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Adrenoceptors play an important role in adipose tissue biology and physiology that
includes regulating the synthesis and storage of triglycerides (lipogenesis), the break-
down of stored triglycerides (lipolysis), thermogenesis (heat production), glucose
metabolism, and the secretion of adipocyte-derived hormones that can control
whole-body energy homeostasis. These processes are regulated by the sympathetic
nervous system through actions at different adrenoceptor subtypes expressed in adi-
pose tissue depots. In this review, we have highlighted the role of adrenoceptor sub-
types in white, brown, and brite adipocytes in both rodents and humans and have
included detailed analysis of adrenoceptor expression in human adipose tissue and
clonally derived adipocytes. We discuss important considerations when investigating
adrenoceptor function in adipose tissue or adipocytes.

LINKED ARTICLES: This article is part of a themed section on Adrenoceptors—

New Roles for Old Players. To view the other articles in this section visit http://

1 | INTRODUCTION

There are three types of adipocytes: white, brown, and brite (brown in
white, also known as beige) adipocytes. Briefly, white adipose tissue
(WAT) is the main tissue for storing energy. Under conditions of
energy surplus, lipids are stored as triglycerides and can then be
released as fuel under conditions of negative energy balance. Brown
adipose tissue (BAT) is responsible for non-shivering thermogenesis,
essentially converting stored lipids into heat through fatty acid oxida-
tion. The function of brite adipocytes is less well characterised, but
they have a phenotype intermediate between white and brown adipo-
cytes. They differ in their appearance, morphology, function, and gene
expression profile, summarised in Figure 1, as well as expression of
adrenoceptor subtypes and hence function when activated by endog-
enous catecholamines.

Adrenoceptors belong to the Family A class of GPCRs and respond

to the endogenous catecholamines noradrenaline (released from

Abbreviations: BAT, brown adipose tissue; GLUT, glucose transporter; KO, knockout; UCP1,
uncoupling protein 1; WAT, white adipose tissue
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nerve terminals) and adrenaline (a hormone released from the adrenal
gland). Noradrenaline and adrenaline mediate a diverse range of phys-
iological processes by acting at nine different adrenoceptor subtypes
(a4a-, Q1p-, Qyp-, Qoa-, O2p-, dac-, B1-, B2-, and Ps-adrenoceptors).
Structurally, they consist of seven transmembrane domains, with an
extracellular N-terminus and an intracellular C-terminal tail. Once
activated by a ligand, adrenoceptors couple to different G proteins
to mediate their cellular effects: as-adrenoceptors couple mainly to
Gagq/11 proteins, resulting in increased DAG and inositol triphosphate
(IP3) levels, which then activate PKC and IP53 receptors to increase
calcium influx respectively; B-adrenoceptors couple predominantly to
Gas proteins that activate adenylate cyclase to increase intracellular
cAMP levels, whereas a,-adrenoceptors couple primarily to Gai/o
proteins that inhibit adenylate cyclase activity. The sympathetic
nervous system has a significant role in whole-body energy
metabolism and glucose homeostasis, through activation of different
adrenoceptor subtypes located in different tissues and cells including
the pancreas, skeletal muscle, heart, liver, brain, gastrointestinal tract,
and adipose tissue. Since adipose tissue is vital for whole-body energy

homeostasis and has key roles in normal physiology and
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Lipid storage
Function Secretion of adipokines Thermogenesis Thermogenesis
(leptin/adiponectin)
Adipocyte Hoxc9, Fabp4, Ucp1, Prdm16,.Cidea, pcp1, Hoxc9, Prdm.16,
signature genes Adipoq Ppargc1a, Adipoq, Cidea, Ppargc1a, Adipoq,
Fabp4, Fabp3, Cpt1b Fabp4, Fabp3, Cpt1b
Known AR Bs-AR 04a-AR B-AR A -AR B+-AR
expression B,-AR a,-AR  BrAR " AR B-AR
in rodents Bs-AR apa-AR B,-AR Q1p~ Bs-AR
a44-AR
AR B;-AR -AR
;(:own AR a-AR B -AR AR 2 o 31_ B
pression AR %8 B-AR a;-AR  BrAR
in humans dza-AR  B-AR AR AR ByAR B:-AR
dyc-AR
Glucose uptake
L (a4a-AR, B3-AR) Glucose uptake
Adipokine release (B-AR<
Known AR P ) o ® ) Mitochondrial uncoupling (01a-AR, B5-AR)
functions WA differentiation (B:-AR) (B+-AR, Bs-AR) Mitochondrial uncoupling
in rodents Lipolysis (B;-AR) VEGF release (85-AR) (Bs-AR)
BA differentiation (8,-AR)
Known AR Lipolysis (B1-AR, Bs-AR) Glucose Uptake Mitochondrial uncoupling
functions Inhibition of lipolysis (B-AR+, B5-AR¥) (B-AR+)
in humans (0p-AR%)

FIGURE 1 Differences in visualisation, function, and signature gene expression in white, brown, and brite adipocytes and the current
understanding of adrenoceptor (AR) expression and function in rodents and humans. No mention of an adrenoceptor subtype indicates that
there is no current evidence for receptor protein expression/function. In some cases, functional evidence is based on the use of non-selective
agonists () including isoprenaline (Bartesaghi et al., 2015) and ephedrine (Carey et al., 2013) or antagonists (<-) including phentolamine
(Stich et al., 1999) or a combination of propranolol and SR59230A to inhibit all B-adrenoceptor-mediated responses (Imai et al., 2006). "Uptake
of 2-[*®F]fluoro-2-deoxyglucose was measured in response to the Bs-adrenoceptor-selective agonist mirabegron in human brown adipose
tissue (Cypess et al., 2015). BA: brown adipocyte; UCP1: uncoupling protein 1; WA: white adipocyte

pathophysiology, it is important to understand how the tissue is reg-
ulated. In this review, we will be addressing the role and action of

adrenoceptors in adipocytes.

2 | ADRENOCEPTORS IN WAT

According to the World Health Organisation, more than 1.9 billion
adults aged over 18 years of age are overweight, with 650 million of
these adults classified as obese (http://www.who.int/news-room/
fact-sheets/detail/obesity-and-overweight). This increases the risk
for the development of many diseases including type 2 diabetes, car-

diovascular disease, musculoskeletal disorders, and even some types

of cancers. This global obesity epidemic has increased the awareness
of the complexities of adipose tissue.

White adipocytes are the predominant adipocyte type in the body
and are located in discrete WAT depots characterised as either
intraabdominal (visceral fat surrounding the internal organs, namely,
mesenteric, perirenal, and gonadal fat) or subcutaneous (such as ingui-
nal fat). Visceral fat is considered to be more detrimental to overall
health, while subcutaneous fat is considered protective (Gesta, Tseng,
& Kahn, 2007). White adipocytes store fuel (glucose and fatty acids) as
triglycerides within a single lipid droplet, and WAT also acts as an
endocrine organ to release adipokines such as leptin and adiponectin
that regulate whole-body energy homeostasis (Galic, Oakhill, &
Steinberg, 2010). While WAT is a heterogenous tissue that is
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comprised of several different cell types (adipocytes, adipocyte pre-
cursor cells, endothelial cells, fibroblasts, immune cells, etc.), we are
focusing on adipocytes here.

