
leaner than wild-type mice and are resistant to DIO (Miyashita et al. 2009). PKG1tg

mice have increased insulin sensitivity, enhanced energy expenditure (EE), increased
BAT mitochondrial content, and increased expression of thermogenic markers, such as
UCP1 and PGC-1α. Importantly, activating cGMP signaling is beneficial for the adipo-
genic and thermogenic programs in cultured human adipocytes (Bordicchia et al. 2012;
Haas et al. 2009; Hoffmann et al. 2015; Mitschke et al. 2013; Miyashita et al. 2009).

3 Effects of Cyclic Nucleotide Signaling In Vivo

3.1 Activation of 30,50-Cyclic Guanosine Monophosphate
and 30,50-Cyclic Adenosine Monophosphate Signaling in Mice

The presence of a functional cGMP signaling is pivotal for BAT-mediated thermo-
genesis in mice. Mice lacking expression of either sGCβ1 or PKG1 have significantly
lower BAT activity than wild-type mice (Haas et al. 2009; Hoffmann et al. 2015).
NP-induced lipolysis has long been established in humanWAT (Schlueter et al. 2014).
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Deletion of the C-type NPR, responsible for natriuretic peptide clearance, enhances the
pro-lipolytic effects of exogenously administered NPs in mice (Bordicchia et al. 2012).
In addition, BNP overexpression reduces AT weight, accompanied with enhanced
mitochondrial biogenesis in white adipocytes resulting in an increased thermogenic
energy expenditure in mice (Miyashita et al. 2009). Moreover, mice administered with
exogenous BNP have enhanced steady-state energy expenditure as well as increased
mitochondrial biogenesis and UCP1 expression in BAT and inguinal WAT
(Bordicchia et al. 2012). Overexpression of PKG in mice leads to enhanced glucose
tolerance, increases energy expenditure, reduces total body fat content, and enhances
BAT mitochondrial biogenesis and thermogenesis (Miyashita et al. 2009). Similarly,
administration of Sildenafil enhances browning of subcutaneous WAT in mice,
indicated by enhanced UCP1 and PGC-1a expression (Mitschke et al. 2013).

Unlike the effects of ablation of cGMP signaling components, mice lacking the
regulatory RIIβ subunit of PKA are resistant to obesity and are more sensitive to
β-adrenergic activation. In these animals, the compensatory upregulation of the RIα
subunit is responsible for the resistance to obesity, mainly due to its effects in the
CNS, since double knockouts for RIIβ and UCP1 display also a lean phenotype and
therefore excludes the loss of weight as a consequence of BAT-related oxygen
consumption (Cummings et al. 1996; Amieux et al. 1997; Nolan et al. 2004). RIIβ
mutant mice are insulin sensitive and resistant to age-induced hyperinsulinemia
(Enns et al. 2009). Moreover, double knockout for RIIβ and leptin results in an
increase in thermogenesis and energy expenditure as well as decreased food intake
(Newhall et al. 2005). On the other hand, mice overexpressing the PKA catalytic
subunit showed an improved metabolic profile and resistance to DIO mainly due to
an increase in browning of WAT (Dickson et al. 2016). However, studies of an
adipose tissue-specific loss of PKA are lacking and whether this loss would affect
energy consumption and body weight independently from the CNS-derived effects is
yet to be addressed.

3.2 30,50-Cyclic GuanosineMonophosphate Signaling and Obesity

A lack of viable therapies against the obesity pandemic has intensified research to
identify potential anti-obesity therapeutic avenues. One of the promising targets is
enhancing brown/beige adipocyte-mediated thermogenesis (Kusminski et al. 2016).
Since pharmacological stimulation of brown adipocyte cAMP signaling by treatment
with β3-specific agonists resulted in significant cardiovascular side effects, activating
cGMP signaling in the adipose tissue might be an alternative. Therapeutically, two
different strategies can be envisioned to increase the bioavailability of cGMP in obese
subjects: (1) increase cGMP production by enhancing GC activity and (2) reduce
cGMP degradation by inhibiting PDEs (especially PDE5).

Enhancing cGMP production in a diet-induced model of murine obesity has been
achieved by increasing cGMP production through NPR activation. Treatment of mice
on a high fat diet (HFD) with CD-NP, a synthetic chimeric natriuretic peptide (Lee
et al. 2009), has varying effects. Osmotic pump-mediated administration of CD-NP in
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mice being fed an HFD increases serum adiponectin levels, promotes energy expendi-
ture and WAT inflammation (Glöde et al. 2017). Interestingly, CD-NP treatment also
promotes weight gain (body and adipose tissue) and exacerbates insulin resistance and
liver steatosis (Glöde et al. 2017). Contrary to CD-NP treatment, stimulating sGC in
mice undergoing an HFD regime, using an sGC stimulator, reduces weight gain and
body fat content, while increasing insulin sensitivity and energy expenditure, also by
promoting UCP1 expression in subcutaneous WAT (Hoffmann et al. 2015). Impor-
tantly, sGC stimulation in mice with established (diet-induced) obesity also has a
metabolically protective anti-obesity effect (Hoffmann et al. 2015). Therefore, sGC
stimulation demonstrates a strong anti-obesity pro-browning potential.

Reducing cGMP degradation through sildenafil treatment of mice on an HFD also
demonstrates anti-obesity and pro-thermogenic effects on mouse subcutaneous fat
(Mitschke et al. 2013). During an HFD regime, mice treated with sildenafil gained
less weight and exhibited a higher insulin sensitivity, than vehicle treated mice (Ayala
et al. 2007; Handa et al. 2011). Moreover, inflammation of visceral fat (due to DIO) is
reduced in sildenafil treated mice (Handa et al. 2011). This anti-inflammatory effect was
also observed in db/db mice (a genetic model of murine obesity and type 2 diabetes),
when administered with sildenafil (Handa et al. 2011). Importantly, sildenafil treatment
of overweight humans for a duration of 7 days leads to reduced adipocyte size in
subcutaneous WAT and increased expression of PGC-1α and UCP1 (Li et al. 2018).

4 Conclusion

The involvement/recruitment of similar downstream effectors indicates a cross-talk
between the cAMP and cGMP cascades, resulting in overlapping functions. Both
these pathways enhance lipolysis in human adipocytes through activation of ATGL
and HSL. Moreover, the induction of UCP1 by the two cyclic nucleotides appears to
use the same pathway: p38-MAPK and the subsequent upregulation of PGC-1α.
Moreover, the cAMP–cGMP dual specific PDEs form a junction between the two
cyclic nucleotide cascades, facilitating a cross-talk between them. Although, these
observations suggest a supplementary role of cAMP and cGMP signaling cascades
to promote brown adipocyte thermogenesis and white adipocyte browning, more
studies are required to identify the specific roles of cGMP versus cAMP in these
cells/processes.
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Abstract

Fatty acids are essential contributors to adipocyte-based non-shivering thermo-
genesis by acting as activators of uncoupling protein 1 and serving as fuel for
mitochondrial heat production. Novel evidence suggests a contribution to this
thermogenic mechanism by their conversion to bioactive compounds. Mamma-
lian cells produce a plethora of oxylipins and endocannabinoids, some of which
have been identified to affect the abundance or thermogenic activity of brown and
brite adipocytes. These effectors are produced locally or at distant sites and signal
toward thermogenic adipocytes via a direct interaction with these cells or indi-
rectly via secondary mechanisms. These interactions are evoked by the activation
of receptor-mediated pathways. The endogenous production of these compounds
is prone to modulation by the dietary intake of the respective precursor fatty acids.
The effect of nutritional interventions on uncoupling protein 1-derived thermo-
genesis may thus at least in part be conferred by the production of a supportive
oxylipin and endocannabinoid profile. The manipulation of this system in future
studies will help to elucidate the physiological potential of these compounds as
novel, endogenous regulators of non-shivering thermogenesis.

Keywords
Brite adipocytes · Brown adipocytes · Endocannabinoids · Oxylipins · PUFAs ·
Thermogenesis · Ucp1 · ω-3 · ω-6

1 Introduction

The storage of dietary lipids is a hallmark common to brown (BAT) and white
adipose tissue (WAT). Based on the primary functions of these tissues, deposited
lipids are predominantly released as fatty acids from triglycerides via lipolytic
pathways to fuel energy-consuming processes in place or throughout the body.
Besides their function as potent energy source, fatty acids are stored as structural
components within biological membranes and act as metabolic regulators. The latter
quality is significantly influenced by their conversion into bioactive metabolites
within manifold cell types and tissues. Oxylipins and endocannabinoids represent
two major metabolite classes. Both classes encompass compounds derived from
polyunsaturated fatty acids (PUFAs) via designated pathways following their release
from membrane phospholipids. Altogether, these metabolites are well-known for a
long time to affect countless physiological processes including various adipocyte-
related functions. Evidence pointing toward a novel role of these metabolites in
mammalian brown/brite adipogenesis and thermogenic adipocyte function has only
recently accumulated. Facing the global burden of obesity, an increase in the
abundance or activity of thermogenic cells is considered a possibility to increase
energy expenditure, thus reducing fat deposition and related metabolic impairment
[for a recent review, see Betz and Enerback (2018)]. The potential of novel effectors
and pathways targeting brown or brite adipocyte-based thermogenesis therefore
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seems highly valuable to explore and is currently one focus of research related to
energy balance regulation (Giordano et al. 2016; Vargas-Castillo et al. 2017;
Pradhan et al. 2017).

We here provide a concise summary of the potential of individual fatty acid-
derived candidate compounds to affect the abundance or activity of murine and
human thermogenic adipocytes, give an overview of their biosynthesis pathways and
mechanisms of action, describe state-of-the-art methods for their extraction from
adipose tissues and subsequent quantification, and discuss the potency of nutritional
intervention studies to modulate their abundance and consequently the capacity for
non-shivering thermogenesis.

2 Origin and Formation of Oxylipins and Cannabinoids

2.1 Oxylipins

Oxylipins are oxygenated metabolites primarily derived from the enzymatic oxida-
tion of ω-3 and ω-6 PUFAs, but they can also be generated through nonenzymatic
pathways such as autoxidation. Fatty acids serving as oxylipin progenitors include
the ω-3 PUFAs eicosapentaenoic acid (C20:5, EPA), docosahexaenoic acid (C22:6,
DHA), and α-linolenic acid (C18:3, ALA) as well as the ω-6 PUFAs arachidonic
acid (C20:4, ARA) and linoleic acid (18:2, LA) (Fig. 1). The 18-carbon molecules
LA and ALA are essential fatty acids, as mammals in contrast to plants lack the
enzyme ω-3-desaturase and are therefore unable to endogenously produce these
PUFAs. Consequently, plant oils constitute rich sources for LA and ALA. Long-
chained PUFAs such as ARA, EPA, and DHA can be produced by mammalian cells
through elongation and desaturation of either LA or ALA, respectively. However, as
both LA and ALA compete for the same desaturase enzymes, endogenous produc-
tion of DHA, EPA, and ARA is limited (Simopoulos 2016). Consequently, their
individual production may be insufficient to cover needs, which makes their
nutritional uptake essential (Plourde and Cunnane 2007). The composition of
PUFAs in tissues and the production of their bioactive oxylipin-derivatives can be
altered by dietary lipid composition and targeted supplementation of certain lipids
such as ω-3 PUFAs (Balvers et al. 2012; Ostermann and Schebb 2017; Schebb et al.
2014). Accordingly, diet is a major factor influencing oxylipin levels in the body.
This is important as dietary patterns have changed toward an increased uptake of ω-6
PUFAs at the expense of ω-3 PUFAs, resulting in a dietary ω-6/ω-3 ratio of 20:1 in
modern days compared to a ratio of 1:1 during the Paleolithic period (Simopoulos
2001). Furthermore, both a high ω-6 PUFA intake and a high ω-6/ω-3 ratio are
associated with obesity and inflammation [reviewed by (Simopoulos 2016)]. After
being resorbed from the diet, PUFAs are either esterified and stored as triglycerides
or incorporated into biological membranes as phospholipids. Prior to the generation
of oxylipins, PUFAs must be released from these compartments upon cell activation.
The cytosolic phospholipase A2 (cPLA2) enzyme is involved in the release of
PUFAs from membrane phospholipids, which is traditionally perceived as the
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major origin of oxylipin precursor PUFAs. Deficiency of cPLA2 is, however, not
sufficient to entirely attenuate oxylipin production in mice and humans, suggesting
the existence of alternative origins (Uozumi and Shimizu 2002; Adler et al. 2008). In
fact, the adipose triglyceride lipase-mediated release of PUFAs from triglyceride-
rich lipid droplets appears to constitute a novel route for the release of oxylipin

Fig. 1 Synthesis of oxylipins and endocannabinoids from membrane phospholipids. Diet-derived
ω-3 and ω-6 fatty acids are incorporated into biological membranes. Through the action of various
enzymes, membrane phospholipids are cleaved to release free fatty acids, N-arachidonoyl-phospha-
tidylethanolamine (NAPE) or diacylglycerols (DAG), into the cytosol. These precursors serve as
substrates for different enzymatic pathways involved in the synthesis of oxylipins or
endocannabinoids. Individual compounds derived from EPA, DHA, LA, and ARA are highlighted
in blue, red, green, and orange, respectively. cPLA2 cytosolic phospholipase A2, NAT
N-acyltransferase, PLC phospholipase C, COX cyclooxygenase, LOX lipoxygenase, CYP cytochrome
P450, NAPE-PLD NAPE-phospholipase D, DAG diacylglycerol, DAGL DAG lipase
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precursor fatty acids (Dichlberger et al. 2014; Schlager et al. 2015; Riederer et al.
2017). Subsequently, a vast diversity of oxylipins can be generated depending on the
progenitor fatty acid released and on the metabolizing enzymes present in the cells.
Based on the precursor PUFA, there are three classes of oxylipins to be distin-
guished: C18-derived octadecanoids, eicosanoids derived from C20 PUFAs, and
C22-derived docosanoids. Fatty acids are converted to oxylipins by three types of
enzymes, thus generating distinct oxylipin subclasses (Fig. 1).

The cyclooxygenase (COX) enzyme is responsible for the production of pro-
stanoids and therefore an important mediator of inflammatory processes. Up to
date, two COX isoforms have been identified. Although it is still a matter of debate,
COX-1 is generally believed to be constitutively expressed in mammalian tissues,
while COX-2 is regarded the inducible isoform being upregulated during states of
inflammation. The COX-enzyme mainly facilitates the cyclization of its C20-PUFA
substrate between C8 and C12, leading to the generation of the intermediary product
prostaglandin H (PGH). Therefore, COX-1 and COX-2 are also known as prostaglan-
din H synthases (PGHS) 1 and 2, respectively. Depending on the substrate involved,
PGH1, PGH2, or PGH3 are generated from the C20 PUFAs dihomo-γ-linolenic acid
(an intermediate in the synthesis of ARA from LA), ARA, or EPA, respectively.
These intermediates serve as precursors for the formation of individual prostanoids of
the 1-, 2-, and 3-series upon action of subsequent enzymes such as prostaglandin
synthases, for instance. Among the different COX-substrates, ARA serves as themain
substrate and precursor of 2-series prostanoids comprising various prostaglandins and
thromboxanes [see Gabbs et al. (2015) for a comprehensive review about the genera-
tion of COX-derived oxylipins].

The lipoxygenase (LOX) isozymes represent a second oxylipin-producing enzyme
class. There are six different human LOX genes (ALOX15, ALOX15B, ALOX12,
ALOX12B, ALOXE3, and ALOX5), encoding for six functional isoforms. In con-
trast, ALOX15B is not found within the murine genome, which comprises the genes
ALOX8 and ALOX12E instead. The common property of these enzymes is the
introduction of dioxygen into PUFAs, thereby generating hydroperoxy, epoxy, and
hydroxy fatty acids (Fig. 1). This includes the formation of hydroxyoctadecadienoic
acids (HODEs), hydroxyeicosatetraenoic acids (HETEs), hydroxyeicosapentaenoic
acids (HEPEs), and hydroxydocosahexaenoic acids (HDoHEs) from LA, ARA, EPA,
and DHA, respectively. Additional products of the LOX pathway are leukotrienes,
resolvins, and lipoxins (Kuhn et al. 2015; Gabbs et al. 2015).

Members of the cytochrome P450 (CYP450) system constitute the third class
of enzymes able to generate oxylipins. In humans, there are 57 functional genes
encoding for enzymeswith hydroxylase or epoxygenase activity,while 102 functional
genes have been identified in mice (Nelson et al. 2004). The hydroxylase activity of
the CYP450 enzymes produces similar metabolite classes as LOX such as HODEs
and HETEs, while epoxy fatty acids like ARA-derived epoxyeicosatetraenoic acids
(EETs) are generated via epoxygenase activity (Konkel and Schunck 2011).
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2.2 Endocannabinoids and Endocannabinoid-Like Compounds

Like oxylipins, endocannabinoids and endocannabinoid-like compounds are
derivatives of PUFAs. The endocannabinoids N-arachidonoyl-ethanolamide (anan-
damide, AEA) and 2-arachidonoylglycerol (2-AG) are derived from ARA via two
distinct enzymatic pathways (Fig. 1). The synthesis of 2-AG is initiated via the
transformation of the membrane phospholipid 2-arachidonoyl-phosphatidylinositol
into diacylglycerol by phospholipase C. Subsequently, diacylglycerol is converted
by diacylglycerol lipase into 2-AG, which is a short-lived molecule that is either
isomerized to 1-arachidonoylglycerol or degraded to ARA by monoacylglycerol
lipase. Anandamide is generated by the transfer of ARA from 1-arachidonoyl-
phosphatidylcholine to phosphatidylethanolamine, a process catalyzed by the
enzyme N-acyltransferase. N-arachidonoyl-phosphatidylethanolamine (NAPE) is
the product of this reaction, which is further converted to anandamide via NAPE-
phospholipase D (NAPE-PLD). The degradation of AEA into ARA is subsequently
mediated by the action of the fatty acid amide hydrolase. Both AEA and 2-AG are
ligands of the cannabinoid receptors 1 and 2 (CB1 and CB2) and therefore consid-
ered endocannabinoids.

Endocannabinoid-like compounds represent N-acylated-ethanolamides (NAEs)
that are generated by the same enzymatic pathways as endocannabinoids. They are,
however, not derived from ARA but from other PUFAs or saturated fatty acids. As
such, docosahexaenoylethanolamide, eicosapentaenoylethanolamide, or oleoyl-
ethanolamide (OEA) are derived from DHA, EPA, or oleic acid, respectively.
Their structural similarities with the endocannabinoid AEA constitute their denomi-
nation as endocannabinoid-like compounds (although these metabolites barely bind
to CB receptors).

3 Extraction and Analysis of Oxylipins
and Endocannabinoids in Adipose Tissues

Over the years, several methods were developed for the quantitation of oxylipins and
endocannabinoids in biological samples. The first analytical methods were based on
gas chromatography coupled to mass spectrometry. Due to laborious sample prepa-
ration and the alteration of the lipid pattern based on degradation of specific
compounds, these methods were mostly replaced by liquid chromatography coupled
to tandem mass spectrometry (LC-MS/MS). Advancements of analytical instruments
allow the detection of hundreds of oxylipins and endocannabinoids simultaneously
from the low nanomolar to the high millimolar range by mass spectrometry-based
methods nowadays. Nevertheless, analyzing these metabolite classes, sample prepa-
ration, chromatographic separation, and detection of the desired analytes needs to be
validated and optimized. For example, the oxylipin pattern can be altered through
autoxidation mechanisms during sample storage. Therefore, antioxidants like butyl-
ated hydroxytoluene or ethylenediaminetetraacetic acid are added to the biological
samples to minimize the change of the oxylipin pattern. The stable isotope dilution
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assay is the method of choice for mass spectrometric methods; thus deuterated or
13C-labeled oxylipins or endocannabinoids are added to the samples as internal
standards to correct for losses during sample preparation and matrix effects during
measurements. One bottleneck is the limited availability of these standards and their
high price. Therefore, a compromise often is to use one isotopically labeled standard
per lipid class. The lipids are extracted by liquid-liquid extraction, solid-phase
extraction, or a combination of both. For example, frozen adipose tissues can be
crushed in balanced salt solution, extracted with cold methanol, and subjected to
polymeric solid-phase extraction to quantify arachidonic acid metabolites in adipose
tissue with LC-MS/MS (Pisani et al. 2014; Le Faouder et al. 2013). Most methods
nowadays, where around 100 oxylipins and endocannabinoids can be quantified
simultaneously, use LC-MS/MS with negative electro-spray ionization or atmo-
spheric pressure chemical ionization (Strassburg et al. 2012; Dumlao et al. 2011;
Krott et al. 2016). Usually, quantitative mass spectrometry is performed on a triple
quadrupole mass spectrometer, which is operated in the multiple reaction monitoring
mode (MRM) (Schuchardt et al. 2013). Here, the parent ion, often [M-H]-, is
fragmented and a specific fragment is detected. The biggest challenge of oxylipins
and endocannabinoids analysis is the differentiation of stereoisomers. Chiral chro-
matography methods have been developed to differentiate, for example, between
(R)- and (S)-isomers (Mesaros and Blair 2012). Another example, where good
chromatographic separation is needed, is the quantitation of the prostaglandins
PGE2 and PGD2. These prostaglandins have the same chemical formula
(C20H32O5) and therefore the same mass-to-charge ratio and also the same MS/MS
fragmentation pattern. In some cases, stereoisomers can be differentiated by a clever
choice of mass transitions. For example, product ions of HETEs are formed through
α-cleavage adjacent to a double bond, and therefore the individual oxylipins
5-HETE and 8-HETE can be distinguished by their fragment ions (Murphy et al.
2005). In general, MRM methods are sensitive, selective and the method of choice
for quantitation of oxylipins and endocannabinoids in adipose tissues (Willenberg
et al. 2015). One restriction of these LC-MRM-MS methods is that only compounds
can be detected where reference material is available. To identify new lipids and to
resolve additional structural information, liquid chromatography coupled to high-
resolution mass spectrometry (LC-HRMS/MS) with data-dependent fragmentation
is used (Lynes et al. 2017). These methods are less sensitive than the MRM methods
but bear the advantage to obtain more structural information due to the recording of
complete MS/MS spectra. MS/MS spectra are compared to lipid databases, and the
lipid classes are tentatively annotated (Fahy et al. 2007). To verify the correct
annotation and to quantify the candidates, reference standards are necessary
(Masoodi et al. 2010). To use benefits of the targeted (LC-MRM-MS) and the
untargeted (LC-HRMS/MS) approaches, the SWATH (sequential window acquisi-
tion of all theoretical mass windows) technology was recently applied to lipidomics
and will in the future generate deeper insight into the complex regulation of lipids
(Prasain et al. 2015).
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Independent of the analysis technique, the interpretation of quantitative metabolite
data requires their normalization to a reference quantity. A normalization to the
applied mass is easily applicable when tissues are used as starting material but
presumes the determination of the dissected tissue weight prior to the analysis.
Metabolites expressed per milligram tissue can be extrapolated to depot size, thus
providing information on the contribution of a tissue to the physiological metabolite
production (“per animal”) under the prerequisite that entire depots were dissected
and weighed. Similarly, cell number may serve as reference quantity when cultured
cells are subject to analysis. Additionally, the protein or lipid content of the material
may be quantified to serve as alternative reference. However, the percentage of
proteins and lipids may not only vary between different types of tissues but may also
be influenced by treatment, which poses limitations to the interpretation of the
results. This becomes particularly obvious in an exemplary, comparative analysis
of oxylipins between WAT and BAT depots, which are well-known to differ in
tissue mass (e.g., 250 mg vs. 65 mg depot mass for the inguinal WAT and
interscapular BAT, respectively) and protein content (e.g., 2.5% vs. 7.25% of the
respective, dissected tissue masses). Assuming that an oxylipin of interest is
quantified with around 100 pg/mg protein in both tissues, a similar production rate
would be a straightforward interpretation. However, when this production rate is
extrapolated to the indicated tissue masses, the WAT depot is interpreted as a
stronger contributor to the systemic synthesis of this oxylipin. In contrast, when
the production rate is expressed per milligram tissue, BAT has an approx. threefold
higher potency to produce this oxylipin. All normalization options provide valuable
information but may result in over- or underestimation of metabolite production,
which is particularly crucial when the analysis is applied to tissues of unknown mass
or an undefined number of cells. Thus, oxylipin and endocannabinoid data should be
analyzed in the light of all available normalization options to select the most
reasonable option with regard to the scientific question.

4 Mechanisms of Action

Oxylipins and endocannabinoids are thought to act locally in autocrine or paracrine
manner, which is based on their short half-life resulting from rapid degradation of the
free, active compounds. However, their occurrence within the blood circulation
suggests a possible, endocrine function. Blood oxylipins predominantly occur as
esterified or albumin-bound forms (Raz 1972a, b; Maclouf et al. 1980; Shearer and
Newman 2008; Shearer et al. 2018). Lipoprotein particles comprise a large quantity
of esterified oxylipins, which can be released by lipoprotein lipase (Shearer and
Newman 2008; Schebb et al. 2014). Thus, blood lipoproteins may represent a
storage compartment for oxylipins to facilitate their delivery and uptake by distant
tissues. In contrast, the majority of blood endocannabinoids and endocannabinoid-
like compounds does not seem to require lipoproteins as transport vehicle but may
bind to serum albumin (Bilgin et al. 2015; Bojesen and Hansen 2003).

190 S. F. Maurer et al.



The transcellular exchange of oxylipins is likely mediated by plasma membrane
transporters rather than diffusion. Several transporters have been identified, which
mediate the exchange of prostaglandins and leukotrienes. These proteins regulate the
secretion of these compounds into the extracellular space as well as their uptake,
which serves the activation of intracellular signaling pathways or their degradation
(Schuster et al. 2015; Zhou et al. 2008). The influx and efflux of endocannabinoids is
discussed to involve different mechanisms such as specialized transporters, passive
diffusion, or endocytosis (Fowler 2013).

Effects of oxylipins and endocannabinoids within the target cell are evoked by
activation of receptor-mediated pathways. These compounds interact with different
types of receptors located intracellularly or at the cell surface. The latter class
includes several members of the transient receptor potential (TRP) ion channel
family [for a comprehensive summary, see Kaneko and Szallasi (2014)]. Moreover,
many oxylipin receptors as well as the endocannabinoid receptors CB1 and CB2
represent G-protein-coupled receptors of the plasma membrane that signal via
intracellular calcium (Gq-protein) or cyclic adenosine monophosphate (cAMP).
The cAMP response is triggered by inhibition (Gi-protein) or activation (Gs-protein)
of the adenylyl cyclase. Elevation of cAMP levels activates protein kinase A, which
subsequently triggers the p38 mitogen-activated protein kinases pathway to stimu-
late the expression of selected genes. Signaling via this pathway stimulates expres-
sion of the uncoupling protein 1 (Ucp1) gene, which classically occurs upon
activation of β-adrenoreceptors under conditions of non-shivering thermogenesis
(Cao et al. 2001). The same pathway is repressed upon inhibition of the adenylyl
cyclase, e.g., upon activation of the CB1 and CB2 receptors (Howlett et al. 2002).

The occurrence of cannabinoid receptors is not restricted to the plasma mem-
brane. Following their synthesis, cannabinoid receptors can be incorporated into
endolysosomes of human and rodent cells. These receptors are functional, couple to
Gi and/or Gq, and elicit calcium release from intracellular stores (Brailoiu et al. 2011,
2014; Rozenfeld and Devi 2008; Boon et al. 2014). The significance of intracellular
vs. plasma membrane cannabinoid receptors for the mediation of physiological
effects has not yet been elucidated.

Peroxisome proliferator-activated receptors (PPARs) are a family of ligand-
activated nuclear receptors occurring as subtypes α, β/δ, and γ. Oxylipins and
endocannabinoids serve as endogenous ligands for the γ-subtype (Bouaboula et al.
2005; Barquissau et al. 2017), which is the central regulator of adipose tissue
development, thus regulating white and brown adipogenesis and browning of WAT
[reviewed by Harms and Seale (2013) and Seale et al. (2009)]. After its
heterodimerization with the retinoic x receptor, PPARγ is able to bind to the PPAR
response element representing a DNA-binding domain. Such a PPAR response
element is located in the promoter region of the Ucp1 gene, whose product essentially
enables non-shivering thermogenesis in brown and brite adipocytes (Enerback et al.
1997; Li et al. 2014). Consequently, treatment of mice or cultured pre-adipocytes
with the PPARγ agonist rosiglitazone induces the development of brown and brite
adipocytes with marked Ucp1 expression (Carmona et al. 2007; Petrovic et al. 2010).
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5 Effects of Individual Compounds on Brown/Brite
Adipocytes

Brown and brite adipocytes are functionally thermogenic and provide Ucp1-
dependent non-shivering thermogenesis within BAT and WAT (Li et al. 2014).
The role of fatty acids for adipocyte-derived thermogenesis is not restricted to their
quality as fuel for heat production, but comprises their function as important
signaling molecules. Thermogenic signaling cascades may be initiated by fatty
acids acting as primary effectors (Quesada-Lopez et al. 2016; Hu et al. 2016; Kim
et al. 2016) or by their property to function as precursors for the formation of
secondary thermogenic metabolites. The latter is contributed by their conversion
into oxylipins and endocannabinoids representing a novel function of these fatty acid
derivatives. Here we review the candidate compounds reported to influence the
capacity for Ucp1-dependent non-shivering thermogenesis in BAT and WAT.

5.1 Prostacyclin

The two COX enzymes are an important hub of oxylipin synthesis in numerous cell
types and tissues. Their abundance in murine WAT is under adrenergic control,
rendering these enzymes crucial regulators of brite adipocyte formation (Madsen
et al. 2010; Vegiopoulos et al. 2010). This function has been ascribed to the
production of prostacyclin (PGI2), which is a derivative of ARA obtained by the
specific action of prostacyclin synthase on COX-derived PGH2. As a ligand for its
Gs-protein-coupled cell surface receptor (the IP receptor) expressed by numerous
tissues and cell types, this prostaglandin is well-known to potently act on vasodila-
tion and platelet aggregation. Browning of WAT constitutes a novel function
affected by this oxylipin.

The production of PGI2 in WAT under conditions of non-shivering thermogene-
sis is likely mediated by mature adipocytes as these cells show increased expression
of COX-2 upon adrenergic stimulation (Vegiopoulos et al. 2010). As part of a
straightforward signal transduction, the released PGI2 likely acts in paracrine manner
to stimulate Ucp1 expression and the sensitivity toward noradrenergic stimulation
during the differentiation of adipocyte precursors (Vegiopoulos et al. 2010). This
brite adipogenesis seems to specifically originate from the action of PGI2 on
committed precursor cells of the stromal vascular fraction as the effect is in vitro
most efficiently inducible by treatment of purified Lin�Sca1+ primary cultures of the
posterior subcutaneous fat depot with carbaprostacyclin (cPGI2) (Babaei et al. 2017).
The latter represents a chemically stable PGI2-analogue as PGI2 itself is quickly
converted into the inactive metabolite 6-keto-PGF1α.

The cPGI2-induced conversion of committed precursors into brite adipocytes
in vitro is most efficient when the compound is added to the adipogenic culture
medium during eight consecutive days (Babaei et al. 2017; Bayindir et al. 2015).
Thermogenic maturation of these cells in response to cPGI2 treatment is initiated
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during an advanced stage of differentiation (Bayindir et al. 2015). This effect
likewise seems to originate from an interaction of cPGI2 with the cell surface IP
receptor as well as with the nuclear receptor PPARγ since cPGI2-induced Ucp1
expression is blunted during the differentiation of primary progenitors obtained from
WAT of mice with heterozygous PPARγ ablation or in the presence of an IP receptor
antagonist (Vegiopoulos et al. 2010). In fact, expression of the IP receptor is highest
in pre-adipocytes and follows a reduction during the adipogenic differentiation of
murine and human cells (Vassaux et al. 1992; Borglum et al. 1999). Thus, cPGI2
may orchestrate brite adipogenesis via an initial activation of the IP receptor of
committed pre-adipocytes to promote their thermogenic maturation in the further
progress of differentiation via a predominant interaction with PPARγ.

Intriguingly, cPGI2-induced brite adipogenesis is not restricted to murine
adipocytes but reproducible in human mesenchymal stem cells involving similar
signal transduction, either during a continuous treatment or upon 3 days of exposure
in the final stage of the adipogenic differentiation (Vegiopoulos et al. 2010; Ghandour
et al. 2016). The cPGI2-induced expression of Ucp1 in human and murine cells is
rather moderate compared to the potent effect of the PPARγ agonist rosiglitazone
(Ghandour et al. 2016; Babaei et al. 2017). This relative difference in potency may be
counterbalanced under physiological conditions since the naturally occurring PGI2 is
considered ten times more potent than its synthetic analogue (Aiken and Shebuski
1980;Whittle et al. 1980). However, the physiologic contribution of this system to the
recruitment of brite adipocytes in vivo is to date virtually unexplored. The production
of PGI2 in WAT of COX-2 overexpressing mice correlates well with their increased
abundance of brite adipocytes. This phenotype is associated with thermogenesis and
resistance to diet-induced obesity (Vegiopoulos et al. 2010). Moreover, adrenergi-
cally induced browning ofWAT is impaired in IP receptor knockout mice and inmice
with heterozygous ablation of PPARγ, indicating PGI2 signaling to be a modulator of
systemic energy expenditure (Vegiopoulos et al. 2010).

The effect of PGI2 on browning of murine adipocytes remains to be corroborated
by more studies. The author’s laboratories were not able to fully reproduce these
findings using our own proven protocols. Prostacyclin-mediated browning of murine
cells appears to require very precise culture conditions and may thus not constitute a
common, robust effect. Moreover, IP receptor knockout mice appear to be protected
from the adipogenic effect of a diet rich in ARA precursors, indicating PGI2
signaling to promote energy storage and fat mass expansion (Massiera et al. 2003).
This observation is well in line with enhanced adipogenic differentiation of cultured
cells in the presence of PGI2 (Negrel et al. 1989; Catalioto et al. 1991). Altogether,
these findings indicate a bifunctional role of PGI2 for adipocyte identity with an
effect on both brite and white adipogenesis. The underlying reasons remain to be
clarified but may involve, for instance, the PGI2 target cell itself, the abundance of
committed precursors within a tissue or a culture, or the presence of other adipogenic
factors in blood or cell culture sera, respectively. Further studies are needed to
corroborate the browning potential of PGI2 and to further explore its specific effect
on energy balance regulation under in vivo conditions.
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5.2 Prostaglandin E2

As member of the various prostaglandins produced via the COX pathway, prosta-
glandin E2 (PGE2) specifically arises from the action of the PGE synthase isozymes
on ARA-derived PGH2. As for other prostaglandins, the physiological effects of
PGE2 originate from its interaction with at least four cognate cell surface PGE
receptors (EP1-EP4). The individual physiological responses evoked by PGE2 are
not only the result of cell type-dependent variations in receptor expression but also
influenced by the specific signaling cascade of the receptor subtypes. While the EP1
subtype is Gq-coupled, the EP2 and EP4 subtypes couple to Gs, whereas the EP3
subtype couples to Gi. The latter is involved in mammalian febrile response
(Ushikubi et al. 1998; Lazarus et al. 2007), which is an indirect consequence of
central PGE2 signaling on BAT function. In a healthy organism, the hypothalamic
preoptic area (POA) translates the environmental temperature sensed by cutaneous
thermoreceptors into an appropriate physiological response to maintain normother-
mia. In a cold environment, this involves an inhibition of efferent POA neurons
culminating in the excitation of sympathetic nerves to activate BAT thermogenesis.
The activity of these efferent POA neurons is likely influenced by the EP3 receptor
[for a comprehensive review, see Morrison and Madden (2014)]. During febrile
response (e.g., to infection), elevated levels of central PGE2 act on the same neuronal
pathways mediating an increase in body temperature and energy expenditure via the
stimulation of BAT activity (Morrison 2016; Nakamura et al. 2002; Scammell et al.
1996).

Reduced systemic levels of PGE2 have been hypothesized to participate in the
afebrile regulation of body temperature (Foster et al. 2015). Besides centrally
mediated mechanisms, there is evidence for a direct interaction of PGE2 with
adipocytes affecting thermogenesis. In fact, exogenous PGE2 acutely increases the
oxygen consumption of brown adipocytes (Nagai et al. 1996). The administration of
16,16-dimethyl-PGE2 (a stable analogue of PGE2) to C57BL/6J mice enhances the
expression of Ucp1 mRNA in WAT suggesting an effect on brite adipocyte recruit-
ment (Madsen et al. 2010; Xue et al. 2016). This PGE2-mediated browning appears
to involve a coordinated interaction of distinct molecular effectors (Garcia-Alonso
and Claria 2014; Garcia-Alonso et al. 2013). Mice with an adipocyte-specific
knockout of PPARγ have elevated adipose tissue levels of PGE2 besides an
increased expression of its synthesizing enzymes COX and microsomal PGE
synthase 1 (mPGES1). This indicates a repressive effect of PPARγ on the PGE2-
synthesis pathway, confining the physiological origin of adipose tissue PGE2 pro-
duction to a cell type with low or absent PPARγ expression. In line with this, cells of
the stromal vascular fraction from murine subcutaneous adipose tissue show higher
PGE2 secretion compared to mature adipocytes (Ying et al. 2017). Exogenous PGE2

is able to suppress PPARγ expression in murine cells and to stimulate COX-2 and
mPGES1 expression of WAT explants, indicating the existence of an autocrine
positive feedback loop within the secreting cell to further elevate its own PGE2

production (Garcia-Alonso et al. 2013). Whereas the presence of PGE2 during the
adipogenic differentiation of primary epididymal pre-adipocytes enhances Ucp1
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expression over that of vehicle-treated wild-type cells, Ucp1 expression is unaltered
in PPARγ-ablated cells (Garcia-Alonso et al. 2013). Thus, the browning effect of
PGE2 appears to require the presence PPARγ within the target cell, although the
underlying mechanism is not yet conclusive in the light of its suppressive effect on
PPARγ expression. Moreover, the specific cell type responding to PGE2 has not yet
been determined and may differ between species. Adipocyte progenitors seem to be
a plausible target for the murine tissue as an acute treatment with PGE2 is capable of
increasing Ucp1 mRNA levels in cells of the stromal vascular fraction (Vegiopoulos
et al. 2010). Conversely, primary mature adipocytes derived from human omental fat
respond to acute PGE2 treatment with an increase in Ucp1 mRNA expression,
suggesting PGE2-mediated browning to arise from trans-differentiation of white
adipocytes (Garcia-Alonso et al. 2016). Such hypothesis is, however, not supported
by experiments with human multipotent adipose-derived stem (hMADS) cells that
serve as an established model system for human brite adipogenesis in culture (Elabd
et al. 2009; Pisani et al. 2011). The white-to-brite adipocyte conversion of these cells
is dose-dependently inhibited when 16,16-dimethyl-PGE2 is present in the culture
medium during an advanced stage of the adipogenic differentiation (Pisani et al.
2014).

The physiological effects of PGE2 are mediated via its interaction with the four
EP receptors, all of which are expressed in murine adipose tissue. The EP4 receptor
has been suggested to be responsible for the browning effect (Madsen et al. 2010),
which was further explored in EP4 receptor knockout mice recently (Ying et al.
2017). In fact, these mice show a more pronounced delipidation of their subcutane-
ous WAT depot than wild-type littermates after 10 days of repeated β3-adrenergic
stimulation. Interestingly, this phenotype is not related to the abundance of Ucp1 but
rather originates from mitochondrial biogenesis and a disequilibrium between lipid
droplet breakdown and synthesis. Thus, ablation of the EP4 receptor enhances
murine WAT remodeling, suggesting this receptor as a negative regulator of
adrenergically stimulated WAT browning. In contrast, the inhibitory effect of
16,16-dimethyl-PGE2 on brite adipogenesis of hMADS cells is even more pro-
nounced in the presence of an EP4 receptor inhibitor, indicating a supportive effect
on the trans-differentiation of human adipocytes (Pisani et al. 2014).

A question of profound interest is whether PGE2 is of any physiological relevance
for the recruitment of brite adipocytes in vivo. Pertaining to mice, reported effect
sizes on Ucp1 mRNA expression are rather small, and none of the aforementioned
studies provides information on Ucp1 protein expression, PGE2-induced oxygen
consumption of brite cultures or tissues, or physiological estimates of thermogenic
capacity depending on the size of the affected depot. Studies in COX-2 transgenic
mice or in mice with genetically or pharmacologically induced deficiency of COX-2
only provide limited information as physiological effects associated with brown/brite
adipocyte-derived thermogenesis (e.g., body temperature, whole-body energy expen-
diture, body mass development) may be influenced by altered production of various
COX-metabolites (Vegiopoulos et al. 2010; Madsen et al. 2010). Altogether, the
observations currently available suggest PGE2 to constitute a candidate compound
that may mediate the recruitment of non-shivering thermogenesis in WAT, whose
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potential requires comprehensive characterization in vitro and in vivo with particular
focus on species-specific effects.

5.3 Prostaglandin F2a

Together with PGI2 and PGE2, prostaglandin F2α (PGF2α) represents another
COX-derived prostaglandin produced by adipose tissues. The synthesis originates
from the metabolization of ARA into PGH2, which serves as a direct or indirect (via
the intermediate production of PGE2 and PGD2) substrate for the downstream
production of PGF2α by members of the aldo-keto reductase enzyme family. Its
cognate receptor (the FP receptor) is abundant in adipose tissues (Volat et al. 2012),
located at the cell surface, and couples to Gq, thus mediating the physiological
effects of PGF2α via an increase in intracellular calcium. This signaling pathway
attenuates Ucp1 expression during brite adipogenesis, thus rendering this compound
a negative regulator of thermogenic adipocyte function (Pisani et al. 2014). Intrigu-
ingly, the effect of PGF2α on adipocyte browning has not yet been investigated in
murine cells but is evident in hMADS cells. These cells can be differentiated into
white or brite adipocytes under serum-free conditions depending on the presence
(brite) or absence (white) of the PPARγ-activator rosiglitazone during the last days
of the differentiation phase. Co-administration of the stable PGF2α-analogue
fluprostenol during that phase dose-dependently blunts the levels of Ucp1 mRNA
and protein in brite hMADS adipocytes (Pisani et al. 2014). The effect is mediated
via activation of the FP receptor resulting in intracellular calcium oscillations with
subsequent phosphorylation of extracellular signal-regulated kinases (ERK). In line
with this, differentiation of brite hMADS in the presence of an ERK inhibitor or a
calcium-chelator restores fluprostenol-induced effects on Ucp1 expression. As
PGF2α signaling in adipocytes inhibits the activity of PPARγ (Reginato et al.
1998), the repressive effect of this compound on Ucp1 expression may be explained
by an antagonization of rosiglitazone during the conversion of white into brite
hMADS adipocytes.

Physiologic effects of PGF2α in adipose tissue may comprise both mature and
pre-adipocytes as responsive cell types. In fact, PGF2α signaling in cultured 3T3-L1
pre-adipocytes results in an inhibition of adipogenesis (Annamalai and Clipstone
2014; Liu and Clipstone 2007; Ueno and Fujimori 2011), which could be
hypothesized to limit the de novo maturation of thermogenic cells in vivo in the
long term. Genetically induced reduction of PGF2α production in mice, however,
results in the excessive accumulation of adipose tissue and adipocyte hypertrophy
(Volat et al. 2012) and thus appears to primarily promote general adipogenesis. As
brite adipogenesis in hMADS cells can be interpreted as a model system for trans-
differentiation, the thermogenic function of adipocytes may rather be affected by
reduced conversion of mature white into brite adipocytes in the presence of PGF2α
(Pisani et al. 2014). The increased production of this compound by adipose tissues
may antagonize the browning effect of other oxylipins and therefore limit adaptive
heat production under conditions of non-shivering thermogenesis.
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5.4 Lipoxin A4

The ARA-derivative lipoxin A4 (LXA4) is an eicosanoid belonging to the subclass of
lipoxins, whose biosynthesis is mediated via alternative routes within the LOX
pathway. The formation of LXA4 via the LOX-15 isozyme involves the intermediate
formation of 15-hydroperoxyeicosatetraenoic acid, whereas the metabolization of
ARA via LOX-5 results in the intermediate synthesis of leukotriene A4 serving as
precursor for the subsequent formation of both leukotriene B4 and LXA4. The
activity of LOX-5 is tightly controlled by interaction with its activating protein
ALOX5AP (Dixon et al. 1990; Miller et al. 1990). Overexpression of this protein
in adipose tissue of mice increases the levels of LXA4 but not leukotriene B4 in BAT,
subcutaneous WAT, and within the circulation (Elias et al. 2016). The subcutaneous
WAT of these mice is characterized by an increased abundance of multilocular cells
and elevated expression of Ucp1 protein under obesogenic and non-obesogenic
conditions. Although elevations in WAT Ucp1 expression are reproducible on
mRNA level during a 2-day injection of LXA4 in wild-type mice, it remains to be
determined whether adipose tissue browning in ALOX5AP transgenic mice is
entirely related to elevated LXA4 levels. In fact, LOX-5 is involved in the synthesis
of a number of oxylipins, some of which may complement the effect of LXA4 via a
direct or indirect interaction with cells of white adipose tissue.

A possible, direct action of LXA4 on cultured adipocytes has not been investi-
gated, but this oxylipin appears to influence the number and activity of Ucp1-
positive cells in ALOX5AP transgenic mice via a secondary mechanism. Cultiva-
tion of the liver cell line HepG2 in the presence of LXA4 results in higher mRNA
levels of bile acid synthesizing enzymes. In line with this, ALOX5AP transgenic
mice have higher levels of circulating bile acids as well as a higher fecal bile acid
excretion (Elias et al. 2016). Intriguingly, systemic bile acid levels have been
associated with elevated energy expenditure and reduced propensity to diet-induced
obesity (Watanabe et al. 2006, 2011, 2012; Teodoro et al. 2014; da-Silva et al.
2011; Zietak and Kozak 2016). These effects have been hypothesized to originate
from Ucp1-dependent thermogenesis based on the ability of bile acids to activate
brown adipocytes and to increase the abundance of brite adipocytes (Velazquez-
Villegas et al. 2018; Zietak and Kozak 2016; Teodoro et al. 2014; Watanabe et al.
2006). In line with these studies, ALOX5AP transgenic mice have a higher BAT
expression of the G-protein-coupled bile acid receptor 1 and display higher energy
expenditure that translates into attenuated body mass accumulation upon high-fat
diet feeding (Elias et al. 2016). However, the physiological relevance of Ucp1-
dependent thermogenesis, activated or recruited via such LXA4-bile acid-mediated
mechanism, requires careful elucidation in further studies. Bile acid-mediated
effects on energy expenditure seem to require the presence of Ucp1 (Zietak and
Kozak 2016), while such relationship was not reproduced in our own laboratory
(manuscript submitted). Thus, the currently available data do not support a direct
thermogenic function of LXA4 for brown and brite adipocytes, while its possible
secondary effect on Ucp1-dependent energy expenditure may be of minor
physiological relevance.
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5.5 12,13-Dihydroxy-9Z-Octadecenoic Acid

Besides the eicosanoids described above, there are several compounds belonging
to the class of octadecanoids recently associated with an impact on thermogenic
adipocyte function. Among them, 12,13-dihydroxy-9Z-octadecenoic acid
(12,13-DiHOME) represents a potent modulator of non-shivering thermogenesis
as recently demonstrated by Lynes and coworkers (Lynes et al. 2017). This com-
pound occupies a unique role among the oxylipins described herein as it exclusively
influences the thermogenic function of brown but not brite adipocytes. The metabo-
lite is generated in a two-step reaction from LA firstly forming its epoxide-precursor
12,13-epoxy-9Z-octadecenoic acid via the CYP450 pathway, which is subsequently
converted into the diol 12,13-DiHOME via four epoxide hydrolase isozymes
(Ephx1–4). Transcript levels of the Ephx1 and 2 genes are upregulated in murine
BAT in a cold (4�C) environment, rendering BAT an important source of circulating
12,13-DiHOME levels under conditions of non-shivering thermogenesis. In vivo,
the cold-induced release of 12,13-DiHOME appears to initiate an autocrine/para-
crine feedback reaction to enhance the thermogenic function of BAT. The causative
signal transducer has not yet been addressed but may involve PPARγ since such an
interaction has been described for its isomer 9,10-DiHOME (Lecka-Czernik et al.
2002). Interestingly, the thermogenic effect of 12,13-DiHOME does not result from
a direct effect on Ucp1 expression but rather originates from an immediately
augmented membrane translocation of adipocyte fatty acid transporters facilitating
the lipid absorption of mature brown adipocytes. Consequently, repeated adminis-
tration of 12,13-DiHOME to diet-induced obese mice results in enhanced
BAT-specific uptake of triglycerides and free fatty acids, thus affecting oral lipid
tolerance and serum triglyceride levels. This facilitated lipid uptake appears to
improve adaptive heat production as 12,13-DiHOME-treated cold-exposed mice
show an attenuated reduction of body temperature, an increased oxygen consump-
tion, and a reduction of the respiratory exchange ratio indicative of lipid oxidation.
Thus, 12,13-DiHOME supports non-shivering thermogenesis by increasing the
supply of BAT with circulating lipids. The molecular fate of internalized lipids,
however, remains subject to further experiments since fatty acids do not exclusively
serve as fuel for thermogenesis but also as direct activators of Ucp1. Moreover,
further studies are required not only to clarify whether this thermogenic mechanism
is dependent on the presence of Ucp1 but also to determine the most effective
therapeutic dosage of the oxylipin. In fact, supraphysiological concentrations of
LA-diols interfere with the mitochondrial function of mammalian cells (Moran et al.
1997; Sisemore et al. 2001). Although the chronic treatment of diet-induced
obese mice with 12,13-DiHOME does not affect body mass development (Lynes
et al. 2017), this compound may have therapeutic relevance in the context of
dyslipidemia. Intriguingly, circulating 12,13-DiHOME levels in humans correlate
with BAT activity in response to acute cold exposure (14�C), emphasizing the
translational significance of this novel effector (Lynes et al. 2017).
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5.6 Hydroxyoctadecadienoic Acids

Recruitment of brite adipocytes in response to cold exposure involves interleukin-4
(IL-4) dependent, adipose-directed migration of alternatively activated M2
macrophages. This brite adipogenic mechanism has been ascribed to the local pro-
duction of macrophage-derived catecholamines (Nguyen et al. 2011; Qiu et al. 2014),
but this was questioned lately (Fischer et al. 2017). A recent publication suggests the
octadecanoids 9-hydroxyoctadecadienoic acid (9-HODE) and 13-HODE as alterna-
tivemediators ofmacrophage-dependent adipose tissue browning (Lee et al. 2016). In
their study, Lee and coworkers observed a transiently increased number of lipid-
laden, cluster of differentiation 44 positive (CD44+) F4/80 macrophages in the
stromal vascular fraction of murine gonadal WAT upon 3 days of β3-adrenergic
treatment. This particular macrophage fraction is characterized by an increased
production of 9-HODE and 13-HODE. In vivo, this macrophage-derived secretion
of 9-HODE and 13-HODE could be supported by adipocyte-derived fatty acids as
CD44+ macrophages accumulate their triglycerides during the clearance of dying
adipocytes. This hypothesis is supported by the observation that β3-adrenergic treat-
ment causes F4/80 macrophages to form crown-like structures in adipose tissue with
elevated expression of the genes cluster of differentiation 36 (Cd36) and arachidonate
15-lipoxygenase (Alox15) in the CD44+ fraction. Whereas the first encodes a fatty
acid transporter that may catalyze the uptake of adipocyte-derived fatty acids, the
second encodes a LOX-enzyme involved in the biosynthesis of HODE from LA. The
expression of macrophage Alox15 protein increases during co-culture with dying
adipocytes alongwith the accumulation ofmarkers typical for alternativemacrophage
activation. As these events occur in the presence but not absence of IL-4, the
production of 9-HODE and 13-HODE likely represents a downstream event mediated
by CD44+ macrophages following their targeted M2 polarization.