WAT has an enormous ability to adapt to energy availability that is
dependent upon two processes: hyperplasia (cell proliferation) and
hypertrophy (cell enlargement). Unlike BAT, the stromal vascular frac-
tion (SVF) of WAT is composed mainly of immature adipocytes that
possess a similar phenotype to mature cells, in that despite morpho-
logical differences in size (20 um compared to 200 um for mature adi-
pocytes), they are functionally still able to accumulate lipids. These
immature adipocytes give WAT its plasticity, being capable of prolifer-
ation (and subsequent hypertrophy), whereas larger mature adipocytes
are capable only of hypertrophy. Each WAT depot comprises different
levels of immature and mature adipocytes, with adipocytes from sub-
cutaneous depots dominated by the former and adipocytes from vis-
ceral depots generally dominated by the latter (Tchkonia et al,
2005). Consequently, in rodents fed a high-fat diet, generally, visceral
fat expands mainly via hypertrophy, while subcutaneous fat expands
mainly via hyperplasia (Gawronska-Kozak, Staszkiewicz, Gimble, &
Kirk-Ballard, 2014; Q. A. Wang, Tao, Gupta, & Scherer, 2013). Follow-
ing storage of excess energy as triglycerides in white adipocytes, free
fatty acids can be regenerated through lipolysis and released into the
vasculature to meet whole-body energy demands. The depot-specific
nature of WAT also extends to triglyceride turnover (lipogenesis and
lipolysis) rates, with visceral depots exhibiting a higher triglyceride
turnover rate as compared to subcutaneous depots (Caserta et al.,
2001; Sackmann-Sala, Berryman, Munn, Lubbers, & Kopchick, 2012).

WAT is sympathetically innervated, and noradrenaline release in WAT
is key to controlling both lipolytic rates and regulation of hyperplasia
(Bartness, Liu, Shrestha, & Ryu, 2014; Bartness, Shrestha, Vaughan,
Schwartz, & Song, 2010; Bowers et al., 2004). Although other hormonal
stimuli may play a role in lipolysis, sympathetic innervation is a central
control point of lipolytic activity in WAT (Bartness et al., 2010; Bartness
et al, 2014). Sympathetic innervation allows for noradrenaline output
onto WAT in a depot-specific manner: energy demand by cold exposure
drives higher noradrenaline turnover in inguinal WAT and retroperitoneal
WAT than epididymal WAT—inverse to the triglyceride turnover capaci-
ties of these cells (Brito, Brito, & Bartness, 2008; Garofalo, Kettelhut,
Roselino, & Migliorini, 1996). Conversely, sympathetic denervation
inhibits lipolysis and promotes uncontrolled accumulation of lipids and
WAT proliferation (Youngstrom & Bartness, 1998).

In rodents, all three B-adrenoceptor subtypes are expressed in a
range of subcutaneous and visceral depots (Collins et al., 1994; Collins,
Daniel, & Rohlfs, 1999; Germack, Starzec, Vassy, & Perret, 1997;
Granneman, 1992; Hollenga & Zaagsma, 1989; Komai et al., 2016;
Llado et al., 2002; Susulic et al., 1995), with the Bs-adrenoceptor being
the main receptor responsible for B-adrenoceptor-mediated lipolysis in
mature white adipocytes. B-Adrenoceptor expression is also affected
by the differentiation state of the white adipocyte. The general B-
adrenoceptor agonist isoprenaline, but not the highly selective B3-
adrenoceptor agonist CL316243, increases preadipocyte proliferation,
suggesting a Bi-adrenoceptor-mediated role, while both B1- and Bs-

adrenoceptors mediate lipolysis in mature adipocytes (Germack et al.,

1997; Klaus, Seivert, & Boeuf, 2001; Louis, Jackman, Nero, lakovidis,
& Louis, 2000; Susulic et al., 1995). A role for the B,-adrenoceptor
was excluded using receptor selective antagonists and agonists.

B3-Adrenoceptor knockout (KO) mice show mildly increased adipos-
ity (Revelli et al., 1997; Susulic et al., 1995), highlighting their importance
in the control of body weight. In white adipocytes derived from s-
adrenoceptor KO mice, there is severe impairment of 3-adrenoceptor
function (cAMP and lipolysis), with a minor compensatory role
presumably by B4-adrenoceptors (Revelli et al., 1997; Susulic et al.,
1995). In B-less mice that do not express B1-, B,-, or Bs-adrenoceptors,
WAT depot sizes are markedly increased, and a small residual lipolytic
response to noradrenaline still exists, although the receptor responsible
for this effect has not been resolved (Tavernier et al., 2005). These mice
become mildly obese on a chow diet, which is exaggerated when they
are placed on a high-fat diet (Bachman et al., 2002; Jimenez et al.,
2002). These studies collectively show that B-adrenoceptors are essen-
tial for WAT function but that compensatory mechanisms exist when
the Bs-adrenoceptor is lacking. There appears to be no role for the
B,-adrenoceptor despite its detection in WAT, and its functional role
in WAT is still undetermined. Similarly, there is no convincing evidence
of a functional contribution by a4- or as-adrenoceptors in authentic
white adipocytes from rodents (Merlin, Sato, Nowell, et al., 2018).

WAT is also an endocrine organ since it releases adipokines in
response to physiological stimuli. Two important adipokines with
respect to energy metabolism are leptin and adiponectin. Leptin is
secreted predominantly from white adipocytes, where it acts at recep-
tors in the hypothalamus to regulate feeding. Its secretion in white
adipocytes/WAT is regulated by the sympathetic nervous system.
Acute cold exposure of mice leads to a reduction in leptin mRNA in
WAT and reduces circulating leptin levels (Evans, Agar, & Summers,
1999; Trayhurn, Duncan, & Rayner, 1995). This can be mimicked by
the treatment of animals with B-adrenoceptor agonists (Evans et al.,
1999; Trayhurn et al., 1995), with a predominant role for the Bs-
adrenoceptor and a minor contribution from B1/B,-adrenoceptors
(Evans et al., 1999). This is thought to be due to a direct action on white
adipocytes, as these effects are replicated in isolated white adipocytes
(Gettys, Harkness, & Watson, 1996; Hardie, Guilhot, & Trayhurn,
1996). There is less known about the regulation of adiponectin by
adrenoceptors. Adiponectin, a second adipokine secreted from white
and brown adipocytes, regulates glucose uptake, lipogenesis, lipolysis,
and fatty acid oxidation in several tissues, including WAT, in an auto-
crine fashion. Acute cold exposure of mice (that increases sympathetic
activity) decreases adiponectin mRNA and protein levels in WAT (Imai
et al., 2006; Jankovic et al., 2013), mediated by activation of the
sympathetic nervous system and actions at Bs-adrenoceptors (Imai
et al., 2006). These effects are replicated in vivo by B-adrenoceptor
ligand administration (Delporte, Funahashi, Takahashi, Matsuzawa, &
Brichard, 2002). Hence, as well as the contribution of adrenoceptors
to lipid metabolism, adrenoceptors expressed in WAT/white adipo-
cytes also have important roles in regulating whole-body energy
homeostasis by modulating the actions of important adipokines.

One important caveat to the findings outlined above is that studies in

rodents are usually performed at room temperature (18-24°C), which is
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well below the thermoneutral temperature of 30°C for mice. At this tem-
perature, mice do not need to burn energy to keep warm (Cannon &
Nedergaard, 2011). As such, it is unclear whether adrenoceptor expres-
sion in WAT/white adipocytes is altered at thermoneutrality compared
to room temperature housing conditions, and this may have implications
for adrenoceptor function in white adipocytes. This is important, as in ani-
mals housed at 30°C, WAT depots are practically devoid of uncoupling
protein 1 (UCP1) mRNA and protein (Kalinovich, de Jong, Cannon, &
Nedergaard, 2017), as observed for white adipocytes grown in culture
in the absence of browning agents (Merlin, Sato, Nowell, et al., 2018;
Petrovic et al., 2010). In mice housed at room temperature, there is appre-
ciable UCP1 content in WAT. This raises the issue of whether WAT from
animals at 18-24°C is indeed composed of white adipocytes or in fact
brite adipocytes (detailed below). One recent study (de Jong et al,
2017) showed that B;- and Bs-adrenoceptor mRNA expression is
increased in BAT, inguinal WAT, and epididymal WAT in mice acclima-
tised to 4°C compared to 30°C, but there is still appreciable expression
of B4- and Bs-adrenoceptors in WAT in mice housed at 30°C. More
research is needed to clarify whether adrenoceptors have an in vivo role
in pure white adipocytes or whether their effects are only evident when
mice are cold stressed at least to some degree.