Alternatively activated M2 macrophages not only form crown-like structures to
clear the tissue from dying adipocytes but also recruit adipocyte progenitors
expressing the platelet-derived growth factor receptor A (Lee et al. 2013, 2014).
This particular fraction is capable of undergoing brite adipogenesis (Lee et al. 2012).
Indeed, adipogenic differentiation of these precursor cells in the presence of
9-HODE, 13-HODE, or rosiglitazone for 3 days results in an increased sensitivity
toward β-adrenergic stimulation characterized by elevated Ucp1 mRNA levels,
lipolysis, and Ucp1-dependent oxygen consumption following isoproterenol treat-
ment (Lee et al. 2016). It remains to be determined whether these effects originate
from an interaction with either PPARγ, the cation channel TRP vanilloid 1 (TRPV1),
or the G-protein-coupled receptor 132, all of which serving as receptors for these
oxylipins (Nagy et al. 1998; Obinata et al. 2005; Patwardhan et al. 2009; Huang et al.
1999).

Thus, 9-HODE and 13-HODE represent candidate compounds for the browning
of WAT likely acting in a paracrine manner following their orchestrated production
from immune cells. The latter fraction complements mature and pre-adipocytes as
source of adipose-derived oxylipins with brite adipogenic potential.
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5.7 10-Oxo-12(Z)-Octadecenoic Acid

The intestinal microbiome has been repeatedly hypothesized to be a signi-
ficant contributor to systemic energy balance regulation [see Moran-Ramos et al.
(2017) and Zhang et al. (2017) for recent reviews]. This relationship appears to be
contributed by the bacterial turnover of dietary LA affecting energy
expenditure. Lactic acid bacteria are capable of producing the octadecanoid
10-oxo-12(Z)-octadecenoic acid (KetoA) and further structurally related LA
metabolites (Kishino et al. 2013). Considerably higher levels in colon, small intes-
tine, and plasma of conventional vs. germ-free mice render the intestinal microbiome
a significant source of these compounds (Kishino et al. 2013). In their recent study,
Kim and coworkers show that KetoA represents an activator of TRPV1 (Kim et al.
2017). Physiological effects of oral KetoA administration investigated in the same
study rely on the TRPV1-dependent initiation of an afferent signaling cascade within
the gastrointestinal tract as demonstrated by the use of TRPV1 knockout mice and
mice subjected to gastric vagotomy. Afferent signaling of KetoA via the nervus
vagus results in the excitation of efferent sympathetic pathways. KetoA-induced,
sympathetic signaling may selectively target BAT and WAT but not the cardiovas-
cular system as the turnover of norepinephrine is elevated locally in these tissues but
not in the heart. Moreover, this sympathetic norepinephrine release translates acutely
and chronically into elevated Ucp1 expression in BAT and WAT under obesogenic
and non-obesogenic conditions. In line with an elevated capacity for non-shivering
thermogenesis, KetoA-supplemented mice of the C57BL/6 and KK-Ay strains but
not TRPV1 knockout mice show reduced propensity to diet-induced obesity,
elevated rectal body temperature and energy expenditure.

The TRPV1 receptor is expressed by adipose tissue, and treatment of cultured
cells with the TRPV1 agonist capsaicin affects brown and brite adipogenesis (Kida
et al. 2016; Baboota et al. 2014). KetoA may thus be able to complement Ucp1-
dependent non-shivering thermogenesis via a direct interaction with TRPV1 of
adipocytes upon spillover into the bloodstream. Such direct effect may be supported
by its property to interact with PPARγ (Goto et al. 2015), although the knockout of
TRPV1 is sufficient to explain the majority of physiologic effects induced by oral
KetoA (Kim et al. 2017). In fact, Kim and coworkers report KetoA to be undetect-
able in plasma of KetoA-supplemented mice (Kim et al. 2017), indicating the
physiologic effects induced by this compound to entirely rely on secondary signaling
upon activation of TRPV1 in the intestine. The effect of KetoA, however, has not
been investigated upon administration via other peripheral routes (e.g., intraperito-
neal or subcutaneous) or with cultured adipocytes.

Although the actual relevance of Ucp1-dependent thermogenesis remains to be
assessed, the oxylipin KetoA appears to be a potent modulator of systemic energy
expenditure of microbial origin. The physiological relevance of this microbiome-
host-interaction should be further addressed in studies using KetoA-supplemented
conventional and germ-free mice under conditions (e.g., cold exposure) that promote
Ucp1-dependent non-shivering thermogenesis.

200 S. F. Maurer et al.



5.8 Endocannabinoids

The endocannabinoid system is well-known for its implication in energy homeosta-
sis [reviewed by Matias and Di Marzo (2007), Silvestri and Di Marzo (2013),
Richard et al. (2009)]. The best studied entity in this regard is the CB1 receptor
expressed by various brain areas associated with the regulation of food intake and
energy turnover. Its activation increases body mass by elevated food intake as well
as reduced energy expenditure and thus centrally signals a positive energy balance
(Kirkham et al. 2002). In line with this, treatment of mice with the synthetic CB1
antagonist rimonabant decreases food intake and body mass (Jbilo et al. 2005) and
increases glucose and lipoprotein clearance by BAT (Bajzer et al. 2011; Boon et al.
2014).

While the importance of the endocannabinoid system for the regulation of energy
homeostasis is strongly supported by the aforementioned studies, it is still a matter of
debate (1) whether effects on energy expenditure are exclusively or only partially
mediated by central cannabinoid receptors and (2) whether effects on energy expen-
diture originate from brown and brite adipocyte-derived thermogenesis. On the one
hand, exclusive stimulation of peripheral CB1 in diet-induced obese mice is suffi-
cient to reduce their body mass and to increase their energy expenditure, suggesting
the occurrence of cannabinoid-dependent thermogenesis in the absence of central
signaling (Boon et al. 2014). On the other hand, a genetically induced decrease of
2-AG levels (an endogenous CB1 agonist) in the murine forebrain results in elevated
mitochondrial abundance and Ucp1 protein expression in BAT, increased body
temperature upon adrenergic stimulation, and reduced body mass accumulation
under obesogenic and non-obesogenic conditions (Jung et al. 2012), thus arguing
for a central regulation of peripheral energy expenditure by the cannabinoid system.
This is further supported by studies in mice with forebrain-specific CB1 deletion,
which are resistant to diet-induced obesity and show higher body temperature under
cold stimulation (Quarta et al. 2010). Elevated Ucp1 mRNA expression and glucose
uptake in BAT of these mice indicates the recruitment of BAT-derived thermogene-
sis via central cannabinoid signaling (Quarta et al. 2010). Moreover, treatment of
cultured murine white and brown adipocytes with a synthetic CB1 agonist decreases
Ucp1 protein levels, suggesting a direct regulation of adipocyte-derived thermogen-
esis by the peripheral endocannabinoid system (Perwitz et al. 2006; Boon et al.
2014). In line with this, the adipose-specific knockout of the CB1 receptor is
sufficient to induce a lower body mass in mice and to reduce the propensity to
diet-induced obesity (Ruiz de Azua et al. 2017). Rimonabant-treated mice show
increased Ucp1 mRNA in BAT independent of sympathetic innervation (Bajzer
et al. 2011), providing additional evidence for the importance of peripherally
expressed CB1. Hypothesizing the adipocyte CB1 receptor as direct repressor of
Ucp1-dependent thermogenesis, ablation of its ligands should be expected to mimic
the effect of the CB1 knockout. Such relationship was further investigated in mice
with an adipocyte-specific knockout of NAPE-PLD, representing the enzyme that
synthesizes the endocannabinoid AEA and endocannabinoid-like compounds
(Geurts et al. 2015). As expected, the knockout translates into reduced levels of
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the respective metabolites. Surprisingly, these mice have reduced Ucp1 mRNA
expression and elevated body mass under obesogenic and non-obesogenic
conditions, suggesting the endocannabinoid system as a positive regulator of
adipocyte-derived thermogenesis. Thus, the significance of the endocannabinoid
system as a direct or indirect regulator of Ucp1-dependent thermogenesis requires
further deciphering as it appears to involve a complex regulation of the implicated
effectors.

The potential of individual endocannabinoids or endocannabinoid-like comp-
ounds to activate or recruit Ucp1-dependent non-shivering thermogenesis is largely
unexplored. Stimulation of mice by cold exposure or with a β3-adrenergic agonist
increases the levels of endocannabinoids and NAEs like OEA in BAT and especially
in WAT (Krott et al. 2016). Krott and coworkers hypothesize this regulation of the
endocannabinoid system to mediate an autocrine negative feedback mechanism
limiting the capacity for Ucp1-dependent thermogenesis during the recruitment of
brown and brite adipocytes. However, mice supplemented with OEA exhibit
increased thermogenic capacity in BAT, energy expenditure, and BAT temperature
after β3-adrenergic treatment, suggesting this compound to potentiate the recruitment
of Ucp1-dependent heat production (Suarez et al. 2014). As OEA is unable to bind
cannabinoid receptors (Fonseca et al. 2013), this effect may be mediated by an
interaction with PPARα of brown and brite adipocytes (Fu et al. 2003). Further
studies are needed to manifest the positive regulatory role of OEA on Ucp1-
dependent non-shivering thermogenesis and to elucidate the potential of other
endocannabinoids and endocannabinoid-like compounds.

6 Nutritional Interventions to Modulate Oxylipin Formation
and the Thermogenic Capacity of Adipose Tissues

Dietary PUFAs constitute an important part of the human nutrition. The dietary
ω-6/ω-3 ratio has shifted from approx. 1:1 during the Paleolithic period to 15:1 and
higher in modern societies, which is associated with the occurrence of obesity related
to adipose tissue dysfunction (Simopoulos 2016). Concomitantly, the activity of
BAT among adult humans is highest in lean and lowest in obese subjects (Saito et al.
2009; Cypess et al. 2009; van Marken Lichtenbelt et al. 2009; Vijgen et al. 2011).
Treatment of hMADS cells with ARA blunts Ucp1 expression during brite
adipogenesis, which is prevented upon co-treatment with EPA (Ghandour et al.
2018; Pisani et al. 2014). Thus, a causal relationship between dietary PUFA-uptake,
the abundance and activity of thermogenic adipocytes, and energy expenditure may
be hypothesized.

Evidence supporting a role of fatty acids and their metabolites in the activation of
BAT and the recruitment of brite adipocytes has accumulated during recent years
(Okla et al. 2017). Several studies have particularly investigated the effects of ω-3
fatty acids and show that supplementation of mice with fish oil comprising diets rich
in EPA and DHA results in an elevated expression of Ucp1 in BAT and/or WAT
(Kim et al. 2015, 2016; Bargut et al. 2016a, b). These in vivo findings are further
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supported by in vitro experiments. Treatment of murine primary white and brown
pre-adipocytes with EPA increases thermogenic gene expression and concomitantly
enhances markers of mitochondrial abundance and function (Kim et al. 2016; Zhao
and Chen 2014). Similarly, EPA elevates Ucp1 expression of human primary
adipose tissue-derived stem cells, but the same effect is not observed in the presence
of DHA (Fleckenstein-Elsen et al. 2016). Thus, ω-3 fatty acids and particularly EPA
appear to beneficially affect the recruitment of Ucp1-positive cells in vivo and
in vitro. Mechanistically, such effect may be mediated by a direct interaction of
EPA with free fatty acid receptors (Quesada-Lopez et al. 2016; Kim et al. 2016), for
instance, or via their conversion to bioactive metabolites. In fact, the fatty acid
composition of membranes and thus the endogenous oxylipin profile changes
upon nutritional interventions. Accordingly, the systemic production of ω-3-derived
metabolites is enhanced upon dietary supplementation of ω-3 PUFAs [for a review,
see Ostermann et al. (2017)].

The potential of nutritional interventions to modulate the abundance or activity of
Ucp1-positive adipocytes as a direct consequence of altered oxylipin production is
virtually unexplored. Recent studies support the hypothesized role of the dietary
ω-6/ω-3 ratio in this context (Pisani et al. 2014; Ghandour et al. 2018). Mice were
subjected to chow diets supplemented with ω-6 or ω-3 PUFAs to achieve a dietary
ω-6/ω-3 ratio of 30 or 3.7, respectively. After 11 weeks of feeding, mice were treated
with a β3-adrenergic agonist for another week to stimulate the recruitment of
non-shivering thermogenesis in BAT and WAT. The expression of Ucp1 is more
pronounced in BAT and WAT of ω-3-supplemented mice. This effect is
hypothesized to originate from PGF2α, whose production is reduced in both tissues
of ω-3- vs. ω-6-supplemented mice upon β3-stimulation. This reduced production is
reproducible in ARA-treated brite hMADS cells upon co-incubation with EPA
accompanied by a restoration of Ucp1 expression. As described above (Sect. 5.3),
PGF2α is a negative regulator of Ucp1-dependent thermogenesis in hMADS cells. In
line with this, the capacity for non-shivering thermogenesis is impaired under
conditions that favor the production of this compound. Mice on a chow diet
supplemented with ARA have a higher WAT-production of PGF2α compared to
mice receiving oleic acid supplementation. This production rate of PGF2α remains
elevated following β3-adrenergic treatment. This regulation is well in line with the
impaired recruitment of Ucp1 protein and the reduced abundance of multilocular
adipocytes in WAT of ARA-supplemented vs. oleic acid-supplemented mice. Thus,
these studies support the hypothesis that non-shivering thermogenesis is modifiable
by the oxylipin pattern produced in response to a dietary intervention. These studies
suggest this effect to primarily result from an antagonistic mechanism that reduces
the production of individual ω-6-derived compounds rather than originating from an
elevated abundance of ω-3-derived compounds acting as thermogenic effectors. This
regulation may constitute one possible mechanism to explain the beneficial effect of
dietary ω-3 supplementation on energy expenditure and cold tolerance (Kim et al.
2015, 2016). A possible relationship between dietary PUFA supplementation,
changes in the endocannabinoid profile of adipose tissues, and the induction or
activation of thermogenic adipocytes remains to be assessed.
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7 Conclusion

Oxylipins and endocannabinoids represent two metabolite classes originating from
the metabolic conversion ofω-3 and ω-6 PUFAs. These bioactive compounds affect a
plethora of physiological processes constituting their role as essential regulators of
metabolic control. Since only a few years, there is accumulating evidence for a novel
role for these effectors as regulators of Ucp1-dependent non-shivering thermogene-
sis. Several individual compounds with the potential to affect brown and brite
adipocytes have been identified (Fig. 2). These compounds appear to modulate
thermogenic adipocytes on multiple levels by acting as (1) upstream effectors
influencing non-shivering thermogenesis via a secondary mechanism, (2) direct
effectors of adipocyte identity and function, or (3) sensitizers to enhance Ucp1-
derived heat production in response to a thermogenic stimulus. Thus, they can act
directly in adipose tissues or indirectly via central or peripheral circuitries. Accord-
ingly, the production of thermogenic effector compounds is not restricted to local
entities such as mature adipocytes, pre-adipocytes, or immune cells, but involves
distant sites such as the central nervous system or the intestinal microbiota, which
may in turn facilitate the delivery of effectors via the blood circulation. Their
production and their biological effect are regulated in a complex manner affected

Fig. 2 Schematic summary of oxylipins affecting the recruitment or function of Ucp1-positive
brown and brite adipocytes. The compounds PGI2, PGE2, PGF2α, 12,13-DiHOME, 9-HODE, and
13-HODE likely act in autocrine or paracrine manner upon their local production in adipose tissues
by mature adipocytes, pre-adipocytes, or immune cells. The compound LXA4 produced in BAT and
WAT is thought to affect hepatic bile acid production, which is in turn hypothesized to signal Ucp1-
dependent thermogenesis. The microbial-derived compound KetoA stimulates gastrointestinal
afferences to signal thermogenesis via sympathetic pathways. Endocannabinoids and
endocannabinoid-like compounds (not depicted) may complement oxylipin-mediated effects on
brown and brite adipocytes via direct or centrally mediated pathways.
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by multiple variables such as the abundance of the precursor fatty acid, the enzymatic
pathway involved, the responding cell type, and the implicated receptor and signaling
pathway. Future studies may not only focus on the physiological potential of such
compounds to affect parameters associated with Ucp1-dependent energy expenditure
(such as adrenergically induced heat production, cold tolerance, or the regulation of
body mass) but also on the manipulation of their production and signaling pathways.
Nutritional interventions seem to represent a useful tool, although their effect is not
restricted to the modulation of a single compound but may trigger the systemic
generation of a profile that favors the abundance or activity of thermogenic
adipocytes. Sophisticated analysis techniques with a high sensitivity will not only
help to decipher effects of oxylipins and endocannabinoids on brown and brite
adipocyte function in the future but also facilitate the identification of further
compounds with thermogenic potential.
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Abstract
Brite/brown adipose tissue (BAT) is a thermogenic tissue able to dissipate energy
via non-shivering thermogenesis. It is naturally activated by cold and has been
demonstrated to increase thermogenic capacity, elevate energy expenditure, and
to ultimately contribute to fat mass reduction. Thus, it emerges as novel thera-
peutic concept for pharmacological intervention in obesity and other metabolic
disorders. Therefore, the comprehensive understanding of the regulatory network
in thermogenic adipocytes is in demand.

The surprising findings that (1) all human protein-coding genes make up not
more than 2% of our genome, (2) organismal complexity goes well along with
the percentage of nonprotein-coding sequences, and that (3) three quarters of
our genome are pervasively transcribed, provide evidence that noncoding
RNAs (ncRNAs) are not junk, but a significant and even predominant part of
our transcriptome representing a treasure chest worth retrieving regulatory
determinants in biological processes and diseases.

In this chapter, the impact of regulatory small and long ncRNAs (lncRNAs) in
particular microRNAs and lncRNAs on BAT formation and metabolic function
and their involvement in physiological and pathological conditions has been
reviewed.

Keywords
Brite/brown thermogenic adipocyte · Brown adipose tissue · Long noncoding
RNA · Metabolism · microRNA · Noncoding RNA · Obesity · Regulatory RNA

1 Introduction

The adipose organ is an important player in the regulation of whole-body energy
homeostasis, including fatty acid and glucose metabolism, and contributes to many
of an organism’s pivotal requirements of survival: fuel for metabolism, immune
responses, lactation, and thermogenesis (Cinti 2012). The adipose organ can be
divided into two distinct types of adipose tissues, white (WAT) and brown (BAT)
adipose tissue: WAT is specialized for the storage and release of chemical energy
(Cinti 2012; Cohen and Spiegelman 2016), while BAT is able to dissipate energy in
the form of heat (thermogenesis). Interestingly, WAT and BAT do not display clear
anatomical boundaries; as in rodents and humans, islands of brown-like adipocytes
emerge within WAT depots after cold or β-adrenergic receptor stimulation. These
adipocytes, termed “brite” (brown-in-white) or “beige” adipocytes, differ by embry-
onic origin from genuine brown adipocytes but are functional, i.e., thermogenically
active (Petrovic et al. 2010; Wu et al. 2012). Brite/brown adipocytes are endowed
with high capacity of glucose and lipid oxidation thus making the brite/brown
adipose tissue a promising target for lowering plasma levels of glucose and fatty
acids thus diminishing the risks of overweight, obesity, and follow-up complications
(Nedergaard et al. 2011). Indeed, brite/brown adipocyte formation and activation
emerge as a novel therapeutic concept for pharmacological intervention in obesity
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and other metabolic disorders (Nedergaard and Cannon 2010), and the identification
of regulatory factors and drugs able to initiate the formation and activation of
thermogenic adipocytes, particularly in humans, is in demand and constitutes a
highly active research field.

In this review, I tempt to summarize recent findings on a novel class of regulatory
determinants in BAT biology with impact on metabolism and disease, noncoding
RNAs (ncRNAs).

2 Noncoding RNAs

For a long time, research on molecular mechanisms has been centered on protein-
coding genes. However, efforts investigating our entire genome brought up
surprising discoveries. Firstly, the Human Genome Project revealed much less
protein-coding genes than previously expected, and all 20,500 protein-coding
genes known in human make up not more than 2% of our genome, raising questions
for the majority of 98% of our genome (Lander et al. 2001; Venter et al. 2001).
Secondly, even single cell organisms such as Tetrahymena thermophila exceed the
number of human protein-coding genes, indicating that this is not the determinant of
organismal complexity (Taft et al. 2007). However, organismal complexity goes
well along with the increasing relative amount of nonprotein-coding sequences,
suggesting indeed a function for the noncoding part of the genome in higher
organisms (Taft et al. 2007). Thirdly, the ENCODE project intriguingly
demonstrated transcriptional activity for 74.7% of the human genome, with many
novel nonprotein-coding transcripts of small and long ncRNA (Birney et al. 2007;
Djebali et al. 2012; Dogini et al. 2014). Altogether, these findings indicate that the
noncoding part of the genome is not “junk” DNA, but a significant and even
predominant part of our genome representing a promising treasure chest worth
retrieving regulatory determinants in both biological processes and diseases.

ncRNAs are defined as RNA transcripts that do not encode a protein and are
divided into two primary categories: small ncRNAs (<200 nt) and long ncRNAs
(lncRNAs; >200 nt). Some small ncRNAs are housekeeping RNAs, such as tRNA,
snRNA, and snoRNA, which are crucial for cell physiology, while others, such as
microRNAs (miRNAs) and piRNAs, are associated with protein-coding gene regu-
lation (Fig. 1). Also lncRNAs comprise housekeeping RNAs, such as ribosomal
RNAs (rRNAs), and regulatory elements such as lncRNAs, including antisense
RNAs (AS-RNAs) and enhancer RNAs (eRNAs) (Ponting et al. 2009; Wilusz
et al. 2009; Vance and Ponting 2014; Sun and Kraus 2015; Iyer et al. 2015).

miRNAs were first discovered in 1993 and are to date the most extensively
studied class of ncRNAs, with more than 2,500 candidates in human and 1,900
candidates in mouse (Lee et al. 1993). MiRNAs are endogenous, single-stranded,
noncoding, small RNAs with a length of 21–22 nucleotides that are involved in
regulating gene expression in the cytoplasm by incorporating into the RNA-induced
silencing complex (RISC), and preferential binding to specific sequences in the
30-UTR of their target mRNAs suppress translation or induce mRNA degradation
(Filipowicz et al. 2008).
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On the other hand, regulatory lncRNAs were already discovered in 1990, with
now more than 58,000 loci found in human (Brannan et al. 1990; Iyer et al. 2015).
They are found in the cytoplasm as well in the nucleus where they bind to enhancer
regions, promoter sequences, 50-UTRs, exons, introns, intragenic regions, intergenic
sequences, antisense sequences, and 30-UTRs. The regulatory role of lncRNAs is
directly dependent on their cellular localization. In the cytoplasm, lncRNAs can act
as molecular decoys for proteins and microRNAs, while in the nucleus, lncRNAs
have been shown to perform as transcriptional activators or inhibitors in cis, i.e.,
regulating neighboring genes, or in trans, i.e., regulating genes from other regions or
chromosomes (Zhang et al. 2014). However, in contrast to miRNAs, lncRNAs are
poorly conserved between species and are highly tissue-specific, which makes them
specifically and tightly regulated, even though they are found at lower abundance
compared to mRNAs (Babak et al. 2005; Mercer et al. 2008; Guttman et al. 2009;
Ramsköld et al. 2009; Derrien et al. 2012).

Over the last decades, it has been unraveled that small and lncRNAs govern the
formation and function of tissues and organs, including the adipose organ. For the
characterization of miRNAs in the adipose organ, several mouse models with
adipose-specific knockout of key regulators of miRNA biogenesis were generated.
Importantly, fat-selective inactivation of Dicer, an essential factor in miRNA bio-
genesis, resulted in mice which were almost devoid of WAT (Mudhasani et al. 2010,
2011). Moreover, adipose-specific ablation of Dicer or DGCR8 in mice, another
crucial determinant in miRNA biogenesis, displayed enlarged but pale interscapular
BAT, decreased expression of genes characteristic of brown fat, and intolerance to
cold exposure (Mori et al. 2014; Kim et al. 2014). These findings suggest a pivotal
role of miRNAs in the formation of white, brite, and brown adipocytes. In recent
years, an explosion in the identification of ncRNAs and their functions was
observed, yet one only began to understand the complexity of this new regulatory
RNA world, in particular how ncRNAs control various aspects of gene expression

Non-coding RNAs

Long ncRNAs (> 200 nt)Small ncRNAs (< 200 nt)

tRNAsHousekeeping:

Regulatory:

snRNAs snoRNAs

miRNAs piRNAs

rRNAs

lncRNAs

Fig. 1 Classification of noncoding RNAs (ncRNAs): ncRNAs with less than 200 nucleotides
(nt) in length are small ncRNAs, while noncoding transcripts with a length of more than 200 nt are
defined as long ncRNAs (lncRNAs). tRNAs transfer RNAs, snRNAs small nuclear RNAs, snoRNAs
small nucleolar RNAs, miRNAs microRNAs, piRNAs piwi-associated RNAs, rRNAs ribosomal
RNAs, lncRNAs long non-coding RNAs
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and their involvement in diseases (Prasanth and Spector 2007; de Almeida et al.
2016). The impact of miRNAs on diseases is acknowledged by their deployment as
biomarkers, drugs, and/or drug targets, with first candidates in clinical trials phase
1 and 2 (Wahid et al. 2010, 2014; van Rooij et al. 2012; Hydbring and Badalian-
Very 2013; Christopher et al. 2016), while the impact of lncRNAs as potential
diagnostic markers and/or valuable therapeutic targets for diseases is just emerging.
Here, we review the regulatory impact of miRNAs and lncRNAs on BAT biology
and thermogenic capacity and their involvement in metabolic disease.

3 MicroRNAs in Brite/Brown Adipose Tissue

Brite/brown adipocyte differentiation is tightly governed in a coordinated manner
using various regulatory pathways which finally activate several transcription factors
and coactivators (Xue et al. 2005; Kajimura et al. 2010), such as peroxisome
proliferator-activated receptor α (PPARα) and γ (PPARγ), PPARγ-coactivators-1
[PGC-1α (Puigserver et al. 1998; Rohas et al. 2007) and PGC-1β (Villena 2015)],
cAMP responsive element binding protein (CREB), CCAAT/enhancer-binding
proteins (C/EBPs) (Tanaka et al. 1997; Rosen et al. 2002), PR domain containing
16 (PRDM16) (Seale et al. 2008, 2011), and activating transcription factor 2 (ATF2)
(Cao et al. 2004), but can also repress transcriptional repressors, such as the
corepressor receptor-interacting protein 140 (RIP140) (Kiskinis et al. 2014) in
order to induce the expression of browning genes, with UCP1 as the hallmark
of brite/brown adipocytes. These transcriptional factors drive the brite/brown
adipogenic program, which ultimately leads to the remodeling of the adipocyte
including increased mitochondrial density and size, altered mitochondrial morphol-
ogy with laminar cristae, lipid droplets of smaller size but of higher number per
adipocyte, and increased oxidative capacity of carbohydrates and fatty acids. The
pathways which are known to be targeted by miRNAs are illustrated in Fig. 2.

3.1 miRNAs Targeting PPARg and PRDM16 in Brite/Brown
Adipogenesis

In this context, miR-27 was found to be endogenously downregulated during white
and brite/brown adipocyte differentiation, as well as in BAT and WAT. Moreover,
miR-27 was identified as central upstream inhibitor of PPARγ in white adipocyte
differentiation (Karbiener et al. 2009) and was shown to directly target and repress
a number of essential factors of the brite/brown transcriptional network, e.g.,
PRDM16, CREB, PGC-1α/β, PPARα, and PPARγ, during brite/brown adipogenesis
(Fig. 2) (Sun and Trajkovski 2014; Zhu et al. 2014). Under pathophysiological
conditions, miR-27 was less abundant in mature adipocytes of obese compared to
lean mice (Kim et al. 2010), thus probably allowing adipose tissue hyperplasia,
while miR-27 was found to be more abundant in the adipose tissue of hyperglycemic
Goto-Kakizaki rats compared to normoglycemic Brown Norway rats, which could
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also be corroborated by elevated miR-27 levels in 3T3-L1 adipocytes, a murine
adipogenesis model, upon exposure to increased glucose concentrations (Herrera
et al. 2010).

The muscle-enriched miR-133 was found to be markedly downregulated in BAT
and subcutaneous WAT. This repression is a result of decreased expression of the
myocyte enhancer factor 2 (MEF2), its transcriptional regulator, which is also
repressed upon elevated cyclic AMP (cAMP) levels after cold exposure. In line
with this, inhibition of miR-133 or Mef2 promotes brite and brown adipogenesis.
Mechanistically, miR-133 directly targets and represses PRDM16 (Trajkovski et al.
2012).

The targeted deletion of the RNA-binding protein KSRP, that regulates gene
expression at several levels, caused a reduction in adiposity, with elevated expres-
sion of brite/brown marker genes in subcutaneous WAT, and in reduced expression
of miR-150. In this context, forced expression of miR-150 indeed attenuated the
browning program. Mechanistically, miR-150 directly targets and represses
PRDM16 and PGC-1α (Chou et al. 2014).

3.2 miRNAs Targeting the cAMP-PKA-CREB and p38-ATF2
Signaling Pathways in BAT

β-adrenergic receptor signaling leads to elevated levels of cAMP, followed by
p38/MAPK signaling, which all play a vital role in BAT thermogenic response
leading to ATF2 activation, thus promoting transcription of downstream targets such
as PGC-1α, UCP1, and FGF21 (Cao et al. 2004; Robidoux et al. 2005). Conversely,
repressors of p38/MAPK signaling, such as TOB1, are able to silence the pathway
under normal conditions (Sun et al. 2013; Wu et al. 2015).

In this context, miR-378/378* is a miRNA encoded within the PGC-1β gene and
was the first miRNA found to increase BAT mass and is sufficient to prevent both
genetic and high fat diet (HFD)-induced obesity. Mechanistic studies at the molecu-
lar level revealed that miR-378/378* directly targets the phosphodiesterase (PDE)
(Fig. 2), which then leads to diminished degradation of cAMP to AMP, thus leading
to elevated cAMP levels which activate PKA and downstream signaling pathways
(Pan et al. 2014). Moreover, another study demonstrated that the ω-3 fatty acid
eicosapentaenoic acid (EPA) binds and activates the free fatty acid receptor
(FFAR4), a functional receptor for n-3 polyunsaturated fatty acids (PUFA), which
positively modulates miR-378 leading to elevated cAMP levels and ultimately
UCP1 expression (Kim et al. 2016).

Another miRNA, miR-32, was identified to be expressed selectively in BAT, and
its levels were elevated by cold exposure. Mechanistically, miR-32 directly targets
the p38/MAPK signaling repressor TOB1, thus diminishing the repressive effect of
TOB1 on p38/MAPK signaling which leads to phosphorylation and activation of
ATF2 with enhanced BAT thermogenesis (Fig. 2). Interestingly, this also drives
FGF21 expression and secretion from BAT, thereby also trans-activating the
browning of WAT (Ng et al. 2017).
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3.3 miRNAs Ultimately Modulating C/EBPb Activity

C/EBPβ is a critical transcription factor that activates transcription of C/EBPα and
PPARγ, two important transcriptional inducers of the adipogenic brite/brown tran-
scriptional program. C/EBPβ cooperates with PRDM16 in a complex that initiates
both brown adipocyte differentiation from myoblastic precursors and brite adipocyte
formation in subcutaneous WAT (Kajimura et al. 2009; Seale et al. 2011; Jimenez-
Preitner et al. 2011).

In this context, miR-155 has been demonstrated to be enriched in BAT, highly
enriched in proliferating brown preadipocytes, and declines after induction of brown
adipogenesis. Thus inhibition of miR-155 enhanced brite and brown adipogenesis
and increased BAT thermogenesis and browning of WAT in mice, while mice
transgenically overexpressing miR-155 exhibited reduced BAT mass and function.
Interestingly, as direct target of miR-155, C/EBPβ was identified, with C/EBPβ
repressing again miR-155 expression, thus forming a self-inhibitory feedback loop
that tightly governs brite/brown adipogenesis (Fig. 2) (Chen et al. 2013).

miR-196a was found to be specifically required for the induction of the browning
program of WAT, not BAT, progenitor cells. Mechanistically, HOXC8 was
identified as direct miR-196a target and was repressed post-transcriptionally
(Fig. 2). HOXC8 is a white-fat gene, which represses C/EBPβ and UCP1. In line
with that, transgenic mice with elevated miR-196a levels exhibited enhanced energy
expenditure and resistance to diet-induced obesity. Thus, these data indicate that the
induced brite adipocytes in the inguinal WAT are indeed metabolically functional
(Mori et al. 2012).

The first described miRNAs in murine brown adipogenesis were the miRNA
cluster miR-193b-365 which was enriched in BAT. Blocking miR-193b and/or
miR-365 in brown preadipocytes impaired brown adipogenesis and promoted the
expression of myogenic markers, while forced expression in C2C12 myoblasts
blocked the entire program of myogenesis and promoted brown adipogenesis (Sun
et al. 2011). The runt-related transcription factor 1 (RUNX1T1) was identified as
direct miR-193b-365 target, which is known to act as inhibitor of C/EBPβ and
consequently of white adipogenesis (Fig. 2) (Rochford et al. 2004). However,
another study challenged these in vitro results by demonstrating that in mice with
an inactivated miR-193b-365 locus the development, differentiation, and function of
BAT was unaffected, indicating that BAT does not require the presence of miR-193b
and miR-365 (Feuermann et al. 2013).

Another miRNA, which also targets RUNX1T1, besides other direct targets such
as Necdin, and promotes brown and brite adipocyte differentiation, is miR-455. This
miRNA exhibited a BAT-specific expression pattern and is induced by cold and the
browning inducer bone morphogenetic protein 7 (BMP7). In adipose-specific trans-
genic mice, elevated miR-455 levels led to marked browning of subcutaneous WAT
upon cold exposure by activating the hypoxia inducible factor 1α inhibitor (HIF1an),
that further activates AMPK, which then promotes the browning program including
PGC-1α expression and mitochondrial biogenesis (Zhang et al. 2015).
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3.4 miRNAs Modulating the Transcriptional Coactivator PGC-1a

The thermogenic program of BAT includes mitochondrial biogenesis, and PGC-1α
is a key regulator of mitochondrial biogenesis, oxidative metabolism, and UCP1
(Puigserver et al. 1998; Cannon and Nedergaard 2004). However, the transcriptional
repressor RIP140 is able to block PGC-1α effects, as mice devoid of RIP140 are
lean, show resistance to HFD-induced obesity and have increased oxygen consump-
tion, with a marked increase in expression of genes involved in energy dissipation
and mitochondrial uncoupling, including UCP1 (Leonardsson et al. 2004).

MiRNA miR-34a has been shown to be elevated in WAT and BAT upon obesity,
associated with inhibited browning of WAT and pale BAT. Mechanistically,
miR-34a directly targets the fibroblast growth factor receptor 1 (FGFR1), reduces
expression of βklotho and SIRT1, which results in reduced FGF21/SIRT1-
dependent deacetylation of PGC-1α, finally repressing the browning program
(Fig. 2). Thus, lentiviral-mediated repression of miR-34a levels in adipose depots
of mice with diet-induced obesity to levels which were detected in lean mice reduced
adiposity and improved mitochondrial biogenesis and oxidative metabolism
(Fu et al. 2014). However, global miR-34a knockout mice are again susceptible to
diet-induced obesity (Lavery et al. 2016).

Members of the miR-30 family, miR-30b and miR-30c, were greatly elevated in
expression levels during adipocyte differentiation and are stimulated by cold
or β-adrenergic receptor stimulation. Interestingly, the corepressor RIP140 was
identified as direct target of miR-30b/c (Fig. 2). Consequently, overexpression of
miR-30b/c induced the browning program, including UCP1 and mitochondrial
respiration, in the development of white and brown adipocytes. Moreover,
miR-30b/c was able to potentiate β-adrenergic receptor stimulation-induced
browning, suggesting a positive feedback loop of miR-30 family members on the
β-adrenergic receptor signaling and action (Hu et al. 2015).

3.5 miRNA Targeting ADAM17 and PTEN

The miR-26 family members miR-26a and miR-26b have been identified to be
upregulated in murine WAT upon cold exposure. So far, they are the first in-depth
characterized miRNAs able to shift human adipocyte differentiation from white to
brite via inducing UCP1 expression, increasing mitochondrial density, changing
mitochondrial morphology towards brown adipocyte characteristics, and elevating
coupled and uncoupled respiration (Karbiener et al. 2014). The identified and
validated target that at least partially mediates the miR-26 effects on both adipocyte
differentiation and browning is ADAM17, also known as TNFα converting enzyme
(TACE), which upon knockdown causes a lean, hypermetabolic phenotype in mice
(Gelling et al. 2008) (Fig. 2). However, how ADAM17 mediates mechanistically the
browning of WAT yet needs to be elucidated. On the other hand, miR-26b has been
identified to directly target the phosphatase and tensin homolog (PTEN), thereby
improving insulin sensitivity in human mature adipocytes (Xu et al. 2015), which is

Regulatory Small and Long Noncoding RNAs in Brite/Brown Adipose Tissue 223



in line with the results from in vivo studies where transgenic mice, which globally or
liver-specifically overexpress miR-26a, also exhibited increased insulin sensitivity
(Fu et al. 2015). Interestingly, in these mice HFD-induced obesity is not ameliorated
upon liver-specific overexpression, but upon global miR-26a overexpression. This
indicates that this obesity resistant phenotype of miR-26 action is dependent on its
function in another organ than the liver.

3.6 miRNA Targeting the b-Secretase BACE1

miR-328 has recently been identified to promote the shift in cell commitment from
muscle to BAT. Repressed miR-328 function blocked adipogenesis, and miR-328
overexpression promoted brown adipogenesis while diminishing myogenesis.
Mechanistically, the β-secretase BACE1 was identified as direct target of miR-328
(Oliverio et al. 2016) (Fig. 2). Reduced BACE1 levels are known to decrease body
weight, to protect against diet-induced obesity, at least partially via UCP1 induction,
and to enhance insulin sensitivity in mice (Meakin et al. 2012), and to control the
G-protein coupled receptor 5b (GPRC5b), a known link between diet-induced
obesity and type 2 diabetes (Kim et al. 2012).

3.7 miRNAs with Impact on Brite/Brown Adipocyte Function
and Formation but with Unknown Direct Targets

There are a number of further miRNAs with impact on brite/brown adipocyte
formation and function; however, they still lack a known direct target by which
the miRNA effects are mediated (Fig. 2).

For example, let-7i is a repressor of brite adipocyte function, as inhibition was
able to promote the conversion of adipocytes from white to brite in mouse and
human, while let-7i mimic injection in murine subcutaneous WAT partially blocked
β-adrenergic activation of the browning process (Giroud et al. 2016a). Another
miRNA that was characterized in humans and rodents is miR-125b, which was
found to be downregulated upon β-adrenergic receptor stimulation in WAT and
BAT and lower expressed in BAT than in WAT. While miR-125b overexpression
led to decreased mitochondrial biogenesis and respiration, miR-125b inhibition
promoted both in human adipocytes (Giroud et al. 2016b). However, a direct target
has not been validated yet.

miR-19b has recently been identified to be transcriptionally upregulated by
glucocorticoids (GC) which are known to inhibit the function of BAT and browning
of WAT (Kong et al. 2015). While miR-19b overexpression had the same effect as
GC treatment, miR-19b inhibition blocked dexamethasone-mediated suppression of
the browning program, placing miR-19b as an essential target for GC-mediated
control of adipose tissue browning (Lv et al. 2018).

Expression levels of the miRNA cluster miR-106b-93 were found to be elevated
in BAT of HFD-fed mice compared to mice that fed a low fat diet, and knockdown of
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miR-106b and miR-93 significantly induced the adipogenic browning program,
while ectopic expression of both miRNAs suppressed brown marker genes, such
as UCP1 (Wu et al. 2013).

The miRNAs miR-182 and miR-203 were found in brown adipocytes of DGCR8
KO mice to be among the ten most downregulated miRNAs. Inhibition of both
miRNAs in brown adipogenesis led to a reduction in brown adipogenic marker
genes, including UCP1, PGC-1α, CIDEA, and PPARα, but not common adipogenic
marker genes. Thus, these two miRNAs are required for brown adipocyte differenti-
ation (Kim et al. 2014).

3.8 miRNAs as Serum Biomarker

Beyond functioning as energy buffer, the adipose organ vitally cross-talks with other
organs as adipocytes are endowed with secretory abilities of different bioactive
compounds which can act in a paracrine, autocrine, and/or endocrine manner
(Ailhaud 2000; Villarroya et al. 2017). This also includes the brown adipose
depots contributing 87% of the total amount of exosomes under cold exposure
(Chen et al. 2016). Profiling of miRNAs in these exosomes revealed miR-92a to
be inversely correlated with human BAT activity which is usually measured by 18F-
fluorodeoxyglucose (18F-FDG) positron emission tomography coupled with com-
puter tomography (PET/CT). Thus, exosomal miR-92a represents a potential serum
biomarker for BAT activity in mice and humans (Chen et al. 2016).

4 Long ncRNAs in Brite/Brown Adipose Tissue

Increasing the thermogenic capacity of adipose tissue has been proposed as a
strategy for combating obesity and its associated metabolic disorders. As various
small ncRNAs have been implied in the formation and function of brite/brown
adipocytes, it is also worth to pay attention to lncRNAs and their regulatory
functions in thermogenic adipocytes. And indeed, lncRNAs have been demonstrated
to have a regulatory impact on BAT biology; however, only a few candidates have
been functionally characterized so far which we review in the following (Fig. 3).

4.1 Long ncRNA BLNC1

PPARγ cooperates with C/EBPα to control the expression of a large number of
adipogenic genes, and PRDM16, PGC-1α, and the early B-cell factor 2 (EBF2) have
been identified as transcription factors that work with PPARγ to selectively promote
the formation of adipocytes with thermogenic capacity. In this context, the first
lncRNA named brown fat lncRNA 1 (BLNC1) was identified, which has a length of
965 nucleotides, does not associate with ribosomes, is not translated into a protein,
and is highly conserved between mice and humans. Overexpression of BLNC1

Regulatory Small and Long Noncoding RNAs in Brite/Brown Adipose Tissue 225



br
ow

ni
ng

ge
ne

s

BA
TE

10
BA

TE
1

cA
M

P

PK
A

CR
EB

BL
N

C1
lip
id

dr
op

le
t

m
ito
ch

on
dr
ia

lip
id

dr
op

le
t

ad
ip
oc

yt
e

ZB
TB

2B

hn
RN

PU

β3
AR

EB
F2

PP
AR

α
PG

C-
1α

/ C
EL

F1
PG

C-
1α

PG
C-

1α
 re

pr
es

sio
n

ln
cR

N
A-

p5
54

9

po
te

n�
al

se
ru

m
 b

io
m

ar
ke

rs

ln
cR

N
A-

p2
10

15

ln
cR

N
A-

p1
94

61

Fi
g
.
3

L
nc
R
N
A
s
in

B
A
T
.
L
nc
R
N
A
s
w
ith

a
po

si
tiv

e
im

pa
ct

on
br
ite
/b
ro
w
n
ad
ip
oc
yt
e
fo
rm

at
io
n
an
d
fu
nc
tio

n
ar
e
di
sp
la
ye
d
in

gr
ee
n.

L
nc
R
N
A
s
w
hi
ch

ar
e

kn
ow

n
to

be
se
cr
et
ed

ar
e
in
di
ca
te
d
in

ye
llo

w

226 M. Scheideler



promoted the browning program in white and brown adipocytes, including elevated
UCP1 expression, mitochondrial content, total respiratory capacity, and uncoupled
respiration, while BLNC1 inhibition impaired these characteristics. Mechanistically,
BLNC1 has been found to be strictly dependent on EBF2, forming a ribonucleopro-
tein complex with EBF2, which on the one hand promotes expression of BLINC1
itself, and on the other hand facilitates binding to the UCP1 promoter leading there to
higher activity (Jones and Tontonoz 2014; Zhao et al. 2014) (Fig. 3). This BLNC1/
EBF2 complex is formed by support of the heterogeneous nuclear ribonucleoprotein
U (hnRNPU) (Mi et al. 2017). Moreover, the zinc finger and BTB domain-
containing protein 7b (ZBTB7B) has been identified as potent transcription factor
of brite and brown adipocyte differentiation and thermogenic capacity. Interestingly,
ZBTB7B is able to recruit the BLNC1/hnRNPU ribonucleoprotein complex to drive
the browning program (Li et al. 2017).

4.2 Long ncRNA BATE1

Another transcriptomics study comparing three different murine adipose depots
(BAT, subcutaneous WAT, and visceral WAT) revealed 127 lncRNAs with an
expression pattern restricted to BAT that are often targeted in their promoter region
by the transcriptional regulators C/EBPα, C/EBPβ, and PPARγ. One of them is
lnc-BATE1, which has been found to be enriched 10–20-fold during brown
adipogenesis. Functional studies elucidated that lnc-BATE1 is required for the
establishment and maintenance of BAT identity and thermogenic capacity. Interest-
ingly, also lnc-BATE1 interacts with hnRNPU to form a functional ribonucleopro-
tein complex to regulate brown adipogenesis (Alvarez-Dominguez et al. 2015)
(Fig. 3).

4.3 LncRNA BATE10

Another BAT-enriched lncRNA is lnc-BATE10, which was found to be highly
upregulated during brown adipogenesis, is higher expressed in brown compared to
white adipocytes, and is induced upon BAT activation in cold exposed mice as well
as in subcutaneous WAT by β-adrenergic receptor stimulation. Inhibition of
lnc-BATE10 depleted the response to norepinephrine and significantly impaired
the expression of BAT-selective genes such as UCP1 and PGC-1α. Thus,
lnc-BATE10 is required for BAT-selective gene expression in white and brown
adipocytes. Mechanistically, lnc-BATE10 has been shown to be regulated by the
cAMP-CREB signaling pathway and interacts with the CUG-binding protein and
ELAV-like family member 1 (CELF1) to finally compete with PGC-1α for CELF1
binding (Bai et al. 2017). CELF1 is known to bind the 30-UTR of its target mRNAs
to promote RNA degradation and to repress translation. By competing with CELF1,
lnc-BATE10 blocked its inhibitory function on PGC-1α mRNA thus promoting
brite/brown adipogenesis.
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4.4 Long ncRNAs in Circulation as Potential Biomarkers

Moreover, also circulating lncRNAs have been studied in lean and obese human
subjects, as well as in obese patients submitted to diet for 12 weeks. It appeared that
three lncRNAs, lncRNA-p5549, lncRNA-p21015, and lncRNA-p19461, are
inversely correlated with body mass index (BMI), waist circumference, waist-to-
hip ratio, and fasting insulin levels (Sun et al. 2016).

5 Outlook

The worldwide epidemic of obesity is inexorably progressing and thus demands the
development of novel and more effective therapeutic approaches. Adipose tissue is
the core unit in energy metabolism which can cope with a positive energy balance
either by energy storage in white adipocytes or an increase in energy expenditure via
non-shivering thermogenesis in brite/brown adipocytes. The latter has ameliorating
impact on blood glucose and triglyceride levels as well as on insulin sensitivity.
However, the comprehensive regulatory network of brite/brown adipocyte formation
remains to be elucidated.

In this context, small and lncRNAs are an emerging novel regulatory layer in
energy metabolism, involved in physiological and pathological conditions. So far,
numerous miRNAs have been identified and characterized to govern BAT biology,
while for lncRNAs only three candidates have been revealed. Interestingly, while
miRNAs have been shown to promote or impair brite/brown adipocyte formation
and function, the so far all identified lncRNAs promote brite/brown adipogenesis
and thermogenic capacity (Table 1). While most endogenous miRNAs and all
lncRNAs which are known so far to be involved in BAT biology are characterized
in mouse models, only three miRNAs, miR-26, let-7i, and miR-125b, have also been
functionally characterized in human. ncRNA candidates that also have a protective
role in diet-induced obesity are still rare and will further shrink when criteria for
therapeutic applications are applied, such as cross-species conserved function and a
comprehensive list of validated direct targets and mediators in order to allow and
extrapolate animal studies to humans and to minimize adverse side effects in the long
run. Thus, the list of ncRNA candidates is far from being exhaustive, with plenty of
space for further research in that field.

At the moment, anti-RNA treatments are currently being developed to expand the
options available to clinicians (Wahid et al. 2010, 2014; Kole et al. 2012; Slaby et al.
2017). However, from the current perspective, lncRNAs seem to be more challeng-
ing than miRNAs, as lncRNAs can have high turnover rates, lower transcriptional
expression, and less cross-species conservation, and a lack of mechanistic under-
standing hinders further investigation into the application of targeted therapeutics.
Nevertheless, miRNAs and lncRNAs as drug targets can be targeted by RNA
interference technology, while both classes of ncRNAs as drugs have, in contrast
to small molecules and antibodies, very similar physicochemical properties which
will emerge as advantage in targeted drug delivery. The reason is that once a targeted
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ncRNA delivery system has been developed for one specific cell type, it could be
easily loaded with any other member of this ncRNA class, thus changing the
paradigm from one delivery system per drug to one delivery system per class of
drugs. Moreover, due to the substantial number of lncRNA loci in the mammalian
genome, lncRNAs are a treasure chest yet to be discovered and applied for therapeu-
tic applications. To conclude, despite the currently existing obstacles, we have
reached the point where modulating ncRNA expression and function has become a
viable option for the modulation of energy metabolism and metabolic diseases.
Moreover, it will be interesting to determine whether miRNA/lncRNA-targeting
therapeutics could be combined with other chemical or biological drugs for multi-
drug therapy.
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Abstract
Brown adipokines are regulatory factors secreted by brown and beige adipocytes
that exhibit endocrine, paracrine, and autocrine actions. Peptidic and non-peptidic
molecules, including miRNAs and lipids, are constituents of brown adipokines.
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Brown adipose tissue remodeling to meet thermogenic needs is dependent on the
secretory properties of brown/beige adipocytes. The association between brown
fat activity and a healthy metabolic profile, in relation to energy balance and
glucose and lipid homeostasis, is influenced by the endocrine actions of brown
adipokines. A comprehensive knowledge of the brown adipocyte secretome is
still lacking. Advancements in the identification and characterization of brown
adipokines will facilitate therapeutic interventions for metabolic diseases, as these
molecules are obvious candidates to therapeutic agents. Moreover, identification
of brown adipokines as circulating biomarkers of brown adipose tissue activity
may be particularly useful for noninvasive assessment of brown adipose tissue
alterations in human pathologies.

Keywords
Adipokine · Beige adipocyte · Brown adipocyte · Brown adipose tissue

1 Brown and White Adipose Tissues: Distinct Secretory
Functions

Examination of the physiology of adipose tissues has traditionally focused on their
crucial role in energy metabolism. In white adipose tissue (WAT), white adipocytes
are responsible for storing fat that will be used when food is not available. However,
in brown adipose tissue (BAT), the characteristic cells are brown adipocytes, which
oxidize metabolites to produce heat (Cannon and Nedergaard 2004). Anatomically
defined BAT depots are located in the interscapular region in rodents and in the
supraclavicular region and other upper trunk areas in adult humans (Gesta et al.
2007). In conditions of high thermogenic activity of the organism, “beige” or “brite”
adipocytes, which are brown adipocyte-like cells, appear in WAT depots (Petrovic
et al. 2010; Wu et al. 2012). These cells share a thermogenic role with “classical”
brown adipocytes in BAT depots (Shabalina et al. 2013; Kazak et al. 2015).
“Browning” of WAT is the commonly used term for the process of enrichment of
WAT in beige cells. Subcutaneous WAT is more prone to experience browning than
visceral WAT depots. Both WAT browning and BAT activation in response to
thermogenic challenges, such as exposure to a cold environment, are mainly induced
by activation of the sympathetic nervous system. β-adrenergic receptors on brown
adipocyte surfaces mediate most of the intracellular events leading to thermogenic
activation (Cannon and Nedergaard 2004), although non-sympathetic mechanisms
can also lead to activation (Villarroya and Vidal-Puig 2013).

Other adipose depots contain brown or beige adipocytes. In rodents, perivascular
adipose tissue around the thoracic aorta exhibits a strong BAT-like phenotype
(Fitzgibbons et al. 2011), whereas distinct proportions of pure white and BAT-like
adipocytes are present at other locations of perivascular adipose tissue (e.g.,
mesenteric tissue surrounding the abdominal aorta) (Friederich-Persson et al.
2017; Fitzgibbons et al. 2011). BAT-like molecular features, reminiscent of a
beige phenotype, have been reported in adipose tissue around human coronary
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vessels (Chatterjee et al. 2009). Moreover, epicardial adipose tissue, a fat depot
closely associated with the myocardium and present in humans and other mamma-
lian species (Sacks et al. 2013), has BAT/beige features. Brown adipocyte-like
features have also been attributed to bone marrow adipocytes, based on intermediate
gene expression pattern between BAT and WAT (Krings et al. 2012).

WAT was determined to be an endocrine organ a few decades ago, mainly after
the discovery of leptin. As an endocrine organ, WAT is capable of secreting the
so-called adipokines which are bioactive molecules that act on multiple biological
processes and help maintain overall energy homeostasis (Blüher and Mantzoros
2015). In fact, almost all the current knowledge of adipokines is derived from studies
on WAT. The potential secretory role and specific secretory properties of BAT are
just beginning to be recognized (Villarroya et al. 2017), perhaps because the
expression and secretion of leptin and pro-inflammatory cytokines are less in BAT
than in WAT (Cannon and Nedergaard 2004).

Brown adipokines (also named “batokines”) released by brown and/or beige
adipocytes may act on different targets, including distant cells and organs, after
being released into circulation (endocrine function) or locally to affect brown/beige
adipocytes (autocrine function) or neighboring cells in BAT/beige depots (paracrine
function). It is important to note that, similar to the general term “adipokine” used for
WAT-released factors, the term “brown adipokines” may be applied generally to
factors released by any type of BAT cell or may refer to factors released specifically
by brown adipocytes. In this chapter, the term “brown adipokine” is applied only to
factors secreted by brown and beige adipocytes and/or preferentially released when
BAT thermogenesis is activated.

2 BAT-Secreted Factors with Autocrine Action

Most factors that show autocrine action and are secreted by brown and beige cells
enhance thermogenic activity. However, secretion of inhibitory factors has also
been documented. Brown adipokines with autocrine actions may be peptidic and
non-peptidic molecules (Fig. 1).

2.1 Non-peptidic Autocrine Factors

Nitric Oxide (NO) Brown adipocytes produce NO through the noradrenergic
induction of NO synthase activities, which inhibit proliferation and induce differen-
tiation of brown fat cells in culture (Nisoli et al. 1997, 1998). Inorganic nitrate also
induces the synthesis of NO, leading to the browning of WAT (Roberts et al. 2015).
Serial reduction of nitrate to nitrite and then to NO, thus contributing to the release of
NO by brown adipocytes, has been proposed to occur in BAT (Roberts et al. 2015).
In addition to its autocrine role, brown adipocyte-released NO is believed to play a
paracrine role by targeting vascular cells in BAT (see below).
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Prostaglandins and Prostaglandin-Related Molecules The importance of
prostaglandins as local activators of WAT browning was first reported by
Vegiopoulos et al. (2010) who described the importance of cyclooxygenase
(COX)-2, a rate-limiting enzyme in prostaglandin synthesis, to elicit the recruitment
of beige adipocytes in WAT adipose depots. Further studies confirmed that
prostaglandins synthetized and released by brown and beige adipocytes induce
BAT activity and WAT browning in mice (García-Alonso et al. 2013, 2016). This
was concluded based on the finding that invalidation of the genes encoding
cyclooxygenase-2 and lipocalin prostaglandin D synthase, which are required for
prostaglandin synthesis, impairs WAT browning (Vegiopoulos et al. 2010; Virtue
et al. 2012). Similarly, prostaglandin E synthase-1 downregulation impairs the
appearance of beige cells in WAT, whereas prostaglandin E2 induces the browning
of WAT (García-Alonso and Clària 2014).

Adenosine Sympathetic-activated brown adipocytes release adenosine, which
elicits an autocrine enhancement of thermogenic activation (Gnad et al. 2014). The
autocrine action of BAT-secreted adenosine occurs thanks to the presence of adeno-
sine A2A receptors in human and murine BAT. In addition to autocrine effects on
brown adipocytes themselves, adenosine promotes the induction of browning
in WAT.

Endocannabinoids With activation of BAT and WAT browning, an autocrine
negative feedback mechanism resulting from thermogenically induced endocan-
nabinoid release by brown/beige adipocytes is triggered (Krott et al. 2016).

Fig. 1 Autocrine factors released by brown/beige adipocytes. Brown and beige adipocytes secrete
factors with autocrine action that lead to positive (+) or negative (�) action on thermogenic activity
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Endocannabinoids appear to be negative regulators of brown adipocyte thermogenic
activity (Boon et al. 2014) through interference of the β3-adrenergic pathway for
thermogenic activation (Krott et al. 2016).

12,13-Dihydroxy-9Z-Octadecenoic Acid (12,13-diHOME) BAT was recently
shown to release lipids with signaling properties (“lipokines”). Among them,
12,13-diHOME has been identified as a stimulator of BAT activity through the
promotion of fatty acid uptake into brown adipocytes (Lynes et al. 2017). 12,13-
diHOME is produced in BAT in response to cold following activation of their
biosynthesis enzymes.

2.2 Peptidic Autocrine Factors

Bone Morphogenetic Proteins (BMPs) White/beige/brown adipogenesis is
affected by different BMPs. BMP7 is expressed early in brown fat development as
a secreted factor necessary for the formation of classical BAT depots (Tseng et al.
2008). BMP7 is mainly produced by stromal vascular cells within adipose tissue and
promotes both brown and beige adipocyte commitment and differentiation (Schulz
et al. 2013). Until recently, BMP4 was thought to specifically regulate white
adipogenesis. However, BMP4 is now also recognized as an important endogenous
promoter of beige adipocyte differentiation (Qian et al. 2013).

In response to thermogenic and nutritional factors, mature brown adipocytes
secrete BMP8b (Whittle et al. 2012). This secreted protein acts locally by sensitizing
brown adipocytes to the β-adrenergic stimulus. Moreover, BMP8b also targets the
hypothalamus to specifically induce sympathetic nervous system activation of BAT
thermogenesis (Whittle et al. 2012).

Peptidase M20 Domain Containing 1 (PM20D1) PM20D1 is a secreted enzyme
that converts fatty acids and amino acids into N-acyl amino acids, which increase
cellular respiration by acting as endogenous, UCP1-independent, mitochondrial
uncouplers (Long et al. 2016).

SLIT2-C Fragment (SLIT2-C) SLIT2-C is a beige adipocyte-secreted peptide
cleaved from the full-length SLIT2 protein. SLIT2-C promotes adipose tissue
thermogenesis by inducing protein kinase A signaling activity downstream the
β-adrenergic pathway (Svensson et al. 2016). Recent studies in human patients
indicate that circulating SLIT2 levels negatively correlate with metabolic markers
of diabetes mellitus (Kang et al. 2017), and an endocrine role of SLIT2-C, in
addition to its autocrine action, cannot be ruled out.

Follistatin This is a soluble glycoprotein that is upregulated in cold-exposed BAT
and exerts positive effects on brown thermogenic activity through distinct
mechanisms (Singh et al. 2014). Among these are antagonism of the inhibitory
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effects of GDF8/myostatin on thermogenic activation (see below) and activation of
p38 MAP kinase (Singh et al. 2014, 2017).

Other peptidic autocrine factors with inhibitory effects on BAT activity include
the following:

Soluble Form of the Low-Density Lipoprotein Receptor Relative LR11
(sLR11) This is a secreted form of LR11 (also called SorLA) which is induced in
BAT after cold-induced thermogenic activation. However, this factor inhibits ther-
mogenesis (Whittle et al. 2015) via the BMP/transforming growth factor-β signaling
pathway, which has been interpreted as a mechanism to prevent excessive energy
wastage when thermogenesis is activated.

Growth Differentiation Factor-8 (GDF8/Myostatin) GDF8/myostatin secretion
by brown adipocytes (Fournier et al. 2012; Stanford et al. 2016) following hunger-
related neural circuit stimulation acts as a negative autocrine factor in the regulation
of WAT browning and metabolic activity and of BAT thermogenic activity (Braga
et al. 2014).

Angiopoietin-Like 8 (ANGPTL8) This protein, also called lipasin, betatrophin, or
RIFL (“refeeding-induced fat and liver”), is a secreted regulatory factor that
increases in BAT in response to cold (Fu et al. 2013). However, ANGPTL8 represses
lipoprotein lipase activity (Zhang and Abou-Samra 2013). The role of ANGPTL8 in
the context of thermogenic regulation is unclear. It may counteract a potential
overload of fatty acids in BAT associated with enhanced lipoprotein lipase activity
and subsequent hydrolysis of circulating triglycerides that occurs in association with
BAT thermogenic activation.

Chemerin This is a secreted protein whose expression is reduced in BAT in
response to cold exposure but increased in response to a high-fat diet in mice
(Hansen et al. 2014). Expression of chemerin receptors in brown adipocytes (Rourke
et al. 2014) and the effects of chemerin on triglyceride accumulation suggest that
chemerin affects lipid metabolism in an autocrine manner (Rourke et al. 2014).

Endothelin-1 Endothelin-1 secretion by brown/beige adipocytes is inhibited by
adrenergic activation. The thermogenic activity of brown/beige adipocytes induced
via Gq signaling is repressed by endothelin-1, which acts as an autocrine factor
(Klepac et al. 2016).

Basic Fibroblast Growth Factor (FGF2) Brown adipocytes secrete FGF2 which
induces the proliferation of preadipocytes in BAT and contributes to BAT recruit-
ment in response to sustained thermogenic activation (Yamashita et al. 1994).
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3 BAT-Secreted Factors with Paracrine Action

Many cell types have been identified in BAT, such as vascular endothelial cells,
smooth muscular cells, neurons, and immune cells, in addition to precursor/
preadipocyte cells and mature brown adipocytes (Cannon and Nedergaard 2004).
These cells conform to the tissue architecture and support blood flow or innervation,
which is essential for BAT function (Pellegrinelli et al. 2016). There is convincing
evidence that regulatory factors released by brown and beige adipocytes and acting
on numerous cell types inside adipose depots are crucial for WAT browning and
BAT recruitment (Fig. 2).

Vascular Endothelial Growth Factor A (VEGF-A) An increase in tissue blood
perfusion to sustain the supply of metabolic substrates and oxygen required to fuel
thermogenesis is necessary for WAT browning, and BAT recruitment in response to
continued thermogenic activation (Cannon and Nedergaard 2004; Orava et al. 2011).
In response to sympathetic system-mediated recruitment of BAT, brown adipocytes
produce the angiogenic factor VEGF-A (Xue et al. 2009; Sun et al. 2014). In an
obese mice model, decreased vessel density and increased brown adipocyte
mitophagy, which leads to a loss of thermogenic potentiality of the tissue, have
been reported to occur in association with reduced levels of VEGF-A in BAT
(Shimizu et al. 2014). VEGF-A can also target brown adipocytes themselves to
induce BAT activity in an autocrine manner (Mahdaviani et al. 2016).

Fig. 2 Paracrine factors released by brown/beige adipocytes. Brown and beige adipocytes secrete
factors with paracrine actions on the bone and vascular, nervous, and immune cells present in brown
and beige adipose depots
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Hydrogen Peroxide (H2O2) Brown adipocytes have recently been found to release
H2O2, which acts on vascular cell-suppression contractility (Friederich-Persson et al.
2017). H2O2 is particularly relevant for the paracrine action of brown/beige
adipocytes present in perivascular adipose tissue. The release of H2O2 largely
mediates the anticontractile effect of mesenteric perivascular adipose tissue on
vascular cells. The main responsible for H2O2 production by brown adipocytes is
the enzyme NADPH oxidase-4 (Nox4), which is highly expressed in BAT
(Friederich-Persson et al. 2017).

Nerve Growth Factor (NGF) BAT development and thermogenic function are
strongly correlated with sympathetic innervation of BAT, as norepinephrine released
by nerve endings is the main regulator of BAT thermogenesis (Cannon and
Nedergaard 2004). An increased density of noradrenergic nerve fibers correlates
with browning of WAT depots (Murano et al. 2009). NGF is released by brown
adipocytes and induces nerve growth and differentiation (Néchad et al. 1994; Nisoli
et al. 1996), promoting the remodeling of sympathetic innervation in brown and
beige adipose tissues.

Meteorin-Like (MTRNL) In response to thermogenic activation, MTRNL is pro-
duced by beige adipocytes that reside in WAT depots, but not by brown adipocytes
in BAT (Rao et al. 2014). Increased recruitment of anti-inflammatory, alternatively
activated, M2-type macrophages, as well as eosinophils (Nguyen et al. 2011), leads
to enhanced BAT activity and promotion of WAT browning. MTRNL targets
immune cells locally and contributes to increase M2 macrophages via enhanced
infiltration and activation of eosinophils, which are the main source of IL-4 and
IL-13 (cytokines that promote alternative activation of macrophages) (Rao et al.
2014).

Wingless-Related MMTV Integration Site 10b (WNT10b) WNT10b is a
secreted factor that regulates both energy metabolism and bone homeostasis.
Targeted expression of WNT10b in adipose tissue improves body weight and insulin
sensitivity in mice (Wright et al. 2007) and also increases bone mass (Bennett et al.
2005). WNT10b is released by brown/beige cells residing in bone marrow and has
anabolic effects on bone formation (Rahman et al. 2013).

4 BAT-Secreted Factors with Endocrine Action

There is evidence that BAT secretes endocrine factors that act on distant cells and
organs (Fig. 3). Experimental BAT transplantation studies have provided indirect
evidence for the endocrine actions of brown adipokines (see below).

Triiodothyronine (T3) T3 is possibly the first BAT-released endocrine factor
identified. In contrast to WAT, BAT expresses thyroxine deiodinase type II
(Dio2), which is an enzyme capable of converting thyroxine into the thyroid active
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hormone T3. In response to cold exposure via noradrenergic stimulation, brown
adipocytes strongly induce Dio2 activity. Locally produced T3 is important for the
induction of thermogenic machinery in brown adipocytes (Rabelo et al. 1995), and,
in these conditions, BAT also becomes a relevant source of systemic T3. In studies
of rats acclimated to cold, BAT was estimated to account for about half of the total
daily production of T3 (Silva and Larsen 1985; Fernandez et al. 1987).

Fibroblast Growth Factor 21 (FGF21) FGF21 is a member of the so-called
“endocrine” subfamily of FGFs. It is also a BAT-secreted factor with a clear
endocrine role, in addition to its autocrine actions. In rodent models of obesity and
insulin resistance (Giralt et al. 2015) and in humans (Gaich et al. 2013), FGF21 has
been shown to exert healthy effects on blood glucose and lipid levels. FGF21 acts on
the brain and peripheral tissues such as adipose, pancreas, and heart tissues, among
others. Most circulating FGF21 is liver derived, although release of FGF21 by brown
adipocytes increases in response to thermogenic activation of BAT (e.g., by cold
exposure) (Hondares et al. 2011; Chartoumpekis et al. 2011). FGF21 gene transcrip-
tion is induced by norepinephrine acting through β3-adrenergic receptors on brown
adipocytes (Hondares et al. 2011). In cold-exposed rodents, despite downregulation
of hepatic FGF21 gene expression, blood levels of FGF21 tend to increase.

Fig. 3 Endocrine factors released by brown/beige adipocytes. Brown and beige adipocytes secrete
factors that might signal to distinct tissues, including the brain, pancreas, liver, heart, bone, and
white adipose tissue
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Assessment of the arteriovenous differences of FGF21 levels across interscapular
BAT in rats confirmed the release of FGF21 by BAT (Hondares et al. 2011). In
contrast with rodents, the expression of FGF21 in WAT in humans is almost
negligible. However, substantial expression and release of FGF21 in cultures of
human brown adipocytes, as well as expression of FGF21 by human brown and
beige adipose tissues, have been demonstrated (Hondares et al. 2014; Di Franco et al.
2016). The recent observation that BAT from mice with targeted UCP1 invalidation
(and, therefore, mice that were thermogenically deficient) released large amounts of
FGF21, leading to increased blood FGF21 levels, is consistent with the potential for
BAT to alter systemic levels of FGF21 (Keipert et al. 2015). The mechanisms by
which such large amounts of FGF21 are released by UCP1-deficient brown
adipocytes are still unknown. Although it appears that FGF21 can target multiple
tissues, evidence of tissues and processes that are specifically influenced by
BAT-originated FGF21 is still lacking.

Neuregulin-4 (NRG4) BAT-released NRG4 has endocrine activity that targets the
liver and represses hepatic lipogenesis. NRG4 may contribute to protection against
hyperlipidemia and hepatic steatosis, and NRG4 systemic levels have been
associated with a healthy metabolic profile (Wang et al. 2014). In addition to this
endocrine role, NRG4 has been proposed to have a paracrine action inside BAT
depots through the promotion terminal nerve branching (Rosell et al. 2014). Recent
studies have confirmed the pleiotropic beneficial effects of NRG4 on energy balance
and glucose and lipid metabolism (Chen et al. 2017) and impaired NRG4 levels in
gestational diabetes (Kralisch et al. 2017).

Insulin Growth Factor-1 (IGF-1) Exposure of rats to cold temperatures increases
the expression of IGF-1 in BAT (Duchamp et al. 1997). In pharmacologically and
genetically altered rodent models of type I diabetes, transplantation of small amounts
of embryonic BAT was found to reverse diabetes, which the authors speculated was
associated with a transplant-associated increase in IGF-1 (Gunawardana and Piston
2012, 2015). IGF-1 causes increased proliferation and differentiation of brown
adipocytes (Lorenzo et al. 1993). Thus, brown adipocyte-released IGF-1 appears
to have autocrine, as well as endocrine, actions.

Interleukin-6 (IL-6) IL-6 gene expression and IL-6 release are induced by cold
exposure in vivo or noradrenergic action on brown adipocytes (Burysek and Houstek
1997). When diet-induced obese mice underwent transplantation of small amounts
of adult BAT, obesity and insulin resistance was reversed; however, when the source
of transplanted BAT was IL-6-null mice, this effect was abolished (Stanford et al.
2013). IL-6 targets multiple cell types including those in the brain, pancreas, heart,
and liver (Pal et al. 2014). BAT IL-6-dependent effects on metabolism have been
suggested to occur indirectly via FGF21 action, because BAT transplantation results
in increased FGF21 levels, and such augmentation is blunted when IL-6-null BAT
was used for transplantation. In addition to its endocrine actions, IL-6 may also
target local immune cells, mainly to promote M2 macrophage activation (Mauer
et al. 2014), a process associated with BAT and beige thermogenic activation.
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Retinol-Binding Protein-4 (RBP4) This is a protein involved in intracellular
transport of vitamin A and its derivatives. RBP4 behaves as an adipokine when
released by WAT (Blüher and Mantzoros 2015). However, when exposed to ther-
mogenic or noradrenergic stimuli, brown adipocytes release RBP4 (Rosell et al.
2012). The physiological significance of BAT-released RBP4 is unclear.
WAT-released RBP4 has been found to impair insulin sensitivity, which may appear
contradictory with the induction of RBP4 release by BAT following thermogenic
activation. However, RBP4 is also a retinoic acid transporter, and there are
indications that noradrenergic-induced lipolysis in BAT may affect retinyl esters
leading to the release of retinoic acid, which may be actively exported through
binding to RBP4. Research is still needed for a comprehensive understanding of the
role of RBP4 as a brown adipokine.

Insulin-Like Growth Factor-Binding Protein-2 (IGFBP2) Beige adipocytes
secrete IGFBP2, which is involved in the control of bone turnover and contributes
to bone gain. The cells producing IGFBP2 may either be beige cells in adipose
depots or beige-like cells inside the bone marrow (Rahman et al. 2013; Lidell and
Enerbäck 2015).

Exosomal miRNAs It has been recently found that endosomes containing specific
microRNAs (miRNAs) are released into circulation by BAT, target the liver, and
have regulatory functions. Exosomes are microvesicles secreted by cells. They
contain proteins and RNAs, including miRNAs. These short 20–22-nucleotide
RNA molecules have been shown to reduce the stability of mRNAs and/or their
translation for a gene silencing effect. Exosomes have distinct miRNA composition
and are released by BAT in relation to the activation status of the tissue. Thermo-
genic activation of BAT determines a reduction in the release of miR-92a-containing
exosomes (Chen et al. 2016). Conversely, miR-99b-containing exosomes are
released by activated BAT and exhibit hepatic effects (Thomou et al. 2017).
miR-99b arising from BAT represses hepatic expression of FGF21, which results
in systemic consequences on BAT activation by determining FGF21 levels. It has
been shown that conditions of BAT activation such as cold exposure result in
repressed FGF21 expression in the liver (Hondares et al. 2011), and, in this case,
exosomes carrying miR-99b may be mediators of BAT-to-liver communication.
New areas of research include the identification of BAT-secreted miRNAs other
than miR-99b and the potential hepatic and non-hepatic targets of BAT-secreted
miRNAs.

5 Brown Adipokines: Circulating Biomarkers of BAT Activity?

Identification of circulating biomarkers of BAT activity appears to be a very relevant
area of research in the field of BAT-secreted factors. Because the extent of BAT
activity can only be ascertained using complex radioimaging system (Chen et al.
2014), recognition of biomarkers of BAT activity is a currently challenging and
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non-accomplished goal. Despite extensive research in this area, a brown adipokine
exclusively expressed in BAT has not been identified, which indicates the difficulties
in identifying highly reliable circulating biomarkers of BAT activity. In some
conditions, levels of circulating FGF21 (Lee et al. 2014; Hanssen et al. 2015) or
ANGPTL8 (Martinez-Perez et al. 2016) may reflect BAT activity, but definitive
conclusions cannot be drawn, because these molecules are expressed and released by
other tissues. A negative association between BAT activity and miR-92a plasma
levels has also been proposed (Chen et al. 2016).

6 Conclusions: Challenges and Opportunities
to a Comprehensive Understanding of the BAT Secretome

At present, comprehensive knowledge of the BAT secretome is lacking. Moreover,
the roles of specific brown adipokines that contribute to the systemic hormonal pool
and relative targeting of these adipokines to distinct tissues and organs remain
unclear. However, a healthy metabolic profile is associated with BAT activation,
and the secretory profile of BAT may contribute to this profile. Close to 15 studies
from different laboratories have shown that experimental transplantation of small
amounts of healthy BAT to rodent models of obesity and insulin resistance
ameliorates metabolic profiles, body weight, and even the fertility of recipients
(Villarroya and Giralt 2015; Villarroya et al. 2017). The consensual conclusion
from these experiments is that intrinsic thermogenic activity of the transplanted
BAT cannot account for the observed effects; rather, factors secreted by BAT may
account for the healthy systemic effects. These findings highlight the importance of
the identification of brown adipokines for potential future metabolic health therapies.

6.1 Experimental Approaches to Elucidating the BAT Secretome

To date, three methods have been used to identify brown adipokines: direct mea-
surement of components of the proteome of brown adipocyte cell culture medium,
sequence trap technology, and bioinformatics prediction of “secretability” based on
genome-wide transcriptomic data from BAT or brown adipocytes following expo-
sure to thermogenic stimuli. To strengthen the identification of novel brown
adipokines, proteomics and transcriptomic technologies should be improved, and
more powerful bioinformatic tools must be developed. On the other hand, assess-
ment of the actual contribution of BAT to the secretion of a given brown adipokine
not expressed exclusively in BAT is a challenge. This contribution may be
ascertained using existing technologies for targeted invalidation of brown
adipokine-encoding genes, specifically in BAT (e.g., UCP1 promoter-driven invali-
dation). However, conclusions may be limited by compensatory processes often
occurring in these experiments when other tissues supplant secretion by BAT.

250 F. Villarroya et al.



6.2 Human BAT Secretome

Another question is to what extent data on the brown adipokines obtained from
experimental studies in rodents can be extrapolated to humans. Similar systemic
effects of the BAT secretome in humans and rodents have been suggested based on
the healthy metabolic effects elicited by transplantation of human beige cells grown
in culture into mice; these effects are similar to those observed when rodent BAT is
transplanted (Min et al. 2016). However, an assessment of the roles of distinct brown
adipokines in humans has not yet been conducted. For example, FGF21 is expressed
similarly by rodent WAT and BAT under basal conditions, whereas FGF21 is almost
undetectable in human WAT but significantly expressed in human BAT (Hondares
et al. 2014). However, Dio2, the enzyme responsible for generation of T3 by BAT in
rodents, is also preferentially expressed in human BAT versus WAT (Virtanen et al.
2009). Transcriptome analysis of gene expression of adipose tissue from pheochro-
mocytoma patients (a model of WAT browning) revealed the induction of Dio2 and
some (e.g., NRG4, PM20D1, follistatin), but not all, batokines identified in rodents
(Villarroya et al., unpublished observations). Recently, enhanced expression of IL-6
in human BAT has been reported to be associated with metabolic parameter
improvements (Jorge et al. 2017). Several studies have reported changes in the
levels of batokine candidates such as FGF21, ANGPTL8, SLIT2-C, or NRG4 (see
above) in the blood from human patients under distinct pathophysiological
conditions, consistent with potential release by active BAT/beige adipose tissue.
However, direct evidence of human BAT/beige tissue as responsible for changes in
blood levels of these molecules is still lacking.

6.3 Brown Versus Beige Secretome

Another area of research is aimed at determining whether beige adipocytes exhibit
the same pattern of brown adipokine secretion as classical BAT. In recent years,
attention has been focused on the process of WAT “browning” because of the high
abundance of beige cells in adult human BAT and the strong association between the
abundance/activity of beige cells and healthy metabolic parameters. No distinction
has been made between brown and beige adipocyte secretomes in the present
chapter, because very little information on this distinction is available. MTRNL
appears to be released almost exclusively by beige adipose tissue (Rao et al. 2014),
and FGF21 may be more intensely expressed by beige adipocytes than by brown
adipocytes (Wu et al. 2012). Assessment of a potentially distinct beige secretome
will undoubtedly be an area of future research.

6.4 Brown/Beige Secretome at Distinct Anatomical Sites

Beyond the distinction between “classical” brown adipocytes present in BAT depots
and beige adipocytes in WAT depots that experience browning, there is a growing
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awareness of the presence of thermogenic brown adipocyte type of cells in the
perivascular and epicardial adipose tissues, as well as in the bone marrow. Is there
a specific pattern of secretion from brown/beige-type adipose cells present at these
anatomic sites separate from major adipose depots? What role do such secreted
factors play locally on vessels or bone? Further research will be needed to ascertain
the answers to these critical questions.
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Historically, brown adipose tissue has been elusive and not easy to detect, hence
its relative obscurity in human physiology until its rediscovery in 2009. At that
point, it was proven that the symmetrical artefacts frequently detected on positron
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emission tomography-computed tomography (PET-CT), which resolved if the
environment was kept warm, were brown adipose tissue deposits. PET-CT has
remained the stalwart of human brown adipose tissue research and is still consid-
ered the gold standard. However, PET-CT exposes the participant to ionising
radiation, limiting studies to large, but retrospective, review of clinical imaging or
a small-scale, but prospective, design. Within this context, alternative imaging
modalities have been sought. Due to the heat-generating properties of brown
adipose tissue, infrared thermography is a natural candidate for measuring its
activity and the supraclavicular depot is relatively superficial, allowing detection
of the heat signature. Infrared thermography is a non-invasive, non-contact
technique for measuring temperature remotely. Recent developments in image
analysis techniques have facilitated the use of infrared thermography to study
brown adipose tissue activation in populations, and in ways, not previously
feasible.

Keywords
Brown adipose tissue · Brown fat · Image analysis · Infrared radiation · Infrared
thermography · Region of interest identification · Thermal imaging

1 Introduction

Historically, brown adipose tissue (BAT) has been elusive and not easy to detect,
hence its relative obscurity in human physiology until its rediscovery in 2009 (Celi
2009; Cypess et al. 2009; van Marken Lichtenbelt et al. 2009; Virtanen et al. 2009).
At that point, it was proven that the symmetrical artefacts frequently detected on
18F-fluorodeoxyglucose (18F-FDG) positron emission tomography-computed
tomography (PET-CT), which resolved if the environment was kept warm, were
BAT deposits. PET-CT has remained the stalwart of human BAT research and is still
considered the gold standard. However, PET-CT exposes the participant to a high
dose of ionising radiation (~8 mSv). Such studies either rely on retrospective review
of clinical imaging (Cypess et al. 2009) or are small-scale prospective studies (van
Marken Lichtenbelt et al. 2009; Virtanen et al. 2009). Retrospective studies are able
to review results from large numbers of patients, but clinical imaging adopts
methodologies to minimise BAT detection, resulting in an underestimate of preva-
lence and activity, and is largely performed on non-healthy populations. Prospective
research studies, while able to maximise BAT detection and be undertaken on
healthy volunteers, are ethically limited to small numbers of volunteers with no, or
limited, repeat imaging and exclude potentially vulnerable groups, such as children.
In addition, 18F-FDG PET-CT is not suitable for postprandial imaging as the signal
uptake into muscle precludes detection of BAT (Vosselman et al. 2013; Vrieze et al.
2012). Direct measurement of BAT, by biopsy, is similarly limited to small-scale
studies due the proximity of BAT to important anatomical structures such as major
vessels.

Within this context, alternative imaging modalities have been sought. Due to the
heat-generating properties of brown adipose tissue (Cannon and Nedergaard 2004),
infrared thermography (IRT) is a natural candidate for measuring its activity.

260 J. Law et al.



2 Infrared Radiation and Temperature

Infrared (IR) radiation is part of the electromagnetic spectrum – a continuum of
wavelengths (Fig. 1) – and includes radio waves (which have wavelengths of as
much as a few hundred metres) and gamma rays (which have wavelengths of less
than 0.01 nm). Wavelengths of less than 10 nm are able to ionise atoms with which
they interact (i.e. cause the loss of an electron) and are termed ionising radiation. The
visible spectrum is in between these extremes, with wavelengths of between 390 and
700 nm (Tattersall 2016), adjacent to the IR region. IR radiation was discovered by
Sir William Herschel in 1800 who showed an effect on a thermometer of radiation
below red light (Herschel 1800), hence ‘infrared’ (although this term was not used
until later). All objects with a temperature greater than absolute zero (�273.15�C)
emit IR radiation dependent on their temperature (Planck 1914). The IR spectrum is
subdivided for practical purposes and there are a few different classification systems
in use. Thermal imaging utilises the portion commonly referred to as long-
wavelength IR which is emitted by objects whose temperature is between �80 and
89�C, a range relevant to humans and other living creatures.

The relationship between IR radiation and temperature is defined by Planck’s law
(Eq. 1). Planck’s law describes the radiation emitted at a given wavelength by a
black body in thermal equilibrium, where a black body is an object that absorbs and
radiates heat perfectly and does not possess any reflective property. Such a body
will, therefore, absorb all radiant energy that reaches it and emit radiation depending
on its temperature. The equilibrium temperature is the point at which the energy
being absorbed is equal to the energy being emitted: below this temperature, the
body will absorb more energy than it emits and will, therefore, warm; above this
temperature the body will emit more energy than it absorbs and will, therefore, cool
(Fig. 2).

Fig. 1 Electromagnetic spectrum from radio waves to gamma rays. K: Kelvin. Images of radio,
microwave, ultraviolet and X-ray examples reproduced under CC0 licences. Image of gamma ray
example credited to NASA
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Planck’s law can be used to solve for an unknown temperature of a black body in
thermal equilibrium from the radiometric data measured by IR sensors. A black body
at temperature, T, will have a spectral radiance, Bλ, which describes the energy
emitted at different wavelengths, λ.

Bλ λ; Tð Þ ¼ 2hc2

λ5
1

e
hc

λkBT � 1
ð1Þ

where h is the Planck constant, kB is the Boltzmann constant, and c is the speed of
light.

A black body is a hypothetical entity. Real objects deviate from being ideal black
bodies by a greater or lesser amount and the degree of deviation is denoted by the
emissivity (ε). Black bodies have an emissivity of 1 and a perfect reflector would
have an emissivity of 0. Real-world objects lie somewhere between these two
extremes. To calculate an object’s temperature, the conversion equation must
allow for its emissivity. For example, given an object with ε ¼ 0.7, 70% of the
radiation measured would be radiated from the object and 30% would be reflected
from the environment. Therefore, to calculate the unknown temperature of an object,
the object’s emissivity and the apparent reflected temperature must be known. The
apparent reflected temperature is measured using a reflector.

The emissivity of human skin is usually taken to be 0.98 and is constant across the
long-wavelength IR range (Steketee 1973). As only 2% of the measured radiation
from human skin is reflected, errors in measured environmental and reflected
temperature will have a relatively small effect on the calculated skin temperature.

Some radiation emitted by the object will be lost between the object and the
receiver. Most notably, water absorbs IR radiation (Roberts et al. 1976) and so the
amount of water vapour between the object and the receiver affects measurements.
The effect can be mitigated by having knowledge of the object-receiver distance, the
relative atmospheric humidity and the atmospheric temperature. Similarly, if the

Fig. 2 (a) Black body object below thermoneutral point where radiation absorbed (arrows in) is
greater than radiation emitted (arrows out) resulting in temperature increasing towards
thermoneutral point. (b) At thermoneutral point, radiation absorbed is equal to radiation emitted
and temperature equilibrium is maintained. (c) If the black body object is above the thermal
equilibrium temperature, more radiation is emitted than absorbed, and the temperature falls towards
the thermoneutral point
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object and receiver are separated by an external ‘window’ (i.e. an object that is at
least partially transparent to IR radiation), the properties of the window must also be
known and allowed for. For measurement of brown adipose tissue (BAT), the IR
camera is typically less than 1 m from the participant being imaged and the partici-
pant and camera are not separated by an IR window. Over such short distances, the
absorption of IR radiation by water vapour is minimal.

Finally, maximal radiation is emitted perpendicular to the surface of the object.
The plane of the receiver should ideally be placed parallel to the plane of the object
along an imaginary line perpendicular from the object with the plane of the detector.
Any deviation from this optimal position will reduce the signal being detected and
will result in an underestimate of temperature.

Key Points
• Knowledge of emissivity and reflected temperature are necessary to calcu-

late the unknown temperature of an object of interest.
• The emissivity of human skin is 0.98.
• Knowledge of atmospheric temperature and relative humidity are necessary

to calculate the loss of signal between the object and sensor.

3 Infrared Thermography

Work during the Second World War accelerated the development of IRT making it a
practical reality. It has many beneficial properties that have allowed it to find uses in
a wide range of disciplines. IR radiation can be measured remotely and without
destruction of the object being studied. This makes its measurement a useful tool
both in conservation and heritage work (Candoré et al. 2012) and in structural or
electronic engineering (Clark et al. 2003; King et al. 2000); being part of the
electromagnetic spectrum, it can travel in a vacuum, allowing the measurement of
celestial objects in astronomy (Baldwin et al. 1973). Within medicine, it was used for
the identification of breast malignancy in the 1950s. For this particular purpose,
alternative modalities of ultrasound and mammography became dominant, but IRT
continues to be used in many health-related areas (Ring and Ammer 2012) such as
sports medicine (Hildebrandt et al. 2012) and arthritis (Collins and Cosh 1970; Ring
and Collins 1970), and its use in malignancy continues to be of research interest
(Arora et al. 2008; Kontos et al. 2011).

A modern IR camera measures the radiation arriving at a sensor array that has
been calibrated by the manufacturer against a black body and stores the raw signal
within the metadata of the image file (see Sect. 6.1). Using the principles outlined
above and the calibration constants determined by the manufacturer, the radiometric
measurements are converted to temperature values in the preferred units (degrees
Celsius, degrees Fahrenheit or Kelvin). Finally, a colourmap can be defined where

Infrared Thermography 263



A 20476 20525 20576 20626 20676 20727

20178 20227 20277 20326 20376 20426

19885 19933 19982 20031 20080 20129

19595 19643 19691 19740 19788 19836

19310 19358 19405 19452 19500 19548

B

C

35.79 36.03 36.28 36.52 36.76 37

34.34 34.59 34.83 35.07 35.31 35.55

32.9 33.14 33.38 33.62 33.86 34.1

31.45 31.69 31.93 32.17 32.41 32.66

30 30.24 30.48 30.72 30.97 31.21

Fig. 3 Conversion of (a) example radiometric data to (b) temperature data (degrees Celsius) and
displayed as (c) a thermal image with associated colour bar and scale alongside
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each temperature value is assigned a colour value, allowing the data to be graphically
displayed as a false-colour thermal image (Fig. 3).

The colourmap and range can be adapted as required (Fig. 4). The default setting
in image viewing software will be to scale the colourmap over the full range of
temperature in the image. The background of the image is likely to be cooler than the
participant and of little interest. Setting a narrow temperature range is more appro-
priate for BAT analysis as the dynamic range of the area of interest is limited and
because a wide temperature range will reduce the visual thermal resolution of the
image.

The choice of colourmap can markedly affect the appearance of the final
image and can create the appearance of demarcated regions and features where
they do not exist. This can be the case with commonly used colourmaps such as
‘jet’ (MATLAB™, MathWorks, Natick, MA, USA) and ‘rainbow’ (FLIR Systems,
Wilsonville, OR, USA) and is due to peaks in the luminance of the colourmap. The
best colourmaps are sequential ones with a uniform luminance gradient – and the
simplest of these is greyscale.

Fig. 4 False-colour images of the same thermal image (a, b) in greyscale and (c, d) using the ‘jet’
palette (MATLAB™) with (a, c) a wide temperature range and (b, d) a narrow temperature range.
Comparison of a and b demonstrates the importance of choosing an appropriate temperature range
to ascertain detail within the region of interest. The ‘jet’ colourmap does not have uniform
luminance and can cause the false appearance of thermal contrast (e.g. the bottom section of
background appears to contrast with the participant’s clothing more in c than is evident in a)
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Summary of Stages of Infrared Thermography
1. The radiometric signal arriving at a sensor array is measured and the value

stored.
2. The raw signal is converted to temperature values.
3. Temperature data is displayed as a false-colour image.

4 Use of IRT in Studies of BAT

IRT was first used to investigate BAT in the 1970s to demonstrate a thermogenic
response to ephedrine (Rothwell and Stock 1979). The non-invasive, non-contact
nature of IRT makes it suitable for use in large-scale studies, for repeat imaging in
longitudinal and intervention studies, and it has been used for imaging of children as
young as 3 years old (Symonds et al. 2012). It can be used to measure the real-time
effect of acute interventions including meals or dietary components (Ang et al. 2017;
Lee et al. 2011; Scotney et al. 2017), as well as the effect of chronic interventions.

BAT depots in humans are located in multiple anatomical locations (Heaton
1972; Leitner et al. 2017). Of these, the supraclavicular (SCV) BAT depot is most
amenable to imaging with IRT due to its relatively superficial location, underneath
the subcutaneous adipose tissue in the SCV fossa. IRT measures surface temperature
and so, for the heat signature of the BAT depot to be detected, at least a proportion of
the heat must be transmitted through the tissues to the surface. The more insulating
tissue present (for instance, increased subcutaneous adipose tissue), the less heat that
will be transmitted to the surface. This can pose a challenge if trying to compare
results between individuals directly or if intra-participant changes are sought in a
longitudinal study where adiposity has varied through the study duration. Methods
to measure local subcutaneous adipose thickness and directly adjust IRT
measurements are not yet established, but validated indirect adjustments are
discussed below (see Sect. 6.4).

Since the evolutionary purpose of BAT is adaptive thermogenesis (Cannon and
Nedergaard 2004), the location of the SCV BAT depot close to the major vessels of
the neck suggests a role in maintaining cranial temperature (Smith and Horwitz
1969). Therefore, at least some of the heat must be transmitted into the body and not
available to be measured with IRT. In addition, the skin surface temperature changes
are affected by other homeostatic mechanisms, most notably blood flow (Braverman
2000), controlled by arteriovenous anastomoses under sympathetic nervous system
(SNS) and hormonal regulation (Ootsuka and Tanaka 2015) in response to tempera-
ture changes, hypovolaemia and arousal. It is important, therefore, that these factors
are controlled when interpreting skin temperature in measurements of BAT activity.

Despite these potential limitations, IRT is reproducible (Haq et al. 2017) and has
been shown repeatedly to be able to detect heat changes following cold stimulation
(Law et al. 2017a), typically exposure of a limb to cold water or a cooling blanket
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(see Sect. 5.4). In addition, IRT has been shown to correlate well with PET-CT (Law
et al. 2017b). 18F-FDG PET-CT measures glucose uptake, whereas IRT measures
heat production, which are not equivalent, and so perfect correlation would not be
expected. Optimal methods for detecting BAT are still being refined and, at the
moment, comparison between studies can be difficult due to variations in
methodologies and the details reported (Law et al. 2017a). Within the general field
of physiological measurements using IRT, sports and exercise medicine have led the
way in developing consensus opinion (Moreira et al. 2017) and many of the
recommendations (Table 1) are equally valid when using IRT for BAT
measurements.

5 Acquiring IR Thermographs

In addition to the methodological advantages outlined above, IRT has the benefit of
requiring minimal, relatively inexpensive equipment, compared to PET-CT and
MRI. However, the same rigour and care needs to be observed when collecting
data using IRT as with other imaging techniques. The rapid expansion of the use of
IRT, largely driven by industrial uses, has brought down the price and increased the
specification of equipment, with a resultant increase in image quality and definition
(Fig. 5).

• Modern cameras typically measure between 320 � 240 and 640 � 480 pixels,
although true high-definition options are available.

• The option for radiometric video is standard on many cameras allowing 30 frames
per second, or greater, to be captured, compared with still images of four to six per
minute previously.

• Increased sensitivity means that changes of as little as 0.01�C can be measured.

The camera settings must be checked and adjusted for each session as necessary,
including distance from the SCV region to the camera, emissivity (0.98 for human
skin) and environmental temperature and humidity (measured using a
thermohygrometer).

5.1 Environment

Laboratory-based studies should be undertaken in a temperature-controlled environ-
ment at thermoneutrality [approximately 22–24�C for an adult in light cotton shorts
and vest, away from airflow (Houdas and Ring 1982)]. The assessment should be
undertaken away from both sources of infrared radiation (including lighting and
heating) and airflow (such as air-conditioning) (Moreira et al. 2017). The nature of
IRT means that, where desired, the equipment is highly portable, allowing real-
world studies to be undertaken in the field (Robinson et al. 2014; Symonds et al.
2012), but even here it is important to control as many variables as possible and
acknowledge where it has not been possible to do so.
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Table 1 Recommendations from a Delphi consensus statement on the measurement of human skin
temperature with thermographic imaging in sports and exercise medicine

1) The relevant individual data of the participants must be provided.
Note: These could include, but are not limited to, age, sex, body mass, height, body mass index,
ethnicity and whether they are smokers or not. An indication of physical activity profile
(e.g. frequency, duration, intensity and activity description) should be reported.

❑ Yes ❑ No ❑ Unclear

2) Participants should be instructed to avoid alcohol beverages, smoking, caffeine, large
meals, ointments, cosmetics and showering for 4 h before the assessment. Also, sunbathing
(e.g. UV sessions or direct sun without protection) should be avoided before the assessment.
Note: This should be confirmed verbally before the assessment. The use of any medicinal
treatments or drugs should be recorded. Any condition that could not be avoided should be
reported.

❑ Yes ❑ No ❑ Unclear

3) Extrinsic factors affecting skin temperature (e.g. physical activity prior to the assessment,
massage, electrotherapy, ultrasound, heat or cold exposure, cryotherapy) should be clearly
described.
❑ Yes ❑ No ❑ Unclear

4) Ambient temperature and relative humidity of the location where the assessment took
place must be recorded and reported as mean � standard deviation.
❑ Yes ❑ No ❑ Unclear

5) The assessment should be completed away from any source of infrared radiation
(e.g. electronic devices, lightning) or airflow (e.g. under an air conditioning unit).
Note: Any condition that could not be controlled should be reported.

❑ Yes ❑ No ❑ Unclear

6) The manufacturer, model and accuracy of the camera used should be provided.
Note: When available it is recommended to provide the maintenance information of the equipment
(e.g. when and where it completed the last calibration).

❑ Yes ❑ No ❑ Unclear

7) An acclimation period in the examination room should be completed.
Note: This item is only applicable for initial baseline measurements or basal analysis.

❑ Yes ❑ No ❑ Unclear

8) If necessary the camera should be turned on for some time prior to the test to allow sensor
stabilisation following the manufacturer’s guidelines.
❑ Yes ❑ No ❑ Unclear

9) Conditions of image recording such as mean distance between object and camera and
percentage of the region of interest within the image should be detailed.
❑ Yes ❑ No ❑ Unclear

10) The camera should be positioned perpendicular to the region of interest.
❑ Yes ❑ No ❑ Unclear

11) Emissivity settings of the camera must be reported.
Note: 0.98 of emissivity is suggested for a dry clean skin surface.

❑ Yes ❑ No ❑ Unclear

12) The time of day at which the images were taken should be reported.
❑ Yes ❑ No ❑ Unclear

(continued)
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5.2 Participants

Participants should be screened for factors likely to affect BAT activity or skin
temperature and excluded unless explicitly required for the study. These should
include smoking (Grassi et al. 1992) and medications such as beta-blockers or beta-
agonists (Alexander and Stevens 1980; Law et al. 2014; Thureson-Klein et al. 1976).
The region to be imaged should be hair-free, as the emissivity of hair results in a
lower measured temperature (Fernández-Cuevas et al. 2015). In addition, they
should be asked to refrain from showers; from consuming alcohol, caffeine-
containing drinks or large meals; and from strenuous activity for at least 4 h prior
to imaging (Moreira et al. 2017) and to avoid use of cosmetics and ointments (Engel
1984; Fernández-Cuevas et al. 2015; Steketee 1976). Where feasible, assessment
should be undertaken at a consistent time of day to avoid potential circadian
variations in BAT activity (Redlin et al. 1992). A detailed account of the factors
influencing skin temperature is provided by Fernández-Cuevas et al. (2015).

Participants should be asked to don standardised study clothing, usually
consisting of light cotton shorts and vest, as soon after arrival as practical. This
allows the participant to begin to acclimatise to the room and, therefore, they should
remain in the study room for the duration of this period. The vest should be of a style
and fit to allow complete exposure of the neck and shoulders above the line of the
clavicle. Basic anthropometric and characteristics must be measured and recorded
including height, weight, age, gender, ethnicity, smoking status and medications.