3 | ADRENOCEPTORS IN BAT

BAT has emerged as an attractive target for the treatment of obesity

and metabolic disease. In mice, BAT is predominantly located dorsally
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within the scapular region, in interscapular, subscapular, and cervical
depots, with smaller BAT depots located retroperitoneally, and in
larger animals, in intercostal depots and the lining of the aortic arch
(Cinti, 2005). Despite its name, only a small proportion of cells (5-
50%) within each BAT depot represent true mature brown adipocytes.
The SVF of BAT (the immature content of adipose tissue depots that
includes endothelial and mesenchymal progenitors) is dominated by
undifferentiated preadipocytes, which provide a means of thermo-
genic adaptability through proliferation and differentiation. A high vas-
cular endothelial content reflects the importance of blood flow for
BAT function, providing delivery of energy sources (such as lipids
and glucose) to brown adipocytes, and for the dissipation of heat from
BAT to core organs. The main function of BAT is non-shivering ther-
mogenesis, which has been extensively reviewed before (Cannon &
Nedergaard, 2004) and is briefly summarised here.

Noradrenaline released from sympathetic nerve terminals in BAT
exerts its actions predominantly through B-adrenoceptors. Brown adi-
pocytes have high expression of the mitochondrial protein UCP1,
which is located on the inner mitochondrial membrane and exerts its
effects through its ability when activated to uncouple aerobic respira-
tion from mitochondrial ATP generation to dissipate heat, a process
termed non-shivering thermogenesis. In unstimulated adipocytes (such
as in mice housed at thermoneutrality or adipocytes grown in culture),
UCP1 is inactive, but in response to cold exposure or noradrenaline,
UCP1 activity increases through two different mechanisms (Figure 2):
acutely or through adaptive thermogenesis. Acutely, noradrenaline
stimuli increase UCP1 activity through a well-characterised pathway

(a) Acute (b) Adaptive
Sympathetic (g () @
Nerve
I i) od—"o,
Noradrenaline ] ®
Bs-Adrenoceptor Bs-Adrenoceptor
0000000000006000000000 S E0 060000600000 0000000006000000000061006000000000000000000000060000000601 0000080000000 000800000,
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FIGURE 2 Mechanism of thermogenesis by noradrenaline in brown adipose tissue. (a) Acutely, noradrenaline increases mitochondrial uncoupling
via activation of Bs-adrenoceptors. This occurs via a Gas-cAMP-PKA-mediated mechanism leading to activation of a series of lipases (adipose
triglyceride lipase (ATGL), hormone sensitive lipase (HSL), and lipoprotein lipase (LPL)), increasing lipolysis of triglycerides stored in lipid
droplets to fatty acids. These fatty acids can then activate uncoupling protein 1 (UCP1) located on the inner mitochondrial membrane, allowing
protons into the inner mitochondrial membrane. This disrupts the proton gradient across the inner mitochondrial membrane, blocking ATP
synthase and up-regulating the electron transport chain activity in a futile attempt to redress the gradient, thereby generating heat. (b)
Adaptive thermogenesis: PKA activation leads to phosphorylation of p38MAPK, which then exerts effects on UCP1 transcription via
phosphorylation of PGCla and ATF-2 (which also promotes PGC1la transcription). Fatty acids also exert adaptive changes by activation of
PPARY, which combines with PRDM16 to promote PGC1a. PPARy, PCG1a, PRDM16, and ATF-2 play central roles in regulating and increasing
UCP1 transcription, leading to increased UCP1 protein content and therefore greater mitochondrial uncoupling capacity
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involving a Gas-cAMP-PKA-mediated mechanism, resulting in the libera-
tion of fatty acids from intracellular stores that can then bind to and
activate UCP1. In adaptive thermogenesis, cold exposure or noradrena-
line increases the expression of UCP1 mRNA and protein via a Gas-
cAMP-PKA-p38MAPK-mediated pathway. This results in increased
UCP1 protein that allows for greater mitochondrial uncoupling capacity.
As well as its well-recognised role in thermogenesis, BAT now has an
accepted role in whole-body glucose regulation. Analysis of the tran-
scriptome during adaptive thermogenesis shows that cold exposure
strongly up-regulates genes associated with glucose metabolism
(Hao et al., 2015) and acute activation drives the consumption of
glucose and lipids (Peirce & Vidal-Puig, 2013; Stanford et al., 2013).
mRNA and protein for all three 3-adrenoceptor subtypes have been
reported from rodent BAT, although the Bs-adrenoceptor is the most
abundant, with the ratio of Bq:B2:B3-adrenoceptor mRNA levels
reported to be 3:1:190 (Collins et al., 1994). In an elegant study, RNA
sequencing (RNA-Seq) was conducted exclusively on mRNAs undergo-
ing active translation only in UCP1-positive adipocytes derived from
inguinal WAT, epididymal WAT, and BAT of cold-exposed mice (Long
et al., 2014). RNA-Seq from BAT-derived RNA showed robust Bs-
adrenoceptor expression of 11.2 + 0.27 fragments per kilobase per mil-
lion reads, somewhat less B1-adrenoceptor expression (3.1 + 0.35), and
very low Bj-adrenoceptor expression (0.87 + 0.20). It is widely
accepted that functionally, the predominant B-adrenoceptor subtype
in BAT is the Bs-adrenoceptor, supported by a vast array of studies
using receptor selective agonists, including CL316243, that increase
thermogenesis and UCP1 content in mice (this has been extensively
reviewed previously; Arch & Kaumann, 1993; Cannon & Nedergaard,
2004). Despite the importance of Bz-adrenoceptors in BAT function,
Bs-adrenoceptor KO mice display no significant impairment in basal
metabolic rate or responses to cold exposure (de Jong et al., 2017,
Mattsson et al., 2011; Susulic et al., 1995). This may in part be due to
compensation by an increase in the levels and function of f4-
adrenoceptors in BAT/brown adipocytes, leading to intact responses
to noradrenaline with respect to increased glucose uptake in vitro and
non-shivering thermogenesis in vivo (Chernogubova, Hutchinson,
Nedergaard, & Bengtsson, 2005; Mattsson et al., 2011; Susulic et al.,
1995). B1-Adrenoceptors are expressed in both BAT and brown adipo-
cytes (Chernogubova et al., 2005) but are not usually coupled to any
significant functions in mature brown adipocytes. Instead, B1-
adrenoceptors play a role in preadipocytes to increase cAMP levels
and promote cell proliferation (Bronnikov, Houstek, & Nedergaard,
1992), with B;-adrenoceptor expression and function declining during
brown adipocyte differentiation, resulting in a switch in coupling from
B1-adrenoceptors to Bs-adrenoceptors (Bronnikov et al., 1999). It is
important to note that in brown preadipocytes from wild-type mice,
noradrenaline cannot increase UCP1 expression, ruling out a role for
B4-adrenoceptors in UCP1 function normally, but noradrenaline and
isoprenaline can increase UCP1 levels in mature brown adipocytes
derived from Bz-adrenoceptor KO mice (Chernogubova et al., 2005;
Mattsson et al., 2011). However, as BAT itself is a mixture of both
mature and preadipocytes, B1-adrenoceptors will have roles at least in

native BAT. Indeed, in isolated mouse BAT membranes, 23% of the

adenylate cyclase response to adrenaline is mediated via B1/B»-
adrenoceptors (Collins et al., 1994). A role for B;-adrenoceptors in
BAT/brown adipocytes comes from studies using KO animals. As men-
tioned above, a compensatory role for 4-adrenoceptors when s-
adrenoceptors are lacking has been reported (Chernogubova et al.,
2005), while mice with adipose tissue-specific f;-adrenoceptor overex-
pression are resistant to diet-induced obesity (Soloveva, Graves,
Rasenick, Spiegelman, & Ross, 1997), and B4-adrenoceptor KO mice
display impaired BAT function under cold stimuli (Ueta et al., 2012).
Therefore, there appears to be some role for B4-adrenoceptors in
brown adipocytes/BAT which requires more investigation.

While B,-adrenoceptor mRNA and protein can be detected in native
BAT (Chernogubova et al., 2005; Levin & Sullivan, 1986; Rothwell,
Stock, & Sudera, 1985), it is not believed that they are expressed in
brown adipocytes (Bengtsson et al., 2000; Chernogubova et al., 2005)
but rather most likely are localised to the vascular system, with
activation of B,-adrenoceptors promoting increased blood flow to
BAT (Ernande et al, 2016) and B,-adrenoceptor KO mice having
intact cold and diet-induced thermogenesis (Fernandes et al.,
2014). Even in mice devoid of both B4- and Bs-adrenoceptors, BAT
morphology resembles that of wild-type mice, suggesting even that
Bo-adrenoceptors can compensate for the lack of B4- and PBs-
adrenoceptors (Bachman et al., 2002). However, there is a gross differ-
ence in mice lacking all three B-adrenoceptors. Most B-less mice do not
survive upon exposure to the cold (Jimenez et al., 2002), presumably
since they lack the adaptive response to increase UCP1 in BAT follow-
ing cold exposure (Bachman et al., 2002; Jimenez et al., 2002). In
these mice, BAT shows gross morphological changes and is light brown
in colour, and brown adipocytes resemble white adipocytes (Bachman
et al., 2002; Jimenez et al., 2002) and even express leptin, which is con-
sidered a white adipocyte marker. These studies highlight the critical
role of B-adrenoceptors in normal BAT development and physiology.

BAT and brown adipocytes also express a4-adrenoceptors
(Chernogubova et al., 2005; Kikuchi-Utsumi, Kikuchi-Utsumi, Cannon,
& Nedergaard, 1997; Merlin, Sato, Nowell, et al., 2018) and a,-
adrenoceptors (Bronnikov et al., 1999). The a,-adrenoceptor agonist
cirazoline and the a,-adrenoceptor agonist clonidine both promote
substantial increases in ERK1/2 phosphorylation, comparable to the
effect of CL316243 (Wang, Falting, et al., 2013). We have shown by
RT-gPCR that there is significant expression of the a,s-adrenoceptor,
aqa-adrenoceptor, and the a,p-adrenoceptor in mouse brown adipo-
cytes and activation of aja-adrenoceptors in brown adipocytes with
the highly selective agonist A61603 increases calcium mobilisation,
glycolysis, and glucose uptake, with no effects on oxygen consump-
tion rates (Merlin, Sato, Nowell, et al., 2018). When using the a4-
adrenoceptor agonist cirazoline, glucose uptake responses are also
evident in brown adipocytes derived from B3-adrenoceptor KO mice
(Chernogubova et al., 2005). Overall, it is thought that increased cal-
cium influx mediated by a,-adrenoceptor activation may play a minor
role in enhancing Bs-adrenoceptor-stimulated lipolysis and mitochon-
drial uncoupling (Tavernier et al., 2005; Thonberg, Zhang, Tvrdik,
Jacobsson, & Nedergaard, 1994) and may contribute to PBs-

adrenoceptor-mediated increases in UCP1 transcription (Thonberg,
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Fredriksson, Nedergaard, & Cannon, 2002), with aqa-adrenoceptor
expression increasing following cold exposure (Granneman, Zhai, &
Lahners, 1997). a,-Adrenoceptors are Gi/o coupled receptors, and
their activation suppresses noradrenaline-mediated increases in cAMP
levels in brown adipocytes (Bronnikov et al., 1999). Although the func-
tional relevance of adipocyte a,-adrenoceptors is unclear, they have
been postulated as a therapeutic target in reducing body temperature
during fever. This however is an indirect effect, as administration of
ay-adrenoceptor agonists inhibits BAT sympathetic nerve activity
and BAT thermogenesis through centrally mediated mechanisms
(Madden, Tupone, Cano, & Morrison, 2013).

In addition to its effects on thermogenesis, there is increasing
appreciation of the role of BAT in whole-body glucose homeostasis
(Bartelt et al., 2011; Cawthorne, 1989; Nedergaard, Bengtsson, &
Cannon, 2011). This is highlighted in a study where BAT from healthy
mice was transplanted into mice fed a high-fat diet (Stanford et al.,
2013). The recipient mice had improved glucose tolerance, increased
insulin sensitivity, and reduced body weight and fat mass. This effect
was postulated to be due to release of IL-6 from the transplanted
BAT (Stanford et al., 2013). The sympathetic nervous system plays
an important role in BAT glucose uptake. BAT consumes a very high
amount of glucose per gram of tissue from the blood (Liu, Perusse, &
Bukowiecki, 1994; Shibata, Perusse, Vallerand, & Bukowiecki, 1989),
especially under conditions such as cold exposure, that is, ~75% of
glucose is disposed in BAT in cold-exposed obese animals (Bartelt
et al,, 2011; Nedergaard et al., 2011). Cold exposure (Shibata et al.,
1989; Shimizu, Nikami, & Saito, 1991) increases glucose uptake into
BAT, an effect due to activation of the sympathetic nervous system
(Shimizu et al, 1991), and is mimicked by administration of B-
adrenoceptor agonists in vivo (Cawthorne, 1989; Liu et al., 1994;
Olsen et al., 2014) and in vitro (Chernogubova, Cannon, & Bengtsson,
2004; Chernogubova et al., 2005; Dallner, Chernogubova, Brolinson, &
Bengtsson, 2006; Merlin, Sato, Nowell, et al, 2018; Olsen et al.,
2014). The Bs-adrenoceptor appears to be the main adrenoceptor
subtype mediating increased glucose uptake into brown adipocytes
(Chernogubova et al., 2005; Merlin, Sato, Nowell, et al., 2018), with
a minor role for 31- and a4-adrenoceptors in B3-adrenoceptor KO mice
(Chernogubova et al., 2005). Importantly, the mechanism of Bs-
adrenoceptor-mediated glucose uptake differs from that of insulin.
Whereas insulin causes rapid translocation of the glucose transporter
GLUT4 from intracellular vesicles to the cell surface to facilitate glu-
cose uptake, Bz-adrenoceptor stimulation increases the synthesis and
translocation of GLUT1 (Dallner et al., 2006; Merlin, Sato, Nowell,
et al., 2018; Olsen et al., 2014) via a pathway that is independent of
key insulin signalling molecules that are typically down-regulated in
type 2 diabetes. Instead, a cAMP-mammalian target of rapamycin
complex 2 (mMTORC2)-mediated mechanism is employed (Olsen et al.,
2017; Olsen et al., 2014) and is independent of UCP1 since Bs-
adrenoceptor-mediated glucose uptake in vivo is absent in UCP1 KO
mice (Olsen et al., 2017). Hence, there is renewed interest in whether
BAT can be targeted for the treatment of type 2 diabetes.