5.3 Positioning

Following initial acclimation, the participant should be invited to sit in an upright
position. The head should be in a near-neutral position, slightly extended if neces-
sary to expose the SCV region. The participant should be positioned in such a way to
avoid movement during the imaging period. Firstly, this should be such that they can
be expected to remain comfortable for the duration of the imaging period; and,

Table 1 (continued)

13) The standard body position of the subject and the regions of interest must be well
described and appropriately selected. A visual example (with temperature scale presented
and scale of colours properly configured) is recommended.
❑ Yes ❑ No ❑ Unclear

14) If the skin is dried (e.g. to remove surface water), the drying method should be clearly
described.
❑ Yes ❑ No ❑ Unclear

15) The evaluation of thermograms and collection of temperature from the software should
be clearly described.
❑ Yes ❑ No ❑ Unclear

Reprinted from Moreira et al. (2017). #2017 Reproduced with permission from Elsevier
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secondly, they should be able to avoid needing to move when the stimulus is
introduced (see Sect. 5.4).

They should be directly facing the thermal imaging camera, which should be
secured on a tripod able to allow adjustment in height and rotation in all axes. Prior
to commencement of imaging, the camera should be positioned such that the receiver
is perpendicular to an imaginary line itself perpendicular to the centre of the larynx
(Fig. 6). To optimally measure the radiation from the SCV fossa, the camera would
ideally be placed along a line perpendicular to that plane, which is externally and
cranially rotated relative to the coronal plane. However, the resultant variable and
subjective positioning of the camera would reduce reproducibility and would only
allow unilateral imaging. The recommended position is a compromise between
consistency and maximising detection of radiation. It should, therefore, be
recognised that results will underestimate the true SCV temperature.

5.4 Stimulation

BAT stimulation can be altered in several different ways, such as by diet (Kim et
al.2015), pharmacological agents (Scotney et al. 2017) or temperature. Stimulation
may occur acutely (over minutes) or chronically (over days and weeks). IRT study
design can be adapted to measure both acute changes (e.g. increase from a resting
baseline) and chronic changes (e.g. measuring change in resting or change in
stimulated temperatures at serial study sessions).

Perhaps the most frequently used stimulus is acute cold. This is in the form of
either a cold room (Jang et al. 2014; Lee et al. 2011; Ramage et al. 2016) or a cooling
stimulus [for instance, cold water (Ang et al. 2017; El Hadi et al. 2016; Peterson et al.
2017; Ramage et al. 2016; Robinson et al. 2014; Symonds et al. 2012) or a cooling
blanket (Law et al. 2017b; Salem et al. 2016)] applied directly to the skin but away
from the SCV region. An extremity, such as a foot (Ang et al. 2017; Peterson et al.
2017; Symonds et al. 2012; Virtanen et al. 2009) or hand (Ang et al. 2017; El Hadi
et al. 2016; Ramage et al. 2016; Robinson et al. 2014; Symonds et al. 2012), is often

Fig. 5 Infrared thermograph of the dorsum of a hand taken in 1990 (320 � 240 pixels) and at in
2011 (640 � 480 pixels). From Ring and Ammer (2012)# Institute of Physics and Engineering in
Medicine. Reproduced by permission of IOP Publishing. All rights reserved
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used as the site of cooling. If a cooling stimulus is to be used, care should be taken to
avoid change of body position when the stimulus is introduced. In the case of cold
water, the hand (or foot) should therefore be positioned in an empty receptacle prior
to image acquisition period. For the same reason, if a cooling blanket is to be used,
this should be put in place at the start of imaging, without flow and at a neutral
temperature initially.

Cooling should be sufficient to achieve SNS BAT activation, but not so extreme
as to induce shivering, an alternative adaptive thermogenesis mechanism, or pain, an
alternative SNS activation pathway. Where a standardised temperature is used, the
water is typically 15–20�C (Ang et al. 2017; Ramage et al. 2016; Robinson et al.
2014; Symonds et al. 2012).

The alternative is to use an individualised protocol. In this case, the participant is
cooled to the point of shivering, then the stimulus temperature is gradually increased
until shivering ceases (van der Lans et al. 2013; Vosselman et al. 2012). Shivering
should be defined as any one of three measures: participant report, researcher

Fig. 6 Representation of infrared radiation emitted by the supraclavicular region (red triangle)
which is maximally detected by the camera at position A. While the camera at position B will detect
less radiation and therefore underestimate the true skin temperature in the region of interest, the
position is reproducible and therefore recommended. From Law et al. (2017a) reproduced by
permission of Taylor & Francis Ltd., http://www.tandfonline.com
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observation and electromyogram (van der Lans et al. 2014). The temperature at
which shivering ceases is then used as the participant’s individualised stimulus
temperature. Although there is much that is appealing about this approach, and it
is recommended in PET-CT studies of BAT (van der Lans et al. 2014), caution must
be exercised when applying it to IRT studies. If the set point is established on the
day, there may be an insufficient washout period and the earlier cooling period may
affect the later study session. PET-CT measures substrate uptake at a given point and
so is less affected by the effect of earlier cooling than IRT which compares change
from baseline (see Sect. 6.4). Shivering points for individuals vary over time, so a set
point established prior to the study day may not be valid at a later date (Davis 1961).

5.5 Imaging Duration

There is considerable variation in the length of imaging periods utilised.
Acclimatisation to the study room temperature is achieved after an hour (Haq et al.
2017). The change in SCV temperature during acclimatisation is likely to vary
depending on the environment that the participant was most recently in. Despite
the initial acclimation period, there is frequently a cooling of the skin temperature
upon commencement of imaging in our experience, thought to be due to the
cessation of voluntary muscle activity in the sedentary state in which imaging
is undertaken. For this reason, a prolonged baseline period of imaging is
recommended. A baseline period of at least 10 min is necessary to achieve a steady
SCV temperature prior to introduction of an acute stimulus. To demonstrate achieve-
ment of a steady state, at least three measurements in the last 5 min of the baseline
period are required.

The initial response to cold stimulus is rapid. Five minutes of stimulation is
sufficient to detect a change from baseline following the introduction of a direct
contact cold stimulus (Symonds et al. 2012), but longer periods of up to an hour may
show a further increase (Law et al. 2017b). Detailed longitudinal information about
the response to a cold environment challenge is not available, but studies have
reported results between 30 min (Lee et al. 2011) and 2 h (Jang et al. 2014; Ramage
et al. 2016).

Images should be collected at regular intervals throughout the baseline and
stimulation periods. Still images should be collected at a rate of at least four to six
images per minute, as the camera will allow. Less frequent capture is likely to permit
significant movement between images which both reduces image consistency and
increases thermogenesis from voluntary muscle movement. Video is captured at
typically up to 30 frames per second and may allow more detailed changes to be
seen, but the increased data set created may add complexity to the data analysis
phase (see Sect. 6).
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5.6 Additional Measurements

To interpret fully the data from the infrared thermographs, additional physiological
measurements are necessary. These should include measures of SNS activation
including heart rate and blood pressure. In addition, core temperature should be
measured at the start and end of the session as a minimum, and at regular intervals of
longer imaging sessions.

Additional skin temperature measurements are also valuable to use to compare to
the changes in BAT temperature (discussed further in Sect. 6.4).

6 Image Analysis

6.1 Conversion

The details of the file structure of thermographs will vary depending on the manu-
facturer and equipment used, and the researcher will need to be familiar with the
particular system in use. The information discussed here is based on experience with
FLIR® equipment but will be applicable to many others.

Thermographs are stored in a variety of file formats including, but not limited to,
JPEG and TIFF. The radiometric data is stored distinctly from the displayed false-
colour image and may be obfuscated to a greater or lesser extent to encourage use of
proprietary software for image analysis. The displayed false-colour image cannot be
analysed in any meaningful way- and temperature data can only be approximately
estimated by comparison to a colour bar. The radiometric data within the file must be
accessed and converted to temperature data before progressing. This may be done by
utilising proprietary software. Free versions will typically have limited functionality
especially of the type required for analysis of BAT. Commercially available versions
have a wider range of tools, and it is important to ensure that those required are
included.

Alternatively, data can be accessed outside of manufacturers’ proprietary soft-
ware, and this usually requires a conversion step first. Options for conversion
include:

• Opening images within proprietary software that allows saving in a variety of
formats, such as comma-separated values files (CSV) or MATLAB™ data files
(MAT).

• Conversion to an openly accessible format such as portable network graphics
(PNG) (Law et al. 2017a, b) using a Python-based script, or equivalent, where the
raw radiometric data is stored as the image rather than in the metadata (see
Sect. 3).

• FLIR®, for instance, provides a MATLAB™ executable file that allows images
taken on FLIR®-manufactured devices, including videos, to be imported into the
MATLAB™ programming environment directly, following which data can be
analysed in a flexible way.
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As well as allowing more flexible analysis, conversion also protects against data
loss from proprietary file formats becoming obsolete. This is a significant risk as
manufacturers continue to develop new cameras with new file formats and may stop
supporting the current ones.

6.2 Region of Interest Identification

Once the image has been opened within a suitable environment, it must be analysed
to identify the region of interest (ROI). The shape and border used to define the ROI
varies significantly between publications. Early studies used circles or simple
polygons to identify the region of interest (Jang et al. 2014; Kim et al. 2014; Lee
et al. 2011; Symonds et al. 2012). Where small ROIs over the SCV fossa have been
used, the output is usually a summary measure of the whole ROI (e.g. mean or
maximum temperature) (Gatidis et al. 2016; Jang et al. 2014). This approach has the
problem of requiring subjective placement.

Alternatively, a larger ROI can be identified and a BAT “hotspot” is defined
within it: a summary measure of the hotspot being calculated as the output measure
(Robinson et al. 2014; Symonds et al. 2012). The latter approach has progressed
from simple ROIs to more refined options. Current techniques include the automatic
identification of the shoulder contour (Fig. 7) to allow rapid and accurate analysis of
large numbers of images (Law et al. 2017b; Scotney et al. 2017). The hotspot is then
defined either as an upper percentile of pixels within the ROI (Symonds et al. 2012)
or using a watershed method, with a summary measure calculated. Alternatively, a
seeded-region growing algorithm approach can be used to define the area of BAT
activity, which avoids imposing a fixed size or sharp cut-off (Ang et al. 2017).
However, this limits the number of images analysed due to the computational time
required and has not yet demonstrated a definite advantage over simpler methods.

6.3 Averaging

As with any other imaging modality, or measurement, each radiometric datum is
subject to an error term. While summary measures will reduce the error by averaging
across thousands of pixels, time series demonstrate variation around the underlying
trend due to physiological rhythms, inherent noise in the measurement or a combi-
nation of the two (Fig. 8). Studies that use only single or isolated images (Gatidis
et al. 2016; Kim et al. 2014; Peterson et al. 2017), or only acquire one image per
minute (Robinson et al. 2014; Symonds et al. 2012), are, therefore, exposed to
significantly reduced reproducibility. In contrast, radiometric video, while increasing
the noise in each individual frame, allows frames to be flattened in the z-axis (Fig. 9),
increasing accuracy. In general, averaging across n frames will reduce the noise
(here defined as standard deviation) by

ffiffiffi

n
p

. When considering the noise in data, it is
usually useful to compare the noise to the mean as noise is frequently expected to
increase proportionately to the mean. This can either be undertaken by calculating a
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signal-to-noise ratio (where SNR is the mean divided by standard deviation) or a
coefficient of variation (CV% is the standard deviation divided by mean, multiplied
by 100). As an example, the same absolute accuracy would not be expected from a
heavy goods vehicle weighing bridge as would be expected from a set of laboratory
scales, but the ratio between the signal (weight) and noise may be similar.

Comparison of this form is less straightforward when dealing with temperature
because it is not a linear proportionate scale, i.e. a temperature of 15�C is not half of a

Fig. 7 Contour of region of
interest, including border of
the shoulder, automatically
identified following manual
identification of apices. (a)
Original thermal image (b)
apices identified (white
arrows) (c) output image
highlighting ROI contour
(blue), BAT ‘hotspot’ (red)
and sternal reference region
(cyan)
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temperature of 30�C. It follows then that the error in a measurement with a mean
temperature of 15�C would not be expected to be half of the error in a measurement
with a mean temperature of 30�C. Secondly, human skin temperature is generally in
a small dynamic range of ~30–37�C (Law et al. 2017a). There is little change in the
mean, and so changes in the SNR or CV are primarily determined by changes in the
noise rather than the signal. In theory, a signal could be calculated from the raw
radiometric data or from absolute temperature (Kelvin), but this would further
emphasise the small range of temperature measurements.

6.4 Measures

Whether or not attempts are made to reduce noise by averaging frames, once the
region of interest has been identified, an output measure will need to be calculated.
The output measure selected will depend to an extent on the ROI chosen and the
software being used. Most proprietary software will allow at least rectangular and
elliptical ROIs to be drawn and, from these, provide a minimum, maximum and,
possibly, mean temperature. If the ROI has been chosen to represent a small area
over a potential BAT deposit, these may not be unreasonable options but are all
susceptible to influence from extreme values, especially minimums and maximums.
In addition, each image will need to be analysed by hand and the output recorded

Fig. 8 Time series of infrared thermography measurements from a single participant, with four
images per minute over 5 min of stimulation showing a rising trend following introduction of a cold
stimulus (blue line) but with significant noise
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manually, risking transcribing errors and setting a practical limit on the number of
images analysed.

If a larger ROI has been selected, from which the BAT ‘hotspot’ forms a smaller
part, this should be reflected in the outcome measure chosen. The top 10% of
temperature pixels within a SCV ROI as previously described (see Sect. 6.2) can
be considered to represent the BAT hotspot. Even if the temperature of pixels in the
ROI is normally distributed, the temperature of pixels in the hotspot would not be,
and so the mean is no longer an appropriate point measure. Instead, the median value
is chosen, which has the additional advantage of being less susceptible to influence
from extreme values. The median value of the top 10% of values is equivalent to the
95th percentile of the original ROI, which can be easily calculated by any
suitable software such as Excel, R (both by exporting the CSV files of the ROI) or
MATLAB™.

As discussed above (see Sect. 4), the temperature of the SCV BAT outcome
measure (TSCV) can be influenced by factors other than BAT activity, such as obesity
(increased insulation) and environmental temperature (skin perfusion). Perfusion can
be accounted for by comparing TSCV to a reference skin temperature (TRef). Most
easily, this is undertaken by selecting a reference region within the thermal image
over a non-BAT area such as the sternal (Law et al. 2017b) or deltoid regions
(Fig. 7), but these are limited to the frame of the image. An alternative is to calculate

Fig. 9 Simplified example of effect of frame averaging. Frame 1 and Frame 2 are images of a
homogenous radiation source and each consist of a 2 � 2 array of 2-bit (0–3) encoded pixels
represented using a greyscale. Each pixel in the averaged frame is the mean of the corresponding
pixels in Frames 1 and 2, reducing the variation in measurements
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a mean skin temperature (Robinson et al. 2016) using contact skin temperature
probes (such as iButtons™ or thermocouples attached to real-time display) to
measure multiple points simultaneously and continuously. The median temperature
of the non-BAT area or the mean skin temperature (TRef) can then be compared to
TSCV to calculate a relative temperature (TRel) (Eq. 2).

TRel ¼ TSCV � TRef ð2Þ
Relative supraclavicular temperature (TRel) calculated as the difference between
absolute supraclavicular temperature (TSCV) and a reference temperature (TRef).

Finally, change following stimulation (ΔT ) can be calculated from baseline
resting temperature (Eq. 3). Note that in some publications, ΔT is defined as the
difference between BAT and non-BAT skin temperature, here called TRel.

ΔT ¼ stimulated T � resting T ð3Þ
Change in temperature (ΔT ) from resting following stimulation.

ΔT further uses each participant as their own control, standardising results and
better allowing direct comparison between individuals. ΔTRel has been shown to
correlate closely with BAT activity measured using PET-CT (Law et al. 2017b).
ΔTRel relies on being able to measure both a rested (‘off’) state and a stimulated
(‘on’) state. A participant who has maximally activated BAT at baseline may show
no further increase with stimulation and, therefore, provide indistinguishable data
from the participant who has minimal active BAT in both resting and stimulated
states (Law et al. 2017a). This is particularly pertinent where individualised cooling
protocols (see Sect. 5.4) are being determined on the day of stimulation, potentially
resulting in a failure to fully induce a resting state in BAT activity at baseline. For
studies of chronic BAT activation, comparison of changes in stimulated temperature
over the duration of the study would mitigate these potential pitfalls. Acute studies
are able to produce reliable results where the above issues are carefully considered in
the design.

7 Summary

Infrared thermography utilises the intrinsic properties of infrared radiation to infer
temperature and reconstruct the heat properties of a scene. The supraclavicular BAT
depot is relatively superficial and the heat-generating property of this major BAT
depot can be detected directly using inexpensive and readily available equipment.
Cooling produces a reproducible increase in the temperature of the skin overlying
the supraclavicular BAT depot which can be determined by careful identification and
analysis of the region of interest. By comparing the results to a non-BAT reference
region and calculating change from resting temperature, results from IRT show
strong correlation with PET-CT. In this way, the non-invasive, non-contact methods
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of IRT open the possibility of studying populations and interventions not previously
possible.
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Abstract
The role of brown adipose tissue (BAT) in non-shivering thermogenesis is
well established in animals. BAT is activated following cold exposure, resulting
in non-shivering thermogenesis, to ensure a constant body temperature. In
mitochondria of brown adipocytes, glucose and fatty acids are used as substrate
for uncoupling resulting in heat production. Activated BAT functions as a sink for
glucose and fatty acids and this hallmark has designated BAT a target in the fight
against metabolic diseases like type 2 diabetes mellitus and obesity. In order to
make valid claims regarding BAT activity in humans, BAT activity needs to be
quantified. The combination of positron emission tomography (PET) and com-
puter tomography (CT) analysis is currently the most frequently used imaging
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technique to determine BAT activity in humans. Here, we will discuss the history
of PET/CT and radioisotopes used to determine BAT activity in humans. More-
over, we will assess how PET/CT is used to determine BAT activity following
cold and exercise.

Keywords

[18F]FDG · [18F]FTHA · Brown adipose tissue · Cold · Exercise · PET/CT ·
Radioisotope

1 Introduction

Energy homeostasis in humans is a delicate balance between energy intake and
energy expenditure. When the balance tips towards a surplus of energy intake, this
leads to storage of the excess of energy in white adipose tissue (WAT). Too much
WAT results in obesity, which in turn may lead to the metabolic syndrome.

Brown adipose tissue (BAT), on the other hand, does not store but uses energy
when activated. BAT contains many mitochondria. In these mitochondria, glucose
and fatty acids are combusted to heat in a process called mitochondrial uncoupling
(Cannon and Nedergaard 2004). This uncoupling process is executed by uncoupling
protein 1 (UCP1), a unique inner membrane mitochondrial protein for BAT. UCP1
uncouples the electron transport chain, causing increased proton leak over the
mitochondrial inner membrane. This results in production of heat instead of ATP.
Activated BAT uses huge amounts of energy. In rodents, this comes down to 300W/
kg brown fat (Rothwell and Stock 1983), which is about two orders of magnitude
higher than normal metabolic rate of other tissues. Because of this BAT hallmark,
BAT has been coined a potential target to combat detrimental effects of increased
WAT mass. The most effective way to activate BAT is via cold exposure that results
in release of norepinephrine from the sympathetic neuron onto the brown adipocyte.

In 2009, several research groups demonstrated the presence of functionally (i.e.,
in response to cold) active BAT in adult humans, which reignited the interest in
BAT. BAT is mostly appreciated for thermogenesis, so detection of heat production
or change in temperature would be the most direct approach to measure BAT
activity. However, directly measuring heat production is invasive, and apart from
measuring temperature one needs to obtain a measure of heat flow through the tissue.
This is not feasible in humans. Measuring infrared radiation is an alternative to
measure temperature, but this only provides the temperature of the skin surface
overlaying the BAT region, not the temperature or heat production of the tissue
itself. At best, this technique can provide an indication of BAT activation. The most
widely used technique to detect active BAT in humans is via the combined positron
emission tomography and computed tomography (PET/CT) using the glucose tracer
[18F]-fluorodeoxyglucose ([18F]FDG). This chapter is dedicated to the origin of
PET/CT analysis and how this technique is currently used to measure BAT activity
in humans following cold stimulation or exercise.
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2 Positron Emission Tomography and Computed
Tomography

PET is a method to detect gamma rays from a positron-emitting radioisotope.
Positrons released by a beta-plus radioisotope collide with an atomic electron
resulting in a release of two gamma photons in opposite directions. The travel path
of these photons provides information regarding the source. This way, specific
radioisotopes can provide information regarding metabolic status of the organ of
interest. However with PET, tissue identification is not possible. Therefore, PET is
nowadays combined with computer tomography (CT) for anatomical information.
CT uses X-ray scans from different angles to create cross-sectional images thereby
allowing spatial resolution to occur. Besides tissue identification, the CT derived
Hounsfield scale provides a quantitative scale for describing radiodensity, which can
be used to determine the relative water content of BAT. After activation of BAT,
several studies (Chondronikola et al. 2016; Ouellet et al. 2012) showed decreased
density implying the use of internal fat stores for combustion. The two noninvasive
methods combined result in PET/CT. Instead, PET/MRI (magnetic resonance imag-
ing) systems gradually become more available and make it possible to detect new
magnetic resonance (MR)-based markers and at the same time use PET tracers. The
amount BAT studies using PET/MRI are currently very limited (Deng et al. 2017).

The combination of PET and CT was applied in the 1990s by David Townsend
and Ronn Nutt. In 1991, a PET scanner using rotating banks of bismuth germanate
detectors was created by David Townsend and collaborators in Geneva. Oncologist
Rudi Egeli suggested including an imaging unit, because there was space between
the rotating detectors. For the first time, PET and CT were combined in such a way
that resulted in one single entity that rotates in order to image human beings. First
PET/CT scanner was designed, built by CTI PET system in Knoxville, and used in
1998. The use of this PET/CT in a clinical setting involving cancer patients of PET
was a valuable addition for physicians to exactly localize what happened where in
their patients (Charron et al. 2000). These positive results generated the need for
more commercial devices for other researchers and health practitioners to use as
well. In 2001, various commercial PET/CT scanners were released on the market:
Discovery LS (GE Healthcare), Biograph (Siemens Medical Solutions), and Gemini
(Philips Medical Solutions).

3 Tracers

For PET imaging, a wide range of natural molecules can be radioactively labeled
without major change occurring in characteristics of the molecule. Alternatively, the
chemical change of the labeled molecule that does occur can be advantageous for
imaging, see, for instance, the trapping of [18F]FDG and [18F]FTHA taken up by
cells (see below). BAT activity scans have mainly been obtained using glucose or
fatty acid tracer, since these are natural sources of energy for BAT. Radioisotope
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Fluorine-18 decays by positron emission and electron capture yielding stable
Oxygen-18. Fluorine-18 has a half-life of 110 min.

Fluorine-18 is practical in use for PET/CT analysis, because it can be
incorporated into organic molecules such as glucose and it has a relatively long
half-life. For instance, Oxygen-15 or Carbon-11 have much shorter half-lives of
2 and 20 min, respectively. Therefore, using Oxygen-15 requires a cyclotron in the
vicinity of the experimental location. Not many institutes are equipped to carry out
metabolic studies with such radioactive isotopes. Nevertheless for detection of BAT,
various short-lived positron-emitting radioisotopes have been used for measuring
oxygen consumption [15O] (Din et al. 2016; Muzik et al. 2012), blood flow and
oxygen metabolism [15O] (Din et al. 2016; Muzik et al. 2012; Orava et al. 2011),
oxidative capacity [11C]acetate (Blondin et al. 2014; Ouellet et al. 2012), and
mitochondrial membrane potential [18F]fluoro-benzyl triphenyl phosphonium
(FBnTP) (Madar et al. 2015). The following general reviews discuss various tracers
further (Bauwens et al. 2014; Chondronikola et al. 2018).

In the following part, we will examine two Fluorine-18 derived tracers which are
most frequently used to determine human BAT activity: One glucose based – [18F]
FDG (Fig. 1) – and another fatty acid based – [18F]FTHA (Fig. 2).

3.1 [18F]-Fluorodeoxyglucose

[18F]FDG is Fluorine-18 labeled 2-deoxyglucose (DG). When the hydroxyl group
present at the C2 position in DG is replaced by Fluorine-18, this yields the radioac-
tive molecule [18F]FDG (Fig. 1) which can be used for PET/CT analysis. Glucose
uptake and subsequent glycolysis result in the generation of pyruvate and NADH
which are necessary for ATP production. The step following glucose uptake is
phosphorylation of glucose by hexokinase resulting in glucose-6-phosphate. How-
ever, the difference with DG is that phosphorylation of DG by hexokinase yields
DG-6-phosphate. This molecule cannot be further metabolized in the glycolytic
pathway and therefore the tracer gets trapped. [18F]FDG-PET/CT can therefore be
used to image glucose uptake. Radioisotope Fluorine-18 (half-life 110 min) decays
to the stable isotope Oxygen-18, which gives rise to a hydroxyl group. This
ultimately results in the formation of nonradioactive [18O]-glucose-6-phosphate
which can be further metabolized in the cell. This was already observed in the

Fig. 1 Chemical structure of [18F]-fluorodeoxyglucose ([18F]FDG)
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1970s when tracking glucose uptake in the rat brain (Sokoloff et al. 1977). Nowa-
days, [18F]FDG is one of the most frequently used tracers in nuclear medicine, for
instance, in cancer diagnostics. Besides uptake in tumors and activated BAT, [18F]
FDG is typically taken up by the brain, to a lesser extent by the liver, and skeletal
muscle especially when activated. The above described procedure reveals a so-called
static scan. Besides static scans, dynamic scans can be performed to define glucose
uptake rate in BAT. The latter is used to construct time activity curves of the
supraclavicular regions. Glucose uptake rates can then be calculated using Patlak
curve fitting (Patlak and Blasberg 1985).

3.2 14-[18F]Fluoro-6-Thiaheptadecanoic Acid

Break down of fatty acids also known as beta-oxidation results in acetyl-CoA
(which enters the citric acid cycle) and NADH and FADH2 (which are used in the
electron transport chain to generate ATP). 14-Fluoro-6-thiaheptadecanoic acid
(FTHA) is a nonesterified long chain fatty acid analogue. FTHA is transported to
the mitochondria where it undergoes beta-oxidation. The metabolized FTHA is
trapped in the cell after the initial steps of beta-oxidation. These findings originate
from the 1990s where fatty acid transport was examined in rat and human heart
(DeGrado et al. 1991; Ebert et al. 1994). This tracer is not yet widely used in a
clinical setting (Fig. 2).

4 Human Brown Adipose Tissue Activity

Thus far, cold is the most effective way to activate BAT. In the next section, we will
discuss methods of cold exposure or pharmacological means that increase BAT
activity.

4.1 Acute Cold Exposure and Cold Acclimatization

[18F]FDG was initially used in neuroscience research. The subsequent discovery in
1980 that [18F]FDG accumulates in tumors made it an important tracer to diagnose
cancer. In cancer patients who were feeling cold, uptake of [18F]FDG was
demonstrated besides the tumor in the supraclavicular area. Initially, it was assumed
that this was tense muscle considering symmetrical uptake, but the issue was raised

Fig. 2 Chemical structure of 14-[18F]fluoro-6-thiaheptadecanoic acid (FTHA)
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that [18F]FDG uptake in this case could be related to BAT, by that time called USA
fat (Cohade et al. 2003b; Hany et al. 2002). It was until 2009 that actual functional
cold-stimulated BAT activity using [18F]FDG-PET/CT was demonstrated in adult
humans (Cohade et al. 2003a; Cypess et al. 2009; Saito et al. 2009; van Marken
Lichtenbelt et al. 2009; Virtanen et al. 2009). BAT presence and activity appeared to
be related to seasons and decreased with increased BMI, body fat percentage, and
age. Just as in animals, BAT appeared to be a flexible tissue that can be recruited
upon demand. BAT activity increased following a 10-day, 4-week, or 6-week cold
acclimation in healthy human subjects with obesity, demonstrating plasticity of
human BAT (Blondin et al. 2014; Hanssen et al. 2016; van der Lans et al. 2013;
Yoneshiro et al. 2013). Finally in line with animal models, (mild) cold is linked to
glucose metabolism: whole body insulin sensitivity improved significantly follow-
ing cold acclimatization (Hanssen et al. 2016) or even following single mild cold
exposure (Iwen et al. 2017). However, the quantitative contribution of BAT in
human non-shivering thermogenesis, glucose, and lipid metabolism still needs to
be established.

In human research, not many studies have been conducted using [18F]FHTA to
assess BAT activity. In six healthy male subjects, cold resulted in increased uptake
of [18F]FTHA in BAT (Ouellet et al. 2012). Other studies showed increased uptake
of [18F]FTHA in BAT following acute cold which was not observed in WAT (Din
et al. 2016) thus demonstrating specificity for BAT over WAT. One study showed
that cold-stimulated NEFA uptake in BAT was similar between 3 patient groups of
healthy young subject, age-matched subject and subjects with type 2 diabetes
mellitus (Blondin et al. 2015). FTHA is a fatty acid, so besides infusion into a
vein it can be administered orally via a liquid meal. Oral administration resulted in
higher uptake of dietary fatty acids in BAT compared to WAT and skeletal muscle;
however, a 4-week acclimatization protocol was without effect on boosting uptake
of dietary fatty acids in BAT (Blondin et al. 2017).

4.2 Pharmacological Activation of Brown Adipose Tissue

Cold exposure results in the release of norepinephrine, which binds the beta-
adrenergic receptors on brown adipocyte resulting in uncoupling. Various strategies
have been attempted to enhance BAT activity via targeting of the beta-adrenergic
receptors in a pharmacological manner. Nonselective beta-adrenergic receptor ago-
nist isoprenaline increased heart rate and stimulated energy expenditure as expected
from stimulation of the beta-adrenergic receptors; however, no change was observed
in BAT activity measured via FDG-PET/CT (Vosselman et al. 2012). Similar results
were generated with ephedrine, resulting in increased heart rate and energy expendi-
ture; however, BAT activity was also unchanged (Cypess et al. 2012). Mirabegron is
a specific beta 3-adrenergic receptor agonist used to treat an overactive bladder. A
relatively high dose of mirabegron showed significant increased BAT activity and
energy expenditure in healthy subjects, however also increased heart rate and blood
pressure (Cypess et al. 2015). Although targeting the beta-adrenergic receptors
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might be an efficient way to stimulate BAT activity, further research is necessary to
bypass effects of beta-adrenergic stimulation of the heart.

Are there any natural compounds that can activate BAT? The bile acid CDCA
(Broeders et al. 2015) and glucocorticoid prednisolone (Ramage et al. 2016) are
indeed natural compounds that increase BAT activity in humans. Capsinoids, which
are less pungent forms of capsaicin that can be found in red pepper, appear to
activate BAT. Acute ingestion of 9 mg of capsinoids increased energy expenditure
in BAT positive healthy human subjects, while this was not observed in BAT
negative human subjects (Yoneshiro et al. 2012). Also, a 1.5-month daily ingestion
of capsinoids resulted in increased BAT activity assessed by [18F]FDG-PET/CT
(Nirengi et al. 2016). All the [18F]FDG-PET/CT analyses were performed using
cooling. However, uncooled administration of capsinoids in healthy human subjects
did not affect BAT activity. The combination of cold and capsinoids was needed to
show increased BAT activity and increased energy expenditure (Sun et al. 2018). It
needs to be determined which other natural compounds can also specifically activate
human BAT.

4.3 Exercise Stimulated Brown Adipose Tissue Activity

Physical activity is an effective way to reduce WAT mass. However, it is not fully
understood if and how exercise affects BAT. In the next section, we will discuss
direct effects of exercise on BAT activity and also look at factors secreted by the
exercising body that could alter BAT activity.

4.3.1 Direct Effects of Exercise on Brown Adipose Tissue Activity
Whole body energy expenditure can be roughly split in obligatory (required for basal
body functions) and facultative thermogenesis (van Marken Lichtenbelt and
Schrauwen 2011). Both cold and physical activity increase the so-called facultative
thermogenesis. Cold, as discussed above, can elevate energy expenditure by shiver-
ing and NST, where BAT is involved in NST. The magnitude of exercise-induced
thermogenesis is highly dependent on the level of exercise. Besides effects on energy
expenditure, exercise is known to benefit a variety of organ systems. For instance,
7 weeks of high intensity interval training in obese mice is more favorable on
metabolism compared to moderate intensity training resulting in lowered body
weight and fat mass while also improving lipid metabolism in the liver (Wang
et al. 2017). In 2012, a study indicated the potential of exercise-induced BAT
recruitment by a protein called irisin (Bostrom et al. 2012). However, the results
of studies on exercise and BAT are not consistent (see below). Comparison between
animal and human studies is difficult, partly because [18F]FDG-PET/CT is not
included in most animal studies.

In rodents, no direct link is established between [18F]FDG-PET/CT determined
BAT activity and exercise. However, in a recent review, UCP1 expression in mouse
and rat BAT has been examined following exercise (Flouris et al. 2017). The
examined exercise protocols varied in duration of exercise (1 week up to 8 weeks)
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and type of exercise (running wheel, treadmill, and swimming). Five out of nine
publications showed increased UCP1 mRNA expression following exercise while in
the other four no change in UCP1 mRNA expression was detected. However, in the
two cases where BAT UCP1 protein was examined, only increases in UCP1
following exercise were observed (Seebacher and Glanville 2010; Slocum et al.
2013). The authors do not have an explanation for the change in UCP1 mRNA
expression following different types of exercise; however, they do discuss
confounding factors (e.g., training protocol, temperature, diet, and time of tissue
extraction) that should be studied in future.

In humans, few studies have been conducted where [18F]FDG-PET/CT
BAT activity is examined following exercise. Endurance trained athletes (strong
exercise) have lower [18F]FDG-PET/CT BAT activity compared to control subjects
(Vosselman et al. 2015). Similar trends were obtained in young female athletes;
however, this effect did not reach statistical significance (Singhal et al. 2016). These
results are interesting considering that obesity is negatively related to BAT activity
(van Marken Lichtenbelt et al. 2009), thus indicating that both trained athletes and
people with obesity have decreased human BAT activity. However, an athlete would
not directly benefit from increased BAT activity/heat production, because that would
impede additional heat stress on the exercising body. On the other hand, in a cohort
of 40 cancer patients, increasing habitual physical exercise (light exercise) resulted
in higher BAT activity (Dinas et al. 2015). These results could indicate that untrained
sedentary people could reap benefits of increased BAT activity by starting a light
exercise program. A bigger trial has been performed looking at various exercise
intensities in young adults to establish effect on BAT activity measured using [18F]
FDG-PET/CT (Sanchez-Delgado et al. 2015b). Although the trial ended mid-July of
2017, no results have been published.

4.3.2 Indirect Effects of Exercise on Brown Adipose Tissue Activity
Exercise is known to result in systemic increase of proteins that stimulate BAT (for
reviews, see Aldiss et al. 2017; Sanchez-Delgado et al. 2015a). In the following
section, we will highlight two factors induced/secreted by the active muscle (FGF21,
irisin).

Fibroblast Growth Factor 21
In mammals, the fibroblast growth factor family comprises 18 different ligands
(Turner et al. 2012). In mice, fibroblast growth factor 21 (FGF21) is expressed in
many tissues including skeletal muscle and liver (Izumiya et al. 2008). FGF21 is
activated by norepinephrine (Hondares et al. 2011) thus creating a link towards BAT
activation. This link is further strengthened by in vitro treatment of human
adipocytes with FGF21, which stimulates a beige/thermogenic profile (Lee et al.
2014). In humans, FGF21 is regulated in various manners following exercise;
however, these results are not always consistent. Acute exercise can increase plasma
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FGF21 following treadmill exercise (Kim et al. 2013; Tanimura et al. 2016);
however, this increase is not observed in obese subjects or subjects with type
2 diabetes (Hansen et al. 2016; Slusher et al. 2015). Participants in cold and
physically challenging Yukon Artic Ultra race did not show changes in FGF21
plasma levels during the race (Coker et al. 2017). Long-term exercise increased
FGF21 following a 2-week treadmill exercise program in healthy female subjects,
but interestingly acute exercise did not increase FGF21 in circulation (Cuevas-
Ramos et al. 2012). Three-month combined exercise, composed of a mix of aerobic
exercise and resistance training, decreased circulating levels of FGF21 in obese
nondiabetic female subjects (Yang et al. 2011) and a 5-week endurance training
program in elderly men also decreased circulating FGF21 (Taniguchi et al. 2016).
FGF21 regulation after exercise warrants more investigation, especially the link
towards thermogenesis in humans is inadequately explored. FGF21 analogue
PF-05231023 has been given to obese subject with type 2 diabetes resulting in
decreased body weight and improved lipid profile (Talukdar et al. 2016), so studies
dedicated to BAT activity and PF-05231023 are interesting to demonstrate increased
BAT activity in humans following FGF21 activation.

Irisin
Peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC1a) is
an important regulator of mitochondrial biogenesis and therefore the step to exercise/
muscle contraction is not far, because mitochondria generate ATP that the exercising
muscle requires. Irisin (named after the Greek messenger of the Gods Iris) was
coined a myokine because it was linked to muscle contraction and PGC1a (Bostrom
et al. 2012). Fibronectin type III domain-containing protein 5 (FNDC5) encodes a
protein that will be cleaved to irisin, which is subsequently released in the circulation
where it can stimulate a brown adipocyte-like thermogenic profile in white
adipocytes. Indeed, in vitro treatment of human adipocytes with FNDC5 stimulates
this thermogenic profile (Lee et al. 2014). However, controversies arose regarding
irisin in humans. The sequences of FNDC5 are identical in humans and mice;
however, mutations have occurred in the start codon, resulting in different expres-
sion levels in humans compared to mice. The original paper identifying irisin
showed increased FNDC5 following 10 weeks of endurance training (Bostrom
et al. 2012); however, endurance or strength exercise in another study did not change
FNDC5 expression in muscle biopsies (Raschke et al. 2013). Furthermore, determi-
nation of irisin levels by ELISA was questioned after examination of the polyclonal
antibodies used in the ELISA (Albrecht et al. 2015). Nonetheless, a potential link has
been introduced between FGF21 and irisin. Exercise-mediated irisin secretion may
be evolutionary derived from shivering to further boost the effects of FGF21 on
thermogenesis (Lee et al. 2014). More research on irisin research is needed in order
to get a better grasp on human BAT metabolism.
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5 Critical Evaluation of Commonly Used Tracers to Measure
Human Brown Adipose Tissue Activity

Although [18F]FDG-PET/CT is the most widely used imaging technique for the
measurement of human BAT activity, it should be noted that this method only
detects uptake (rate) of glucose analog [18F]FDG. It is well established that both
glucose and fatty acids serve as fuel for brown adipocytes. Fatty acids derived from
internal triglyceride stores or from the circulation are thought to be the main fuel;
therefore, [18F]FDG may not reflect the actual brown fat metabolic activity.

Moreover, several factors can influence the results obtained using [18F]FDG-
PET/CT to examine BAT activity in humans. For instance, tissue insulin sensitivity
determines glucose uptake. BAT activity is reduced in obese diabetic rodents
(Mercer and Trayhurn 1984; Yoshioka et al. 1989). Some of these studies indicated
that not obesity per se but also insulin resistance contributes significantly to cold
intolerance and reduced BAT activity (Burcelin et al. 1993; Marette et al. 1991;
Yoshioka et al. 1989). In humans, a negative association between BAT activity and
diabetic status, independent of BMI and age, has been reported in a retrospective
study (Ouellet et al. 2011). And in a study on fasting-induced insulin resistance using
dynamic [18F]FDG-PET/CT, we revealed a lower glucose uptake in brown adipo-
cyte (Hanssen et al. 2015).

As illustrated above, determination of BAT activity by [18F]FDG-PET/CT in
humans is subject to variation. In part, this is caused by individual or tissue specific
characteristics. Partly, however, this is caused by methodological issues. In
November 2014, specialists in the field gathered to discuss minimal requirements
needed to perform BAT experiment in human using PET/CT analysis. This resulted
in the creation and publication of BARCIST 1.0: Brown adipose reporting criteria in
imaging studies (Chen et al. 2016). For BAT activity measurements using PET/CT,
two things are important: (1) standardization of PET protocol, method of data
acquisition, and experimental criteria for scanner performance. (2) Reporting of
participant characteristics, participant preparation, active BAT volume based, and
BAT activity within a specified anatomical field of view. Following the suggestions
and guidelines present in BARCIST 1.0 will help researchers and the rest of the
scientific community to standardize and to compare [18F]FDG-PET/CT studies with
regard to BAT activity in humans.

Another issue is the interpretation of BAT activity from retrospective studies. It is
well appreciated that under basal conditions/room temperature, no or little uptake of
[18F]FDG is detected. Since retrospective studies generally do not use well-
controlled cooling protocols, the activity of BAT may depend on indoor temperature
in hospitals, clothing insulation, the sensitivity to cold of the patients, and medica-
tion. Retrospective studies, for instance, suggested significantly higher BAT activity
in women compared to men (Cypess et al. 2009), but well-controlled studies showed
no such difference (van der Lans et al. 2013). Nevertheless, retrospective studies
may provide interesting insights and suggestions for dedicated studies on human
BAT activity. A study involving over 15,000 human subjects showed that high BAT
activity is associated with many factors which include: use of diazepam, breast
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cancer, colder months of the year, low blood glucose and early morning injection of
[18F]FDG (Steinberg et al. 2017).

More studies are warranted regarding fatty acid kinetics, with for instance [18F]
FTHA, preferably in combination with [18F]FDG tracer. Because the same Fluorine
label is used for both tracers, these measurements always need to be performed
separately. The main drawback of FTHA provided intravenously is that fatty acids
normally are not free in circulation. When FTHA is given orally, the fatty acids will
circulate as lipoproteins or chylomicrons, thus requiring a much higher dose for
PET/CT. Studies are underway to develop other fatty acid based tracers (Paulus et al.
2017). Secondly, especially after short-term activation of BAT, internal triglyceride
stores serve as fuel and FTHA can therefore underestimate BAT activity.

For actual quantification of BAT activity and the determination of the nutrients
used, it may be important to combine different tracers when the research protocol
allows it (e.g., [18F]FDG, [18F]FTHA, and [15O]). Next, the combination with CT
not only provides information on the kind of tissue, but it may also provide
information on internal stores used by BAT due to changes in radiodensity. In
addition, there are interesting opportunities related to MRI-based techniques in
combination with the PET tracers. New PET/MRI systems make it possible to
provide a more complete picture on BAT metabolism.
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tissue (BAT). The work summarizes the features and mechanisms that allow MRI
to differentiate BAT from white adipose tissue (WAT) by making use of their
distinct morphological appearance and the functional characteristics of BAT. MR
is a versatile imaging modality with multiple contrast mechanisms as potential
candidates in the study of BAT, targeting properties of 1H, 13C, or 129Xe nuclei.
Techniques for assessing BAT morphometry based on fat fraction and markers of
BAT microstructure, including intermolecular quantum coherence and diffusion
imaging, are first described. Techniques for assessing BAT function based on the
measurement of BAT metabolic activity, perfusion, oxygenation, and tempera-
ture are then presented. The application of the above methods in studies of BAT
in animals and humans is described, and future directions in MR study of BAT
are finally discussed.

Keywords
Activation · Brown adipose tissue · Magnetic resonance imaging · Magnetic
resonance spectroscopy · Morphology · White adipose tissue

1 Introduction

Biomedical imaging has played a central role in the renaissance of scientific interest
on brown adipose tissue (BAT). Increased metabolic activity in the cervical and
supraclavicular regions of humans has been reported for a long time in the nuclear
medicine literature (Cohade et al. 2003; Hany et al. 2002). However, it was not until
2009 when three simultaneous studies, published in the New England Journal of
Medicine, reported that activated BAT can be observed in a significant percentage of
the adult population using positron emission tomography (PET) in combination with
adipose tissue biopsies and molecular biology analysis (Cypess et al. 2009; van
Marken Lichtenbelt et al. 2009; Virtanen et al. 2009). Since then numerous imaging
studies have investigated the identification of BAT using primarily fluorine 18 (18F)
fluorodeoxyglucose (FDG) PET (18F-FDG-PET). PET is nowadays considered the
reference modality in BAT imaging (Chen et al. 2016) in particular as it is depicting
metabolic activity of BAT depots. However, the exposure to ionizing radiation
remains a major concern when applying PET for studying BAT, especially in studies
requiring multiple imaging sessions and pediatric populations. In addition, 18F-
FDG-PET likely underestimates BAT activity under physiologically meaningful
conditions such as mild cold (Cypess et al. 2014).

Magnetic resonance imaging (MRI) and magnetic resonance spectroscopy (MRS)
methods have been recently suggested for the assessment of BAT morphometry and
function (Hu 2015). BAT is characterized by clear differences in both its morphom-
etry and function compared to white adipose tissue (WAT): Specifically, BAT is
specialized for non-shivering thermogenesis via mitochondrial uncoupling. BAT has
a higher concentration of intracellular and extracellular water, contains more
mitochondria, and is more densely vascularized than WAT. Furthermore, BAT
exhibits a higher metabolic activity during thermogenesis than non-activated BAT.
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WAT is specialized for energy storage and contains triglycerides in large lipid
droplets. MRI and MRS methods have been thus proposed for differentiating BAT
from WAT, relying on both the morphological and functional differences of the two
tissues in both at rest and activation studies (Fig. 1).

2 Literature Search

MR techniques and applications of BAT have been in part summarized in some
recent studies reviewing imaging modalities for BAT research (Bauwens et al. 2014;
Borga et al. 2014; Chondronikola et al. 2018; Marzola et al. 2016; Sampath et al.
2016; Sun et al. 2017; van der Lans et al. 2014). Hu published in 2015 the only up-
to-date review focusing entirely on MR of BAT (Hu 2015). The present study aims
to provide a review of the state-of-the-art MR techniques and applications for BAT
research. No differentiation is made between classical BAT and beige/brite adipose
tissue due to the current lack of MR techniques to discriminate those two tissues.

Electronic searches in PubMed (http://www.ncbi.nlm.nih.gov/pubmed) were
performed without a starting date up to April 2018 using as search terms the term
“brown adipose tissue” and one of the following terms: “Magnetic Resonance
Imaging, Magnetic Resonance Spectroscopy, fat fraction, diffusion MRI, perfusion
MRI, metabolic MRI, temperature MRI.” The search resulted in 237 entries and
included studies both in rodents and in humans. The reference lists of relevant
articles were also screened.

Synaptic nerve ending

Lipid droplets Mitochondria

Morphometry
< fat fraction <
< fat diffusion <

> water diffusion >
> magn field inhomon >

> iMQC >

Function
> metabolic activity >
> blood perfusion >

> blood flow/volume >
> oxynenation >
> temperature >

Fat globule Cytoplasm

Cytoplasma

Nucleus

Brown adipose tissue
(BAT) cell

White adipose tissue
(WAT) cell

Fig. 1 Conceptual schematic relating the morphometry and function of BAT and WAT to the
already proposed MR contrast mechanisms: BAT is characterized by lower fat fraction, more
restricted fat diffusion (indicated by orange arrow), less restricted water diffusion, stronger micro-
scopic magnetic field inhomogeneity (due to the abundance of mitochondria), a close proximity of
water and fat molecules (generating intermolecular quantum coherence signals), higher metabolic
activity, stronger blood perfusion and higher blood flow/volume (indicated by red arrow), higher
oxygenation, and higher temperature (during thermogenesis) than WAT
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3 BAT-Containing Anatomical Regions Studied by MR

The majority of previous BAT MR studies in mice have focused on the interscapular
adipose tissue depot, as a typical BAT region, and have compared its MR properties
to the MR properties of the inguinal subcutaneous adipose tissue depot as a typical
WAT region. In adult humans, six anatomical regions of activated BAT have been
identified in 18F-FDG-PET, including the cervical, supraclavicular, axillary, medi-
astinal, paraspinal, and abdominal depots (Leitner et al. 2017). However, most
previous BAT MR studies in humans have focused on the supraclavicular adipose
tissue depot, given its relatively larger volume and the easier definition of its
anatomic borders.

4 BAT MRI in Radiological Reports

BAT and its appearance plays no role in the majority of radiological MRI reports.
However, there are two clinical conditions where radiologists encounter BAT-like
MRI appearance, and awareness of this appearance allows them for choosing the
correct differential diagnosis.

The first condition is the so-called hibernoma. Hibernoma is a rare benign soft
tissue tumor containing prominent brown adipocytes that resemble normal BAT.
Intense uptake has been reported in 18F-FDG-PET (Chatterton et al. 2002) of
hibernoma, reflecting the high metabolic activity of the contained BAT. On MRI,
the tumors are described to have high, thus, fat-resembling signal intensity on
T1-weighted imaging, however not the same signal intensity as subcutaneous fat.
MR fat suppression techniques not always lead to suppression of the tumor. After
injection of intravenous gadolinium, contrast enhancement could be found in most
cases (Anderson et al. 2001), presumably due to the dense vascularization and the
vascular leakage within the tumors.

The second condition is the so-called pheochromocytoma. Pheochromocytoma is
a rare catecholamine-secreting tumor that arises from the adrenal glands. There is
ample evidence that in this pathological condition of extremely high adrenergic
activation, adult humans show a marked increase in thermogenically active BAT
mass (Nedergaard et al. 2007). Early reports on the association of pheochromocy-
toma with BAT describe the angiographic appearance of BAT as hypervascular
masses. In the last decade, there have been reports using 18F-FDG-PET, where
pheochromocytoma patients show extreme uptake in BAT with regard to both
intensity and localization. However, one interesting MRI case report in a pheochro-
mocytoma patient describes the perinephric soft tissue to be minimally hyperintense
to muscle on T1-weighted imaging and heterogeneously hyperintense on
T2-weighted imaging, with a signal drop in the opposed-phase images, but no
suppression on chemical fat-suppressed T2-weighted imaging, pointing to a type
of adipose tissue being present that differs from the regular perinephric adipose
tissue. Furthermore, the report describes prominent vessels within the tissue and
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mild to moderate contrast enhancement. The histopathological report confirmed the
tissue to be composed of brown adipocytes (Dundamadappa et al. 2007).

5 MR Contrast Mechanisms in Characterizing BAT
Morphometry

The MR contrast mechanisms proposed to characterize BAT morphometry and their
use in differentiating BAT from WAT are first reviewed.