There is growing evidence for an endocrine role of BAT, with the

release of several of the adipokines and secretory factors also being
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regulated by the sympathetic nervous system as reviewed elsewhere
(Cannon & Nedergaard, 2004; Villarroya, Cereijo, & Villarroya, 2013;
G. X. Wang, Zhao, & Lin, 2015). Upon cold exposure, BAT undergoes
hyperplasia and hypertrophy, which involves angiogenesis (leading to
increased vascularisation of BAT to allow for increased blood flow that
the tissue requires; Bukowiecki, Collet, Follea, Guay, & Jahjah, 1982).
This is due to an increase in VEGF expression and release from brown
adipocytes following both cold exposure and stimulation of Bs-
adrenoceptors (Fredriksson, Lindquist, Bronnikov, & Nedergaard,
2000; Tonello et al, 1999), independently of UCP1 (Fredriksson,
Nikami, & Nedergaard, 2005). In brown preadipocytes, stimulation of
B1-adrenoceptors also results in increased VEGF expression
(Fredriksson et al., 2000).

Collectively, in rodents, increased sympathetic output to BAT acti-
vates Bs-adrenoceptors located on mature adipocytes to acutely
increase BAT mitochondrial uncoupling, whereas chronic stimulation
of PBs-adrenoceptors increases UCP1 mRNA and protein levels
(Figure 2). Bs-Adrenoceptors are also involved in increasing glucose
uptake in BAT and affecting the secretion of several adipokines that
include VEGF that promotes vascular remodelling. It is considered
that the Bs-adrenoceptor is the predominant adrenoceptor subtype
mediating effects in BAT/brown adipocytes, with a smaller role for

B1-adrenoceptors in brown preadipocytes.

4 | EMERGING ROLE OF BRITE
ADIPOCYTES

There is considerable interest in identifying new approaches to the treat-
ment of obesity, with much recent interest focused on brite adipocytes.
While early studies identified the presence of brown adipocytes (defined
by UCP1 expression) in depots primarily considered to be white (Cousin
et al., 1992; Himms-Hagen et al., 2000; Young, Arch, & Ashwell, 1984),
it has only been over the past decade through gene expression profiling
that these adipocytes have been determined to differ from conventional
brown adipocytes (de Jong, Larsson, Cannon, & Nedergaard, 2015;
Petrovic et al., 2010; Pisani et al., 2011). These cells have been termed
brite (brown in white) or beige adipocytes and are defined as brown-like
adipocytes located in WAT depots (reviewed in Merlin et al., 2016). There
are other reviews (Sanchez-Gurmaches, Hung, & Guertin, 2016) that elo-
quently outline the genetic differences in brite versus brown and white
adipocytes and adipocyte development. Briefly, brite adipocytes develop
from a white adipocyte precursor cell (Myf5-, Hoxc9+) and not a brown
adipocyte precursor cell (Myf5+). They display visual characteristics that
are intermediate between a brown and white adipocyte (mitochondrial
content, lipid droplet size/number).

Much interest in the brite adipocyte field is aimed at identifying
agents/targets that can increase the appearance of UCP1 in white adi-
pocytes both in vivo and in vitro (reviewed in Merlin et al., 2016). The
most potent in vivo browning agent identified to date is cold expo-
sure. While cold exposure as discussed above is a key regulator of
BAT (increasing the presence and function of UCP1 in this tissue;

Cannon & Nedergaard, 2004), it also increases UCP1 content in
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adipose depots considered to be “white” in rodents (Cousin et al.,
1992; Guerra, Koza, Yamashita, Walsh, & Kozak, 1998; Kalinovich
et al., 2017; Vitali et al,, 2012). Importantly, mitochondria isolated
from brite adipocytes (obtained from inguinal WAT of mice exposed
to 4°C) are thermogenically functional, displaying UCP1-dependent
oxygen consumption (Shabalina et al., 2013). This browning of white
adipocytes following cold exposure is also thought to occur from acti-
vation of the sympathetic nervous system, with viral tracking tech-
nigues illustrating sympathetic innervation to both subcutaneous and
visceral WAT depots (Bartness et al., 2014) and cold exposure increas-
ing sympathetic drive to BAT and WAT resulting in increased nor-
adrenaline release from nerve terminals within these depots (Brito
et al., 2008). The effect of cold exposure on browning is thought to
be mediated by the Bsz-adrenoceptor since long-term treatment of
animals with B3-adrenoceptor agonists also promotes the appearance
of UCP1 in WAT depots (Cousin et al., 1992; Granneman, Li, Zhu, &
Lu, 2005; Guerra et al., 1998; Pico, Bonet, & Palou, 1998). This is fur-
ther supported by a study performed in Bs-adrenoceptor KO mice.
B3-Adrenoceptor KO mice exposed to the cold have blunted UCP1
mMRNA and protein levels in WAT depots compared to wild-type mice
(Jimenez et al., 2003). However, in these cold exposed mice (10 days
at 6°C), there is still some increased UCP1 mRNA/protein as com-
pared to mice housed at 24°C (Jimenez et al., 2003), which may sug-
gest that in addition to the Bs-adrenoceptor component, a very small
component of cold-induced browning via a non-B3z-adrenoceptor is
also present.

While catecholamines are typically formed in sympathetic nerves
or the adrenal medulla, there is evidence that they can be generated
in alternatively activated M2 macrophages that are recruited upon
cold exposure, stimulating lipolysis (Nguyen et al., 2011) and promot-
ing adipose tissue remodelling and browning of WAT (Y. H. Lee,
Petkova, & Granneman, 2013; Qiu et al., 2014). However, this hypoth-
esis was not supported by a recent study (Fischer et al., 2017) showing
that these macrophages do not produce enough catecholamines to
have an effect and are unlikely to have any direct roles in adipocyte
metabolism or browning of WAT.

While most interest in the adipocyte field has been to identify
agents/targets that increase the appearance of UCP1
mRNA/protein expression in WAT (browning), this does necessarily
mean that the resultant brite adipocytes are functionally capable.
They still must be able to respond to a thermogenic agent to
increase thermogenesis. It appears that the Bs-adrenoceptor may
be important in browning WAT, as in two studies using Bs-
adrenoceptor KO mice, upon cold exposure, the formation of
multilocular cells and the expression of cold inducible genes were
impaired (Barbatelli et al., 2010; Jimenez et al., 2003); however, this
was not replicated in another study (de Jong et al., 2017). There is
limited information on the expression and function of adrenoceptors
in brite adipocytes that have been browned using any other stimuli.
In vitro, brite adipocytes (from rosiglitazone-treated white adipo-
cytes) express B1-, Bo-, and Bs-adrenoceptor mRNA, but functionally,
only the Bs-adrenoceptor appears to mediate responses (Merlin,

Sato, Nowell, et al., 2018). These brite adipocytes display enhanced

Bs-adrenoceptor mRNA levels and functional Bs-adrenoceptor-
mediated responses that include increases in UCP1 mRNA/protein
levels leading to enhanced O, consumption/thermogenesis, cAMP
levels, glucose uptake and glycolysis, GLUT1 mRNA, and GLUT1 cell
surface abundance (Merlin, Sato, Nowell, et al., 2018). These effects
are more pronounced in brite adipocytes derived from white adipo-
cytes from inguinal WAT than from epididymal WAT (Merlin, Sato,
Nowell, et al., 2018), consistent with the notion that visceral WAT
is harder to brown than subcutaneous WAT (Okamatsu-Ogura
et al., 2013; Walden, Hansen, Timmons, Cannon, & Nedergaard,
2012). These brite adipocytes also express the a;a- and ajp-
adrenoceptor, with acute activation of the a;a-adrenoceptor in dif-
ferentiated brite adipocytes increasing calcium mobilisation, glycoly-
sis, and glucose uptake but having no effect on oxygen
consumption (Merlin, Sato, Nowell, et al., 2018). One recent study
(Klepac et al., 2016) suggested that activation of Gaq/11 coupled
receptors (such as the endothelin ETa receptor) reduces brown
and brite adipocyte differentiation and decreases UCP1 expression,
suggesting that Gaq/11 receptor antagonists may be a promising
target to increase browning. Hence, further studies aimed at investi-
gating the acute and long-term effects of Gaq/11 receptor activa-
tion or inhibition should be performed.