5.1 Water–Fat Environment and Quantitative MR

BAT is one of the very few tissues where both water and fat components can be
equally present. The water–fat composition of BAT has two important implications
when applying quantitative MR in the tissue. First, MRI and MRS can be used to
perform quantitative measurements of the fat fraction and characterize BAT water–
fat composition. Second, quantitative MRI measurements of individual properties of
the BAT fat or water components require suppressing one component or accounting
for the presence of the other component. Water and fat peaks show different T2

decay, T1 recovery, and diffusion attenuation depending on the underlying different
T2 relaxation times, T1 relaxation times, and diffusion constants: the BAT water
component has typically shorter T2, longer T1, and faster diffusion constant than the
BAT fat component. The relaxation properties of the water and fat components in
rodent WAT and BAT samples were assessed in a recent in vitro single-voxel MRS
study by Hamilton et al. (2011), demonstrating in general small differences in
relaxation parameters between the two tissues.

5.2 MR Measuring BAT Water–Fat Composition

MR has the ability to quantify the water and fat content of tissues. MR-based
measurement of water–fat composition can be used in differentiating BAT and
WAT, with BAT exhibiting smaller adipocytes containing a vast amount of intracel-
lular water, iron-rich mitochondria, and less intracellular lipids and with WAT being
composed of large adipocytes with limited intracellular water and large lipid droplets
(Fig. 1).

5.2.1 Technical Considerations
MR can exploit the chemical shift difference between water and lipids for measuring
water or fat fraction. Early adipose tissue fat fraction measurements relying on
techniques exploiting chemical shift properties have been primarily signal-weighted
(Sbarbati et al. 1997). Over the last few years, techniques have been emerging for
measuring the proton-density fat fraction (PDFF), defined as the proportion of
mobile proton density in tissue attributable to fat, primarily for fat quantification in
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abdominal organs (Reeder et al. 2011) and in bone marrow (Karampinos et al. 2018).
PDFF is a standardized imaging biomarker of tissue fat content (Reeder et al. 2012)
and can be measured using single-voxel proton MRS or chemical shift encoding-
based water–fat imaging (Reeder et al. 2011).

Single-voxel protonMRS techniques can quantify fat fraction over a single voxel.
Singe voxel MRS, in general, requires a good homogeneity of the magnetic field
over the scanned voxel to maintain narrow water and fat peaks in the acquired
spectrum. Single-voxel MRS is therefore challenged by the severe field inhomoge-
neity effects when scanning the head and neck region in humans for studying
supraclavicular BAT. To measure PDFF in an MRS experiment, a long repetition
time (TR) needs to be used (to minimize T1-weighting effects), and an acquisition
with multiple echo times (TEs) needs to be performed (to correct for T2-weighting
effects) (Fig. 2).

Chemical shift encoding-based water–fat imaging enables the separation of the
MR signal into water and fat signals and therefore the reconstruction of spatially
resolved 3D fat fraction maps. Its application in the adult head and neck region is
also challenged by the presence of large magnetic field inhomogeneities which can
result in the infamous water–fat swaps in the water–fat separation reconstruction.
However, appropriate fieldmap estimation techniques can reduce such errors
(Diefenbach et al. 2018; Hernando et al. 2010). Chemical shift encoding-based
water–fat imaging determines PDFF after accounting for known confounding factors
including the presence of multiple fat peaks, T2* decay, T1 bias, and phase error
effects, as already shown in the liver (Reeder et al. 2011) and bone marrow
(Karampinos et al. 2018). There is no report on the effect of confounding errors in
PDFF measurements of BAT. However, the correction for T2* decay effects should
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Fig. 2 Single voxel MRS of the human supraclavicular fossa: TE (echo time) series in (a) a subject
with high PDFF and (b) a subject with low PDFF. Notice the faster T2 decay of the water peak
compared to the T2 decay of the main fat peak [especially in the subject with low PDFF (b)],
suggesting a shorter T2 relaxation time for water compared to the main fat peak
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be especially considered when applying chemical shift encoding-based water–fat
imaging for differentiating BAT fromWAT based on PDFF, as BAT has shorter T2*
than WAT due to its heterogeneous cellular composition.

Z-spectrum imaging was also recently proposed as an alternative technique based
on direct saturation to measure the BAT fat fraction in mice and humans (Scotti et al.
2017).

5.2.2 Water–Fat Composition in BAT Studies at Rest
First investigations to examine BAT in rodents with MRS were conducted in the late
1980s (Osculati et al. 1989), followed by seminal studies showing the lower fat
fraction of BAT compared toWAT in mice in combination with electron microscopy
results (Osculati et al. 1991). Both water- and fat-selective imaging and single-voxel
MRS techniques have been then applied to measure BAT water–fat composition in
mice already since the 1990s (Lunati et al. 1999, 2001b; Sbarbati et al. 1997;
Zancanaro et al. 1994). In parallel, multiple early MRS studies in the adipose tissue
of mice showed a higher degree of poly-unsaturation in BAT compared to WAT
depots (Lunati et al. 2001a; Strobel et al. 2008; Zancanaro et al. 1994).

Since the three seminal publications in the New England Journal of Medicine in
2009 rediscovered the presence of activated BAT in human adults (Cypess et al.
2009; van Marken Lichtenbelt et al. 2009; Virtanen et al. 2009), the interest of
applying water–fat composition techniques for assessing the cellular composition
differences between BAT and WAT has been rapidly growing.

Fat fraction measurements have been performed in ex vivo BAT samples from
rodents (Hamilton et al. 2011; Rasmussen et al. 2013) and in vivo in the interscapular
fat depot of mice (Hu et al. 2012a; Peng et al. 2013) and rats (Chen et al. 2012; Romu
et al. 2015). Animal BAT fat fraction measurements have been validated qualita-
tively against hematoxylin/eosin (HE) staining (Peng et al. 2013; Romu et al. 2015)
and immunofluorescence uncoupling protein 1 (UCP1) staining (Romu et al. 2015)
and quantitatively against uncoupling protein 1 (UCP1) levels (Smith et al. 2013).
Animal BAT fat fraction measurements have been also related to adipocyte size
(Peng et al. 2013) and the Hounsfield units from dual-energy computed tomography
(Romu et al. 2015). Fat fraction measurements even revealed seasonal growth of
white and brown adipose tissue without cold exposure in a hibernator (MacCannell
et al. 2017).

Fat fraction measurements have also been performed in multiple studies in
humans. The supraclavicular fat depot shows typically significant spatial heteroge-
neity of the fat fraction and has an irregular geometric shape. Therefore, most human
studies of BAT have applied chemical shift encoding-based water–fat imaging
techniques for measuring BAT fat fraction. Although there is a great range of
chemical shift encoding-based water–fat imaging technique variants applied in the
study of human BAT, many of the most recent human BAT studies have
implemented PDFF measurements in an effort to standardize the measured BAT
fat fraction property (Franssens et al. 2016, 2017; Franz et al. 2018; McCallister et al.
2017).
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Chemical shift encoding-based water–fat imaging technique have been applied in
the supraclavicular fat regions of infants (Hu et al. 2012b, 2014; Lidell et al. 2013),
children (Hu et al. 2013), adolescents (Kim et al. 2014), and adults (Chen et al. 2013;
Franssens et al. 2016, 2017; Franz et al. 2018; Gifford et al. 2015, 2016; Koskensalo
et al. 2017; McCallister et al. 2017; Romu et al. 2016). The comparison of the human
supraclavicular MR fat measurements against histological results validating the
presence of brown adipocytes has been performed only in a limited number of
postmortem subjects (Hu et al. 2012b; Lidell et al. 2013) and in the single case of
a living human adult (Reddy et al. 2014). Supraclavicular MR fat fraction mapping
remains nowadays the most popular technique for detecting the presence of BAT in
humans, thanks to its good sensitivity for detecting the presence of BAT, its wide
availability in clinical MR scanners, and its excellent reproducibility (Franssens et al.
2016) and repeatability independent of BAT activation status (Franz et al. 2015;
Holstila et al. 2013).

5.2.3 Water–Fat Composition in BAT Activation Studies
MR fat fraction measurements have been also applied in studies investigating BAT
function. In mice, measurement of the interscapular BAT fat fraction has shown that
fat fraction can also reflect the functional status of the tissue, reporting that a lower
housing ambient temperature results in significantly reduced BAT fact fraction
(Smith et al. 2013). Early microscopy studies have shown that activation of BAT
can lead to nearly complete depletion of the intracellular lipids (Ito et al. 1991),
presumably resulting in a fat fraction near to 0%. Grimpo et al. used single MRS to
track the metabolic dynamics in murine BAT. They detected a major loss of free
fatty acids (FFAs) from BAT after pharmacological stimulation, as FFAs serve as
fuel for thermogenesis and activate UCP1 for uncoupling of oxidative phosphoryla-
tion during thermogenesis in BAT (Grimpo et al. 2014).

Activation studies in humans using a cooling/reheating protocol likewise showed
a decrease in imaging fat fraction in BAT following cold exposure, indicating a
combustion of lipid stores to produce heat in active BAT (Lundstrom et al. 2015;
Stahl et al. 2017). Fat fraction changes under thermal challenges were also correlated
with hypermetabolic BAT volume and with BAT activity as measured by PET/CT
(Deng et al. 2018).

5.2.4 Limitations
Despite the popularity of MR-based fat fraction mapping for detecting BAT pres-
ence, a significant limitation of the method is its strong sensitivity to partial volume
effects. The voxel size of a typical high-resolution acquisition in a clinical MR
scanner is the order of 1 mm3. First, based on the above spatial resolution, fat fraction
cannot discriminate between intracellular water content and non-lipid tissue portions
(e.g., from muscle, visceral organs, vessels, or connective tissue) within a voxel.
Second, a differentiation between a cluster of brown adipocytes and a mixed cluster
of white and brown adipocytes is not possible using fat fraction mapping, giving
only average percentages of the fat fraction in volumes of interest and thus not
directly reflecting mass or volume of pure BAT. Therefore, the reported percentage
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always needs to be seen in the anatomic context, as a certain range of fat fraction
(50–80%) is sensitive for the detection of BAT but not specific for it (Hu 2015; Hu
and Kan 2013).

5.3 MR Measuring BAT Microstructure

The aforementioned sensitivity of the water–fat composition methods to partial
volume effects limits their applicability in quantifying BAT volume in regions
where BAT and WAT are mixed or in detecting BAT situated around visceral
organs. However, BAT and WAT have distinct microstructural differences
(Fig. 1). Techniques like T2*/R2* mapping, intermolecular zero-quantum coherence
(iZQC), intermolecular multiple (double)-quantum coherence (iMQC), and
diffusion-weighted imaging (DWI) try to overcome the limitations of water–fat
composition methods by measuring markers of BAT microstructure.

5.3.1 T2* and R2* Mapping at Rest
T2* mapping can be a measure of microscopic field inhomogeneities in tissues
enclosing phases with different magnetic susceptibility. Currently, T2* mapping is
most frequently used for measuring liver iron concentration, but it has been also
proposed for measuring the concentration of paramagnetic contrast agent and
trabecular bone density. T2* mapping can be performed in combination with fat
fraction mapping using a chemical shift encoding-based water–fat imaging tech-
nique. Multiple previous studies have shown that BAT has shorter T2* and thus
longer R2* (R2* is defined as the inverse of T2*) than WAT in mice (Hu et al. 2012a)
and in humans (Deng et al. 2015; Gifford et al. 2016; Holstila et al. 2017; Hu et al.
2013; Hui et al. 2017; Lundstrom et al. 2015). The shorter T2* in BAT compared to
WAT has been primarily attributed to the abundance of mitochondria and the
increased iron content within BAT.

5.3.2 Intermolecular Quantum Coherence
Zero-quantum coherence and multiple-quantum coherence were known as
measureable dipolar coupling mechanism within a molecule. Only in 1993, Warren
et al. showed the effects also between distant molecules (Warren et al. 1993). Unlike
the case of intramolecular scalar-coupled spins, the intermolecular dipolar interac-
tion originates from spins at different spatial locations and with different Larmor
frequencies. iZQC and iMQC measure the demagnetizing field arising from these
long-range dipolar interactions. Due to the non-coherent molecular Brownian self-
diffusion in liquids, the intermolecular dipolar interactions of nearby molecules are
typically averaged to zero. However, when the spatial distance of the coupled spins
is greater than a certain diffusion length, the signal coherence is conserved. This
diffusion length can be experimentally manipulated to correlate the detected signal
with tissue microstructure.

In BAT, the distance between intracellular water protons and lipid protons is also
in a suitable range for observing intermolecular zero-quantum coherence (imZQC)
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or intermolecular multiple-quantum coherence (imMQC). Both rely on the spatial
correlation between fat and water protons at a cellular level (in the range of about
100 μm) in BAT. As spatial correlation between water and fat spins is very different
for WAT and BAT tissue, those techniques were proposed as an alternative for BAT
detection even when the tissue is infiltrated into or mixed with other tissues, which is
often the case in human BAT.

The water–methylene intermolecular zero-quantum coherence signal was shown
to be characteristic of only BAT and not WAT in ex vivo scanning of rodent BAT
and WAT samples (Branca and Warren 2011). Intermolecular zero-quantum coher-
ence was also applied in vivo in rats, thereby detecting a mixture of BAT cells and
WAT cells in an older rat that was undetectable by other noninvasive methods (Bao
et al. 2013). Finally, Branca et al. tested the in vivo feasibility of intermolecular zero-
quantum coherence method both in mice and in humans on a small number of
subjects (Branca et al. 2013). Despite the immunity of the iZQC and iMQC methods
to partial volume effects, their inherent low sensitivity remains a major technical
challenge (Branca et al. 2013).

5.3.3 Diffusion-Weighted MR Measurements
DWI is a technique widely used in the clinical setting, especially in tumor assess-
ment and neuroimaging. DWI measures the microscopic molecular mobility (diffu-
sion) properties on the basis of incoherent motion of molecules in tissues, causing
intravoxel signal-phase cancellation, resulting in MR signal decay with increasing
diffusion weightings (b-values). For differentiating BAT from WAT, the diffusion
properties of both the water molecules and the lipid molecules have been
investigated (Deng et al. 2015; Verma et al. 2017).

The higher water content within BAT cells leads to increasing water mobility and
thus results in a faster water DWI signal decay with increasing b-values. Further-
more, water diffusion is supposed to be increased in metabolically active BAT. The
assumption behind this is an increase in water diffusion due to the depletion of
intracellular lipids in active BAT. In a cohort of 28 children including normal-weight
and obese children, the water diffusion of WAT cells in obese children was found to
be lower in comparison to the normal-weight subjects (Deng et al. 2015). This was
explained with the increased cell size in obese subjects and the resulting smaller
water-containing extracellular space.

The microstructural characteristics of the lipids within BAT and WAT also differ
from each other: the lipid content in the BAT cells is distributed in many small
droplets, whereas the WAT cells contain one large connected lipid pool (Fig. 1).
Assuming that the long diffusion time limit is met in a medium with restricted
diffusion, Verma et al. measured BAT droplet size distribution and compared
lipid diffusion properties of BAT versus WAT in ex vivo BAT samples of rats
using diffusion-weighted MR spectroscopy (Verma et al. 2017).

Despite the above reports, BAT DWI remains technically challenging. DWI of
the BAT water component requires the suppression of all lipid signals, as recently
shown in the bone marrow (Dieckmeyer et al. 2017). In addition, in vivo examina-
tion of the diffusion properties of the BAT fat component requires strong diffusion
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weightings, since fat diffuses 100 times slower than water. It is thus especially prone
to motion artifacts. In the human supraclavicular fossa, breathing and tissue defor-
mation due to pulsation of nearby larger and smaller blood vessels are particularly
severe and lead to intravoxel dephasing and a motion-biased loss of signal intensity
at strong diffusion weightings.

6 MR Contrast Mechanisms in Characterizing BAT Function

Besides utilizing the typical morphological features of BAT in order to detect it with
MRI, its function can be also of help for imaging purposes. Besides the commonly
used 18F-FDG-PET for detecting and measuring the activation status of BAT via its
uptake of glucose, MRI also holds possibilities to depict BAT activation via its
versatile contrast mechanisms. The MR contrast mechanisms proposed to character-
ize BAT function and their use in differentiating BAT fromWAT are reviewed next.

6.1 MR Measuring Directly BAT Metabolic Activity

MR techniques measuring directly metabolic activity include the measurement of
pyruvate to lactate conversion during glycolysis using 13C MR spectroscopy
techniques and the measurement of ATP synthesis rate during oxidative phosphory-
lation based on 31P MR spectroscopy techniques. Lau et al. used hyperpolarized 13C
imaging to noninvasively identify pharmacologically activated depots of BAT in an
in vivo rat model (Lau et al. 2014). Regions of activated BAT could be detected by
an increased conversion of pre-polarized [1-13C] pyruvate into its downstream
products 13C bicarbonate and [1-13C] lactate. Grimpo et al. used 31P MRS to measure
energy-rich phosphate levels during BAT activation in mice (Grimpo et al. 2014).
However, during cold-activated thermogenesis, the levels of all phosphates were
reported of staying constant.

6.2 MR Measuring BAT Blood Flow and Perfusion Effects

Sufficient blood flow to BAT is crucial for its function. In order to transport nutrients
to and the produced heat away from the BAT, blood capillaries capable of adjusting
the blood flow to the activation status are essential. Consequently, direct or indirect
MR-based sensitization of blood flow and perfusion of the tissue is one alternative
method to assess BAT activation.

6.2.1 MR Measuring Directly BAT Perfusion
The seemingly easiest way to depict perfusion of a tissue is to perform a dynamic
T1-weighted contrast-enhanced MRI (DCE-MRI) using an intravenous gadolinium-
based contrast agent. It is based on a technique broadly used in clinical protocols, for
example, in stroke and tumor imaging. The acquired data can be used to compute
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parameters such as blood volume, blood flow, time to peak, and mean transit time of
the relevant tissue. The activation of BAT using contrast-enhanced techniques was
reported in rats in 2006 by Sbarbati et al. (2006). They showed that at rest, BAT
exhibited a 2.3 times higher contrast enhancement than limb muscle in the same
group of animals, suggesting a high blood perfusion in BAT. After pharmacological
activation of the BAT depot, the response found in BAT was significantly higher
compared to muscle. Another recent study showed increased uptake of contrast
agent in activated interscapular BAT than thermoneutral interscapular BAT in rats
(Yaligar et al. 2017).

Practical reasons have prevented the application of the technique in human
studies, as repeated contrast injections of gadolinium-based contrast agent would
be required, bringing up various concerns and obstacles such as the risk of gadolin-
ium deposits in the brain after repeated injections. So far, the rich blood perfusion of
BAT in humans was described as incidental finding within the scope of an MR
angiography in a newborn (Hu 2015). Another example of a contrast enhancement
within the supraclavicular fat in the neck region of a pediatric subject is shown in
Fig. 3.

Another way to depict perfusion is by quantifying changes in the T2*-weighted
signal after the injection of supermagnetic contrast agents. Chen et al. also used
monocrystalline iron oxide nanoparticles (MION), a superparamagnetic iron oxide
MR contrast agent with long blood pool half-life for determining BAT perfusion.
However, BAT volume estimation with MION was less accurate than with the other
MR measurements used in the study (Chen et al. 2012). Jung et al. quantified BAT
activity in mice after the injection of radioactively labeled superparamagnetic iron
oxide nanoparticles (SPIOs) embedded into a lipoprotein layer (Jung et al. 2016).

An MRI technique to illustrate local tissue perfusion without using contrast
material is the so-called arterial spin labeling. It allows quantitative measurements
of regional tissue perfusion using magnetically labeled arterial water as a diffusible

Fig. 3 Dynamic temporal frames from fat-suppressed 3D first-pass contrast-enhanced MR exam of
a 5-day-old boy. Four frames are shown, approximately 7 s apart. Note intense gadolinium contrast
uptake by supraclavicular BAT, indicative of the tissue’s dense perfusion (arrows). Data acquired
on a 3T Siemens Prisma platform, at Nationwide Children’s Hospital
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tracer, resulting in the possibility to quantify blood flow in units of blood flow per
gram of tissue per unit time. Dai et al. used this technique in a small study with
healthy volunteers, showing increased perfusion activity of 86% � 32% in BAT
after cold stimulation compared to the thermoneutral conditions (Dai et al. 2015).
However, the authors mentioned that the perfusion images of BAT areas tended to be
contaminated with large vessels and therefore the perfusion values within the BAT
were not reliable.

6.2.2 MR Measuring BAT Oxygenation Effects
A popular method to depict the effect of tissue blood perfusion is by using the T2*-
weighted blood-oxygen-level-dependent (BOLD) effect. In BOLD, increases in
oxygen consumption and blood flow produce a detectable change in the intensity
of the MR signal via T2* relaxation time. The BOLD MR signal change can then be
used to sensitize changes in these physiological parameters. Khanna and Branca
used BOLD-MRI for detection of BAT metabolic activity in mice (Khanna and
Branca 2012). Multiple studies have performed T2*-weighted imaging to measure
BAT activation status in humans (Chen et al. 2013; Gifford et al. 2016; van Rooijen
et al. 2013). For example, van Roojen et al. used BOLD-MRI in humans to depict
BAT activation during cold stimulation, leading to modulations in the T2*-weighted
signal (van Rooijen et al. 2013). T2*-weighted imaging however comes with the
challenge of being sensitive to susceptibility artifacts and physiologically induced
breathing artifacts due to the supraclavicular localization of BAT depots in humans.

Alternative methods for measuring tissue oxygenation include quantitative sus-
ceptibility mapping and T1 mapping. A recent study used quantitative susceptibility
mapping for monitoring BAT activation in mice showing significant changes in
magnetic susceptibility of the interscapular fat during BAT activation (Simchick
et al. 2017). Fat T1 mapping was also recently shown to be able to depict BAT
oxygenation changes by investigating interscapular BAT modifications during an
air/carbogen challenge in rats (Franconi et al. 2018).

6.2.3 MR Measuring BAT Perfusion Effects Using Hyperpolarized
Xenon

Branca et al. used hyperpolarized xenon MRI for detection of BAT and its thermo-
genic activity in mice (Branca et al. 2014). In this technique, xenon is being inhaled
after prior hyperpolarization. The blood-dissolved lipophilic gas is then transported
to distal organs, where it accumulates proportionally to the respective tissue’s
perfusion rate and its blood partition coefficient. Chemical shift changes enable a
differentiation between xenon dissolved in blood and xenon dissolved in tissue or
lipids. Due to the lipophilic nature of xenon and the increase in blood flow in BAT
during activation, BAT can be detected, and its thermogenic activation can be
quantified. However, in humans, this technique can be challenging as the amount
of xenon being transported from lung to tissue is rather small and the increase in
BAT perfusion during activation is smaller in humans compared to rodents.
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6.2.4 MR Measuring BAT Perfusion Effects Using DWI
Perfusion effects can be also measured using an augmented version of DWI using
the so-called intravoxel incoherent motion (IVIM) signal model. An IVIM experi-
ment relies on breaking the DWI signal decay in each imaging voxel down to two
components: the capillary perfusion and the molecular diffusion of water. The result
is a quantitative capillary perfusion fraction map, reflecting the fraction of signal in
each voxel originating from capillary perfusion versus the water diffusion in extra-
and intracellular space. The technique using perfusion fraction estimates in BAT in
normal-weight and obese children was also described by Deng et al., resulting in
significant differences between separate prepubertal and pubertal groups (Deng et al.
2015). However, the reliable extraction of the IVIM signal using DWI remains
challenging due to the need to suppress all lipid peak signals. Results of a prelimi-
nary study on the feasibility of using DW-MRS for measuring the IVIM signal in the
human adult supraclavicular fossa were reported by Weidlich et al. (2017). How-
ever, the acquisition of diffusion measurements even at low b-values in the
supraclavicular fossa requires the design of techniques that compensate for physio-
logical motion effects (Fig. 4).

6.3 MR Measuring BAT Temperature

Temperature measurements during BAT activation studies in humans are used to
assess thermogenesis and to evaluate BAT function. Body core temperature and
surface skin temperature can be sampled with temperature probes (Stahl et al. 2017).
Another method aiming for a larger measurement coverage is infrared thermography
of the skin surface temperature. However, the isolating effect of the subcutaneous fat
covering the supraclavicular area varies with the fat layer thickness and introduces a
bias (Gatidis et al. 2016).

One widespread technique to measure relative temperature change with MRI is
based on the linear proton resonance frequency shift (PRFS) of water with tempera-
ture (Ishihara et al. 1995). This method has the advantage of being independent from
what type of aqueous tissue is imaged, but it is prone to phase-change confounders
including motion, changes in perfusion, electrical conductivity, or any other source
of non-temperature-induced magnetic field changes (Winter et al. 2016). Absolute
MR thermometry on the other hand is possible using imZQC in water–fat mixed
tissues (Galiana et al. 2008) by exploiting the PRFS of the water and the invariant
frequency of the methylene signal. Recent efforts toward a higher temperature
precision with imZQC have been made by implementing a different readout
sequence (Davis et al. 2016).

Temperature values have been integrated into the chemical shift-encoded fat
quantification model to enhance fat fraction calculations (Hernando et al. 2014).
Inversely, this method was used in a BAT study to estimate absolute temperature at a
known fat fraction in phantoms and humans (Gifford et al. 2014; Welch et al. 2014).
In subjects with activated BAT during PET examinations, temperature changes
within BAT after cold exposure were significantly higher compared to a subject
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with no visibly active BAT during previous PET imaging. Other MR thermometry
methods include T1 and T2 relaxation, diffusion, magnetization transfer, and proton-
density measurements (Rieke and Butts Pauly 2008). In the context of BAT
measurements, special attention needs to be paid to disentangle the change of
these MR parameters related to temperature and the change related to the BAT
activation.

Fig. 4 DW-MRS in the supraclavicular fat of an adult healthy volunteer: (a) DW spectra without
any flow compensation (FC) and (b) DW spectra with flow compensation, cardiac triggering, and
respiratory gating. The fat peaks are expected to stay constant at the employed b-values (fat diffuses
100 times slower than water), but instead fat peaks show a significant reduction with increasing
b-value in the DW spectra without flow compensation (a). The combination of flow compensation,
cardiac triggering, and respiratory gating is thus necessary in order to reduce the effect of
physiological motion on the measured data (b). (c) shows the plot of the logarithm of the
experimentally measured DW water signal as a function of the b-value and the corresponding
mono-exponential fit at b-values higher than 300 s/mm2. Notice the deviation from the mono-
exponential signal decay at b-values lower than 200 s/mm2, suggesting an IVIM-like signal
behavior and the presence of a significant microvascular signal pool
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7 Multimodal Imaging

The combination of MRI with other imaging modalities has been shown to provide
additional benefits given the complementary nature of the properties of BAT
measured with the different imaging modalities. MR has been previously combined
with PET/CT performed in separate scans (Gifford et al. 2016). Simultaneous 18F-
FDG PET/MRI allows assessment of both metabolic activity and MR features in a
single examination (McCallister et al. 2017; Rossato et al. 2016). PET enables
visualization of metabolic processes in BAT with a high sensitivity by visualizing
the regional glucose uptake in BAT, while MRI can be used to visualize perfusion
and intracellular properties (lipid content, water content, or even mitochondrial
occurrence). When information on both the composition or extent of BAT and its
specific activation status are desired, the use of hybrid PET/MRI provides the
required combined information. Thus, 18F-FDG PET/MRI might become a
promising tool for combined morphologic and functional noninvasive evaluation
of BAT.

Other than PET and MRI, several studies during the last years have used optical
techniques such as Cerenkov luminescence imaging, near-infrared fluorescence
imaging, and multispectral optoacoustic imaging (MSOT) for BAT assessment
(Dinish et al. 2017; Ganesan et al. 2016; Hartwig et al. 2017; Reber et al. 2018).
The combination of those techniques with MRI again offers a greater range of
diagnostic data. MSOT in the 700–970 nm spectral range allows noninvasive
imaging of BAT activation by label-free real-time near-infrared optoacoustic sensing
of hemoglobin (Reber et al. 2018). The possibility of combining MRI to identify
BAT and in a next step the ability of MSOT to visualize BAT activation in real-time
might also be a highly encouraging development for future studies.

8 MR Image Analysis Aspects

Typical MR imaging techniques for measuring BAT morphometry and function
result in the generation of quantitative maps using one of the contrast mechanisms
introduced above. The next important step in assessing BAT morphometry and
function is the definition of an appropriate region of interest over which the
measured property will be analyzed. The BAT depots in the human cervical-
supraclavicular region are especially enclosed in three-dimensional regions with
highly complex geometrical shape, making any manual segmentation step highly
time consuming (Fig. 5). Despite the plethora of methods available for the automatic
segmentation of the different types of white adipose tissue on MR images (Hu et al.
2016), automatic segmentation of BAT regions on MR images remains a challenging
topic with only a limited number of studies available.

Neural network automatic segmentation techniques have been applied on fat
fraction and T2 relaxation maps of mice (Bhanu Prakash et al. 2016a) and on the
fat fraction, T2 and T2* maps of rats (Bhanu Prakash et al. 2016b). An atlas-based
automatic segmentation method has been applied for segmenting the human
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cervical-supraclavicular adipose tissue with good agreement to reference masks
(Lundstrom et al. 2017).

9 Applications of BAT MR

MR techniques evaluating the relationship between MR-based BAT biomarkers and
other metabolic markers, including anthropometric markers and blood parameters,
have been applied in studies of healthy subjects and in a limited number of patient
studies.

9.1 MR BAT Markers Versus Anthropometric Metrics

Several studies related MRI markers to clinical, anthropometric, and laboratory
markers. A study in humans showed that PDFF of supraclavicular adipose tissue
depots closely correlated to the anthropometric obesity markers body mass index
(BMI), waist circumference, and weight-to-height ratio, as well as to visceral and
subcutaneous fat volumes (Franz et al. 2018) (Fig. 6). Another study resulted in the
triglyceride content in supraclavicular fat depots measured by 1H-MRS being
correlated positively with BMI, waist circumference, subcutaneous and visceral fat
masses, and 8-year diabetes risk based on the Framingham risk score. Furthermore,
triglyceride content in supraclavicular fat depots correlated inversely with
HDL-cholesterol and insulin sensitivity. Thus, the authors suggested the triglyceride
content in supraclavicular fat depots as a marker of whole-body insulin sensitivity,
independent of BAT metabolic activation (Raiko et al. 2015).

Fig. 5 Segmentation of the different fat depots in the cervical-supraclavicular region of an adult
subject, in a coronal view (a), in an axial view (b), and in a sagittal view (c): masks indicate cervical
fat (in yellow), paravertebral fat (in red), axillary fat (in blue), and supraclavicular fat (in green),
superimposed on the grayscale PDFF map
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9.2 MRI of BAT in Disease

BAT activity has been shown to be correlated with total and resting energy expendi-
ture. The inverse correlation between the presence of BAT and BMI is of great
interest in the fight against obesity and its various comorbidities. MR techniques
have been so far only applied in a significantly smaller number of BAT activation
studies in disease compared to 18F-FDG-PET.

With the use of SPIO-labeled triglyceride-rich lipoproteins, an MRI study in mice
showed that cold-activated BAT controls triglyceride-rich lipoprotein metabolism,
leading to an increased plasma clearance of triglycerides as a result of increased
uptake into BAT (Bartelt et al. 2011), thus correcting hyperlipidemia and improving
effects of insulin resistance. Another study in male humans demonstrated that obese
subjects showed higher MRI-fat fraction R2* than nonobese subjects under thermal
challenges and fat fraction changes under thermal challenges correlated with hyper-
metabolic BAT volume and with BAT activity, as measured by PET/CT (Deng et al.
2018). In adult patients with a clinical manifestation of cardiovascular disease, BAT
presence determined by MRI-fat fraction in supraclavicular adipose tissue was
associated with less obesity and a more favorable metabolic profile (Franssens
et al. 2017).
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Fig. 6 PDFF maps in the supraclavicular region of six subjects with different BMI, showing a
significant increase of supraclavicular PDFF with BMI: (a), (b), and (c) – female subjects with BMI
of 17.2, 22, and 43.1 kg/m2. The mean PDFF in the delineated circular ROI was 78.7 � 4.3%,
82.0� 3.5%, and 85.9� 7.6%, respectively. (d), (e), and (f): male subjects with BMI of 19.3, 24.3,
and 35.6 kg/m2. The mean PDFF in the delineated circular ROI was 77.2� 7.5%, 87.2� 5.5%, and
88.1 � 7.9%, respectively. Color bar of PDFF values in %
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With regard to diabetes, a study in diabetic and prediabetic patients showed that
patients with high insulin resistance had a higher triglyceride content in the
supraclavicular fat depot, measured by 1H-MRS, than patients with normal and
lower insulin resistance (Koksharova et al. 2017). A study using T2*-weighted
imaging in mice also showed that heart failure results in the chronic activation of
BAT, decreased BAT lipid stores, and decreased BAT volume (Panagia et al. 2016).

Aside from obesity, diabetes, and heart disease, diseases with energy deficits such
as cachexia are relevant with regard to BAT research. One example for this approach
is the Huntington disease, a neurodegenerative disease that leads not only to
neuropsychiatric symptoms but also to a progressive energy deficit which is at
least in part thought to be due to BAT dysfunction. In a mouse model of Huntington
disease, the mice had significantly reduced BAT volume, leading to a highly cold-
sensitive phenotype (Lindenberg et al. 2014).

10 Future Perspectives

Imaging studies have made significant contributions to our understanding of BAT
function (Izzi-Engbeaya et al. 2015). Each imaging modality has some limitations.
MR remains an attractive modality due to the lack of ionizing radiation and the
versatility of its contrast mechanisms. Despite the aforementioned plethora of MR
contrast mechanisms to assess BAT, most human BAT MR studies nowadays
incorporate primarily techniques to measure the fat fraction. The MR-based fat
fraction is a sensitive marker for the detection of BAT presence. However, it remains
non-specific about the exact volume of BAT, and its application in previous studies
has resulted in non-standardized metrics, which are sensitive to the employed
experimental settings.

All other MR methods proposed for assessing human BAT morphometry remain
experimental and can be in most cases performed at imaging sites with a strong
technical expertise. The head and neck region, where the supraclavicular fossa is
located, remains one of the most challenging regions in the human body to scan with
MR: it is prone to magnetic field inhomogeneities and motion effects. Similarly,
many of the MR techniques proposed for assessing BAT function require a strong
technical expertise and remain challenged by technical aspects.

Refinements of existing MRI techniques and the development of novel MRI
techniques are likely to improve the noninvasive study of BAT. This is especially
important as in vivo studies will be required if modulation of BAT activity is to be
employed therapeutically for improvements in metabolic health. Specifically, future
research efforts should focus (1) on standardizing the supraclavicular fat fraction
measurements using the PDFF metric in order to increase the comparability of data
across studies, (2) on developing new solutions for overcoming the technical
challenges in studying the BAT depot within the human supraclavicular region or
other body parts using existing MR techniques, and (3) on developing new MR
methods for improving the specificity of MR BAT biomarkers.
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11 Conclusion

MR imaging and spectroscopy are versatile and powerful noninvasive imaging tools
for assessing BAT morphometry and function with encouraging existing results in
both animal and human studies. The MR-based fat fraction has been especially
shown to be a sensitive marker of BAT presence and is already of wide use. The
application of MR in larger cohort human BAT studies in the coming years could
add important information in the imaging phenotyping of BAT depots at rest and
complement the functional information of the currently considered imaging gold
standard of 18F-FDG-PET. The versatility of MR contrast mechanisms could make
MRI the imaging modality for a comprehensive analysis of BAT morphometry and
function in the future.
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Abstract
MSOT has revolutionized biomedical imaging because it allows anatomical,
functional, and molecular imaging of deep tissues in vivo in an entirely noninva-
sive, label-free, and real-time manner. This imaging modality works by pulsing
light onto tissue, triggering the production of acoustic waves, which can be
collected and reconstructed to provide high-resolution images of features as
deep as several centimeters below the body surface. Advances in hardware and
software continue to bring MSOT closer to clinical translation. Most recently, a
clinical handheld MSOT system has been used to image brown fat tissue (BAT)
and its metabolic activity by directly resolving the spectral signatures of hemo-
globin and lipids. This opens up new possibilities for studying BAT physiology
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and its role in metabolic disease without the need to inject animals or humans
with contrast agents. In this chapter, we overview how MSOT works and how it
has been implemented in preclinical and clinical contexts. We focus on our recent
work using MSOT to image BAT in resting and activated states both in mice and
humans.

Keywords
Brown adipose tissue · Hemoglobin oxygenation · Metabolic imaging · MSOT ·
Optoacoustics · Photoacoustics · Spectral unmixing

Purely optical imaging techniques such as optical microscopy, endoscopy, and
optical coherence tomography rely on light-tissue interactions for high-contrast
imaging in vivo and ex vivo (Weissleder and Pittet 2008). However, light scattering
and absorption degrade image resolution with increasing depth and gradually atten-
uate the available light energy, limiting the effective imaging depth to a few hundred
microns (Ntziachristos 2010). Non-optical techniques are usually used to image
beyond these depths, including X-ray computed tomography (CT), magnetic reso-
nance imaging (MRI), ultrasound (US), positron emission tomography (PET), and
single-photon emission tomography (SPECT). These non-optical techniques present
disadvantages that limit their use in the clinic, including the need for ionizing
radiation (CT, PET, and SPECT) or for expensive, bulky equipment (MRI, PET,
and SPECT).

Optoacoustics (OA) overcomes the depth limitations of optical imaging techniques
because, as a hybrid technique, it generates an image based not only on light but also
on acoustic waves. In OA, the tissue is illuminated with pulsed laser light, which
is absorbed and causes minimal local heating, which leads in turn to thermoelastic
expansion (Ntziachristos and Razansky 2010). This expansion generates acoustic
waves, usually within the range of ultrasound, which travel out of the tissue and are
detected by ultrasound transducers. The detected waves are then reconstructed into
planar images. Since acoustic waves are scattered much less strongly than light as they
travel through tissue, OA can image down to depths of ~2–5 cm, compared to a
maximum of only ~1 mm for optical imaging techniques (Ntziachristos 2010). While
OA cannot yet achieve the penetration depth of US, it offers superior, optical
contrast (Ntziachristos and Razansky 2010) while retaining the usability of US
imaging systems.

Of the various types of OA developed so far, multispectral optoacoustic tomog-
raphy (MSOT) has made the greatest progress toward clinical translation (Dean-Ben
et al. 2017). MSOT has already demonstrated its usefulness in several fields,
including vascular medicine, breast oncology, thyroid imaging, muscle hemody-
namics, and white adipose tissue (WAT) imaging (Karlas et al. 2017; Taruttis et al.
2016; Diot et al. 2015, 2017; Dima and Ntziachristos 2016; Buehler et al. 2017).
Most recently, our group has shown that MSOT can image brown adipose tissue
(BAT) and its metabolic activity in mice and humans without the need for injecting
potentially toxic contrast agents. This opens up new possibilities for noninvasive,
longitudinal investigation of BAT composition and physiology as well as their
changes in disease (Reber et al. 2018).

326 A. Karlas et al.



1 The Multispectral Optoacoustic Tomography Principle

In MSOT, tissue is repeatedly excited with sequential pulses of near-infrared (NIR)
laser light covering, for example, such wavelength ranges as 680–980 nm in 10-nm
steps. The resulting ultrasound responses are captured using an array of usually
256 or 512 piezoelectric sensors. MSOT works in single-pulse-per-frame (SPPF)
mode: each ultrafast laser pulse (duration of ~10 ns) generates a broadband ultra-
sound response with energy in the frequency range of ~0.5–7 MHz (Fig. 1). Custom-
developed reconstruction methods are used to generate a tomographic image from
the recorded ultrasound response to each single-wavelength pulse (Ntziachristos and
Razansky 2010). Modern MSOT systems achieve frame rates of up to 50 Hz,
allowing a complete series of single-wavelength frames covering all user-selected
wavelengths (known as a “multispectral stack”) to be recorded in less than a second.
The varying intensity of each pixel along a multispectral stack gives the absorption
spectrum of the tissue at that pixel position. In this way, MSOT adds the fifth
dimension of spectrum to four-dimensional spatiotemporal imaging. Finally, the
absorption spectrum at each pixel can be decomposed into known absorption spectra
of biomedically relevant chromophores, such as hemoglobin, lipids, and water. This
step allows the recorded absorption spectra to be translated into contributions from
the various chromophores through a process known as “spectral unmixing.” Such a
process can reveal the distribution of light-absorbing molecules in living tissue with
picomolar sensitivity (Ntziachristos and Razansky 2010; Diot et al. 2017).

2 Sources of Contrast in Multispectral Optoacoustic
Tomography

Like purely optical imaging techniques, MSOT can image the contrast produced by
externally administered agents, such as fluorescent dyes, nanoparticles, and photo-
sensitizers, provided they absorb in the NIR region and have low quantum yield
(Gujrati et al. 2017). Indocyanine green (ICG), already in clinical use for more than
half a century, is the NIR dye most often used in OA (Philip et al. 1996). Neverthe-
less, the real advantage of MSOT over all other purely optical as well as non-optical
imaging techniques is its ability to simultaneously detect several endogenous chro-
mophores, including hemoglobin, melanin, lipids, and water, without the need for
injecting external agents such as ICG. This equips MSOT with the ability to measure
a broad range of physiological and pathophysiological processes such as tissue
oxygenation, vascularization, and atherosclerosis (Weber et al. 2016).

MSOT can image and quantify various endogenous tissue chromophores through
its ability to recognize the spectral signatures of each chromophore within acoustic
signals collected over a range of wavelengths (Weissleder 2001). The most abundant
intrinsic chromophore is hemoglobin, the iron-containing protein inside the red
blood cells of all vertebrates that delivers oxygen throughout the body. When
oxygen binds to the heme group of hemoglobin, the protein undergoes structural
and electronic changes that alter its absorption spectrum. MSOT can detect these
spectral changes, allowing the discrimination between oxy- and deoxyhemoglobin,

Multispectral Optoacoustic Tomography of Brown Adipose Tissue 327



Fi
g
.1

T
he

op
er
at
in
g
pr
in
ci
pl
e
of

M
SO

T
.L

ig
ht
pu
ls
es

w
ith

di
ff
er
en
tN

IR
w
av
el
en
gt
hs

(λ
1,
λ 2
,λ

3
...
λ N
)
ill
um

in
at
e
th
e
tis
su
e
of

in
te
re
st
,a
nd

ch
ro
m
op
ho
re
s
w
ith
in
th
e

tis
su
e
ab
so
rb

th
e
lig
ht
,l
ea
di
ng

to
tra
ns
ie
nt
lo
ca
lh
ea
tin
g
th
at
tri
gg
er
s
th
er
m
oe
la
st
ic
ex
pa
ns
io
n.
T
hi
s
ex
pa
ns
io
n
ge
ne
ra
te
s
ac
ou
st
ic
w
av
es

th
at
pr
op
ag
at
e
in
al
ld
ir
ec
tio
ns

an
d
ar
e
de
te
ct
ed

by
an

ar
ra
y
of

ul
tr
as
ou
nd

de
te
ct
or
s
at
th
e
su
rf
ac
e
of

th
e
tis
su
e.
M
ul
tis
pe
ct
ra
l
st
ac
ks

of
si
ng
le
-w
av
el
en
gt
h
to
m
og
ra
ph
ic
im

ag
es

ar
e
pr
od
uc
ed

us
in
g

sp
ec
ifi
c
re
co
ns
tr
uc
tio
n
m
et
ho
ds
.D

ec
om

po
si
tio
n
of

m
ea
su
re
d
sp
ec
tru

m
at
ea
ch

pi
xe
la
cr
os
s
th
e
N
w
av
el
en
gt
hs

in
th
e
st
ac
k
(s
ix

in
th
is
ex
am

pl
e)

ba
se
d
on

th
e
kn
ow

n
re
fe
re
nc
e
sp
ec
tra

of
bi
ol
og
ic
al
ch
ro
m
op
ho
re
s
su
ch

as
m
el
an
in

an
d
he
m
og
lo
bi
n
al
lo
w
s
“u
nm

ix
in
g”

of
th
e
to
ta
l
im

ag
e
in
to

im
ag
es

of
di
ff
er
en
t
ch
ro
m
op
ho
re
s.
H
bO

2

ox
yg
en
at
ed

he
m
og
lo
bi
n,
H
b
de
ox
yg
en
at
ed

he
m
og
lo
bi
n

328 A. Karlas et al.



measurement of their respective concentrations, calculation of total hemoglobin
concentration [also known as total blood volume (TBV)], and estimation of blood
oxygen saturation (sO2) (Laufer et al. 2012). Since MSOT illuminates tissue with
light covering a broad range of NIR wavelengths, it can detect a similarly broad
range of endogenous chromophores. The natural skin pigment melanin absorbs
strongly in the visible and near-infrared ranges. Lipids absorb strongly around
930 nm, while water absorbs strongly around 970 nm. The NIR optical window of
680–980 nm is particularly useful because hemoglobin and water absorb much less
in this window than at other wavelengths, allowing more sensitive detection of other
chromophores even down to depths of several centimeters. For example, MSOT at
these wavelengths can assess intra- and peritumoral vascularity and fat and water
content in breast tumors in patients, greatly expanding on the information extracted
by US (Diot et al. 2017).

Genetically encoded chromophores expand the contrast agents that MSOT can
image noninvasively in preclinical animal studies (Weber et al. 2016). Reporter genes
encoding OA-compatible proteins can be expressed in specific tissues at specific
points in development, creating unique experimental opportunities. For example,
green fluorescent protein (GFP) and its derivatives, which revolutionized anatomical
and functional optical microscopy, can also be detected by MSOT (Razansky et al.
2009). However, none of the GFP variants described so far absorbs strongly in the NIR
window of 680–980 nm (Razansky et al. 2009). Starting from phytochromes, which
are photo-sensory receptors that absorb light when covalently bound to a linear tetra-
pyrrole such as biliverdin, researchers have recently developed fluorescent proteins
that absorb light in the NIR range (Shu et al. 2009). For example, near-infrared
fluorescent protein (iRFP) has been used for single-wavelength OA tomography
in vivo, where it showed an absorption maximum at ~690 nm and good photodynamic
stability (Filonov et al. 2012).

Another strategy when using genetically encoded chromophores is to express
enzymes that generate OA-compatible small molecules. The prokaryotic lacZ gene
can be expressed in mammalian tissues to generate the enzyme β-galactosidase,
which can hydrolyze exogenously added X-gal to produce an intensely blue product
readily detectable by OA imaging in the visible range (Cai et al. 2012). Another
example is expressing the genes to endogenously produce violacein, which shows
good photobleaching resistance similar to that of X-gal (Jiang et al. 2015). The
tyrosinase gene, which encodes the key enzyme in melanin biosynthesis, can be
expressed in otherwise non-melanogenic cells (Jathoul et al. 2015). Expression of
tyrosinase allows creation of MSOT contrast without the need to administer an
exogenous precursor.

Despite this range of potential chromophores, most MSOT studies have focused on
the strong contrast provided by hemoglobin. The technique can provide noninvasive,
longitudinal assessment of slow pathological processes such as angiogenesis and
hypermetabolism (Omar et al. 2015; Herzog et al. 2012) as well as tumor hypoxia/oxy-
genation (Tzoumas et al. 2016). It can also monitor fast (sub-second) processes such as
neural activity that alter hemodynamics and so can be detected as changes in blood
oxygen saturation and total hemoglobin concentration (Gottschalk et al. 2015). In the
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next section, we discuss the recently demonstrated ability of MSOT to track several
endogenous chromophores in vivo in order to characterize BAT and monitor its
activation and changes related to disease.

3 Label-Free Brown Fat Tissue Imaging Using Multispectral
Optoacoustic Tomography

Our group reasoned that MSOT should be able to differentiate BAT from WAT on
the basis of their differences in hemoglobin, lipid, and water composition, which
should translate to different spectral characteristics. If so, MSOT could turn out to be
a powerful tool for studying BAT activation in a noninvasive, longitudinal manner.
Our work suggests that, indeed, by measuring changes in local hemoglobin gradients
over time, MSOT can quantify BAT activation in mice following pharmacological
stimulation and BAT activation in humans following cold exposure (Fig. 2). Below
we discuss, in turn, the preclinical and clinical evidence showing that MSOT can
image BAT activation.

3.1 Preclinical Brown Fat Tissue Imaging Using Multispectral
Optoacoustic Tomography

MSOT has been validated in mouse, fish, and other animal models of health and disease
for being able to quantitatively analyze endogenous and exogenous chromophores
(Razansky et al. 2007). High-quality MSOT imaging depends on homogeneous illu-
mination and ultrasound detection around the sample. In state-of-the-art preclinical
MSOT systems, ultrasound detectors cover approximately 270� (Fig. 2). The animal

Fig. 2 Studying BAT activation in mice and humans using MSOT. The image on the left depicts the
experimental setup for preclinical imaging, in which an anesthetizedmouse is placed inside a cylindrical
chamber within a larger measuring setup (“mouse cart”). Laser illumination of interscapular BAT
deposits at various wavelengths generates acoustic waves, which are reconstructed into an image of
BAT in the resting state. Then norepinephrine is injected intravenously to metabolically activate BAT,
and the BAT deposits are imaged again. The image on the right depicts the experimental setup for
clinical imaging of supraclavicular BAT activation with a handheld MSOT system. BAT was activated
by cold stimulation using a cooling suit. Adapted with permission from Reber et al. (2018)
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or excised tissue is placed in thin transparent foil (~100 μm) and then submerged in
water at approximately 34�C. Typically, 45–60min are needed to obtain a whole-body
mouse scan in 300-μm steps along the z-axis.

3.1.1 Spectral Characterization of Mouse Adipose Tissue Ex Vivo
By designing and manufacturing appropriate biological imaging phantoms, the
spectral signature of an excised tissue sample, such as BAT or WAT, can be
accurately determined under tightly controlled experimental conditions. An ideal
phantom should mimic the basic physical properties of living tissues such as optical
absorption, scattering, and speed of sound. Phantoms can be used to analyze and
optimize the imaging setup for subsequent in vivo or postmortem experiments.
Excised tissues are typically examined within cylindrical phantoms with a diameter
of ~2 cm and a composition of 1.3% (v/v) agar and 1.2% (v/v) fat emulsion. To
investigate absorption spectra of mouse BAT and WAT, tissue samples were
inserted into plastic tubes with a diameter of 3 mm, which were then inserted into
the cylindrical phantom (Tzoumas et al. 2014). MSOT showed that OA signal
intensity of BAT was more than two-fold higher than that of WAT over the entire
NIR range of 700–900 nm (Reber et al. 2018). This may be because the high density
of iron-rich mitochondria makes BAT dark brown (Enerback 2009), which may
explain its greater light absorption. BAT is also more highly vascularized thanWAT,
and the higher hemoglobin content may contribute to the greater absorption. MSOT
has shown promising ability to detect lipid-based differences among BAT, WAT,
and beige adipose tissue. Beige adipose tissue is thought to have a composition
intermediate between that of BAT and WAT (Cedikova et al. 2016) and a function
closer to that of BAT (Giralt and Villarroya 2013). The lipid spectrum of beige
adipose tissue showed greater intensity than the lipid spectrum of WAT in the NIR
range from 700 to 900 nm, yet the beige spectrum retained the characteristic WAT
peak at 930 nm.

3.1.2 Imaging Mouse Adipose Tissue In Vivo
MSOT can track the contrast of hemoglobin to analyze tissue pathophysiology
hallmarks (Tzoumas and Ntziachristos 2017), and the same contrast can allow
tracking of BAT activation. BAT activation is followed by a substantial increase
in blood flow (Ernande et al. 2016). MSOT can image interscapular BAT (iBAT),
including the underlying Sulzer vein (SV), which provides the main venous drainage
(Fig. 3a, b) (Reber et al. 2018). Spectral unmixing allows quantification of oxy- and
deoxyhemoglobin content throughout iBAT and surrounding tissues, first in the
resting state (Fig. 3d, g) and then following metabolic activation with norepinephrine
(Fig. 3c, e, h), which increases BAT perfusion and induces BAT thermogenesis via
consumption of glucose and lipid (Cypess et al. 2015). In our mouse studies, we
found that norepinephrine altered hemoglobin levels only in the iBAT, not in
surrounding muscle or other soft tissues (Fig. 3f, i). These results suggest that
MSOT can serve as a powerful method for characterizing iBAT activation in mice
and that the extent of iBAT vascularization can be quantified based on hemoglobin
contrast.
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3.2 Clinical Brown Fat Tissue Imaging Using Multispectral
Optoacoustic Tomography

One of the factors driving the application of MSOT to an expanding range of clinical
problems is the ability to conduct high-resolution imaging with a handheld scanner
that ensures patient comfort and flexibility for the clinician. The scanner can be used
to analyze various parts of the body without extra equipment or special operator
training. Handheld MSOT scanners emit near-infrared light, usually in the range of
700–980 nm; they carry ultrasound detectors operating at central frequencies of
4–11 MHz; and they record data at video rates of up to 50 Hz (Karlas et al. 2017).
These portable clinical systems achieve penetration depths of 2–5 cm (depending on
the central frequency and tissue type) and spatial resolution better than 100 μm.

Building on our studies of BAT activation in mice, we succeeded in imaging
supraclavicular BAT in humans previously shown to have BAT deposits by PET or
MRI (Fig. 4a–c) (Reber et al. 2018). By illuminating the tissue at 28 NIR wave-
lengths from 700 to 970 nm in 10-nm steps, we were able to differentiate BAT from
WAT based on their spectral characteristics (Fig. 4d). We were also able to detect
BAT activation in response to cold exposure, which led to significant increases in
oxy- and deoxyhemoglobin OA signal and therefore to increases in TBV (Fig. 4e, f).
These results suggest that MSOT has the capacity to track hemodynamic changes as
a marker of BAT metabolic state, without the need for exogenous contrast agents.
This may provide a unique opportunity for clinical application of MSOT, since the
technique can provide rich, quantitative information about tissue physiology and
function that is inaccessible to US, without requiring the extremely expensive
infrastructure or radiation risks of other clinical imaging modalities such as MRI
and PET.

4 Clinical Multispectral Optoacoustic Tomography:
Challenges and Perspectives for the Future References

The time needed to acquire a full multispectral stack of images leaves today’s hand-
held MSOT vulnerable to motion artifacts, which compromise spatial resolution and
the accuracy of spectral unmixing. Such artifacts can be minimized as the clinician-
operator becomes familiar with the setup and procedure. Other examples of motion
artifacts which may threaten clinical MSOT imaging even when the scan head and
patient remain still are the respiratory motion or the motion related to arterial pulsation.
Recording data at higher frame rates or employing specialized motion correction algo-
rithms usually suppress these and other types of motion artifacts (Taruttis et al. 2012).
Another limitation of MSOT is that although it provides impressive imaging depth in
the absence of exogenous contrast agents, the depth is currently insufficient for reliable
localization and quantification of deeper BAT deposits such as in the retroperitoneum.

It is likely that future improvements in illumination schemes, ultrasound sensors,
and analysis methods will miniaturize scanning probes, improve image quality, and
decrease post-acquisition processing times. This will enable large clinical studies to
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validate and exploit the potential of MSOT for imaging tissue physiology and
disease. In the case of BAT activation, further work should build on our findings
so far (Reber et al. 2018) to establish the reproducibility of MSOT-based quantifica-
tion and its correlation with the results of PET, MRI, and US. If MSOT can be
validated, it can be applied in large trials to compare BAT mass and metabolic
activity across patients with various metabolic disorders in the presence or absence
of other comorbidities (e.g., cardiovascular).
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Abstract
In the last decade, exosomes have gained interest as a new type of intercellular
communication between cells and tissues. Exosomes are circulating, cell-derived
lipid vesicles smaller than 200 nm that contain proteins and nucleic acids,
including microRNAs (miRNAs), and are able to modify cellular targets.
Exosomal miRNAs function as signalling molecules that regulate the transcrip-
tion of their target genes and can cause phenotypic transformation of recipient
cells. Recent studies have shown that brown fat secretes exosomes as a form of
communication with other metabolic organs such as the liver. Moreover, it has
been shown that levels of miRNAs in BAT-derived exosomes change after
BAT activation in vitro and in vivo. Thus, BAT-derived exosomes can be used
as potential biomarkers of BAT activity. Here, we review the present knowledge
about BAT-derived exosomes and their role in metabolism.
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1 Exosomes

As part of the intercellular communication system, cells secrete a broad range of
factors, including extracellular vesicles (EVs), into the extracellular space. EVs can
modify target cells (Zhang et al. 2014; Nolte-’t Hoen and Wauben 2012). The term
“exosome” was first used in 1981 by the group of Trams et al. to refer to exfoliated
vesicles originated from cells (Trams et al. 1981). Six years later, Johnstone et al.
proposed the name exosome to describe secreted, small membrane vesicles derived
from multivesicular bodies (MVBs), which were first characterized in the transfor-
mation of mammalian reticulocyte to a mature erythrocyte (Johnstone et al. 1987).
These vesicles were shown to be responsible for the removal of membranes and
proteins (e.g. transferrin) during the reticulocyte maturation and were termed
exosomes to describe the “reverse endocytosis” process. Exosomes are secreted
from a wide variety of cells including immune cells, tumour cells and adipocytes
(Lotvall and Valadi 2007; Roma-Rodrigues et al. 2014; Lin et al. 2013; Chen et al.
2016). Exosomes can be found in different body fluids such as serum, cerebrospinal
fluid and urine (Rekker et al. 2014; Ho et al. 2014). Exosomes are 30–150 nm big
and can be visualized by electron microscopy (Akers et al. 2013; Kowal et al. 2014).
Despite growing knowledge on the biogenesis and characteristics of exosomes, the
terminology used to describe and define the different groups of extracellular vesicles
has still not been completely standardized.

The biogenesis of exosomes is distinct from other EVs. While exosomes
are formed via endocytosis, another group of EVs named microvesicles arise by
direct budding and fission of the plasma membrane. Microvesicles are larger in
size (50–2,000 nm) and have also been described as “ectosomes” (Hess et al. 1999).
The biogenesis of exosomes starts with endocytosis of the plasma membrane.
On one hand, the endosomal network targets proteins and lipids for lysosomal
degradation. On the other hand, it marks proteins/lipids for recycling and exocytosis.
Many of these mechanisms are regulated by tetraspanins, a group of proteins
enriched on the surface of exosomes (Sala-Valdes et al. 2012). Once endocytic
vesicles are formed, they are transported to early endosomes. After various
transformations, late endosomes are developed. Subsequently, membranes of
late endosomes bud to form small intraluminal vesicles, also called multivesicular
bodies (MVBs) (Akers et al. 2013; Keller et al. 2006; Stoorvogel et al. 1991).
Finally, MVBs can fuse with the plasma membrane, and exosomes are released
into the extracellular space (Johnstone et al. 1987; Glebov et al. 2015; Kajimoto et al.
2013). The endosomal sorting complex (ESCRT), which is made up of four protein
complexes (ESCRT-0, I, II, III) and associated proteins (e.g. ALIX), is required for
this process (Kowal et al. 2014; Colombo et al. 2013). Furthermore, tetraspanins
play a role in the biogenesis of exosomes. These proteins are highly enriched on
endosome membranes and are thought to support formation of MVBs through
recruitment of other proteins (Stuffers et al. 2009; Jansen et al. 2009; Kosaka et al.
2010). Tetraspanins CD63, CD9 and CD81 are abundant in exosomes and serve as
the most commonly used exosome markers (Roma-Rodrigues et al. 2014). Other
proteins involved in exosome biogenesis (e.g. Alix, TSG101, Rab GTPases) have
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also been used for defining exosomes (Beninson et al. 2014; Mathew et al. 1995;
Simpson et al. 2008). Previous studies have shown that various stress signals,
e.g. oxidative stress, shear stress and hypoxia, induce the secretion of exosomes as
well as microvesicles (Roma-Rodrigues et al. 2014). Hence, exosomes are not
merely inert debris from cells. Once released, exosomes target neighbouring or
remote recipient cells and alter cellular targets.

2 Biological Function of Exosomes

Exosomes are involved in many physiological and pathological processes as a
novel mode of cell-to-cell communication and exchange of material between cells
(Zhang et al. 2015). Over several years, multiple studies revealed their role in
proliferation, differentiation, immunology and tumorigenesis (De Jong et al. 2014;
Fernandez-Messina et al. 2015; Hoshino et al. 2015; Melo et al. 2014). In addition,
exosomes can also be used as biomarkers to evaluate tissue function and in disease
diagnosis (Tickner et al. 2014; Taylor and Gercel-Taylor 2014).

Exosomes comprise RNAs (mRNA and miRNAs), as well as proteins (e.g. Alix)
and surface molecules (e.g. CD63). By transferring their cargo, exosomes act as
carriers of information that may modify the function or fate of the target/recipient
cells (Camussi et al. 2013). In this context, miRNAs are considered essential
exosomal effectors and have gained interest as they directly regulate
gene expression (Zhang et al. 2015). For example, in breast cancer, exosomal
miR-105 decreases ZO-1 (tight junction protein 1) gene expression in endothelial
cells and promotes metastases to the lung and brain (Zhou et al. 2014). MiRNAs
are small, noncoding regulatory RNA molecules, which mediate specific post-
transcriptional gene silencing of their target mRNA via the 30-untranslated region
(30-UTR) and are involved in many biological processes (Bartel 2004). Some reports
have demonstrated that specific miRNAs (e.g. miR-150, miR-451) are preferentially
packaged into exosomes (Guduric-Fuchs et al. 2012). Although recent studies
describe potential mechanisms for the sorting of miRNAs into exosomes, the definite
underlying regulation remains unclear. One proposed mode of sorting is through
the miRNA-induced silencing complex (miRISC) (Gibbings et al. 2009). MiRISC
incorporates miRNA in order to identify target mRNA and, upon complementarity,
silences the mRNA. This hypothesis is further supported by the co-localization of
the main components of miRISC in exosomes (Gibbings et al. 2009).

2.1 Exosomes and Brown Adipose Tissue

There are mainly two types of adipose tissue: While white adipose tissue (WAT)
represents the main energy storage in the body, brown adipose tissue (BAT)
dissipates energy in form of heat (non-shivering thermogenesis) (Lowell and
Flier 1997). In addition to WAT and BAT, inducible brown adipocytes also called
beige or brite (“brown-in-white”) adipocytes exist in subcutaneous WAT and can
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dissipate energy as heat upon cold induction, in a process also known as “browning”
(Cousin et al. 1992; Harms and Seale 2013). Adipose tissue is composed of various
types of cells such as preadipocytes, adipose stem cells, fibroblasts, endothelial cells
and immune cells. The secretion of exosomes by adipocytes and adipose tissue has
been reported by different groups (Deng et al. 2009; Ogawa et al. 2010). Exosomes
from 3T3-L1 cells contain miRNAs that regulate adipogenesis such as miR-103 and
miR-146b (Ogawa et al. 2010; Chen et al. 2014; Li et al. 2015). Recent studies
have demonstrated that exosomes may function as intercellular signals within the
different cells found in the adipose tissue as well as with other organs (Ying et al.
2017; Thomou et al. 2017; Chen et al. 2016). Ying et al. showed that adipose tissue
macrophages (ATMs) in obese mice secrete exosomes, which contain high amounts
of miR-155, an inhibitor of brown adipogenesis (Ying et al. 2017; Chen et al. 2013).
MiR-155 was originally identified as a regulator of the immune system, but it
was shown by Chen et al. that it impairs BAT function through inhibition of the
central adipogenic transcription factor C/EBPβ (Chen et al. 2013). Interestingly,
inhibition of miR-155 enhances brown adipocyte differentiation and induces the
browning of white adipocytes (Chen et al. 2013). While miR-155 transgenic mice
showed reduced BAT mass and UCP1 expression, mice lacking miR-155 had a
significant increase in BAT function, and exhibit increased browning of
WAT. Ying et al. later showed that administration of exosomes from obese mice
induces glucose intolerance and insulin resistance in lean mice, supporting the
concept of communication between ATM and adipocytes via exosomal miRNAs
(Ying et al. 2017).

In order to understand the role of circulating miRNAs in adipose tissue, Thomou
et al. generated mice specifically lacking the miRNA-processing enzyme Dicer in
adipose tissue and analysed their serum-derived exosomes (Thomou et al. 2017).
ADicerKO mice were characterized by reduced levels of circulating miRNAs,
resulting in lipodystrophy (reduction of WAT), whitening of BAT as well as insulin
resistance. Although the number of exosomes isolated from these mice was compa-
rable, exosomes from ADicerKO mice exhibit significant alterations in miRNA
content (Ortega et al. 2010). ADicerKO mice also showed a decrease in circulating
miRNAs. Interestingly, ADicerKO mice presented an increase in circulating FGF21,
which is mainly produced in the liver and upon release influences metabolism in
multiple tissues (Potthoff et al. 2012; Badman et al. 2007). A database search for
predicted miRNAs targeting Fgf21 and luciferase reporter assays identified miR-99b
as potential regulator of Fgf21 (Thomou et al. 2017) (Fig. 1). Transplantation of
wild-type BAT into ADicerKO mice led to a reduction of hepatic Fgf21 as well as
circulating FGF21, suggesting specific targeting of BAT-derived exosomes to the
liver (Thomou et al. 2017). These results confirm the initial hypothesis that
BAT exosomes and exosomal miRNAs can target other tissues, such as the liver.
Thus, BAT might play also other roles in metabolism apart from non-shivering
thermogenesis and energy expenditure.
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3 Diagnostic Potential of Exosomes

The potential of exosomal miRNAs as diagnostic tools has been documented
for cancer, such as colon and gastric cancer (Ogata-Kawata et al. 2014; Nedaeinia
et al. 2017). These studies showed that the pattern of exosomal miRNAs changes
in patients compared to healthy individuals, as well as during the progression of
the disease. Furthermore, CD24 and EpCAM (epithelial cell adhesion molecule)
have also been described as exosomal breast cancer markers (Rupp et al. 2011).
Circulating miRNAs have been identified as potential biomarkers of metabolic
disorder, including miR-152 and miR-17 (Wu et al. 2015). However, exosomal
miRNAs were only recently described as indicators for BAT activity in the context
of metabolism (Chen et al. 2016).

3.1 Exosomes as Biomarkers of Brown Fat Activity

BAT activity correlates with leanness in human adults, and the standard method
for measuring this activity is 18F-fluorodeoxyglucose (18F-FDG) positron emission
tomography coupled with computer tomography (PET/CT), exposing patients to

Fig. 1 Dual role of brown adipocyte-derived exosomes as biomarkers and regulators of metabo-
lism. Thomou et al. identified the brown adipose tissue as an important source of circulating
exosomal miR-99b, which regulates the expression and secretion of FGF21 from the liver (Thomou
et al. 2017). Chen et al. showed an inverse correlation between BAT activity and exosomal miR-92a
in mouse and human, leading to the potential of exosomal miR-92a as a serum biomarker of BAT
acitivity (Chen et al. 2016)
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cold and ionizing radiation (Virtanen et al. 2009). Despite growing concern about
the rapid increase of obesity worldwide, novel diagnostic tools to asses BAT activity
are still sparse. To determine if exosomes may be viable biomarkers of BAT
metabolism, Chen et al. analysed exosome quantity and their miRNA cargo
in BAT activation (Chen et al. 2016). Chen and colleagues were the first to
demonstrate that brown adipocytes indeed release exosomes (Chen et al. 2016).
Interestingly, the activation of brown adipocytes and BAT resulted in significant
changes in both number and cargo of exosomes in vitro and in vivo (Chen et al.
2016). MiRNA array analysis of exosomes from activated murine brown adipocytes
(treated with cAMP) and murine BAT (cold exposure or ß3-adrenoreceptor agonist)
showed coherent changes in levels of miR-92a, miR-34c and miR-133a. Validation
with quantitative real-time PCR (qPCR) revealed a significant down- and
upregulation of miR-92a and miR-34c in activated brown adipocytes as well as
BAT, respectively (Chen et al. 2016). In contrast, miR-133a abundance was not
significantly altered in exosomes during activation of BAT in vivo and brown
adipocytes in vitro. Furthermore, the authors investigated the exosomal miRNA
content in human cohorts. Subjects in these cohorts had been previously studied by 18

F-FDG PET/CT regarding their BAT activity. In contrast to miR-92a and miR-133a,
miR-34c could not be detected in exosomes derived from human serum samples
(Chen et al. 2016). Moreover, miR-133a levels were similar between subjects with
high BAT activity compared to subjects with low BAT activity. Therefore, the
authors focused on miR-92a. Importantly, serum exosomal miR-92a was signifi-
cantly lower in subjects with high BAT activity compared to those with low BAT
activity. Taken together, these results indicate that exosomal miR-92a present
in serum inversely correlates with murine as well as human BAT activity (Fig. 1)
(Chen et al. 2016).

4 Conclusions

In the last few years, extracellular vesicles and, more importantly, exosomes have
gained interest as important intercellular communicators and relevant biomarkers for
various diseases, including metabolic disease (Chen et al. 2016; Ogawa et al. 2010).
BAT has been linked to amelioration of overweight and to the development of
therapeutic tools for the fight of obesity (Cannon and Nedergaard 2004). In addition,
miRNA levels have been shown to be dysregulated in metabolic diseases, including
obesity (McGregor and Choi 2011). MiRNAs can be packaged in extracellular
vesicles, including exosomes, and transported in body fluids, e.g. blood and urine
(Chevillet et al. 2014). Exosomes and its cargo have been shown to regulate the
biological function of different cells (Zhang et al. 2016). Circulating exosome-
derived miRNAs might play a key role in the metabolic crosstalk between adipose
tissue and different organs. Recently, Chen et al. showed that BAT is an important
source of circulating exosomes and that the activation of BAT resulted in significant
changes in both the number and the miRNA content of exosomes (Chen et al. 2016).
Exosomal miR-92a was shown to inversely correlate with BAT activity and energy
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expenditure and may serve as a serum biomarker of BAT (Fig. 1). Moreover,
Thomou et al. identified hepatic FGF21 as a physiological target of BAT-derived
exosomal miR-99b (Fig. 1) (Thomou et al. 2017).

However, further proteomic and miRNA analysis are essential in order to deci-
pher the content of adipose tissue-derived exosomes. Despite growing interest and
knowledge on the function of exosomes in fat, further studies are needed to fully
reveal the potential of these small vesicles as biomarkers of metabolism as well as
regulators of adipose tissue function and of crosstalk between multiple organs.
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Abstract
Brown adipose tissue activation occurs most effectively by cold exposure. In the
modern world, we do not spend long periods in cold environment, and eating and
meals may be other activators of brown fat function. Short-term regulation of
brown fat functional activity by eating involves most importantly insulin. Insulin
is capable to increase glucose uptake in human brown adipose tissue fivefold to
fasting conditions. Oxidative metabolism in brown fat is doubled both by cold
and by a meal. Human brown adipose tissue is an insulin-sensitive tissue type,
and insulin resistance impairs the function, as is found in obesity. Body weight
reduction improves cold-induced activation of human brown adipose tissue.
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1 Cold-Induced Activation in BAT

At fasting and in normal room temperature, BAT function is silent and comparable
to white adipose tissue (WAT) metabolic activity (Virtanen et al. 2009; Orava et al.
2011). Cold is the most potent natural and physiological activator of human BAT
(Orava et al. 2011). Along with acute cold exposure, skin temperature decreases (van
Marken Lichtenbelt et al. 2009; Yoneshiro et al. 2011) but not on the skin area of the
most prominent human BAT depot, supraclavicular region, in subjects with func-
tionally active BAT, which indicates heat production by BAT (Yoneshiro et al.
2011). In addition, cold increases resting energy expenditure (Orava et al. 2011; van
Marken Lichtenbelt et al. 2009; Saito et al. 2009; Ouellet et al. 2012) especially in
the subjects with increased metabolic activity in BAT in cold (Yoneshiro et al.
2011).

In humans, tissue-specific BAT activation may be measured in vivo using
non-invasive, combined PET/CT imaging. Several physiological and metabolic
functions may be accurately measured with different tracers. Quantitative tissue-
specific glucose uptake rate or semi-quantitative FDG uptake is most frequently used
in BAT studies, and it has been regarded as an indirect measure of thermogenesis.
The FDG (18F-fluoro-D-deoxyglucose) tracer is a glucose analog, and the uptake of
the tracer gives an overall estimation of the metabolic activity of the tissue.

Increased uptake of FDG in supraclavicular and neck region has been described
more often during cold season than during summer (Saito et al. 2009). In addition to
seasonal variation, acute cold exposure may provoke BAT metabolic activity.
Acutely induced glucose uptake rate by cold in BAT is more than ten times higher
to measurement in the normal room temperature (Orava et al. 2011). Notably, only a
few tissues are able to increase their metabolic rate so extensively during short
stimulation. Cold-induced glucose uptake in BAT is comparable to cerebral glucose
uptake (Orava et al. 2014), and in addition to BAT, skeletal may increase the
metabolic rate several tenfolds during acute activation, i.e. exercise. Acute cold
exposure increases the probability to detect metabolic activity in BAT region and
in normal weighed subjects, the probability may be 60–90% (Orava et al. 2011; van
Marken Lichtenbelt et al. 2009). If no cold exposure is performed, increased
metabolic activity in BAT can be found in 0.6–25% of the patients (Cohade et al.
2003; Hany et al. 2002). Acclimation by repeated daily cold exposures increases
metabolic activity of BAT (Blondin et al. 2014; van der Lans et al. 2013; Yoneshiro
et al. 2013) resembling natural, seasonal acclimation by thermal winter.

2 Oxidative Metabolism in Activated Human BAT

BAT oxidative metabolism may be measured indirectly using 11C-acetate-PET or
radiowater, or directly measuring oxygen uptake in BAT with 15O-O2-PET (Ouellet
et al. 2012; Orava et al. 2011; U Din et al. 2016). Measures of oxidative metabolism
are more descriptive indicators of thermogenesis and mitochondrial substrate oxida-
tion than substrate uptake per se, and cold exposure activates oxidative metabolism
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significantly (Ouellet et al. 2012). In addition, perfusion of BAT is elevated signifi-
cantly during cold, approximately twofold (Orava et al. 2011) further supporting the
increased oxidative role of BAT in cold. Oxygen consumption is 50% higher in the
subjects with functionally active BAT – their BAT oxygen consumption is higher
also in resting state when compared to controls with nonfunctional BAT (Muzik
et al. 2013). In general, BAT oxygen uptake is doubled during acute cold exposure,
along with doubled perfusion (U Din et al. 2016), and oxygen consumption and
perfusion are strongly associated. Collectively, these indicate activated thermogene-
sis in human BAT during cold exposure.

Tissue-specific oxygen consumption may also be used for the estimation of BAT
energy expenditure, which associates strongly with BAT fatty acid uptake, both in
cold and in room temperature (U Din et al. 2016). Fatty acid uptake in BAT is
measured using PET and 18F-fluoro-thia-heptadecanoid-acid (18F-FTHA), a palmi-
tate analog, whichmay enter either intracellular lipid pool or directly to mitochondria.
During cold, activated BAT utilizes both glucose and fatty acids, but if intracellular
triglyceride lipolysis is inhibited by nicotinic acid during cold, oxidative metabolism
in BAT is abolished, and shivering intensity is increased in muscles (Blondin et al.
2017b). The importance of intracellular lipolysis for BAT oxidative metabolism is
further supported by the findings that BAT radiodensity is not changed if nicotinic
acid is administered (Blondin et al. 2017b). Radiodensity of the tissue is measured
with computed tomography (CT) providing Hounsfield units (HUs) for the tissue, as
an indirect measure of triglyceride content. Cold increases HUs, and 3-h cold expo-
sure may combust one third of the intracellular lipid pool (Ouellet et al. 2012). Mild
cold also results in greater dietary fatty acid extraction by BAT than by other tissues,
and it remains stable by cold acclimation (Blondin et al. 2017a). Additionally another
modality, magnetic resonance imaging (MRI) and proton spectroscopy (1H-MRS),
may be used for the estimation of fat fraction and triglyceride content of the tissue,
respectively. BAT triglyceride content measured with 1H-MRS is significantly lower
in subjects with functionally active BAT, compared to subjects with inactive BAT,
and is independently related to whole-body insulin sensitivity (Raiko et al. 2015).
Interestingly inwhole-body level, during 2–3 h of acute cold exposure, fat oxidation is
dominant (U Din et al. 2016), while prolonged cold exposure of 5–8 h increases also
glucose oxidation in subjects with functionally active BAT along with increased
insulin sensitivity (Chondronikola et al. 2014).

3 Insulin-Stimulated Glucose Uptake in BAT

While cold is highly potent activator and recruiter of BAT function, people of the
modern world do not spend long times in cold environment. Both eating and exercise
have been related to BAT activation (Rothwell and Stock 1979; Boström et al.
2012), and number of related hormonal and metabolic factors has been recognized.
Their role in the regulation of BAT function is clarified gradually. As effects of
exercise on BAT function were discussed in the previous chapter, the focus of this
chapter is in eating and in postprandial activation of BAT.
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Eating is a complex chain of reactions where the first signals to alter metabolism
and prepare the body for the food intake and utilization of nutrients take place early
before the initiation of eating or feeding. Cephalic phase of appetite and eating starts
with the thoughts or smell of food, and saliva secretion is accelerated. During this
phase number of hormonal signals is transferred, and among others, early release of
insulin and peak in insulin concentration are recognized (Siegel et al. 1980). Interest-
ingly in laboratory animals, body temperature is increased preceding eating, and this
is accompanied with the increase of subscapular BAT temperature approximately
15 min prior eating (Blessing et al. 2012) – as if BATwould prepare mitochondria for
substrate flow and initiate thermogenesis by utilizing intracellular lipids well before
effective oxidation of nutritional substrates takes place.

Insulin has an obvious role also after eating, in postprandial state. After the first-
phase boost of insulin, concentration is gradually increased to facilitate digestion.
Typically, in healthy subjects, plasma fasting level of insulin is approximately
3–10 mU/l (20–60 pmol/l), and in postprandial state, the plasma level is increased
up to 70–100mU/l (420–600 pmol/l). Postprandial level is reflecting the fasting level;
the higher fasting insulin concentration, the higher is the postprandial concentration.
The knowledge of the postprandial insulin concentrations is utilized in experimental
settings, and insulin stimulation produced by euglycemic hyperinsulinemic clamp
technique aims to reach insulin concentrations of 70–100 mU/l, similar to postpran-
dial levels. During this kind of insulin stimulation, tissue-specific substrate uptake can
be measured with PET, and especially glucose uptake rate is increased (Nuutila et al.
1995). Partly, insulin stimulation produced by clamp technique may be regarded as
mimicking postprandial state, at least in terms of plasma insulin concentration.

Similar to cold, insulin activates the sympathetic nervous system (SNS), and
through activation of SNS, insulin may activate BAT thermogenesis. However,
during steady state of hyperinsulinemic clamp, perfusion in BAT is not increased
similarly to cold (Orava et al. 2011) suggesting that insulin might not have direct
effect on BAT thermogenesis. It is noteworthy that steady state in hyperinsulinemic
clamp is typically reached 45–60 min after initiation of insulin infusion, and the
acute effect of insulin may have passed over.

Insulin stimulation increases BAT glucose uptake, approximately fivefold when
compared to short-term fasting state after overnight fasting (Orava et al. 2011). The
level of insulin-stimulated glucose uptake rate in BAT is comparable to glucose
uptake rate in skeletal muscle, which is known to be highly insulin-sensitive tissue
type (Orava et al. 2011; Nuutila et al. 1995). Thus, BAT may be regarded as an
insulin-sensitive tissue type. Although BAT is a small tissue in size and the contri-
bution of BAT glucose uptake to whole-body insulin sensitivity is small, insulin-
stimulated glucose uptake rate in BAT correlates with M-value, the measure of
whole-body insulin sensitivity (Orava et al. 2011).

The effects of cold and insulin stimulation on BATmetabolism are partly different.
Both stimulations increase glucose uptake in BAT and energy expenditure in whole
body (Orava et al. 2011), while plasma glucose concentration remains stable. How-
ever, otherwise the metabolic milieu is very different: during cold sympathetic
activation results in high plasma fatty acid concentration which is, during insulin
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stimulation, suppressed to low concentrations of nonesterified fatty acids. Thus,
during cold lipolysis from white adipose tissue dominates, and during insulin stimu-
lation, it is suppressed by high concentration of insulin. This is related to high plasma
noradrenaline (norepinephrine) levels during cold, but during insulin stimulation,
such changes in noradrenaline concentration cannot be detected. Obviously plasma
insulin concentration is high during hyperinsulinemic clamp, but during cold, insulin
levels are decreased in all subjects, even in those who have higher fasting levels
(obese and insulin-resistant subjects) (Orava et al. 2011). Thyroid hormones, thyrox-
ine (T4) and especially triiodothyronine (T3), are decreased during cold in subjects
with functionally active BAT (Orava et al. 2011). The thyroid hormone levels are not
changed by insulin stimulation.

4 Meal-Induced Activation of BAT

Meal-induced thermogenesis, which is a different topic than diet-induced thermo-
genesis, refers to heat production taking place in response to eating. Thermogenesis
reflects tissue respiration where mitochondria have a key role. Thereby, tissues with
higher mitochondrial content and function have higher contribution to whole-body
thermogenesis. In laboratory animals, meal- and diet-induced thermogenesis is well
recognized, but in humans, it has been under debate for at least couple of decades.
The role of human BAT including a high amount of mitochondria has been in the
focus in this debate, and it has been questioned whether BAT thermogenesis has any
role in energy balance, especially in obesity. In the 1980s the findings in rodents
(Rothwell and Stock 1979) encouraged researchers to assume that diet- or meal-
induced thermogenesis might explain why some people gain weight more easily than
others (Himms-Hagen 1979). Still, the question whether meal-induced thermogene-
sis has a role in human metabolism is valid.

During diagnostic FDG-PET scan for tumour detection, the aim is to diminish
accumulation of the tracer by other metabolically active tissues. Such tissues are
among others skeletal muscle and BAT. Tracer (FDG) accumulation to BAT in
diagnostic scans has been successfully diminished with beta-blockers (Parysow et al.
2007), but equally effective results may be achieved by keeping the patient warm
before and during the scans. In addition to premedication and/or controlled ambient
temperature during scanning, fatty meals have been used for the reduction of FDG
uptake in BAT (Williams and Kolodny 2008). One group of patients (n ¼ 741)
prepared for the scan with high-fat, very-low-carbohydrate, protein-permitted meal
and another group of patients (n ¼ 1,229) by fasting. High-fat diet group had lower
frequency of high FDG uptake in BAT (Williams and Kolodny 2008). Therefore,
meal composition may effect on substrate preference in BAT, and Randle’s cycle
appears to function also in BAT, in addition to other tissues, such as myocardium
and skeletal muscle (Nuutila et al. 1992).

If high-calorie, carbohydrate-rich meal is given for a healthy subject, postprandial
FDG uptake is higher in BAT than in subcutaneous or visceral adipose tissue
(Vosselman et al. 2013), but whether FDG uptake is increased postprandially
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compared to fasting state, preceding eating, is not known. Overall, postprandial FDG
uptake remains lower than during acute cold exposure (Vosselman et al. 2013).

When oral glucose load is given after 3.5 h in an ambient temperature of 20�C or
25�C, the insulin response appears to be higher at 20�C, based on higher insulin to
glucose ratio at 2 h of OGTT (Pathak et al. 2018). If the insulin concentration is
lower in 20�C than 25�C and the lipolysis is activated by catecholamines, glucose
load may induce a pronounced and compensatory release of insulin to favour
glucose oxidation after mild cooling. However, the insulin concentrations in differ-
ent temperatures were not shown, neither were the catecholamine or fatty acid levels
measured, and thus the preceding speculation remains to be confirmed in the
controlled setting.

Thus, substrate uptake by BAT in postprandial state may be affected by meal
composition, although it may be expected that postprandial insulin levels are
sufficient to increase BAT glucose uptake. As glucose uptake is not a perfect
indicator of thermogenesis, postprandial oxidative metabolism could give better
insight to meal-induced thermogenesis. Indeed, one normocaloric, carbohydrate-
dominant meal increases both perfusion and oxygen uptake in BAT to the same
degree than acute cold exposure (U Din et al. 2015). Therefore, meal-induced
thermogenesis seems to exist in human adults.

5 Nutritional Status Affects BAT Activity

Long-term fasting for 54 h results in decreased cold-induced glucose uptake rate in
BAT being approximately half of the rate measured in the baseline conditions
(Hanssen et al. 2015). Also obesity decreases the probability to detect metabolically
active BAT, and only 30% of the obese study subjects show significant increase in
cold-induced glucose uptake in BAT (Orava et al. 2013). Metabolic activity of BAT
in obesity is blunted, and also insulin-stimulated glucose uptake is less than half of
the uptake measured in normal-weighed subjects (Orava et al. 2013). It may be that
brown adipocytes of obese subjects are transdifferentiated to white adipocytes being
entirely filled with triglyceride storages or that insulation by a thick subcutaneous
adipose tissue in obesity is effective enough to prevent similar degree of activation in
BAT than in lean subjects. On the other hand, some individuals may be prone to
obesity due to poorly functioning BAT.

Recruitment of BAT (beiging) in other adipose depots, such as visceral white fat
depot or perirenal white fat depot, could be beneficial in obesity. Morbidly obese
subjects have lower UCP1 presence in the intraperitoneal adipose tissue than lean
subjects (Oberkofler et al. 1997). Weight reduction preferentially targets intra-
abdominal fat tissues, and thereby UCP1 expression and function could be promoted
after weight loss in these depots. Further, cold-activated BAT FDG uptake is
inversely related to visceral fat area (Saito et al. 2009).

Conventional weight reduction by dieting and exercise for 5 months results in
12% reduction of the original weight, and simultaneously, cold-induced BAT
metabolic activity tends to be higher than before weight loss (Orava et al. 2013).
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In morbidly obese subjects, bariatric surgery results in remarkable weight reduction
(approximately 30% of the original weight), and 1 year after surgery, BAT metabolic
activity is enhanced (Vijgen et al. 2012).
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Abstract
Since the rediscovery of brown adipose tissue (BAT) in humans, its energy-
dissipating ability has been well-recognized. The negative correlations of BAT
activity with adiposity and insulin sensitivity provided an obvious rationale for
discerning reliable and practical strategies for stimulating BAT. Though cold
exposure or use of pharmacological adrenomimetics can activate BAT, they may
have adverse effects. Therefore, determining alternative stimulants of BAT with
lower risks such as commonly used food ingredients is highly desirable. Recent
observations revealed that chemical activation of temperature-sensitive transient
receptor potential (TRP) channels by food ingredients can recruit BAT in
humans. Furthermore, animal studies have identified several food-derived
stimulants of BAT acting through multiple mechanisms distinct from a
TRP-mediated process. Dietary compounds acting as an activator of Sirtuin 1, a
critical regulator of mitochondrial biogenesis and brown adipocyte differentia-
tion, are one such class of promising food-derived BAT activators in humans.
While the individual effects of various dietary factors are increasingly established
in a laboratory setting, the potential synergistic effects of multiple stimulants on
BAT remain to be tested in a clinical environment. These investigations may
support the development of efficient, flexible dietary regimens capable of
boosting BAT thermogenesis.

Keywords
Brown adipose tissue · Capsinoids · Catechins · Food ingredients · Obesity ·
Recruitment · SIRT1 · Thermogenesis · TRP channels

1 Introduction

The prevalence of obesity and related metabolic diseases such as type 2 diabetes is
ever-increasing. Advanced strategies aimed at controlling appetite and promoting
exercise have been attempted. However, sustained interventions are difficult to
achieve owing to poor adherence (Moroshko et al. 2011). The rediscovery of
metabolically active brown adipose tissue (BAT) in healthy adult humans (Cypess
et al. 2009; Saito et al. 2009; van Marken Lichtenbelt et al. 2009; Virtanen et al.
2009) propelled the idea that BAT could be a promising target to boost energy
expenditure (EE) and prevent obesity.

BAT thermogenesis is primarily dependent on uncoupling protein 1 (UCP1), a
unique mitochondrial membrane protein, and is mainly regulated by the sympathetic
nervous system (SNS) (Cannon and Nedergaard 2011). In small rodents, UCP1-
mediated thermogenesis in BAT is activated during cold exposure and after hyper-
phagia to control body temperature and energy balance (Cannon and Nedergaard
2011). Over the past decade, the physiological role of BAT in humans has
been increasingly elucidated. Radionuclide studies in healthy adults using
fluorodeoxyglucose (FDG)-positron emission tomography (PET) and computed
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tomography (CT) revealed that BAT is activated by acute cold exposure (Saito et al.
2009) or administration of a β3-adrenergic receptor agonist (Cypess et al. 2015) and
contributes to increasing whole-body EE (Cypess et al. 2015; Yoneshiro et al.
2011a) and fatty acid oxidation (Chondronikola et al. 2016). Two independent
groups documented BAT activation after food intake (Vosselman et al. 2013) and
its involvement in diet-induced thermogenesis (Hibi et al. 2016), as confirmed in
mice (von Essen et al. 2017). However, the activity and prevalence of BAT are
substantially decreased in older populations (Yoneshiro et al. 2011b). This
age-related decrease in BAT is closely related to visceral fat accumulation and
increased hemoglobin A1C, an index of average blood glucose (Matsushita et al.
2014). These findings suggest that reactivation and recruitment of BAT may be
preventive against obesity, in particular in individuals with decreased BAT facing at
high risks of obesity and diabetes. In fact, prolonged exposure to cold, which results
in a successful recruitment of BAT, increases nonshivering thermogenesis (Blondin
et al. 2014; van der Lans et al. 2013), decreases body fat content (Yoneshiro et al.
2013), and improves insulin sensitivity (Lee et al. 2014; Hanssen et al. 2015).

Despite these current advances in the therapeutic potentials, acceptable human
interventions aimed at activating BAT have been limited due to potential unfavor-
able side effects. For example, chronic use of cold regimen or adrenomimetics could
increase blood pressure (Cypess et al. 2015) and induce atherosclerosis (Dong et al.
2013). There have been substantial efforts in animals searching for chemical agents
in foods that stimulate BAT thermogenesis (Saito et al. 2016). Food ingredients
consumed traditionally by humans have low risks of adverse effects, some of which
might be safe, practical, and effective agents to recruit BAT. In this chapter, we
summarize natural compounds in foods that can stimulate BAT thermogenesis,
together with the recent progresses in the underlying mechanisms and the effective-
ness in humans.

2 Food-Derived Stimulants with Agonistic Activity
on Transient Receptor Potential Channels

Cold-induced activation of BAT is initiated through the stimulation of temperature-
sensitive transient receptor potential (TRP) channels located in peripheral tissues
such as the skin. Stimulation of these receptors in turn causes the sympathetic
efferent nerves innervating BAT to discharge, releasing norepinephrine (NE) and
triggering β-adrenergic receptor-mediated intracellular signaling pathways in brown
adipocytes, culminating in UCP1 activation and thermogenesis (Cannon and
Nedergaard 2011; Nakamura 2011). This TRP-SNS-BAT signaling axis can also
be activated by a number of environmental cues, including certain foods that act as
TRP agonists (Fig. 1).

Translational Aspects of Brown Fat Activation by Food-Derived Stimulants 361



Brown/beige 
adipocytes

Sympathetic nerve

Hypothalamus

Skin

NE

COMT

GI tract

Cold temperature

A1 M8TRP channels A1

Capsinoids
6-paradol

Catechin

Menthol Capsaicin

Skin application
Oral ingestion

V1M8

NMN

Oral ingestion

Sirt1 RAR/RXR

β-AR

Thermogenesis

Retinoic acid
(vitamin A)

Oral ingestion

Resveratrol

UCP1

DHA/EPA

Fig. 1 Brown fat activation by food-derived stimulants with multiple mechanisms of action. Cold
exposure activates temperature-sensitive TRP channels in the peripheral tissues such as the skin,
triggering thermogenesis via β-adrenergic receptor-mediated pathway in UCP1-expressing thermo-
genic adipocytes. Orally ingested food ingredients with agonistic activity on TRP channels can
mimic cold-induced nonshivering thermogenesis through the activation of gastrointestinal
TRP-SNS-UCP1 axis. Retinoic acid and resveratrol activate RAR/RXR heterodimers and SIRT1,
respectively, inducing Ucp1 transcription, leading to enhanced thermogenic capacities of brown
and/or beige fat. COMT catechol-O-methyltransferase, DHA docosahexaenoic acid, EPA
eicosapentaenoic acid, GI tract gastrointestinal tract, NE norepinephrine, NMN normetanephrine,
RAR retinoid acid receptors, RXR retinoid X receptors, Sirt1 sirtuin 1, SNS sympathetic nervous
system, TRP transient receptor potential, UCP1 uncoupling protein 1, β-AR β-adrenergic receptors
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2.1 Capsaicin and Capsinoids as TRP Vanilloid 1 Agonists

Capsaicin is the major component of chili peppers responsible for its pungent taste
and is itself a potent activator of TRP vanilloid 1 (TRPV1), a thermoreceptor that
senses temperatures greater than 42�C (Caterina et al. 1997). In addition, capsinoids,
capsaicin-like compounds found in a nonpungent type of red pepper, are another
class of known TRPV1 agonists. Capsaicin and capsinoids bind to TRPV1 with
comparable affinities; however, pungency is much less defined in capsinoids than in
capsaicin (1/1,000). The low pungency exhibited by capsinoids may be due to the
high lipophilicity of capsinoids, which render these molecules unable to access the
termini of trigeminal nerves in the oral cavity that is covered with epithelium
(Uchida et al. 2017).

Animal studies have demonstrated that oral administration of capsaicin can
activate TRPV1 expressed in sensory nerves within the gastrointestinal tract and
increase sympathetic nerve activity innervating BAT, inducing a rapid increase in
BAT temperature, and increasing whole-body EE (Ono et al. 2011). These physio-
logical responses can be mimicked through administration of nonpungent capsinoids
but are blunted by the administration of β-adrenergic blockers (Kawada et al. 1986) or
through the denervation of vagal afferents and extrinsic nerves connected to the
jejunum (Kawabata et al. 2009; Ono et al. 2011). Moreover, capsaicin (and probably
capsinoids) evokes adrenal sympathetic nerve activity, inducing adrenaline secretion
from the adrenal medulla, further stimulating BAT thermogenesis. This adrenalin
secretion by capsaicin is largely diminished in TRPV1-KOmice (Uchida et al. 2017).
It is possible that capsaicin additionally acts directly on TRPV1 expressed in BAT
(Baskaran et al. 2017). By contrast, the direct action of capsinoids on TRPV1 in
brown adipocytes is unlikely because orally ingested capsinoids are rapidly
hydrolyzed and thus are usually undetectable in the general circulation. Most impor-
tantly, chronic administration of either capsaicin or capsinoids upregulates UCP1
expression in BAT and decreases body fat (Kawabata et al. 2009). The thermogenic
and fat-reducing effects of capsinoids are abolished in UCP1-KO mice (Okamatsu-
Ogura et al. 2015). Capsinoids, but not capsaicin, can also activate TRP ankyrin
1 (TRPA1), which senses temperatures below 17�C. However, the thermogenic
effects of capsinoids are largely diminished in TRPV1-KO mice (Kawabata et al.
2009). These findings clearly demonstrate that oral administration of either pungent
capsaicin or nonpungent capsinoids increases whole-body EE and prevents obesity
through the activation of the TRPV1-SNS-BAT axis in small rodents (Fig. 1).

In humans, capsaicin is consumed worldwide as red pepper, and its anti-obesity
effects have been documented experimentally (Ludy et al. 2012). However, despite
its posited benefits, doses of capsaicin provided in the earlier studies (up to 10 g red
pepper/meal) exceeded the amount preferred by the general population (0.3 g
red pepper/meal). It is thus unlikely that most people could ingest sufficient amounts
of capsaicin to replicate the desired effects seen in these studies. Given that
capsinoids have much lower pungency but can exert metabolic effects comparable
to capsaicin, capsinoids appear a more feasible tool for recruitment of BAT in
humans. In fact, single oral ingestion of capsulated capsinoids increases whole-
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body EE in human individuals with metabolically active BAT, but not in those
without (Yoneshiro et al. 2012). Furthermore, daily ingestion of capsinoids for
6 weeks augments nonshivering cold-induced thermogenesis (CIT) in individuals
with low BAT activities (Yoneshiro et al. 2013). Since interindividual (Yoneshiro
and Saito 2015) and intraindividual variations of CIT (Yoneshiro et al. 2016) are
significantly related to BAT activity assessed by FDG-PET/CT, the capsinoid-
induced increase in CIT reflects recruitment of BAT. Recently, this was directly
confirmed by using FDG-PET/CT. Cold-induced BAT activity assessed by FDG
uptake was significantly elevated after the capsinoid treatment for 6 weeks (Fig. 2)
(Nirengi et al. 2016b). A similar result was reported in a study using near-infrared
time-resolved spectroscopy (NIRTRS), a novel method for evaluating BAT density in
the region of interest (Nirengi et al. 2015). The BAT density assessed by NIRSTRS
was increased after the 8-week capsinoid treatment; however, the increase was lost
after 8 weeks from capsinoid withdrawal (Nirengi et al. 2016b). This indicates that a
continuous supplementation is required for achieving metabolic benefits such as
body fat reduction and improvement of insulin sensitivity. Indeed, relatively long
treatment with capsinoids (for 12 weeks) generates a slight but significant decrease
in abdominal fat by 1.1% in an obese population (Snitker et al. 2009).

The beneficial effects of capsinoids are greatly attenuated in individuals who carry
a mutated (Val585Ile) TRPV1 (Snitker et al. 2009), consistent with the crucial role of
TRPV1 in mice, as described earlier. Although the beneficial effects of capsinoids are
similar to those of cold exposure, TRPV1 is intriguingly not a cold sensor, but rather a
sensor of noxious hot temperatures and low pH (Tominaga 2007). It is therefore likely

Subject 1

Subject 2

Subject 3

Before the treatment
(0 wk) 

After the treatment with 
capsinoids (9 mg/d, 6 wk) 

0.0

2.0

4.0

6.0

0 wk 6 wk 

Left side supraclavicular fat

Right side supraclavicular fat

p < 0.05

Cold-activated BAT activity in the 
supraclavicular region (SUVmax)

Fig. 2 BAT recruitment by daily ingestion of capsinoids. FDG-PET/CT examination combined
with acute mild cold exposure (19�C, 2 h) was performed before and after the treatment with
capsinoids (9 mg/day, 6 weeks). BAT activity was quantified as SUVmax of FDG. Cold-activated
BAT activity was significantly increased after the treatment with capsinoids ( p < 0.05) (Nirengi
et al. 2016b). BAT brown adipose tissue. FDG-PET/CT fluorodeoxyglucose-positron emission
tomography and computed tomography, SUVmax maximal standardized uptake value
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that human BAT is activated by nociceptive stimuli, including TRPV1 activation. In
agreement with this, chronic adrenergic stress induced by burn trauma results in
browning of white adipose tissue (WAT) (Sidossis et al. 2015). Hence, it is conceiv-
able that oral ingestion of capsinoids leads to the activation of BAT thermogenesis
through the TRPV1-mediated pathway in humans, while cold exposure is more
potent to induce BAT activation than capsinoid ingestion (Sun et al. 2018). Given a
recent report that capsinoid treatment in mice potentiates cold-induced browning of
WAT (Ohyama et al. 2016), a combination of capsinoid supplementation and mild
cold exposure may be an effective strategy for recruitment of BAT in humans. It
remains unknown if capsinoid treatment can improve insulin sensitivity, as cold
exposure does in type 2 diabetic subjects (Hanssen et al. 2015).

2.2 Paradol as a TRPV1 and TRPA1 Agonist

There are various organic compounds that contain the vanilloid structure found in
capsaicin and capsinoids. For example, gingerols, shogaol, zingerone, and 6-paradol
are found in several types of ginger and known to act as agonists of TRPV1
(Yoneshiro and Saito 2015) (Fig. 1).

One of the common foods containing these compounds is “grains of paradise”
[Aframomum melegueta (Rosco) K. Schum.] (GP), also called Guinea pepper or
alligator pepper. GP seeds are used as a spice for flavoring food in West Africa and
are very rich in 6-paradol, 6-gingerol, and 6-shogaol. Intragastric administration of
an alcohol extract of GP seeds results in an enhanced discharge of efferent sympa-
thetic nerves to BAT and a significant rise in BAT temperature in small rodents
(Iwami et al. 2011). Among vanilloids in the GP extract, 6-paradol is the compound
most likely responsible for the observed effects, judging by its high content and
relatively high affinity to TRPV1 (Riera et al. 2009; Morera et al. 2012). Indeed,
BAT thermogenesis induced by GP extract administration can be mimicked by
intragastric administration of 6-paradol (Iwami et al. 2011). Like capsinoids,
6-paradol can activate both TRPV1 and TRPA1 (Riera et al. 2009), but no study
has yet examined the TRP subtype responsible for 6-paradol-induced activation of
BAT. It remains to be elucidated whether the UCP1-mediated thermogenesis in BAT
and/or browned WAT is indispensable for the thermogenic and anti-obesity effects
of 6-paradol.