As indicated above, the housing temperature of animals is of
importance, as ambient temperature has a drastic effect on UCP1
expression. This has been reviewed and highlighted elsewhere
(Cannon & Nedergaard, 2011; Kalinovich et al., 2017). Given that
mouse thermoneutral temperatures are close to 30°C, animals housed
at ambient room temperatures of 20-24°C are already cold stressed.
As a result, they have a higher metabolic rate and express significant
near-maximal levels of UCP1 mRNA and protein in BAT in comparison
to animals housed at 30°C (Cannon & Nedergaard, 2011; Kalinovich
et al,, 2017). In comparison, there is negligible expression of UCP1 in
inguinal WAT when mice are housed at 30°C, some expression at
ambient temperature, but significant increases following cold expo-
sure (Kalinovich et al., 2017). Hence, housing conditions of mice
should be an important consideration when investigating potential

browning agents.

5 | ADRENOCEPTORS IN HUMAN ADIPOSE
TISSUE

5.1 | Expression of adrenoceptors in native human
adipose tissue and cultured adipocytes

We have reanalysed publicly available RNA-Seq data sets for
adrenoceptor mRNA expression in human adipose tissue and adipo-
cytes (accession numbers E-MTAB-2602 (Shinoda et al., 2015), E-
MTAB-4031 (Chondronikola et al., 2016), and GSE 97205 (Ding
et al., 2018)). We compared native adipose tissue with primary human
adipocyte cultures and have also included expression levels for the
mature adipocyte markers FABP4 (aP2) and ADIPOQ (adiponectin),
the white adipocyte lineage marker HOXC9, and genes
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characteristically expressed in thermogenic brown or brite adipocytes
(PPARGC1A, CPT1B, FABP3, and UCP1), as these provide important
information regarding the predominant phenotype of cultured cells
or in tissue samples. Full details of the methodology and rationale
employed are provided in the Supporting Information.

Figure 3 shows that FABP4 and ADIPOQ levels are high in native
BAT and WAT, as well as differentiated supraclavicular brown and
subcutaneous white adipocytes, consistent with a high proportion of
mature adipocytes. Conversely, both mRNAs are absent from all
undifferentiated adipocyte cultures. HOXC9 is a marker of the white
adipocyte lineage, and expression levels are highest in subcutaneous
WAT samples, preadipocytes, and differentiated adipocytes. HOXC9
is also expressed in supraclavicular BAT and primary brown
adipocytes, reflecting the accepted notion that human BAT is
not classical BAT but is instead composed largely of brite adipocytes
(P. Lee, Werner, Kebebew, & Celi, 2014; Sharp et al., 2012; Shinoda
et al, 2015; Wu et al., 2012). Interestingly, HOXC9 mRNA is
also present in fetal interscapular BAT, indicating that these human
depots may also contain brite adipocytes. The genes characteristic of
thermogenic brown or brite adipocytes, namely, PPARGC1A, CPT1B,
FABP3, and UCP1, show substantial expression mainly in native
BAT, and all four are markedly increased in the supraclavicular BAT
of an individual subjected to cold exposure for 5 hr (Chondronikola
et al, 2016).
differentiated adipocytes from all fetal and adult depots, whereas

FABP3 is expressed at high levels in

the other three genes are expressed at very low levels even in mature
adipocyte cultures.

The aya-adrenoceptor displays robust expression in all native adult
samples but negligible expression in cultured adipocytes. In contrast,
mRNA for the a,g-adrenoceptor is observed in native tissues but also
in differentiated adipocytes from all depots, while a,p-adrenoceptor
expression is extremely low both in tissues and in primary cultures.
The aya-adrenoceptor displays robust expression in adult WAT
depots, much lower expression in BAT, and low but significant expres-
sion in mature human adipocyte cultures. The a,g-adrenoceptor is
highest in fetal BAT, while a,c-adrenoceptor expression is high in
adult WAT and fetal BAT. Significant a,c-adrenoceptor mRNA levels
are also observed in cultured fetal interscapular brown adipocytes.
As described above, there is extensive literature on the role of B-
adrenoceptors in adipose tissue in animals; thus, it is interesting that
all three receptors are expressed in native human adipose depots.
B4- and B,-adrenoceptor mRNAs are present in all BAT and WAT
depots, whereas B3-adrenoceptor mRNA is expressed primarily in
adult supraclavicular BAT. Like other thermogenic markers, the
number of Bs-adrenoceptors is increased in supraclavicular BAT from
a subject exposed to cold (Chondronikola et al., 2016).

One question arising from this RNA-Seq data is whether Bs-
adrenoceptor mRNA is present at a physiologically significant level in
human WAT depots. Earlier reports used RT-PCR to demonstrate
Bz-adrenoceptor expression in WAT, although signals were consis-
tently higher in infant BAT or in perirenal BAT (Krief et al., 1993;
Lonngvist et al., 1993; Tavernier et al., 1996). The consistent finding
of very low WAT B3-adrenoceptor expression from both RT-PCR

and RNA-Seq suggests that there may be minor subpopulations of
B3-adrenoceptor-positive cells in human WAT depots.

Adipocyte cultures derived from the SVF of human adipose depots
display negligible expression of 33-adrenoceptors, even after differenti-
ation in the presence of highly adipogenic cocktails (Ding et al., 2018;
Shinoda et al., 2015). B1-Adrenoceptor mRNA is also negligible in pri-
mary human adipocytes, whereas the 3,-adrenoceptor is expressed in
differentiated cultures with mean fragments per kilobase per million
reads values of 1.8 (supraclavicular brown adipocytes) and 2.2 (subcuta-
neous white adipocytes). The lack of Bs-adrenoceptor expression occurs
in parallel with low levels of mRNA for PPARGC1A, CPT1B, and UCP1,
all central to the cellular control of thermogenesis. This suggests that
the differentiation of thermogenic brown or brite adipocytes is difficult
to achieve experimentally in primary human adipocytes derived from
the SVF. Shinoda et al. (2015) noted that differentiation of clonally
derived supraclavicular brown adipocyte cultures in the presence of 1
UM rosiglitazone, and/or treatment of mature adipocytes with 10 uM
forskolin for 4 hr, was sufficient to induce UCP1 expression levels sim-
ilar to those seen in native scBAT biopsies, as we observed in mouse
brown and brite adipocyte cultures (Merlin, Sato, Chia, et al., 2018). This
type of induction may be necessary to promote expression of Bs-
adrenoceptors, PPARGC1A, and CPT1B.