In humans, single ingestion of capsulated GP extract increases whole-body EE in
individuals with metabolically active BAT, but not in those without (Sugita et al.
2013). Moreover, daily ingestion of GP extract (40 mg/day, 3 weeks) results in an
increase in CIT, an index of BAT activity in healthy young volunteers (Yoneshiro
et al. 2018). This thermogenic effect of GP was coupled with a significant decrease
in visceral fat area (�7.0%) (Sugita et al. 2014). As these responses are almost
similar to those seen after capsinoid ingestion, it is likely that GP extract enhances
EE as a result of BAT activation and recruitment. Thus, GP extract is a potential food
ingredient for recruiting BAT and decreasing body fat content in humans. Whether
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the treatment with 6-paradol or the GP extract can improve insulin resistance in
patients with type 2 diabetes is unknown.

2.3 DHA and EPA as TRPV1 Agonists

Dietary fatty acids are not only major nutrients but also key signaling molecules that
regulate energy metabolism. Docosahexaenoic acid (DHA) and eicosapentaenoic
acid (EPA) are n-3 polyunsaturated fatty acids enriched in fish oil. An earlier study
has demonstrated that supplementation of DHA and EPA reduces the accumulation
of body fat, which may be mediated by several mechanisms, including upregulation
of UCP1 in BAT and WAT (Oudart et al. 1997). UCP1 induction by dietary EPA
and DHA is blocked by either subdiaphragmatic vagotomy or treatment with a
β-adrenergic blocker (Kim et al. 2015). EPA and DHA have agonistic activity on
TRPV1. Accordingly, the thermogenic and anti-obesity effects of EPA and DHA are
abolished in TRPV1-KO mice (Kim et al. 2015). Thus, the activation of the TRPV1-
SNS-UCP1 pathway is one mechanism by which EPA and DHA activate BAT
thermogenesis. A recent report proposed an additional mechanism. EPA is sensed
by the membrane receptor free fatty acid receptor 4 in brown adipocytes, resulting in
biogenesis of the microRNAs miR-30b and miR-378 and a rise of intracellular
cAMP levels, both of which promotes transcriptional activation of brown
adipogenesis, including Ucp1 induction (Kim et al. 2016). UCP1-inducing effects
of ω3 fatty acids such as DHA and EPA are also reportedly mediated via inhibition
of production of ω6-derived oxygenated metabolites, such as oxylipins, that can
impair UCP1 activation and induction (Ghandour et al. 2018).

However, despite the abundance of evidence in rodents, thermogenic effects of
EPA and DHA are poorly understood in humans. Previous studies suggest that n-3
fatty acids such as DHA and EPA can ameliorate symptoms of a variety of inflam-
matory disorders (Serhan 2014), coronary heart disease (Del Gobbo et al. 2016), and
obesity (Okla et al. 2017). Further studies in healthy adults designed to examine
potential effects of EPA/DHA on BAT activity and insulin sensitivity are vital to
establish the effectiveness of n-3 fatty acids in combating metabolic disorders.

2.4 Catechins as TRPA1/V1 Agonists and Catechol-O-
Methyltransferase Inhibitors

Catechin, catechin gallate, gallocatechin, gallocatechin gallate, epicatechin,
epicatechin gallate, epigallocatechin, and epigallocatechin gallate (EGCG) are low-
molecular-weight polyphenols collectively referred to as catechins. Catechins are
enriched in green tea and, especially in the case of EGCG, have various benefits
including thermogenic and anti-obesity effects in humans (Dulloo et al. 1999;
Thavanesan 2011). The thermogenic response to catechins has been proposed to be
mediated by the inhibitory effect of catechins against the noradrenaline-degrading
enzyme catechol-O-methyltransferase (COMT), stimulating hormone-sensitive
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lipase to degrade triglycerides into fatty acids and glycerol in the liver and adipose
tissue (Ferreira et al. 2016;Westerterp-Plantenga 2010). However, this is still debated
because a study in humans suggested that COMT activity is not impaired by oral
ingestion of high doses of EGCG in vivo (Lorenz et al. 2014). This may be explained
by the fact that the circulating levels of catechins after a single ingestion of catechin-
rich tea (~0.1 μM at maximum) (Takahashi et al. 2014) are much lower than the half-
maximal inhibitory concentration of catechins for the COMT activity (~14 μM)
(Kadowaki et al. 2005). Thus, the role of COMT inhibition as a primary target of
the catechin action on triglyceride degradation and thermogenesis remains contro-
versial. Furthermore, it has not been fully understood how the energy produced by
catechin-induced substrate oxidation, such as proton electrochemical gradient (H+) or
ATP, is harnessed and dissipated as heat.

To this end, we suggest the TRP-mediated activation of BAT as a potential
mechanism underlying catechin-induced thermogenesis because UCP1 in BAT is
capable of dissipating proton gradient in the mitochondria, thus generating heat.
EGCG and its auto-oxidation products are able to activate TRPA1 and TRPV1 of
intestinal enteroendocrine cells with a concentration of 100–200 μM (Kurogi et al.
2012, 2015). Given that the concentration of catechins in the catechin-rich tea used
in the previous clinical studies was approximately 700 μM (Takahashi et al. 2014),
TRPA1 and/or TRPV1 located in the sensory neuron of the gastrointestinal tract
could be activated by ingested catechins, thus triggering SNS-mediated BAT ther-
mogenesis. Consistent with this hypothesis, recent studies in small rodents
demonstrated that dietary supplementation of catechins upregulates UCP1 expres-
sion in BAT and WAT (Nomura et al. 2008; Sae-Tan et al. 2015). Studies using TRP
and UCP1 knockout mice seem highly likely to yield further understanding for
potential roles of TRP-BAT axis in beneficial effects of catechins. Meanwhile, a
recent study in healthy humans reported that oral ingestion of tea containing 615 mg
catechins in 350 mL (~700 μM) significantly increases EE in hours in subjects with
detectable BAT activity, but not in those with undetectable BAT activity (Yoneshiro
et al. 2017b). The thermogenic effect of catechins was significantly and positively
correlated with BAT activity, suggesting the involvement of BAT in catechin-
induced thermogenesis. Moreover, a 5-week daily ingestion of catechin-rich tea
(1,230 mg/day) resulted in a significant increase in CIT, a marker for BAT activity.
Although the active and placebo beverages contained a moderate amount of caffeine
(~80 mg per bottle), the placebo ingestion did not produce any change in EE and
CIT. Thus, it is highly likely that observed thermogenesis is due to the catechin
action, rather than caffeine action. This does not exclude, however, a possible
synergistic action of catechins and caffeine (Ferreira et al. 2016; Westerterp-
Plantenga 2010). The chronic effects of catechins on BAT were also confirmed by
using the NIRSTRS technique (Nirengi et al. 2016a). Collectively, thermogenic and
fat-reducing effects of catechins would be attributable to the activation of BAT
(Fig. 1).

Protective effects of catechins against body fat accumulation and type 2 diabetes
have been documented (Ferreira et al. 2016; Yang et al. 2014). The association
between these beneficial effects and the potential recruitment of BAT is to be
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examined in obese and diabetic patients. It also remains to be investigated whether
BAT-mediated thermogenesis is responsible for the catechin effects on body fat
content and insulin sensitivity, by using genetic mouse models such as UCP1-
KO mice.

2.5 Menthol as a TRP Melastatin 8 Agonist

Menthol is a cooling and flavorful compound enriched in mint and is a potent
activator of TRP melastatin 8 (TRPM8) (Yoneshiro and Saito 2013). TRPM8 is a
sensor of cold temperatures lower than 26�C and expressed in sensory nerves in the
skin, involving in BAT activation during cold exposure (Nakamura 2011). The
topical application of menthol increases oxygen consumption and core body tem-
perature in mice (Tajino et al. 2007). Although no study reported a BAT-stimulating
effect of menthol in human in vivo, a single skin menthol administration induces a
slight but significant elevation of metabolic rate in young healthy humans (Valente
et al. 2015). Moreover, in diet-induced obese mice, oral administration of menthol
activates UCP1-mediated thermogenesis in a TRPM8-dependent manner, thereby
preventing body fat accumulation (Ma et al. 2012). While TRPM8 expression in
gastrointestinal sensory nerves has been shown (de Jong et al. 2015), further studies
are required to elucidate a potential involvement of gastrointestinal TRP-SNS-BAT
axis in thermogenic effect of menthol. It may also be possible that menthol acts
directly on TRPM8 expressed in brown adipocytes, because both oral administration
and skin application of menthol can increase the circulating level of menthol
(Valente et al. 2015). In fact, a study on human white adipocytes cultured with
menthol showed an increase in UCP1 expression and basal- and insulin-stimulated
glucose uptakes (Rossato et al. 2014).

2.6 Allyl Isothiocyanate as a TRPA1 Agonist

Allyl isothiocyanate (AITC), which is enriched in wasabi (Japanese horse radish)
and mustard, is a typical TRPA1 agonist (Yoneshiro and Saito 2013). Dietary
supplementation of AITC is reported to improve mitochondrial function and ame-
liorate insulin resistance in mice (Ahn et al. 2014), but the involvement of BAT or
UCP1 in the beneficial metabolic effects of AITC is poorly understood.

In humans, the thermogenic effect of AITC remains elusive due to the limited
availability of studies. A recent report in human participants was unable to identify
any metabolic effects of AITC (Langeveld et al. 2017). It should be noted, however,
that BAT activity is attenuated by aging and fluctuates seasonally, being low or
negligible in the elderly or in the summer season (Au-Yong et al. 2009; Yoneshiro
et al. 2011b). This was the rationale to perform most of our previous studies with
young participants in winter when testing BAT activation by food (Sugita et al.
2013; Yoneshiro et al. 2012, 2013, 2017b). Therefore, there is still a need for the
age- and season-matched studies to minimize the inter- and intraindividual variations
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of BAT activity, facilitating to investigate the effects of AITC on human BAT
and EE.

2.7 Cinnamaldehyde as a TRPA1 Agonist

Cinnamaldehyde, found in cinnamon, is another typical TRPA1 agonist. Dietary
cinnamaldehyde protects mice against diet-induced obesity (Tamura et al. 2012; Zuo
et al. 2017). The body fat-reducing effect has been associated with UCP1
upregulation in BAT (Tamura et al. 2012) and WAT (Zuo et al. 2017). This was
also confirmed in murine adipocytes. However, the UCP1-inducing effect of
cinnamaldehyde can be seen in both TRPA1-KO and wild-type adipocytes (Jiang
et al. 2017). It is thus likely that the direct action of cinnamaldehyde on adipocytes
may be mediated by a TRPA1-independent pathway, while an indirect action
via gastrointestinal TRPA1 might be involved in the thermogenic activation.
To date, little information is available on whether beneficial metabolic effects of
cinnamaldehyde are direct consequences of UCP1 thermogenic activation. In addi-
tion, whether TRPA1 expressed in the gastrointestinal sensory nerves is indispens-
able for the potential activation of BAT by cinnamaldehyde is not known.

In humans, cinnamon consumption correlates with lower fasting blood glucose
levels (Allen et al. 2013). Importantly, the UCP1-inducing effect of cinnamaldehyde
was demonstrated in human adipocytes differentiated from human adipose stem
cells, regardless of donor’s age, ethnicity, or BMI (Jiang et al. 2017). While the
effects of cinnamaldehyde on human BAT activity in vivo remain to be tested, single
ingestion of this substance can increase metabolic rate in humans (Michlig et al.
2016). Given the wide use of cinnamon as a popular food additive, cinnamaldehyde
(or cinnamon) may be a useful solution for developing therapeutic strategies that are
much better adhered to by participants.

2.8 Other Ingredients with Agonistic Activity at
Thermosensitive TRPs

Based on animal studies, many other food ingredients that can activate TRPs have
been proposed as potential agents to boost BAT thermogenesis. For example, royal
jelly was recently reported to prevent body fat accumulation, insulin resistance, and
hepatic steatosis as a result of BAT thermogenic activation in diet-induced obese
mice (Yoneshiro et al. 2017a). Royal jelly contains the unique fatty acids
hydroxydecenoic acid (HDEA) and hydroxydecanoic acid (HDAA), which are
able to activate TRPA1 (Terada et al. 2011). It seems thus conceivable that the
beneficial metabolic effect of royal jelly could be mediated by the activation of the
TRPA1-SNS-BAT axis. Furthermore, allicin in garlic and onion, eugenol in clove,
piperine in black pepper, and eucalyptol in eucalyptus are also known as agonists of
temperature-sensitive TRPs such as TRPV1, TRPM8, and TRPA1 (Uchida et al.
2017). All of these compounds may serve as BAT-activating agents in humans.
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3 Food-Derived Stimulants Acting via TRP-Independent
Mechanisms

In addition to TRP-activating substances, there are several anti-obesity food
ingredients that stimulate BAT via multiple mechanisms of action distinct from
TRP-mediated processes. Here we describe these substances and their impacts on
systemic energy homeostasis.

3.1 Retinoic Acid as an Activator of the Transcriptional
Regulatory Enhancer of the Ucp1 Gene

Retinoic acid is a metabolite of vitamin A (retinol) and an important regulator of
transcription of over 500 genes through binding to the retinoic acid response
elements in the regulatory regions of target genes. The major sources of retinoic
acid are dietary retinol, retinyl esters, and provitamin A carotenoids (β-carotene) that
are absorbed in the small intestine and delivered to peripheral tissues via multiple
mechanisms such as binding to retinol-binding protein and packaging into
chylomicrons (Li et al. 2014). In the peripheral cells, retinols are enzymatically
oxidized to retinoic acid and transported to the nucleus. Once inside the nucleus,
retinoic acid binds to retinoid acid receptors (RAR), which results in the dimeriza-
tion of RAR with retinoid X receptors (RXR) (Berry and Noy 2009). In mice,
retinoic acid treatment appears to induce UCP1 expression in BAT and WAT and
to improve insulin sensitivity (Bargut et al. 2017; Flajollet et al. 2013). The stimula-
tory effect of retinoic acid on Ucp1 expression is independent of adrenergic
pathways but mediated by the activation of the heterodimers RAR and RXR,
which bind to specific regulatory regions in the UCP1 enhancer (Okla et al. 2017)
(Fig. 1). Conversely, consuming a vitamin A-deficient diet increases body fat mass
and reduces BAT thermogenic capacity in mice (Bonet et al. 2000). The novel
adipokine lipocalin 2 (Lcn2), one of the target genes of retinoic acid, is indispensable
for retinoid-induced activation of UCP1 expression and thermogenesis (Guo et al.
2016). These findings, coupled with the fact that mice lacking Lcn2 are prone to
develop obesity (Guo et al. 2010), suggest retinoic acid as a potent dietary factor to
regulate BAT activity and energy homeostasis.

Nevertheless, a study reported that the Ucp1-inducing effect of retinoic acid is
only marginal in primary cultured human white adipocytes (Murholm et al. 2013),
suggesting that retinoic acid does not have an effect on the recruitment of thermo-
genic adipocytes. However, it is well-known that the ability of primary stromal
vascular cells (SVC) to differentiate into thermogenic adipocytes is highly region-
dependent: high in primary SVC isolated from the supraclavicular BAT depot but
much low in those isolated from the subcutaneous WAT depot (Lee et al. 2011;
Shinoda et al. 2015). Thus, the effectiveness of retinoic acid supplementation needs
to be retested in primary or clonal human brown/beige adipocytes (Shinoda et al.
2015) and especially in human in vivo.
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3.2 Resveratrols as Sirt1 Activators

Resveratrols, which include trans-resveratrol, gnetin C, gnemonoside A, and
gnemonoside D, are natural polyphenolic compounds found in the skin of grapes.
Dietary supplementation of resveratrols is capable of preventing obesity: consump-
tion of resveratrols prevents body fat accumulation, adipose tissue inflammation, and
insulin resistance in mice fed with a high-fat diet (Lagouge et al. 2006). In cultured
adipocytes, resveratrol treatment downregulates adipogenesis-related genes and
fatty acid synthesis-related genes (Rayalam et al. 2008). Dietary resveratrol also
increases thermogenesis-related genes in BAT and WAT in mice. Mechanistically,
resveratrols can activate sirtuin 1 (Sirt1), which is a critical regulator of mitochon-
drial biogenesis (Chang and Guarente 2014), thus increasing mitochondrial content
in BAT and WAT (Andrade et al. 2014; Wang et al. 2015). Moreover, SIRT1
deacetylates peroxisome proliferator-activated receptor γ (PPARγ), thus allowing
recruitment of PR domain-containing 16 (PRDM16) (Chang and Guarente 2014), a
master regulator of brown adipocyte differentiation (Kajimura et al. 2009; Ohno
et al. 2013). It is thus assumed that resveratrols activate adaptive adipose tissue
thermogenesis through Sirt1-mediated mitochondrial biogenesis and UCP1 tran-
scription in BAT and WAT (Fig. 1). However, it remains to be determined if the
UCP1-mediated thermogenesis is indispensable for the body fat-reducing and
insulin-sensitizing effects of resveratrols.

In addition to purified resveratrols, there are several foods enriched in resveratrols
and traditionally consumed by humans. One of these is melinjo (Gnetum gnemon
L.), an arboreal dioecious plant widely cultivated in Southeast Asia. Seeds and fruits
of melinjo are eaten as an ordinary vegetable. Consistent with the findings on
purified resveratrols, dietary supplementation of the lyophilized powder of melinjo
seed extract (MSE) containing >20% resveratrol derivatives protects mice against
diet-induced obesity (Ikuta et al. 2015). Moreover, dietary MSE consumption is
sufficient to increase UCP1 expression and mitochondrial content in BAT, thus
protecting mice against adipose inflammation, insulin resistance, and hepatic
steatosis (Yoneshiro et al. 2018). In humans, effects of consumption of either
purified resveratrols or MSE on BAT thermogenesis are scarce, and clear anti-
obesity action has not been revealed so far (Fernández-Quintela et al. 2017).

3.3 Other Ingredients with BAT-Activating Effects

Animal studies demonstrate that dietary nitric oxide (NO), which is synthesized from
non-caloric inorganic nitrate rich in green leafy vegetables, is able to recruit BAT
(Roberts et al. 2015). Dietary nitrate upregulates UCP1 and other thermogenic genes
in BAT and WAT and increases oxygen consumption in adipocytes in mice.

Moreover, dietary supplementation with amino acids, particularly arginine,
protects against diet-induced obesity (Fu et al. 2005; Kohli et al. 2004). As arginine
is the major source of NO production, it may be able to stimulate BAT through the
NO-related mechanisms (Jobgen et al. 2009; Kohli et al. 2004).
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Rutin, a natural compound found in mulberry, is a novel small molecule that
activates BAT. Rutin treatment results in a parallel increase in whole-body EE and
UCP1 expression in BAT and WAT and a concomitant decrease in body fat content
in obese mice (Yuan et al. 2017). Such rutin effects seem to be due to its ability to
stabilize SIRT1, leading to hypoacetylation of PPARγ, mitochondrial biogenesis,
and UCP1 transcription.

Quercetin, also known as hydrolysate of rutin, is rich in onion peel and has
various biological functions, including antioxidant and anti-obesity effects (Kim and
Yim 2015; Moon et al. 2013). Dietary onion peel extract induces UCP1 expression
and browning of WAT through AMP-activated protein kinase (AMPK)-SIRT1
signaling (Ahn et al. 2008; Lee et al. 2017).

Curcumin, a naturally occurring curcuminoid of turmeric, which is a member of
the ginger family (Zingiberaceae), upregulates thermogenesis-related genes in
cultured cells by activating the phosphorylation of AMPK and SIRT1 (Lone et al.
2016).

4 Concluding Remarks

Since the rediscovery of metabolically active BAT in healthy humans in 2009, a
growing body of literature has revealed the energy-dissipating abilities of human
brown adipocytes both in vivo and in vitro (Boon and van Marken Lichtenbelt
2016). Important observations that reduced BAT activity during aging is closely
associated with visceral fat accumulation and development of insulin resistance
(Matsushita et al. 2014) provided an impetus for determining reliable and practical
strategies for recruiting BAT. The most significant merits of the use of food
ingredients, which were traditionally consumed by humans, are low risks of adverse
effects and better likelihood of adherence in subjects, as compared to cold regimen or
the use of pharmacological adrenomimetics.

This chapter summarized the recent updates on dietary compounds that could be
included as candidates in a dietary regimen for activating BAT-mediated thermogen-
esis. It was also highlighted that numerous remaining challenges still lie ahead.
Presently, our knowledge of the mechanisms underlying the food ingredient-induced
activation of BAT is limited. Particularly, further studies using genetically modified
mouse models such as UCP1-, TRP-, and SIRT1-KO mice are highly desirable for
unveiling the responsible thermogenic molecules and their regulatory pathways.
Since recent investigations uncovered UCP1-independent thermogenesis in brown-
like, beige/brite adipocytes and myocytes through activation of creatine cycling
(Kazak et al. 2015) or calcium cycling (Bal et al. 2017; Ikeda et al. 2017), the possible
involvements of these noncanonical thermogenic processes in the anti-obesity effects
of food ingredients should also be considered. These investigations will not only
promote our scientific curiosity but further fuel translational research in humans.

Compared with studies in rodents, available evidence in humans for the thermo-
genic function of food substances, as well as their relation to BAT, is highly limited.
One reason may be the few options available to quantify BAT activity in humans.
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Although FDG-PET/CT is currently the standard tool, this technique has several
limitations, including limited accessibility of the device, cost, and the unpleasantness
of acute cold exposure. Particularly, inevitable radiation exposure by the administra-
tion of FDG and CT scanning makes it difficult to quantify BAT repeatedly in the
same subjects; there is an immense need for developing innovative but noninvasive
technologies that detect human BAT with high sensitivity. A realizable option may
be NIRSTRS. This NIRSTRS technique can quantify optical properties of tissue and
provide total hemoglobin concentration, an indicator of the vascularity. As BAT has
abundant capillaries compared to other tissues such as white fat, the indices of
vascular density assessed by NIRSTRS is closely correlated with BAT activity
assessed by FDG-PET/CT, thus reflecting BAT density (Nirengi et al. 2015).
While further validations are needed, NIRSTRS technique has already been used to
confirm the stimulatory effects of dietary factors for BAT and has provided us
reasonable results, comparable to those by FDG-PET/CT (Nirengi et al. 2016a, b).
The investigation with novel noninvasive techniques will bridge the disproportionate
gaps between accumulating evidence in animal models and limited confirmation in
humans. In contrast, little is known about the food constituents that could inhibit
potential BAT activation by thermogenic compounds. In addition to the function of
individual dietary factors, future studies should also focus on the combination effects
of the multiple substances. These investigations will allow us to devise efficient but
flexible eating plans to boost BAT thermogenesis, helping to develop strategies
targeting BAT for obesity prevention.
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Abstract
Human brown adipose tissue (BAT) is experimentally modeled to better under-
stand the biology of this important metabolic tissue, and also to enable the
potential discovery and development of novel therapeutics for obesity and
sequelae resulting from the persistent positive energy balance. This chapter
focuses on translation into humans of findings and hypotheses generated in
nonhuman models of BAT pharmacology. Given the demonstrated challenges
of sustainably reducing caloric intake in modern humans, potential solutions to
obesity likely lie in increasing energy expenditure. The energy-transforming
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activities of a single cell in any given tissue can be conceptualized as a flow of
chemical energy from energy-rich substrate molecules into energy-expending,
endergonic biological work processes through oxidative degradation of organic
molecules ingested as nutrients. Despite the relatively tight coupling between
metabolic reactions and products, some expended energy is incidentally lost as
heat, and in this manner a significant fraction of the energy originally captured
from the environment nonproductively transforms into heat rather than into
biological work. In human and other mammalian cells, some processes are even
completely uncoupled, and therefore purely energy consuming. These molecular
and cellular actions sum up at the physiological level to adaptive thermogenesis,
the endogenous physiology in which energy is nonproductively released as heat
through uncoupling of mitochondria in brown fat and potentially skeletal muscle.
Adaptive thermogenesis in mammals occurs in three forms, mostly in skeletal
muscle and brown fat: shivering thermogenesis in skeletal muscle, non-shivering
thermogenesis in brown fat, and diet-induced thermogenesis in brown fat. At the
cellular level, the greatest energy transformations in humans and other eukaryotes
occur in the mitochondria, where creating energetic inefficiency by uncoupling
the conversion of energy-rich substrate molecules into ATP usable by all three
major forms of biological work occurs by two primary means. Basal uncoupling
occurs as a passive, general, nonspecific leak down the proton concentration
gradient across the membrane in all mitochondria in the human body, a gradient
driving a key step in ATP synthesis. Inducible uncoupling, which is the active
conduction of protons across gradients through processes catalyzed by proteins,
occurs only in select cell types including BAT. Experiments in rodents revealed
UCP1 as the primary mammalian molecule accounting for the regulated, induc-
ible uncoupling of BAT, and responsive to both cold and pharmacological
stimulation. Cold stimulation of BAT has convincingly translated into humans,
and older clinical observations with nonselective 2,4-DNP validate that human
BAT’s participation in pharmacologically mediated, though nonselective, mito-
chondrial membrane decoupling can provide increased energy expenditure and
corresponding body weight loss. In recent times, however, neither beta-adrener-
gic antagonism nor unselective sympathomimetic agonism by ephedrine and
sibutramine provide convincing evidence that more BAT-selective mechanisms
can impact energy balance and subsequently body weight. Although BAT activ-
ity correlates with leanness, hypothesis-driven selective β3-adrenergic agonism to
activate BAT in humans has only provided robust proof of pharmacologic
activation of β-adrenergic receptor signaling, limited proof of the mechanism of
increased adaptive thermogenesis, and no convincing evidence that body weight
loss through negative energy balance upon BAT activation can be accomplished
outside of rodents. None of the five demonstrably β3 selective molecules with
sufficient clinical experience to merit review provided significant weight loss in
clinical trials (BRL 26830A, TAK 677, L-796568, CL 316,243, and BRL 35135).
Broader conclusions regarding the human BAT therapeutic hypothesis are limited
by the absence of data from most studies demonstrating specific activation of
BAT thermogenesis in most studies. Additionally, more limited data sets with
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older or less selective β3 agonists also did not provide strong evidence of body
weight effects. Encouragingly, β3-adrenergic agonists, catechins, capsinoids, and
nutritional extracts, even without robust negative energy balance outcomes, all
demonstrated increased total energy expenditure that in some cases could be
associated with concomitant activation of BAT, though the absence of body
weight loss indicates that in no cases did the magnitude of negative energy
balance reach sufficient levels. Glucocorticoid receptor agonists, PPARg
agonists, and thyroid hormone receptor agonists all possess defined molecular
and cellular pharmacology that preclinical models predicted to be efficacious for
negative energy balance and body weight loss, yet their effects on human BAT
thermogenesis upon translation were inconsistent with predictions and disap-
pointing. A few new mechanisms are nearing the stage of clinical trials and
may yet provide a more quantitatively robust translation from preclinical to
human experience with BAT. In conclusion, translation into humans has been
demonstrated with BAT molecular pharmacology and cell biology, as well as
with physiological response to cold. However, despite pharmacologically
mediated, statistically significant elevation in total energy expenditure, translation
into biologically meaningful negative energy balance was not achieved, as
indicated by the absence of measurable loss of body weight over the duration
of a clinical study.

Keywords
Adaptive thermogenesis · Adrenergic · Energetics · Pharmacology · Physiology

1 Introduction

This volume reviews the origins of brown and beige adipocytes, the molecular
mechanisms of BAT function, in vivo detection of BAT, and recruitment and
activation of BAT. The current chapter will focus on the field’s experience with
the translation into humans of findings and hypotheses generated in nonhuman
models of BAT pharmacology. Much basic research into BAT biology and pharma-
cology implicitly aims to model human biology, rather than to more deeply under-
stand the BAT biology of other species for their own intrinsic purposes. Indeed, in
most domains of the BAT field, the purpose is explicitly medical pharmacology,
where pharmacology is defined as the study of substances that interact with living
systems through chemical processes, particularly by binding to regulatory molecules
and activating or inhibiting normal bodily processes, and medical pharmacology is
defined as the interventional science of such substances used to prevent, diagnose, or
treat disease.

A primary objective of medical pharmacology for BAT modulation is the treat-
ment of obesity, which derives from a persistent positive energy balance of calories
taken in over calories expended and results in numerous metabolic sequelae. The
ideal anti-obesity drug should result in sustained weight loss with few side effects
(Rodgers et al. 2012). The earliest anti-obesity drugs clinically tested established that
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pharmacological intervention to generate negative energy balance is possible. The
pancreatic lipase inhibitor orlistat has been available globally for many years, but is
not widely used both because of limited efficacy and because of occasional, signifi-
cant tolerability issues. Other medicines approved in some global regions include the
5HT2C agonist lorcaserin, the combination of phentermine and topiramate, and the
combination of naltrexone and bupropion (Arch 2015; Clapham and Arch 2007).
Most recently, efforts have been made to approximate the anti-obesity benefits of
bariatric surgery by pharmacologically modulating or mimicking incretins and other
gut hormones. Improved understanding of hunger and satiety signaling from the gut
by cholecystokinin (CCK), peptide YY (PYY), ghrelin, and glucagon-like peptide-1
(GLP-1), and regulatory mechanisms linked to both GLP-1 and to leptin and related
signaling in the hypothalamus, offered additional opportunities for intervention.
Although some molecules associated with these mechanisms have entered clinical
development, it is unclear whether they possess sufficient magnitude and duration of
efficacy, or sufficient safety and tolerability, for chronic use. The most recent
example of a weight loss agent approved in some regions of the world that represents
a clear exception to this skepticism is GLP-1 receptor agonism, which has succeeded
broadly in diabetes treatment and to a lesser extent at body weight-lowering action in
humans. Numerous mechanisms and molecules that target pathways in metabolic
tissues, such as the adipocytes, liver, and skeletal muscle, have shown potential in
preclinical studies, but few have reached clinical development, and none has shown
efficacy.

This chapter will review only those pharmacological mechanisms for which
sufficient human experience exists to enable discussion. The majority of discussion
will focus on modulation of adrenergic pharmacology for physiological benefit,
though experience with catechins, caffeine, capsinoids, and nutritional extracts
will also be discussed. A number of mechanisms that behaved in an inconsistent
manner in humans versus nonclinical models, including PPAR, thyroid hormone,
and glucocorticoid receptor ligands, will also be discussed. The chapter will end with
a brief discussion of the emerging translational experiences of cGMP, adenosine,
and FGF21.

2 Basic Biology

To address translation of preclinical pharmacology research of metabolism and
obesity, it may help to start with bioenergetics or energy transformations in living
organisms. The three overarching classes of biological energy transformation are
photosynthesis, respiration, and performance of biological work. There are three
types of biological work conducted by living organisms: the chemical work of
synthesis and degradation, concentration work via transport, and mechanical work
(Lehninger 1971). Each time a constituent chemical or physical process occurs
during various types of biology work, physical inefficiencies result in an incomplete
conversion of one kind of energy into another. In this manner, a significant fraction
of the energy originally captured from the environment transforms into heat rather
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than into biological work. The energy-transforming activities of a cell can be
conceptualized as a flow of chemical energy from energy-rich substrate molecules
into energy-requiring, endergonic biological work processes through oxidative deg-
radation of organic molecules ingested as nutrients. The original chemical energy of
ingested organic molecule nutrients is conserved as chemical energy inside cells
through reduction-oxidation transformation of such electron donors into the com-
pound adenosine triphosphate (ATP), or else the ingested chemical energy would be
nonproductively lost as heat. Mitochondria are the cellular sites where enzymes
catalyze oxidation of nutrient organic molecules by molecular oxygen, and this
oxidative chemical energy is captured as ATP.

3 Energy Balance

Obesity at a simple level is an arithmetic pathology of positive energy balance
created by a persistent excess of caloric intake over caloric expenditure and egress
(Tseng et al. 2010; Rolfe and Brown 1997; Lowell and Spiegelman 2000). The most
obvious remedy of this imbalance would be reduction or elimination of any excess
caloric intake while holding caloric expenditure and egress unaltered. Such thinking
is supported by the observation that individuals experiencing forced starvation
universally lose body mass, starting with fat mass. However, both theoretical and
pragmatic challenges emerge. As demonstrated by clinical experience with the
endocannabinoid system, satiety centers can be complexly intermingled with other
centers and circuits in the brain, causing significant safety issues (Padwal and
Majumdar 2007). Moreover, the human body appears to possess homeostasis
mechanisms that engage upon weight loss to produce increase caloric efficiency,
causing a reduced basal metabolic rate, which opposes further weight loss (Redman
et al. 2009; Leibel et al. 1995).

If reducing caloric intake is unlikely to succeed for the prior reasons, then
increasing energy expenditure, either productively through increased muscular
mechanical work (exercise) or nonproductively though increased thermogenesis,
may provide a viable alternative (Chadwick and Cardew 2008; Bouchard et al.
1990; Levine et al. 1999; Ravussin et al. 1988). In addition to the calories consumed
to fuel the mechanical work of muscular exercise, a major benefit of exercise is to
increase the resting metabolic rate and thus total energy expenditure by an amount
greater than that resulting directly from exercise (Poehlman 1989). Thus medical
pharmacology interventions that increase energy expenditure may not only mimic
the transient increases in energy expenditure corresponding to bouts of muscular
work but may potentially reset an overweight individual’s set point for body weight
to a lower range through permanently increasing their basal metabolic rate, raising
the possibility that pharmacological intervention may not be chronic.
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4 Cellular Energetics

Despite the relatively tight coupling between metabolic reactions and products, some
energy is incidentally lost as heat. More interesting for the subject of this chapter, in
human and other mammalian cells, some processes are completely uncoupled, or
futile, and therefore purely energy consuming. As prior chapters of this volume have
described, active brown adipose tissue exists in adult humans, suggesting this highly
energy-consuming tissue may be an appropriate therapeutic target to increase basal
energy expenditure through manipulation of cellular energetic processes such as
uncoupling (Clapham and Arch 2007; Cypess et al. 2009; van Marken Lichtenbelt
et al. 2009; Virtanen et al. 2009; Saito et al. 2009; Zingaretti et al. 2009; Harper et al.
2001; Wolfe et al. 1987, 1990; Klein and Wolfe 1990; Newsholme and Crabtree
1976; Randle et al. 1963; Mazzucotelli et al. 2007). The specific mechanisms of
proton coupling and uncoupling in cell types, including brown adipose, have been
described in previous chapters. The flow of electrons from organic substrate
molecules to oxygen is coupled with a proton electrochemical gradient across the
mitochondrial inner membrane to the synthesis of ATP from adenosine diphosphate
(ADP) and inorganic phosphate in a process named oxidative phosphorylation.
There are two primary means of proton uncoupling at the mitochondria. Baseline
(basal) uncoupling occurs as a passive general nonspecific leak down the concentra-
tion gradient across the membrane in all mitochondria in the human body, and as
would be predicted from its nonspecific nature, there are no regulatory mechanisms
associated with this fairly fundamental energetic process. Inducible uncoupling,
which is active conduction of protons across gradients through processes catalyzed
by proteins, occurs only in select cell types – e.g., brown adipose cells – and is
subject to increasingly understood regulatory mechanisms. Since mitochondrial
proton cycling through uncoupling represents a significant proportion of basal or
standard metabolic rate (Rolfe et al. 1994, 1999; Rolfe and Brand 1996), further
uncoupling of mitochondria may further increase energy expenditure and thus offer a
plausible medical pharmacology target for the treatment of obesity and its sequelae.

The discovery of UCP1 as the mediator of uncoupling originated from the finding
of greater uncoupling of BAT mitochondria than of liver and heart mitochondria
(Nicholls 1977, 1979), and numerous subsequent studies generated the conclusion
that UCP1 is the primary molecule accounting for the regulated uncoupling of BAT
(Enerbäck et al. 1997; Nicholls 1976, 1977; Heaton et al. 1978; Lin et al. 1980;
Bathgate et al. 1992; Jezek et al. 1990; Katiyar and Shrago 1989; Jessen et al. 1980;
Strieleman et al. 1985; Harper and Himms-Hagen 2001; Melnyk et al. 1997;
Golozoubova et al. 2001; Kontani et al. 2005; Leonardsson et al. 2004; Nedergaard
et al. 2001; Nicholls and Locke 1984). As would be predicted from its molecular
function as a facilitator of mitochondrial membrane proton electrochemical gradient
leak, UCP1 is capable of functioning outside of BAT if it were to be present there.
Studies utilizing specific, engineered expression of UCP1 in either murine muscle
(Li et al. 2000) or white adipose tissue (Kopecky et al. 1995) revealed amelioration
of obesity and improved comorbid conditions, indicating increased uncoupling
activities in these tissues (Li et al. 2000; Ricquier and Bouillaud 2000; Harper
et al. 2002, 2008; Pecqueur et al. 2000).
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5 Physiology of Energetics and Adaptive Thermogenesis

While currently available obesity therapies including bariatric surgery focus on
reducing energy intake, findings reviewed earlier in this chapter and elsewhere
suggest that increasing cellular energy expenditure may be a successful complemen-
tary approach (Tseng et al. 2010), with pharmacological agents that elevate meta-
bolic rate through amplified mitochondrial uncoupling potentially mimicking an
exercise effect on basal metabolic rate.

At the physiological level, this approach would seek to modulate adaptive
thermogenesis, the endogenous physiology in which energy is nonproductively
released as heat through uncoupling of mitochondria in brown fat and potentially
skeletal muscle. Adaptive thermogenesis in mammals occurs in three forms, mostly
in skeletal muscle and brown fat: shivering thermogenesis in skeletal muscle,
non-shivering thermogenesis in brown fat, and diet-induced thermogenesis in
brown fat, with different mechanisms active depending on the needs of the organism
(Himms-Hagen 2004; Lean et al. 1986). Non-shivering thermogenesis appears to
primarily occur in brown fat, although an absence of technologies distinguishing
direct measurement of muscle non-shivering thermogenesis from other muscle
thermogenic processes limits the strength of this conclusion (Stowell 2008; Wijers
et al. 2008).

Experiments with rodents have revealed a critical role of the molecule UCP1 in
BAT in causing both non-shivering and diet-induced thermogenesis. UCP1-deficient
mice are more susceptible to cold temperatures and use shivering for thermoregula-
tion (Enerbäck et al. 1997). At thermoneutrality (30�C for mice), UCP1-knockout
mice lack diet-induced thermogenesis and develop obesity (Feldmann et al. 2009;
Richard and Picard 2011), indicating that diet-induced thermogenesis is fully depen-
dent on UCP1.

Diet-induced thermogenesis in humans was inferred in the early twentieth century
as a physiological mechanism that must exist (Neumann 1902), and later diet-
induced thermogenesis was discovered to be tightly linked with the recruitment of
BAT by increased adrenergic activity (Rothwell and Stock 1983). The large
differences in weight gain between individuals upon overfeeding have been pro-
posed to be determined by differences in diet-induced thermogenesis, which there-
fore may participate in the onset and progression of obesity in humans (Rothwell and
Stock 1979a) and in rodents (Feldmann et al. 2009; Rothwell and Stock 1979a;
Nedergaard et al. 2010; Trayhurn et al. 1977, 1982).

Since adaptive thermogenesis nonproductively dissipates calories ingested in
order to generate heat, it would be expected to contribute to positive, negative, and
neutral energy balance, and various studies support this hypothesis (Clapham and
Arch 2007; Bouchard et al. 1990; Levine et al. 1999; Maes et al. 1997; Joint 2001;
Christiansen et al. 2005). To successfully modulate adaptive thermogenesis for the
purposes of medical pharmacology, the process and its regulation would need to be
understood. Both diet-induced thermogenesis and non-shivering thermogenesis
processes happen in BAT, and both are controlled by the nervous system and by
endocrine systems. Based on the evidence that cold exposure and diet increase
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sympathetic nerve activity (Landsberg et al. 1984), that exogenous administration of
norepinephrine and epinephrine increases energy expenditure in both in vivo and in
isolated tissue preparations, that BAT is highly vascularized and richly innervated by
terminal fibers of the postganglionic neurons of the sympathetic nervous system
(Cannon and Nedergaard 2004; Richard and Picard 2011; Doyon et al. 2006), and
that thermogenic activity in BAT is dependent upon intact sympathetic stimulation
(Himms-Hagen 1989), the sympathetic nervous system (SNS) is concluded to be the
efferent pathway through which the nervous system regulates adaptive thermogene-
sis (Cannon and Nedergaard 2004; Hosaka et al. 2004; Nakamura and Morrison
2007; Morrison et al. 2008; Matsumoto et al. 2001; Wijers et al. 2007). Adaptive
thermogenesis is also modulated by endocrine systems and hormones, including
thyroid hormone (Golozoubova et al. 2004; Silva 2006) leptin and adenosine at least
in rodents (Mistry et al. 1997; Commins et al. 1999; Elmquist et al. 1998; Harris
2000; Rosenbaum et al. 2005; Ruan et al. 2018, pp. 476–489; Gnad et al. 2014,
pp. 395–399), insulin (Ferrannini et al. 1999), and glucagon, adrenaline, and
glucocorticoids, though these three may function permissively to increase substrate
availability to BAT rather than to exert regulatory control (Silva 2006).

6 BAT and Human Adaptive Thermogenesis

BAT is clearly critical for the thermogenic response and energy balance in small
mammals (Ghorbani et al. 1997; Guerra et al. 1998; Lowell et al. 1993), but the
translational relevance of this body of work is unclear for the larger mammal human.
The thermogenic capacity of BAT in rodents is large relative to total body weight: a
cold-acclimated rat weighing 350–400 g possesses 3 g of BAT consuming oxygen at
a rate approximately twice the BMR (Foster and Frydman 1979). Humans have
200� greater body mass than rats, only 10� greater BAT mass, and 7� lower BMR
per gram of body weight (Cypess et al. 2009; Foster and Frydman 1979; Mifflin et al.
1990), implying that in humans as little as 50 g of BAT (less than 0.1% of body
weight) could utilize up to 20% of basal calorific needs if maximally stimulated
(Rothwell and Stock 1983).

The existence of physiologically relevant human BAT has solidified after a period
of controversy. The earlier phase of BAT research exploited multiple lines of
histological data (Virtanen et al. 2009; Atit et al. 2006; Timmons et al. 2007;
Seale et al. 2008; Kajimura et al. 2009; Waldén 2010) to induce that BAT is present
in adult humans throughout life (Heaton 1972). However, concomitant efforts to
confirm its activity (Astrup 1986) or exploit its presumed thermogenic capacity
(Weyer et al. 1998; Larsen et al. 2002) yielded mixed results, which reasonably
yielded the impression that no functional BAT existed in normal adult humans
(Cunningham et al. 1985; Nedergaard et al. 2007). Combined positron emission
tomography (PET) and computed tomography (CT) imaging work has provided
additional support for the existence of functional adult human BAT (Cypess et al.
2009; Virtanen et al. 2009; Saito et al. 2009; Zingaretti et al. 2009; Cunningham
et al. 1985; Nedergaard et al. 2007; Schöder et al. 2004; Hany et al. 2002; Cohade
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et al. 2003a), suggested an inverse correlation between adiposity and active BAT in
adult humans (Cypess et al. 2009; van Marken Lichtenbelt et al. 2009; Virtanen et al.
2009; Saito et al. 2009; Zingaretti et al. 2009; Lean et al. 1986; Vijgen et al. 2011;
Lee et al. 2011a). Moreover, imaging studies support BAT contribution to energy
expenditure (Cypess et al. 2009; Virtanen et al. 2009; Saito et al. 2009; Zingaretti
et al. 2009; Richard and Picard 2011; Hany et al. 2002; Ouellet et al. 2011; Kim et al.
2008; Garcia et al. 2006; Cohade et al. 2003b; Cannon and Nedergaard 2010;
Enerbäck 2010), though earlier estimates of prevalence and magnitude based on
retrospective studies (Cypess et al. 2009; van Marken Lichtenbelt et al. 2009; Saito
et al. 2009; Hany et al. 2002; Cohade et al. 2003b) were updated with data from more
recent, prospective studies (Cypess et al. 2009; van Marken Lichtenbelt et al. 2009;
Virtanen et al. 2009; Saito et al. 2009; Zingaretti et al. 2009; Yoneshiro et al. 2011a)
implying a relationship between decreased BAT activity and age-related obesity.

7 Human BAT and Adaptive Thermogenic Response to Cold

The confirmation of image-active BAT in adult humans suggests it may contribute to
normal adult human physiology (Nedergaard et al. 2007; Ravussin and Kozak 2009),
with human BAT demonstrated to respond detectably to cold, even in adult
populations in whom functional BATwas considered absent. However, the transition
from a qualitative to a quantitative conclusion is less robust, with the biomedical
literature yielding numbers for not only detectable but also physiologically relevant
prevalence of adult human BAT from 2% to close to 100% of the population. This
range includes earlier retrospective studies (Inokuma et al. 2005; Marette and
Bukowiecki 1991; Vallerand et al. 1987; Lee et al. 2010a; Rousseau et al. 2006)
that documented activation of BAT upon cold exposure (van Marken Lichtenbelt
et al. 2009; Virtanen et al. 2009; Saito et al. 2009) and increased energy expenditure in
humans upon cold exposure (Wijers et al. 2007; van Marken Lichtenbelt et al. 2002;
Dauncey 1981) and later studies that established relationships between cold-induced
thermogenesis (Wijers et al. 2010; Ooijen et al. 2006; Contaldo et al. 1986) and
detection of BAT (Cypess et al. 2009; van Marken Lichtenbelt et al. 2009) and body
weight. Additional studies demonstrated BAT adaptive thermogenic differences
between lean (Wijers et al. 2010) and obese (Wijers et al. 2010; Ooijen et al. 2006)
subjects, with calculated differences between BAT adaptive thermogenic responses
of roughly 4� between healthy lean and healthy overweight men (van Marken
Lichtenbelt et al. 2009), though it is currently not possible to exclude a contribution
from skeletal muscle (Tseng et al. 2010; Wijers et al. 2008). More recent cold
exposure studies have included broader metabolic measures beyond the thermogenic
response, have derived from multiple independent laboratories using a variety of
intermittent cold exposure protocols (Saito et al. 2009; van der Lans et al. 2013;
Blondin et al. 2014; Yoneshiro et al. 2013; Iwen et al. 2017; Ouellet et al. 2012;
Peterson et al. 2016), and yield prevalence numbers in the high double digits. Overall,
functionally avid BAT can be detected in the majority of adult humans over a large
number of studies (van Marken Lichtenbelt et al. 2009; Virtanen et al. 2009; Saito
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et al. 2009; van der Lans et al. 2013; Yoneshiro et al. 2011b, 2013; Ouellet et al. 2012;
Orava et al. 2011; Nakamura 2011).

8 Human BAT and Transition from Physiology
to Pharmacology

As described in the previous section, the consensus over a number of studies to date
is that cold-stimulated human BAT adaptive thermogenesis occurs, and moreover
this activity is common in the adult human population, with a true prevalence of
30–100% depending on the sample cohorts examined in more recent, prospective
studies. Thus we can conclude that cold-challenge physiology in rodents has con-
vincingly translated into humans. The next question is: Do the pharmacology
findings in rodents translate into humans? And is human BAT usefully available
as a target of medical pharmacology?

Decreasing ambient temperature in human dwellings, or planned cold exposure,
should activate cold-induced thermogenesis by increasing BAT activity, which might
decrease body fat (Yoneshiro and Saito 2015). However, while health benefits may
accrue from repeated cold exposure (van Marken Lichtenbelt et al. 2014), significant,
prolonged cold exposure seems inconsistent with patient compliance. Moreover, the
centrally derived signals that increase BAT activity and function upon cold exposure
also are known to generate increased appetite and food intake in an attempt to
maintain energy balance, and such cold-induced hyperphagia would counteract any
increase energy expenditure via cold-induced thermogenesis (Ravussin et al. 2014;
sun Yoo et al. 2014; Rothwell and Stock 1979b), making it unclear that correctly
executed cold exposure would result in persistently negative energy balance in
overweight humans absent enforced caloric restriction.

Pharmacological agents that increase metabolic rate by promoting uncoupling of
mitochondrial proton gradients from ATP synthesis may provide an alternative route
to achieving transient negative energy balance and a persistently lowered body
weight. Pharmacological agents increasing uncoupled mitochondrial proton cycling
in BAT without inducing central hyperphagic signals would be attractive (Carey and
Kingwell 2013). Proof of concept in humans that mitochondrial uncoupling can
elevate energy expenditure without triggering compensatory increased food intake
that completely counteracts the increased energy expenditure has been established:
the mitochondrial uncoupler 2,4-dinitrophenol (DNP) generated meaningful weight
loss in humans in the mid-twentieth century (Parascandola 1974; Tainter et al. 1934).
Thermogenic effects of DNP derivatives were reported as early as 1885, when
scientists observed thermogenic effects of martius yellow (a dinitro-alpha-napthol),
a substance used in the nineteenth century to give the impression that food was rich
in eggs (Cazeneuve and Lépine 1885). French munitions workers during World
War I, regularly exposed to a blend of 40% 2,4-dinitrophenol and 60% trinitrophenol
for their munitions, reported body weight loss effects. DNP was introduced as a drug
in the 1930s and demonstrated benefits on body weight, though cataracts and deaths
from overdose caused the nascent FDA to ban its usage in 1938.

390 C. J. Larson



2,4-DNP crosses mitochondrial membranes in its protonated state, deprotonates
and crosses back as the base, and then reprotonates to the acid and repeats, thereby
uncoupling the mitochondrial membrane by increasing basal proton leak via this
shuttling mechanism. 2,4-DNP stimulates cellular respiration and a rise in body
temperature in rodents, and death at proximally higher doses (Magne et al. 1932;
Cutting et al. 1933). Despite this narrow therapeutic index and history of deaths in
humans, in recent years a series of controlled trials in obese patients were conducted,
with efficacy equaling or surpassing that of current treatments (Sjöström et al. 1998;
James et al. 2000; Bray et al. 1999). Importantly, unlike the older use of thyroid
extract for obesity, 2,4-DNP in these trials did not result in nitrogen excretion,
suggesting that the observed weight loss spared muscle and derived from a specific
loss of fat (Cutting and Tainter 1933).

Ultimately, DNP’s narrow therapeutic index between anti-obesity efficacy and
risk of sudden death, as well as cataracts and other side effects related to its
nonspecific uncoupling action, indicates that DNP is not a credible anti-obesity
drug. Deploying pharmacological agents to uncouple all mitochondria throughout
the body may be a high-risk treatment, particularly risking energy homeostasis in
critical tissues such as the heart and brain, though highly respiring tissues such as the
heart and brain may be less susceptible to mild uncoupling than less active ones like
resting muscle or resting BAT since proton conductance has much less control over
respiration rate in active mitochondria (Hafner et al. 1990). However, 2,4-DNP’s
historical and recent clinical efficacy generates the hypothesis that a related mecha-
nism that is tissue selective may be sufficiently safe to uncouple mitochondria
particularly in BAT, thereby increasing thermogenesis and basal metabolic rate,
thereby causing body weight loss by liberating as fuel fat from adipose depots. In
support of this, beyond the proof of concept in humans using 2,4-dinitrophenol
(DNP) (Parascandola 1974), activating BAT UCP1 in animals (Weyer et al. 1999a)
and overexpressing of UCP3 (uncoupling protein 3) in muscle (Clapham et al. 2000)
show that selective uncoupling of brown adipose tissue mitochondria through UCP1
or of muscle mitochondria through UCP3 may be a viable approach to the develop-
ment of drugs for the treatment of obesity.

9 Human BAT and Adrenergic Pharmacology

Adult humans, including overweight and obese, possess detectable BAT that is an
active participant in normal adaptive thermogenesis physiology, including cold
(Cypess et al. 2009; van Marken Lichtenbelt et al. 2009; Virtanen et al. 2009;
Saito et al. 2009; Zingaretti et al. 2009; Nedergaard et al. 2007). As in rodents,
UCP1 in human BAT presents as the ideal target for a strategy of BAT-specific
promotion of nonproductive energy expenditure through increased mitochondrial
uncoupling, and a large body of data supports intervention in the adrenergic system
as the best approach to cause such action.

Adrenergic nervous transmission occurs through the actions of endogenous
molecules norepinephrine (NE), the primary transmitter of most sympathetic
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postganglionic fibers and some tracts in the CNS; dopamine (DA), the major trans-
mitter of the mammalian extrapyramidal system and of several mesocortical and
mesolimbic neuronal pathways; and epinephrine, the predominant hormone of the
adrenal medulla. Together, these three amines are called catecholamines, which bind
to α and β classes of adrenergic receptors to generate excitatory or inhibitory
responses, depending on the tissue (Brunton et al. 2011; Giese 1996). β receptors
are further classified into three subtypes: β1 (myocardium), β2 (smooth muscle and
most other sites), and β3 (adipose). Epinephrine and norepinephrine are equipotent on
β1 in myocardium, but epinephrine is 10–50� more potent than norepinephrine on
β2 smooth muscle and elsewhere, and β1 and β2 receptor selective antagonists were
developed and are commonly used clinical agents. The β3 adrenergic receptor exists in
both humans and rodents and is 10�more sensitive to norepinephrine than to epineph-
rine, with older antagonists displaying reduced potency.While β3 adrenergic receptors
are primarily expressed in adipose tissue (Grujic et al. 1997, pp. 17686–17693; Krief
et al. 1993, pp. 344–349), all three β adrenergic receptors can be detected in both white
adipose tissue and brown adipose tissue (Krief et al. 1993, pp. 344–349).

In rodents, norepinephrine induces thermogenesis via the three known beta-
adrenergic receptors, and an overfeeding challenge to mice lacking beta-adrenergic
receptors results in obesity that does not occur in wild-type mice similarly
challenged (Bachman et al. 2002). Associations of polymorphisms in the β3
receptor gene to risk of obesity or type 2 diabetes in certain populations (Arner
and Hoffstedt 1999; Hoffstedt et al. 1999) lead to the hypothesis that β3 receptor –
selective agonists – may be useful for the treatment of such conditions (Weyer et al.
1999b). Moreover, rodents treated with β3 receptor agonists display a robust ther-
mogenic response, including lipolytic activity (Robidoux et al. 2004). Additional
beta-3 selective ligands displayed significant anti-obesity actions in mice and rats
(Arch et al. 1984a; Strosberg and Pietri-Rouxel 1996).

Blockade of the adrenergic system with nonselective antagonists has substantial
clinical experience, but no evidence exists in the biomedical literature for antago-
nism of the beta-adrenergic system in human BAT contributing to energy balance
and overweight. The nonselective beta-adrenergic antagonist propranolol inhibits
FDG uptake by human BAT (George et al. 2017; Söderlund et al. 2007; Uslu et al.
2015; Parysow et al. 2007; Agrawal et al. 2009; Tatsumi et al. 2004), supporting the
belief that human BAT can be pharmacologically modulated by beta-adrenergic
ligands. Although the adrenergic system underlies the cold-adaptive thermogenic
process mediated by UCP1 in BAT, Wijers et al. (2011) observed that beta-
adrenergic receptor blockade does not inhibit cold-induced thermogenesis in
humans, though a potentially compensatory rise in endogenous catecholamines
may have confounded this particular study. As well, publications exist describing
an association between positive energy balance and chronic exposure to pharmaco-
logical antagonism of the beta-adrenergic system (Leslie et al. 2007). Therefore, as
there is no direct study linking beta-adrenergic antagonism in human BAT to
overweight, on its own this limited set of conflicting studies permits no clear
conclusions regarding pharmacological modulation of beta-adrenergic signaling in
human BAT for the purposes of energy balance.
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Is there evidence from agonistic pharmacology of the adrenergic system in human
BAT contributing to energy balance and weight loss? Because of the critical role
of the adrenergic system for sympathetic nervous system function, activators of
adrenergic signaling are termed sympathomimetics. Catecholamines and sympatho-
mimetic drugs can be typed as direct-acting, indirect-acting, or mixed-acting
sympathomimetics. Direct-acting sympathomimetic drugs operate directly on one
or more of the adrenergic receptors. They may have substantial selectivity for a
specific receptor subtype, or little to no selectivity and activate multiple receptor
types. Indirect-acting drugs increase the levels of norepinephrine (NE) or epineph-
rine available to activate adrenergic receptors. Mechanisms of indirect activation
include displacing NE from sympathetic nerve varicosities, inhibiting transport of
NE into sympathetic neurons, or inhibiting the metabolism of endogenous
catecholamines. Agents indirectly release NE, and also directly activated receptors
are named mixed-acting sympathomimetic drugs.

Ephedrine is mixed-acting sympathomimetic that is an agonist at both α and β
receptors while simultaneously promoting release of another agonist – norepineph-
rine – from sympathetic neurons. Prior chapters in this volume and other reviews
(Cannon and Nedergaard 2004, pp. 277–359) describe how β adrenergic receptor
agonism activates BAT by promoting cAMP/PKA/hormone sensitive lipase action
to release fatty acids, which activates UCP1 resulting in the release of heat at BAT
thermogenesis.

Unlike physiological BAT activation upon cold exposure, ephedrine increases
norepinephrine peripherally in postsynaptic peripheral nerve terminals and does not
act centrally to stimulate food intake (Dulloo et al. 1991), making it an attractive if
imperfect surrogate for adrenergic receptor agonism effects in BAT on energy
balance. Despite this profile, the effects of ephedrine on human BAT biology, energy
expenditure, energy balance, and overweight remain mixed. A meta-analysis of
several dozen trials concluded that ephedrine stimulated short-term weight loss,
though long-term data are lacking from this set of studies, and could only be
collected under carefully designed and executed protocols due to ephedrine’s com-
bined increase in sympathetic activation and decrease in parasympathetic activation
in the heart (Shekelle et al. 2003). Proof of concept could be considered to arise from
reports that ephedrine can activate BAT in humans, though less in obese than lean
individuals (Carey et al. 2013), to contribute to BAT-mediated thermogenesis in
some studies (Astrup et al. 1985a) but not in others (Cypess et al. 2012; Vosselman
et al. 2012). Repeat administration of ephedrine enhances thermogenesis in over-
weight (Astrup et al. 1985b), but both body weight loss effects (Malchow-Møller
et al. 1981) or no effects on body weight despite side effects evidencing pharmacol-
ogy have been observed (Pasquali et al. 1985).

Moreover, some effects were observed that contradict expectations. In one study,
chronic ephedrine reduced BAT glucose disposal, implying that chronic ephedrine
treatment decreased, rather than increased, BAT adaptive thermogenesis activity
(Carey et al. 2015).

The combination of ephedrine and caffeine generates significant weight loss over
short periods of time (Boozer et al. 2002), which has been proposed to be mediated
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by β3 adrenergic receptors (de Matteis et al. 2002). Though caffeine is prevalent in
human populations (Magkos and Kavouras 2005), its mechanism of action is
generally accepted to be inhibition of adenosine A2A receptors (Huang et al.
2005), and it has recently been demonstrated ex vivo in mouse and human
adipocytes that adenosine A2A agonism increases BAT activation (Gnad et al.
2014, pp. 395–399). Thus it is unclear if caffeine would sufficiently stimulate the
SNS to activate BAT (Dhar et al. 2005) despite opposing effects through adenosine
A2A receptor in BAT.

Overall, human clinical experience with ephedrine is less clearly supportive than
that in rodents. BAT activation in rodents and increased energy expenditure when
challenged with sympathomimetic drugs are quantitatively much larger than in
humans. As well, BAT activation generally is observed in all study participants in
rodents, but human studies display a significant number of nonresponders, with the
proportion rising with obesity. For example, in human studies cold exposure,
ephedrine ingestion, and noradrenaline infusion elevate energy expenditure 5–30%
(van Marken Lichtenbelt et al. 2009; Jessen et al. 1980; Astrup et al. 1985a; Sjostrom
et al. 1983; Shannon et al. 1999; Joy 1963), with BAT calculated to provide 1–5% of
the change in energy expenditure after cold (van Marken Lichtenbelt and Schrauwen
2011; Muzik et al. 2012). In rodents, however, cold exposure or noradrenaline
administration elevated energy expenditure by 100% (Golozoubova et al. 2006),
and priming rodents with chronic adaptive cold thermogenesis further increased
rodent noradrenaline-stimulated energy expenditure approximately by an additional
100% (Golozoubova et al. 2006), but in humans the additional increase was 15%
(Joy 1963). Finally, sympathomimetic-induced BAT activity appears to be more
impaired in obese humans than in obese rodents, with the clearest evidence arising
from cold exposure studies, with lower proportions of obese individuals exhibiting
BAT activation (van Marken Lichtenbelt et al. 2009; Saito et al. 2009; Vijgen et al.
2011).

A second, partial sympathomimetic with human clinical experience is sibutramine,
a monoamine reuptake inhibitor that inhibits reuptake of norepinephrine by ~73%,
serotonin by ~54%, and dopamine by ~16%, thus increasing the levels of these
substances in synaptic clefts. Sibutramine promotes energy expenditure by increasing
thermogenesis in BAT (Luque and Rey 2002; Pagotto et al. 2008), with minimal
weight loss of 4–5 kg resulting from a dual action of not only increased thermogenesis
but also decreased food intake were observed in five studies (James et al. 2010). And
as would be both predicted from known actions of its adrenergic receptors and by
analogy with the observed clinical experience of ephedrine, sibutramine caused
detectable elevations in pulse rate and blood pressure, rendering it inappropriate for
use as a weight loss agent.

Catechins are indirect-acting sympathomimetics that increase the levels of norepi-
nephrine (NE) or epinephrine available to activate adrenergic receptors by inhibiting
catechol-O-methyl transferase, which degrades catecholamines including norepi-
nephrine. As loss of norepinephrine and epinephrine is reduced, the resulting
increased stimulation of adrenergic receptors promotes energy expenditure and fat
oxidation. A combination of catechins and caffeine has been shown to activate brown
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adipose tissue and increase cold-induced thermogenic capacity in humans (Yoneshiro
et al. 2017). Acute increases in energy expenditure associated with increased BAT
activity were observed under one dosing protocol, and under a second chronic dosing
protocol, cold-induced thermogenesis was promoted, suggesting recruitment of BAT.

In conclusion, the overall clinical experience of nonselective sympathomimetic
adrenergic activation with ephedrine, sibutramine, and catechins provides qualitative
proof of concept that negative energy balance sufficient to cause detectable weight
loss can be achieved by presumably activating BAT adaptive thermogenesis and
energy expenditure, though they simultaneously raise the possibility that the quanti-
tative horsepower of this physiology in humans may be substantially less than in
rodents.

10 Human BAT and Selective b3-Adrenergic Agonism

Although BAT activity correlates with leanness (Rothwell and Stock 1979a; Himms-
Hagen 1979), selective β3-adrenergic agonism to activate BAT in humans has essen-
tially only provided robust proof of pharmacologic activation of β adrenergic receptor
signaling, limited proof of the mechanism of increased adaptive thermogenesis, and no
convincing evidence that body weight loss through negative energy balance can be
accomplished outside of rodents.

There has been considerable interest and effort in the drug discovery field in
creating specific β3-adrenoceptor agonists that would selectively lead to the activa-
tion of uncoupling through UCP1 in BAT. The ability to selectively uncouple would
avoid many of the side effects that might occur with DNP, and selectively promoting
lipolysis in both white and brown fat leading to a subsequent activation of UCP1-
mediated lipolysis in brown fat should promote a number of medically desirable
consequences (Ricquier and Bouillaud 2000; Strosberg and Pietri-Rouxel 1996;
Nicholls and Rial 1999). The β3-adrenergic receptor in rodents is essentially
restricted to brown adipocytes, and many reports in rodents have described β3-
adrenoceptor agonists generating significant improvements in insulin sensitivity
while causing large weight loss due to selective fat loss (Harper et al. 2008; Weyer
et al. 1999b; Arch and Wilson 1996). The body of work in rodents generated a
compelling preclinical therapeutic hypothesis that promoting mitochondrial
uncoupling selectively in brown fat could safely generate biologically effective
nonproductive energy consumption, whole body negative energy balance, and
corresponding weight loss.

The human experience to date with selective β3-adrenergic agonism to activate
BAT, while qualitatively consistent with the experience in rodents in terms of
mechanisms, has quantitatively disappointed in terms of weight loss (Clapham and
Arch 2007), with a number of factors contributing to the overall lack of success.
Generating β3-adrenoceptor agonists lacking activity against β1- and β2-
adrenoceptors has proven challenging (Weyer et al. 1999b; Arch and Wilson
1996). While this technical problem may be soluble over time, relatively low levels
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of brown fat in adult humans compared to rodents may represent an insurmountable
intrinsic refutation to this hypothesis and confound interpretation of clinical trials
reported thus far. There are theoretical escapes from this essential obstacle, such as
reactivating unidentified and dormant brown fat or converting plentiful white to
brown adipose that would allow a future suitably selective agent to demonstrate safe
efficacy, but robust evidence in humans for these scenarios is currently lacking. Later
β3-adrenergic receptor agonists with improved selectivity had low oral bioavailabil-
ity, unfavorable pharmacokinetics, and overall poor drug-like properties (Arch
2008). Complicating evaluation of the therapeutic hypothesis, several of these trials
were performed without the use of PET and CT scanning for measuring adult human
BAT function and mass, so for some of these integrated, overall failures, it is unclear
at which specific step the experimental hypothesis fails. With the current ability to
quantify human BAT activity, testing β3 adrenergic receptor agonists for BAT
activation, thermogenesis, and weight loss could be conducted more scientifically.
An ideal study would deliver a sufficiently potent and selective agonist to the target
in human BAT at high, sustained concentrations, use PET/CT and calorimetry to
confirm that overall energy expenditure increases were driven at least in part by
increases in BAT thermogenesis, and then calculate whether the amount and dura-
tion of negative energy balance created merited further study in large weight loss
trials.

Detection of the β3-adrenoceptor not only in intact human adipocytes but also in
ventricular myocardium may preclude its usage (de Matteis et al. 2002), due to
negative inotropic effects. The potential for body temperature rise to dangerous
levels as seen with DNP (Colman 2007) should also be investigated early in clinical
development under conditions in which the magnitude and duration of full pathway
engagement in BAT was understood.

BRL 26830A, TAK-677, L-796568,CL 316,243, and BRL 35135 are demonstrably
β3 selectivemolecules for which enough clinical experience exists tomerit discussion
(Table 1). Unfortunately, conclusions regarding the therapeutic hypothesis are limited
by the absence of any data demonstrating specific activation of BAT thermogenesis.

BRL 26830A has been evaluated in man with conflicting results and has been
widely studied preclinically. BRL 26830A causes dose-dependent body weight loss
in obese rats and mice without causing weight loss in lean counterparts. Adiposity is
reduced in both overweight and lean rodents through increase energy expenditure
with no caloric intake effects, but lean mass is preserved (Arch et al. 1984a, b).

The thermogenic benefit of BRL 26830A is increased by repeat dosing in rodent
at and below thermoneutrality, with greater effects observed in obese than in lean
animals. BRL 26830A stimulates BAT thermogenesis and depletes BAT lipid stores,
and inhibition of fatty acid oxidation eliminates these effects (Wilson et al. 1987).
While BRL 26830A increased energy expenditure, concomitantly increased food
intake minimized negative energy balance and weight loss (Yen et al. 1984; Shaw
et al. 1981; Rothwell and Stock 1987; Arch et al. 1984b; Arch and Ainsworth 1983).
Skeletal muscle glucose oxidation was stimulated by BRL 26830 (Challiss et al.
1988), raising the question of whether BAT is BRL 26830’s major target tissue as
BAT contributes little to whole body glucose disposal since fatty acids rather than
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glucose are the major oxidative substrate in BAT (Isler et al. 1987). Yet BRL 26830
in other preclinical studies displayed increased glucose utilization specifically in
BAT (Young et al. 1984, 1985), supporting BAT as a key target tissue for metabolic
effects of this compound.

Table 1 Clinical experience with selective β3-adrenergic agonism of BAT

Drug Results Adverse events References

BRL
26830A

" Placebo-adjusted energy
expenditure and # body
weight reduction after
6-week calorie restriction.
Two other studies (�) body
weight
" insulin sensitivity
assessed by clamp

" Tremor Abraham et al. (1987),
Chapman et al. (1985, 1988),
Connacher et al. (1988, 1990,
1992a, b), Munro et al. (1987),
and Smith et al. (1987)

TAK-677 " Energy expenditure
(�) body weight or other
metabolic parameters

" Heart rate Redman et al. (2006)

L-796568 (�) Body weight or energy
expenditure upon chronic
dosing. Acute " energy
expenditure and lipolysis

Slight "
systolic blood
pressure

Larsen et al. (2002), Yoshitomi
et al. (1998), Manara et al.
(2000), de Ponti et al. (1999),
Fletcher et al. (1998), and van
Baak et al. (2002)

CL
316,243

(�) Body weight or total
energy expenditure upon
chronic dosing. # Free fatty
acids, " fat oxidation, and "
insulin-stimulated glucose
disposal

(�)
Cardiovascular
or tremor
events

Weyer et al. (1998), Dolan
et al. (1994), Himms-Hagen
et al. (1994), Yoshida et al.
(1994), and Arbeeny et al.
(1995)

BRL 35135 (�) Body weight despite "
energy expenditure. "/#
Glucose metabolism

" Heart rate and
tremor

Wheeldon et al. (1993, 1994),
Smith et al. (1989), Cawthorne
et al. (1992, pp. 252S–257S),
Mitchell et al. (1989)

Mirabegron " FDG update
" Energy expenditure

" Heart rate and
" systolic blood
pressure

Roberts-Toler et al. (2015,
pp. 1765–1770), Baskin et al.
(2018, pp. 2113–2125); Carey
et al. (2013), Cypess et al.
(2012, 2015, pp. 33–38),
Vosselman et al. (2012),
Villarroya et al. (2013),
Stanford et al. (2012), Hall
et al. (2011), and Broeders
et al. (2016)

RO
16-8714

(�) Energy expenditure
(�) Body weight

(�) Heart rate Ferré et al. (1992),
Assimacopoulos-Jeannet et al.
(1992), Isler et al. (1987), and
Jequier et al. (1992)

ICI D-7114 (�) Energy expenditure
(�) Body weight

Toubro et al. (1993)
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BRL 26830A was tested in at least four human studies, with unimpressive results
on body weight overall. The most encouraging results were reported by Chapman et
al. (1988) from a study in which placebo-adjusted increased energy expenditure,
moderate body weight reduction, and preservation of protein mass (Chapman et al.
1988; Abraham et al. 1987) in obese patients after 6 weeks treatment with BRL
26830A under conditions of sufficient food restriction that placebo subjects also lost
weight despite reduced energy expenditure on study. Other studies were less impres-
sive. Chapman et al. (1985) reported a statistically insignificant difference in body
weight change upon BRL 26830A administration after a calorie-restricted run-in
phase, yet side effects were present (Chapman et al. 1988; Connacher et al. 1990,
1992a; Munro et al. 1987). Smith et al. reported that BRL26830A improved insulin
sensitivity as assessed by clamp (Smith et al. 1987), which was replicated in a larger
study in which no changes in weight loss or oxidative substrate preference were
observed (Connacher et al. 1988, 1992a, b).

The β3-adrenoreceptor agonist TAK-677 has been shown in humans to generate a
slight increase in total energy expenditure that cannot be attributed to BAT, but no
changes in substrate utilization or body weight (Redman et al. 2006). In 65 obese
men and women, TAK-677 slightly increased total energy expenditure at the highest
dose given, but resulted in no change in respiratory quotient, fat oxidation, total body
weight, adipose mass, or fat-free mass, nor changes in circulating glucose, insulin, or
free fatty acids. Large interindividual variability in plasma concentrations of
TAK-677 suggest insufficient drug-like behaviors of this molecule, yet along with
energy expenditure increases, the heart rate elevations observed upon administration
suggest sufficient SNS promotion to trigger these physiological effects.

L-796568 is selective (>600� over human 1 and 2 receptors), potent (EC50
3.6 nmol/L), and fully efficacious human β3-adrenergic agonist (Mathvink et al.
2000) that has been evaluated in several clinical trials. L-796568 demonstrated acute
increases in total energy expenditure and lipolysis, though sustained changes in body
weight or energy expenditure are absent upon chronic dosing of humans.

L-796568 displayed anorectic effects in animal studies as well as chronically
decreasing triglycerides in obese animals (Yoshitomi et al. 1998), which may be
caused by reduced gastric emptying resulting from its effects on gastric motility
(Manara et al. 2000; de Ponti et al. 1999; Fletcher et al. 1998), but little consistent
effects on glucose metabolism.

In overweight individuals, L-796568 acutely elevated lipolysis and energy expen-
diture (van Baak et al. 2002), though after 28 days treatment, no such consequences
of intervention were observed (Larsen et al. 2002). Almost 10% increase in energy
expenditure could be measured after the single high dose to fasted subjects (van
Baak et al. 2002), with increased circulating glycerol and free fatty acids implying
the expected increase in lipolysis. Cardiovascular effects were mild, with elevated
systolic blood pressure and no changes in diastolic pressure, heart rate, ear tempera-
ture, potassium, or circulating catecholamines. A follow-on study (Larsen et al.
2002) under less controlled, non-rested, and non-fasted conditions reported results
from 28-day dosing of a dose of L-796568 achieving plasma concentrations equal to
those associated with acute energy expenditure increases. While effects on
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circulating fatty acids were observed again and minor effects on plasma glucose may
have been present, no changes were observed in body composition, energy expendi-
ture, respiratory quotient, glucose tolerance, heart rate, or blood pressure.

CL 316,243 is a partial (60% activity compared with isoprenaline) but selective
(>1,500-fold selectivity over 1 and 2) human beta(3)-adrenergic agonist (Dolan
et al. 1994) but is only weakly potent (EC50¼ 3,700 nmol/L) compared to L-796568
(1,000� weaker). CL 316,243’s properties are sufficient to generate significant
thermogenic effects in rodents (Himms-Hagen et al. 1994; Yoshida et al. 1994)
and upon chronic administration generate significant weight loss and improvements
in diabetic measures (Yoshida et al. 1994; Arbeeny et al. 1995).

CL 316,243 results in humans, however, were disappointing, with no changes in
energy expenditure or body weight, though increased insulin action and fat oxidation
were observed (Weyer et al. 1998) and though with this particular molecule there
may have been a dosing issue, as plasma concentrations in the study were low
compared with its EC50 value. No changes in body weight or total energy expendi-
ture were observed after 8 weeks administration to lean subjects, though fasting free
fatty acids, fat oxidation, and insulin-stimulated glucose disposal were improved as
predicted from preclinical experience. No cardiovascular or tremor effects were
observed.

BRL 35135 is a weakly selective (20-fold selective β(3)- relative to β(2))
adrenoceptor agonist that has been examined in several clinical studies, with no
weight loss or blood glucose effects despite increased energy expenditure and
elevations of heart rate. BRL35135 produced thermogenic effects that were only
partially inhibited by a nonselective beta receptor antagonist (Wheeldon et al. 1993,
1994). In another study, a single dose stimulated energy expenditure and glucose-
induced thermogenesis in healthy subjects, though no effects on blood glucose levels
could be detected (Smith et al. 1989). Despite these moderate effects, minor
elevations in heart rate were measured in both trials (Cawthorne et al. 1992). In a
third study, 10 days treatment of obese patients with BRL 35135 did not result in
detectable weight loss, (Wheeldon et al. 1994) though glucose tolerance through
better glucose storage was observed (Mitchell et al. 1989). In obese patients
measured under clamp conditions, 10 days BRL 35135 treatment again improved
insulin-stimulated glucose disposal (Cawthorne et al. 1992, p. 763), though changes
in glucose oxidation and any consequent glucose-stimulated thermogenesis were not
detected. As mild tremor was detected in some patients in more than one trial
(Mitchell et al. 1989), on balance the clinical experience with BRL 35135 was
discouraging.

In conclusion, the overall clinical experience with β3 adrenergic selective
molecules BRL 26830A, TAK-677, L-796568, CL 316,243, and BRL 35135
supports a statistically significant elevation in total energy expenditure, but when
examined this did not translate into a biologically meaningful negative energy
balance, for which convincing evidence would have been a measurable loss of
body weight over the duration of the study.

More limited date sets with older or less selective β3 agonists will be reviewed next.
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Mirabegron (Myrbetriq, Astellas Pharma, Inc.), a β3-AR agonist (Cypess et al.
2015, pp. 33–38; Roberts-Toler et al. 2015, pp. 1765–1770; Baskin et al. 2018,
pp. 2113–2125) approved to treat overactive bladder through inhibiting urinary out-
flow, has been examined for its potential to acutely activate BAT (Cypess et al. 2015) in
a study that did not look at body weight changes but did examine BAT physiology
using limited methods (Carey et al. 2013; Cypess et al. 2012; Vosselman et al. 2012).
200 mg mirabegron, a significantly higher dose than the 25 and 50 mg doses indicated
for overactive bladder, led to higher BAT metabolic activity as measured via (18)F
fluorodeoxyglucose ((18)F-FDG) using positron emission tomography (PET) com-
bined with computed tomography (CT) in all 12 healthy male subjects (p ¼ 0.001),
with all 12 subjects displaying glucose uptake significantly increased over placebo
primarily at cervical-supraclavicular-axillary adipose tissue depots but also occasion-
ally in the paraspinal, periaortic, perihepatic, perirenal, and perisplenic regions.
Mirabegron increased resting metabolic rate (RMR) by 203 � 40 kcal/day (+13%;
p¼ 0.001), and BAT metabolic activity was also a significant predictor of the changes
in RMR (p ¼ 0.006). The reported maximal increase in energy expenditure, of
200 kcal/day, in the unlikely event that it were maintained close to peak through the
day,would lead to an eventualweight loss of 5 kg in thefirst year and 10kgby the end of
3 years and improved glucose disposal prior to significant weight loss (Villarroya et al.
2013; Stanford et al. 2012; Hall et al. 2011), though real-world losses due to not dosing
continuously to peak exposure would almost certainly be lower. Importantly, heart rate
and systolic but not diastolic blood pressure also increased, though the magnitude of
cardiovascular changes were lower than is seen with sympathomimetics for this amount
of RMR change (Carey et al. 2013; Cypess et al. 2012; Broeders et al. 2016).

β3-AR agonist RO 16-8714 robustly stimulates thermogenesis and total energy
expenditure in multiple rodent species (Ferré et al. 1992, pp. 180–183). RO 16-8714
is not specific to BAT, as glucose utilization was increased in oxidative muscles by
RO 16 8714 (Ferré et al. 1992), but evidence for RO 16-8714 activity in BAT exists
(Assimacopoulos-Jeannet et al. 1992) despite the generally low contribution of BAT
to whole body glucose homeostasis (Ferré et al. 1992) even though glucose is a
major energy substrate for BAT (Isler et al. 1987). However, in limited clinical trials,
Ro 40-2148 acutely had no significant effect on either resting energy expenditure or
heart rate, and body weight was unchanged (Jequier et al. 1992).

While significant preclinical data exists with LY 104 119, no clinical data have
been published, and the mechanism of this molecule now appears mixed, though
lipolytic activity particularly in brown fat is clear. LY 104 119 elevated norepineph-
rine turnover in interscapular brown adipose tissue of lean mice to a higher rate than
in AVY/a mice (Yen et al. 1988). LY 104 119 promoted similar biochemical
changes in lean and obese animals, including increased lipolysis and thermogenesis,
though animals countered the energy loss by elevating food consumption and thus
experienced no weight loss (Yen et al. 1984; Shaw et al. 1981; Rothwell and Stock
1987; Arch et al. 1984b). LY 104 119 promoted a varied relationship between
calorie intake and energy expenditure. Minimally overweight mice experienced
weight loss when dosed with LY104119 in spite of overeating (Yen et al. 1984).
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Lean mice that were not allowed to overeat also experienced weight reduction when
treated with LY104119 (Yen et al. 1984). Chronic treatment of obese animals with
molecules of this class may (Yen et al. 1984; Shaw et al. 1981) or may not (Yen et al.
1984; Yen 1984) promote overeating, depending on the study considered. In the
obese mice, LY 104 119 reduced body weight and adiposity with no changes in food
intake, though alteration of a body weight set point was not achieved, as overweight
returned upon cessation of drug treatment, whereas treatment of lean animals
resulted in reduced adiposity with no overall weight loss if allowed to overeat
(Yen et al. 1984).

The selectivity of ICI D-7114 is unclear. A 14-day, double-blind, randomized
trial was performed with 50 and 100 mg TID (Toubro et al. 1993), but no changes in
body composition and weight, energy expenditure, or substrate oxidation were
detected.

11 Human BAT and Other Molecules and Nutritional
Approaches

Other molecules with enough clinical experience to merit discussion include
capsinoids and nutritional extracts, though their individual mechanisms of action
are either disputed or frankly unknown.

Capsinoids (capsiate, dihydrocapsiate, and nordihydrocapsiate) are nonpungent
analogs of capsaicin (Yazawa et al. 1989; Kobata et al. 1998). The parent molecule
capsaicin is known to activate the adrenosympathetic nervous system, increase
energy expenditure and fat oxidation, and thereby lower body fat in rodents (Luo
et al. 2011; Diepvens et al. 2007; Kawada et al. 1986a, b). Capsinoids also have been
reported to increase energy expenditure in rodents and humans, potentially through
activation of human BAT thermogenesis. The physiological effects of capsinoids
are clearer than the pharmacological actions potentially causing them. Capsaicinoids
are considered to activate transient receptor potential vanilloid 1 receptors, which are
proposed to increase energy expenditure and catabolic processes in adipose tissue.
Cold-adaptive thermogenesis in BAT is regulated through activation of SNS, trig-
gered by somatic stimulation of transient receptor potential (TRP) channels in
sensory neurons (Nakamura 2011; Tajino et al. 2011), a pathway also stimulated
by capsaicin and nonpungent capsaicin analogs capsinoids (Ono et al. 2010;
Shintaku et al. 2012). Overall, in rodents capsinoids appear to activate the TRPV1
pathway, which activates the SNS, which activates BAT, which stimulates energy
expenditure.

SNS activation promotes BAT thermogenesis under cold exposure (Lowell and
Spiegelman 2000; Cannon and Nedergaard 2004), and several studies have ascribed
the thermogenic effect of capsaicin and capsinoids in rodents to action in BAT.
Intragastric administration of capsinoids elevates BAT and rectal temperature in
mice, which is reduced in mice lacking TRPV1 (Kawabata et al. 2009). Repeat
administration of capsinoids stimulates sympathetic nerve activity and elevates
UCP1 (Ono et al. 2010; Masuda et al. 2003), total energy expenditure and
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thermogenesis, and reduced adiposity concomitant with increased fat oxidation in
rodents (Ohnuki et al. 2001a).

BAT has been broadly detected in adult humans (van Marken Lichtenbelt et al.
2009; Virtanen et al. 2009; Saito et al. 2009) and has been associated with cold-
induced adaptive thermogenesis (Yoneshiro et al. 2011a, b). Thermogenic effects of
capsinoids have not only been reported in rodents but also in humans (Yoshioka
et al. 1998). Analogous to cold triggering temperature sensitive TRP channels,
which excites the SNS, which activates BAT, administration of capsinoids has
been shown to activate TRPV1, which promotes efferent discharge of SNS in
BAT (Yoneshiro and Saito 2013), which stimulates BAT thermogenesis (Yoneshiro
et al. 2012). Other studies have demonstrated that capsinoid administration to
humans excites SNS and promotes BAT thermogenesis, elevating total energy
expenditure and fat oxidation, which reduces fat mass (Yoneshiro et al. 2013; Ono
et al. 2010; Lee et al. 2010b; Galgani and Ravussin 2010; Snitker et al. 2008; Inoue
et al. 2007; Ohnuki et al. 2001b). These effects can be observed even in humans with
low detectable BAT function (Yoneshiro et al. 2013), where both cold exposure
increased energy expenditure and BAT activity and decreased fat mass, and
capsinoid treatment in low-BAT subjects still increased cold-induced thermogenesis.

Nutritional extracts from Kaempferia parviflora (KP) and grains of paradise both
have been reported to result in increased energy expenditure in humans. Kaempferia
parviflora is a plant in the Zingiberaceae family native to Southeast Asia, where it is
historically used to increase vitality. KP extract has been shown to have anti-gastric
ulcer and anti-inflammatory benefits in humans (Yenjai et al. 2004; Kusirisin et al.
2009; Rujjanawate et al. 2005). KP extract is known to reduce body weight in
normal mice and to reduce body weight, adiposity, and glucose intolerance in obese
diabetic mice (Yoshino et al. 2014; Shimada et al. 2011; Akase et al. 2011), and the
absence of caloric intake effects implies an energy expenditure mechanism. KP also
elevates urinary excretion of noradrenaline, UCP1 expression, and energy expendi-
ture in mice (Yoshino et al. 2014), indicating an effect on the sympathetic nervous
system.

The effect of KP extract on BAT and on energy expenditure has been studied in
humans (Matsushita et al. 2015). A single oral administration elevated energy
expenditure, and based on FDG-PET, the energy expenditure increase was propor-
tional to amounts of avid BAT.

Grains of paradise (Aframomum melegueta [Rosco] K. Schum.) (GP), or Guinea
pepper or alligator pepper, is a member of the Zingiberaceae family indigenous to
West Africa. GP seeds have a long ethnobotany history and are deployed against a
variety of ailments. Some of the constituent molecular components, including
6-paradol, 6-gingerol, and 6-shogaol, possess the same vanillinoid moiety as do
capsinoids, suggesting that they may activate the TRPV1 pathway and thus the SNS,
BAT, and adaptive thermogenesis (Morera et al. 2012; Riera et al. 2009). Adminis-
tration of GP extract and 6-paradol to rats promoted SNS efferent synaptic discharge
in BAT and a significant rise in BAT temperature (Iwami et al. 2011).

Controlled studies in humans provide support for GP effects on BAT. A single
dose of GP extract increased BAT activation and energy expenditure in men (Sugita
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et al. 2013). Repeated administration over 4 weeks resulted in a significant reduction
of visceral fat in humans (Sugita et al. 2014). Whole body energy expenditure was
increased, though no changes in BMI, body weight, total body fat, or subcutaneous
body were observed. It is unclear why fat reduction was restricted to visceral depots,
with total and subcutaneous fat depots unaffected, though a similar effect of
capsinoids (Kawabata et al. 2006, pp. 2824–2835; Snitker et al. 2008, pp. 45–50)
implies that visceral fat may be intrinsically more responsive to hormonal or
nutritional perturbations than is subcutaneous fat.

12 Human BAT and Poorly Modeled Mechanisms

β3-adrenergic agonists, catechins, capsinoids, and nutritional extracts, even without
robust negative energy balance outcomes, have all demonstrated increased total
energy expenditure that in some cases can be associated with concomitant activation
of BAT. Unlike catechins, capsinoids, and nutritional extracts, glucocorticoid recep-
tor agonists, PPARg agonists, and thyroid hormone receptor agonists all possess
defined molecular and cellular pharmacology, yet their effects on human BAT
thermogenesis were inconsistent with predictions.

Glucocorticoids are known to suppress BAT activation in rodents, and chronic
glucocorticoid excess causes obesity in humans, thus generating expectations that
glucocorticoid antagonism would promote BAT activation and energy expenditure,
at least in humans. Glucocorticoid receptor antagonist prednisolone administered
under cold conditions promotes FDG uptake in BAT of lean healthy men and
increased energy expenditure under cold but not thermoneutral conditions (Ramage
et al. 2016). In vitro, glucocorticoid agonist cortisol acutely elevated isoprenaline-
stimulated respiration and UCP1 in human primary brown adipocytes (Ramage et al.
2016) but had the opposite effect in primary murine brown and beige adipocytes. In a
second human study (Scotney et al. 2017), however, the glucocorticoid receptor
agonist hydrocortisone acutely increased BAT temperature in eight healthy males in
basal and cold-induced conditions. Thus both glucocorticoid agonism and antago-
nism yielded increases in human BAT activity measures, and at least acute effects of
glucocorticoid receptor modulation were also inconsistent between humans and
model species.

Rodent models with PPARγ deletion in adipose display impaired BAT develop-
ment (Imai et al. 2004), and mice treated with PPARγ agonists have significant
expansion of BAT mass (Tai et al. 1996). PPARγ agonists induce browning in
human adipocyte cells (Digby et al. 1998), and PPARγ agonist rosiglitazone is
widely reported to promote brown differentiation and browning of human adipocyte
cells (Digby et al. 1998; Jespersen et al. 2013; Elabd et al. 2009; Carey et al. 2014;
Bogacka et al. 2005). A related TZD PPARγ agonist pioglitazone was tested
ex vivo and in vivo in humans (Loh et al. 2018). Pioglitazone increased in vitro
browning and adipogenesis of cultured human primary subacromioclavicular-
derived adipocytes. In patients, however, pioglitazone decreased cold-induced
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FDG uptake by BAT. These clinical trial results are inconsistent with experience in
rodent models and in human cell models.

Cold remains the stimulation of human BAT thermogenesis with the best transla-
tional experience (Saito et al. 2009; van der Lans et al. 2013; Orava et al. 2011), and
thyroid hormones are known regulators of basal metabolism that elevate basal
metabolic rate (BMR) in humans (Goglia et al. 2002; Tata et al. 1962) and are
linked to heat generation during both shivering and non-shivering thermogenesis. It
is known that thyroid hormone levels can affect energy expenditure and thermogen-
esis during activity and at rest (Al-Adsani et al. 1997) and that in clinical hypothy-
roidism or hyperthyroidism, energy expenditure can decrease or increase (Bianco
and Silva 1988). Thyroid hormone receptors can be detected in BAT, and thyroid
hormone and norepinephrine are combined to elevate expression of UCP1 in
animals.

In rodents models, thyroid hormones activate BAT directly (de Jesus et al. 2001),
increase brown adipogenesis (Guerra et al. 1996, pp. 2076–2081), and may also
induce BAT indirectly by stimulating the hypothalamic pathway (López et al. 2010).
Systemic hyperthyroidism or central administration of thyroid hormone to rodents
causes sympathetic activation and BAT induction (Andersen et al. 2012). Cold
exposure in rodents promotes BAT activity by increasing SNS signaling and by
modulating tissue thyroid hormone metabolism (Silva 2006; Bianco and Silva
1988). Both catecholamines and local thyroid hormone act together to elevate
UCP1 expression and thermogenesis in BAT in rodents (Silva and Bianco 2008).

Thyroid hormone thus is clearly linked to energy expenditure in humans, and
reasonably linked to BAT activation in rodents, but clinical data linking thyroid
hormones specifically to BAT activation and BAT-mediated energy expenditure in
humans is mixed (Kim et al. 2014; Zhang et al. 2014; Lahesmaa et al. 2014; Skarulis
et al. 2010). Thyroid hormone stimulates the development of UCP1-positive cells in
white preadipocytes (Lee et al. 2011b). Thyroid hormone increases UCP1 fatty acid
oxidation genes, along with oxygen consumption, in multipotent adipose-derived
stem cells (Lee et al. 2011b). Human studies have reported mixed results for BAT
volume and activity in hypothyroid or thyrotoxic subjects (Kim et al. 2014; Zhang
et al. 2014; Lahesmaa et al. 2014; Skarulis et al. 2010). A thyroid carcinoma patient
with extreme insulin resistance and thyroid cancer was treated with high doses of
thyroid hormone and demonstrated BAT activation at room temperature by PET-CT
(Skarulis et al. 2010). As well, hyperthyroid patients display 3� greater BAT
glucose uptake over healthy subjects (Skarulis et al. 2010). Thyrotoxicosis generates
increased energy expenditure in rodents and humans (Møller et al. 1996). In patients
with well-differentiated thyroid carcinoma eligible for surgical treatment and follow-
on radioactive iodine ablation therapy, examination of the hypothyroid state after
thyroidectomy, and the subsequent hyperthyroid state during TSH suppression,
higher levels of thyroid hormone were associated with elevated cold-activated
BAT (Broeders et al. 2016), including increased basal metabolic rate and cold-
induced energy expenditure.

Other clinical investigations provide more discouraging evidence. In ten patients
with overt hyperthyroidism and in eight healthy participants, hyperthyroidism had no
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effect on BAT metabolism under conditions where skeletal muscle metabolism,
total fat oxidation, and total energy expenditure were increased (Lahesmaa et al.
2014). In newly diagnosted, previously untreated Graves’ disease-caused hyperthy-
roid patients (Zhang et al. 2014), hyperthyroid patients had no detectably active BAT.
In another protocol evaluating BAT mass and activity in adult humans in the
thyrotoxic versus hypothyroid states (Gavrila et al. 2017), it was observed that
cold-induced BAT activation was not inhibited by hypothyroidism present for several
weeks, and the administration of thyroid hormone did not promote cold-induced
thermogenesis. And in a juvenile severe Hashimoto’s case with substantial
supraclavicular BAT volume, 8 weeks of thyroid hormone treatment reduced BAT
activity from pretreatment levels (Kim et al. 2014).

13 Future Directions

A few new mechanisms are nearing the stage of clinical trials and may yet provide
a more quantitatively robust translation from preclinical to human experience
with BAT.

Obese and type 2 diabetic humans have elevated levels of serum circulating
FGF21 levels (Chavez et al. 2009; Cuevas-Ramos et al. 2010; Gallego-Escuredo
et al. 2015; Zhang et al. 2008), which may reflect an FGF21 compensatory response
to metabolic disruptions, including reduced functional BAT. While the presence of
pathology despite elevations of endogenous FGF21 in disease implies a limited
therapeutic benefit of further elevations upon clinical administration, analogies to
insulin and GLP1 suggest that benefits on glucose, lipids, and BAT energy expendi-
ture could be realized by further exposure to exogenous FGF21.

Several different approaches have optimized production of FGF21 analogs with
greater solubility, stability, and pharmacokinetics (Zhang and Li 2014, pp. 579–589).
PEGylated FGF21 (Ye et al. 2015), FGF21-antibody conjugates (Talukdar et al.
2016), and antibody-based activation of the FGFR/β-Klotho complex (Reitman
2013) have been reported, with FGF21 analogs LY2405319 and PF05231023
reporting clinically positive and negative results in humans (Dong et al. 2015a;
Gaich et al. 2013). PF-05231023 was administered in multiple studies, including
intravenously in patients with type 2 diabetes. LY2405319 was administered subcuta-
neously once daily for 4 weeks in patients with diabetes and obesity. Both drugs
showed improvement of glucose levels, lipid profile, and weight loss (Gaich et al.
2013; Dong et al. 2015b). PF-05231023 dosing of obese cynomolgus monkeys or type
2 diabetic humans caused measurable body weight loss, improved lipoprotein profile,
and elevated adiponectin levels, though no clinically significant changes in glucose
(Talukdar et al. 2016).

Likewise, LY2405319 (Gaich et al. 2013) improved dyslipidemia, body weight,
fasting insulin, and adiponectin, though not circulating glucose. Other FGF21 analogs
may soon enter clinical development (Kharitonenkov andDiMarchi 2015, pp. 606–617;
Gimeno and Moller 2014, pp. 303–311; Bailey et al. 2016, pp. 350–359).
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Release of FGF21 from BAT was recently shown to be promoted by adenosine
A2A receptor (A2AR) signaling in BAT, which prevented hypertension-related
cardiac damage in a mouse model (Ruan et al. 2018, pp. 476–489). Moreover,
adenosine has been demonstrated to activate lipolysis and the thermogenic program
in brown and white human and murine adipocytes and recruit beige adipocytes
ex vivo via A2A receptors (Gnad et al. 2014, pp. 395–399). Also, in vivo pharmaco-
logical or genetic inhibition of adenosine A2A receptor signaling lowered BAT
thermogenesis, whereas agonism increased thermogenesis and browned white adi-
pose tissue and preserved lean phenotype and glucose tolerance in high-fat diet-fed
mice (Gnad et al. 2014, pp. 395–399). This work generates the working hypothesis
that clinical chronic adenosine receptor agonism could induce persistent negative
energy balance through human BAT, though the proven robust effects of adenosine
and analogs in the cardiovascular and CNS organ systems impose a significant
subtype and tissue selectivity challenge.

cGMP signaling in BAT biology has been reviewed earlier in this volume, as has
the observation that a subset of cells may exist in white adipose depots that is capable
of transition to a brown-like phenotype, which may provide energy balance and other
metabolic benefits (Petrovic et al. 2010; Boström et al. 2012; Barbatelli et al. 2010).
Human preadipocytes have been stimulated to undergo this phenotype transition
in vitro (Gustafson et al. 2015), and results obtained with human subcutaneous
white adipose tissue (sWAT) undergoing such a transition are consistent with poten-
tial benefit in insulin responsiveness (Yang et al. 2003). As has been reviewed earlier,
elevated adrenergic tone promotes more active adaptive thermogenic processes by
BAT, so it is interesting that the prolonged adrenergic stress of burn trauma associates
both with the browning of human sWAT and with an increased overall metabolic rate
(Kern et al. 2014; Sidossis et al. 2015). Exogenous pharmacological interventions to
more deliberately test this hypothesis are limited. Phosphodiesterase 5 (PDE5) is
widely expressed in the body and modulates cyclic guanosine monophosphate
(cGMP) by catalyzing hydrolytic degradation. The PDE5 inhibitor sildenafil has
been demonstrated to stimulate UCP1 expression and thus browning of sWAT
(Mitschke et al. 2013), generating the therapeutic hypothesis that elevating cGMP
in humans may functionally increase by transdifferentiating abundant WAT toward a
BAT-like phenotype. A small randomized, double-blinded, placebo-controlled clini-
cal trial was executed to test this hypothesis, with 16 overweight males treated with
sildenafil (Li et al. 2018). Sildenafil treatment in this study elevated cGMP in plasma,
as well as circulating levels of catecholamines, though classical BAT itself was not
activated concomitant with the latter. However, sWAT displayed elevated UCP1 at
both mRNA and protein levels, increased respiratory capacity leak, and decreased
adipocyte size, consistent with a browning transition. Browning of abundant WAT,
rather than activation of a more sparse and potentially less energetic BAT compart-
ment, may be a promising therapeutic strategy for the metabolic derangements
discussed in this review.
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14 Conclusions

The intent of this review, while not exhaustive, is to accurately reflect that state of
translation of preclinical BAT pharmacology and physiology into humans. Specific
results have been described earlier, and from that overview at least several general
conclusions may be reached.

First, nonclinical BAT molecular pharmacology mostly translates, with conse-
quent cellular behaviors broadly consistent between human and prior model species.
Second, with the few exceptions noted in the text, the qualitative elements of
physiology also translate, with activation mechanisms for adaptive thermogenesis
and pharmacological triggers from nonclinical models apparently recapitulated in
humans. Third, and perhaps most important for considerations of medical pharma-
cology, it is the quantitative elements of BAT physiology that have not yet translated
well into humans. Specifically, there is relatively less functional BAT in adult
humans than in adult rodents, the proportion of BAT that can be activated in obese
humans is relatively less than in obese rodents, the magnitude of total energy
expenditure increase that can be achieved by activating human BAT is significantly
less than in rodents, and the threshold result from all of these trends is that, while
activating BAT in rodents can tilt overall energy balance negative in rodents and
promote weight loss, in humans this tilt into negative energy balance has not been
clearly documented. Lastly, while comprehensive physiological characterization of
BAT modulation preclinically and clinically is achievable, clinical translation suffers
from a lack of acute biomarkers that connect pharmacology to physiology, and
continued research into promising candidate biomarkers is urgently needed (Chen
et al. 2016, p. 11420).

Beyond considerations specific to BAT biology, additional general points can be
made. First the field of BAT biology, and in particular BAT human biology, is a
couple decades old at best. Thus we are presumably only at the beginning of our
maturity in both basic and translational research knowledge about BAT. Second, the
typical asymmetry between preclinical and clinical data robustness exists. Most
human studies of BAT biology represent the N ¼ 1 situation, whereas conclusions
from biochemical, cellular, and laboratory animal models derive from numerous to
many to several iterations. Accordingly, it is possible that further iterations of one or
more mechanism translating into humans will show a strong negative energy balance
from BAT-promoted total energy expenditure increases. Finally, even if pharmaco-
logical BAT activation does not achieve large reductions in body weight, it could be
a novel approach to treat metabolic sequelae of obesity, particularly diabetes.
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