In addition, low expression of these genes in human adipocyte cul-
tures may reflect cellular heterogeneity in the biopsy specimens from
which preadipocytes were isolated. In the study by Shinoda et al.
(2015), immortalised adipocytes expressing SV40 T antigen were
cloned by limiting dilution and screened for their capacity to undergo
adipogenesis; thus, the final adipocyte lines represent a small subset of
the starting preadipocyte population. The notion of adipocyte hetero-
geneity within native depots has been raised by a number of groups
(Lee et al., 2013; Shinoda et al., 2015; Spaethling et al., 2016). Indeed,
based on single-cell RNA-Seq data, even amongst individual mature
brown adipocytes isolated from mouse interscapular BAT, there are
substantial differences in expression of marker genes and key
adrenoceptors, and there is no correlation between expression of
the Bs-adrenoceptor and Ucp1 (Spaethling et al., 2016).

Alternative cell models, including human multipotent adipose-
derived stem cells (Elabd et al., 2009; Pisani et al., 2011), Simpson-
Golabi-Behmel syndrome (SGBS) preadipocytes (Wabitsch et al.,
2001), and immortalised PAZ6é6 brown adipocytes (Zilberfarb et al.,
1997), have been utilised for the study of human adipocyte biology.
Low-level expression of B-adrenoceptor subtypes has been detected
by gPCR in human multipotent adipose-derived stem cells, with a ratio
of 3:12:1 for B4:B2:Bz-adrenoceptor (Mattsson et al., 2011), but only
B1- and Bs-adrenoceptor agonists increase UCP1 mRNA and protein
levels in these cells (Mattsson et al., 2011). Differentiated SGBS and
PAZ6 cells have been analysed by RNA-Seq (Guennoun et al., 2015).
B3-Adrenoceptor expression is undetectable in SGBS cells but is signif-
icant in differentiated PAZ6 cells (2.5 RPKM (reads per kilobase per
million mapped reads); Guennoun et al., 2015). It is thus evident that
expression levels of adrenoceptors and thermogenic markers must
be considered in different model systems when investigating potential

browning agents.
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5.2 | Adrenoceptor function in human WAT

In human WAT, multiple studies indicate little or no lipolytic or ther-
mogenic response to Ps-adrenoceptor activation; rather, these
responses are mediated by B4- and B,-adrenoceptors (Bousquet-
Melou, Galitzky, Lafontan, & Berlan, 1995; Carpene et al., 1994;
Carpene et al., 1999; Tavernier et al., 1996). These findings are consis-
tent with the mRNA expression data; however, it should be noted that
most of these studies were performed using B3-adrenoceptor agonists
such as CL316243, which have little effect at the human f3-
adrenoceptor. Studies using agonists such as mirabegron that are
active at the human receptor will help elucidate whether there is any
functional role of B3-adrenoceptors in human white adipocytes.

Human and rodent WAT/white adipocytes differ significantly with
respect to expression of ay-adrenoceptors, with high expression of a,-
adrenoceptors in human WAT (Figure 3; Galitzky, Larrouy, Berlan, &
Lafontan, 1990; Mauriege et al, 1991, Mauriege, Marette, et al.,
1995; Mauriege, Prud'homme, Lemieux, Tremblay, & Despres, 1995),
but little expression in rodent white adipocytes (Merlin, Sato, Nowell,
et al, 2018; Valet et al., 2000). Activation of Gai/o-coupled a,-
adrenoceptors in human white adipocytes inhibits catecholamine-
stimulated increases in lipolysis, thereby counteracting 3-adrenoceptor-
mediated lipolysis (Stich et al., 1999), and white adipocytes from obese
humans have increased a,-adrenoceptor levels, increased ay:B-
adrenoceptor ratios, and increased a,-adrenoceptor-mediated responses
(Galitzky et al., 1990; Mauriege et al., 1991; Mauriege, Marette, et al.,
1995; Mauriege, Prudhomme, et al., 1995). When the human a,-
adrenoceptor is overexpressed in adipose tissue of B3-adrenoceptor KO
mice, catecholamine-mediated lipolysis in white adipocytes is
attenuated, and the mice develop increased obesity on a high-fat diet
(Valet et al., 2000). Despite significant expression of aja- and a;g-
adrenoceptors in native human adipose tissue (Figure 3), there is no
convincing functional evidence for direct activity in adipocytes based
on characterised a;-adrenoceptor selective ligands.

5.3 | Adrenoceptor function in human BAT

Originally, BAT was thought to be present only in human newborn
infants, with expression rapidly declining in the postnatal period, or
in adult humans exposed to extreme cold environments. Approxi-
mately 10 years ago, the presence of active BAT in adult humans
was demonstrated (Nedergaard, Bengtsson, & Cannon, 2007) and
found to be inversely correlated with age, body mass index (BMI),
and glycaemic status (Cypess et al., 2009; Ouellet et al., 2011; van
Marken Lichtenbelt et al., 2009; Vijgen et al., 2011). This is important
as studies in rodents show that increased BAT ameliorates the effects
of a high-fat diet (Stanford et al., 2013) while BAT-deficient mice are
prone to obesity (Lowell et al., 1993). Activation of human BAT
increases glucose uptake as assessed by 2-[*®F]fluoro-2-deoxyglucose
PET scans (Carey et al., 2013; Cypess et al., 2009; Cypess et al., 2015;
Nedergaard et al., 2007; Ouellet et al., 2011; van Marken Lichtenbelt
et al, 2009; Virtanen et al, 2009) and oxygen consumption as

BRITISH 2425
PHARMACOLOGICAL
SOCIETY

assessed by [*°0]O, PET scans (U Din et al., 2016). As such, agents
that activate human BAT have been advocated as a potential strategy
for the treatment of metabolic diseases.

While there are many studies demonstrating various
pharmacological/environmental ways to activate rodent BAT in vivo,
only cold exposure (Cypess et al, 2012; Orava et al., 2011; Saito
et al., 2009; van Marken Lichtenbelt et al., 2009; Virtanen et al.,
2009) and activation of the sympathetic nervous system (Carey
et al, 2013; Cypess et al., 2015) have been conclusively shown to
increase human BAT activity. This includes the non-selective adrener-
gic agonist ephedrine (Carey et al., 2013) and the Bs-adrenoceptor
agonist mirabegron (Baskin et al., 2018; Cypess et al., 2015) which is
used clinically for overactive bladder (OAB; Dehvari, da Silva Junior,
Bengtsson, & Hutchinson, 2018). Mirabegron also increases energy
expenditure and supraclavicular skin temperature in humans (Baskin
et al,, 2018; Loh et al., 2019). Whether the effects of mirabegron are
via direct actions on adipocytes or via centrally mediated mechanisms
has not been determined but are likely to not be the latter since
mirabegron does not cross the blood brain barrier (Department of
Health Therapeutic Goods Adminstration: Australian public assessment
report for mirabegron, 2014). Hence, targeting of the Bs-adrenoceptor
in humans has been advocated to treat obesity/type 2 diabetes,
despite the failure of previous 3-adrenoceptor agonists in clinical tri-
als (Arch, 2011). Again, this is thought to be due to earlier studies
using ligands such as CL316243, which are rodent-selective, with little
activity at the human Bz-adrenoceptor, due to subtle differences in the
structure of the mouse compared to the human receptor.

5.4 | Brite adipocytes

Although BAT has been identified in adult humans, several studies
have suggested that human BAT may comprise both brown and brite
adipocytes (Sharp et al., 2012; Wu et al., 2012), with other groups sug-
gesting that BAT depots from the deep neck and supraclavicular
regions resemble brown adipocytes, with some brite adipocytes in
regions closer to the skin (Cypess et al, 2013; Jespersen et al.,
2013). The debate over whether humans have brown/brite adipocytes
is complicated, since humans typically live under thermoneutral condi-
tions, where a clear distinction between brown and brite adipocytes
may be difficult to ascertain.

One attractive goal, however, is to identify treatments that pro-
mote recruitment and activation of brite adipocytes within WAT
depots, especially subcutaneous WAT. Mildly obese humans (BMI
31) are estimated to have up to 27 kg of subcutaneous WAT (Virtanen
et al., 2005). Even if rates of brite conversion and thermogenesis are
low compared to classical BAT, there are likely to be substantial met-
abolic benefits, as seen, for example, in mice expressing the brown fat
marker Prdm16 in subcutaneous WAT (Seale et al., 2011). In one
study, human adipose-derived stromal progenitor cells differentiated
into brite adipocytes by rosiglitazone exhibited increased (-
adrenoceptor mRNA levels, and responsiveness (mitochondrial func-

tion; Bartesaghi et al., 2015), which was similar to that observed in
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mouse brite adipocytes (Merlin, Sato, Nowell, et al., 2018). One recent
in vivo study showed that mirabegron (50 mg-day™* for 10 weeks)
increases UCP1 protein levels in subcutaneous WAT (Finlin et al.,
2018); however, its effects on mitochondrial function were not exam-
ined. In a separate study, mitochondria from human abdominal subcu-
taneous WAT following cold exposure showed increased uncoupled
and maximal respiration (Kern et al., 2014). There also appears to be
a seasonal variation in UCP1 content in human subcutaneous WAT
(Finlin et al., 2018; Kern et al., 2014), which also occurs in human adult
BAT. Hence, there is some evidence of B-adrenoceptor function in
human brite adipocytes, but more research is warranted. This includes
elucidation of the B-adrenoceptor subtype involved, whether B-
adrenoceptor agonists can activate brite adipocytes in vivo in clinically
relevant populations and whether brite adipocyte activation has bene-
ficial effects on human obesity and diabetes status.

5.5 | Perspectives on the use of B3-adrenoceptor
agonists in human obesity and diabetes

B3-Adrenoceptor agonists failed in early clinical trials for the treatment
of obesity and type 2 diabetes. The main reasons for these failures
include poor activity at the human versus rodent B3-adrenoceptor,
and poor bioavailability and pharmacokinetic profiles (Arch, 2002).
The development of mirabegron (Astellas Pharma Inc), a Bs-
adrenoceptor agonist used clinically for the treatment of OAB, has
once again reinvigorated the field, as it acutely activates human BAT
activity in healthy young males (Baskin et al., 2018; Cypess et al.,
2015). However, there is a lack of published data from the numerous
clinical trials by Astellas on whether mirabegron has any effects on
obesity/diabetes endpoints such as body weight or plasma glucose
levels. This could be interpreted as a lack of effect of mirabegron on
these parameters, at least in OAB populations. Human BAT activity
is inversely correlated with age, BMI, and diabetes status (Cypess
et al., 2009; van Marken Lichtenbelt et al., 2009; Vijgen et al., 2011),
and in mice, Bz-adrenoceptor expression and function is decreased in
obese or diabetic animals (Collins et al., 1994). Hence, it is plausible
that the patients who would benefit most from activation of BAT
Bs-adrenoceptors by mirabegron may be less able to respond. This
does not discount the possibility of mirabegron being useful for
obesity/diabetes treatment in the future, if Bs-adrenoceptor expres-
sion could be increased in these patients. The notion of a dual therapy
for activation of brown/brite adipocytes is gaining attention (Merlin
et al., 2016). For example, the PPARY agonist rosiglitazone promotes
browning of white adipocytes, increases brite adipocyte B3-
adrenoceptor expression, and thereby facilitates responsiveness to
Bs-adrenoceptor agonists (Merlin, Sato, Nowell, et al., 2018). In line
with this notion of dual therapy, there is one clinical trial underway
(NCT02919176) in patients with a BMI of 29-45. Patients will be
treated with the PPARy activator pioglitazone (30 mg-day™d),
mirabegron (50 mg-day %), or a combination of both drugs, for 10 weeks.
Parameters to be measured include BAT activity, insulin sensitivity, and
glucose tolerance, and WAT biopsies will be taken to assess browning.

Qutcomes for this trial are expected in 2020.

6 | CONCLUSION

After extensive collection of data from diverse fields (pharmacology,
physiology, cell biology, genetics, and metabolism), several important
considerations were noted from a GPCR perspective that may not
be evident to the wider field and should be highlighted when studying

the function of adrenoceptors in adipose tissue or adipocytes.

e |t is very important to establish the adrenoceptor profile in the
tissue/cells being investigated, using appropriate tools that take into
account ligand selectivity and species differences. Particular care
should be taken in choosing optimal ligands based on known
receptor subtype activity. For example, early studies utilised
BRL35135 or the active metabolite BRL37344 as a 33-adrenoceptor
specific ligand. It is now appreciated that this is a dual B,/Bs-
adrenoceptor agonist, yet its actions at $,-adrenoceptors are gener-
ally overlooked. Likewise, the 3-adrenoceptor agonist CL316243
is relatively ineffective at the human B3-adrenoceptor yet is still

used in human studies despite the availability of mirabegron.

e One important factor that researchers outside of the GPCR field do
not consider is the notorious lack of selectivity and specificity of anti-
bodies against GPCRs in general (Michel, Wieland, & Tsujimoto, 2009).
Hence, care should be employed in interpreting results with GPCR
antibodies unless the appropriate validation has been demonstrated,
for example, showing that signals are absent from receptor KO mice.

e Determining whether housing conditions, in particular temperature,
are likely to affect adipose tissue function. This has implications in
studies, for instance, in WAT tissue analysis in animals housed at
room temperature, as WAT will consist of both white and brite adi-

pocytes under these conditions of mild cold stress.

e As highlighted in Figure 3, the expression of most adrenoceptors is
dramatically reduced (or absent) in clonally-derived human adipo-
cytes compared to freshly dissected tissue. This has wide implica-
tions in using these cells for investigation of adrenoceptor
function. Those working in the GPCR field may not find this sur-
prising as there are many cases of a GPCR that is highly expressed
in a tissue only to be absent in primary derived cells (particularly
following subculturing), but our results here show that this is very
evident for adrenoceptors and should be taken into consideration.
We have also highlighted the known heterogeneity of adipocyte

populations within native adipose depots.

In conclusion, there is no doubt that adrenoceptors play an important
role in adipose tissue/adipocyte functions, regulating adipocytes as an
energy store, an endocrine organ (through the release of adipokines),

modulating glucose metabolism, and as a thermogenic organ.

6.1 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to
corresponding entries in  http://www.guidetopharmacology.org,
the common portal for data from the IUPHAR/BPS Guide to

85UB0| SUOLULLIOD BAIER1D 3|ceotidde U} Aq pausenob 81 S3plle O '8N JO S3INI 104 Aiq1T BUIIUO AB|IM UO (SUOIPUOD-PUB-SLLLB}/ WO A 1M ARe.q]1 U1 |UO//SAIY) SUORIPUOD PUE SWI L 8U3 89S *[2202/2T/2T] U0 ARigiTauliuo A8jim ‘(13 X)8Iniisu| yoessay d1LIoU0dT eaIo X Ag TegyT yda/TTTT 0T/10p/wod As|m AReiq put|uo'sqndsda//sdny Woij pepeojumod ‘vT ‘6T0C ‘T8ESILYT


http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=2694
http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=567
http://www.guidetopharmacology.org

EVANS ET AL

PHARMACOLOGY (Harding et al., 2018), and are permanently
archived in the Concise Guide to PHARMACOLOGY 2017/18 (Alex-
ander, Christopoulos et al., 2017; Alexander, Fabbro et al., 2017; Alex-
ander, Kelly et al., 2017; Alexander, Peters et al., 2017).
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