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Abstract:

B-adrenergic receptors (BARs) are well established for conveying the signal from catecholamines to adipocytes.
Acting through the second messenger cyclic adenosine monophosphate (cAMP) they stimulate lipolysis and
also increase the activity of brown adipocytes and the ‘browning’ of adipocytes within white fat depots (so-
called ‘brite” or ‘beige’ adipocytes). Brown adipose tissue mitochondria are enriched with uncoupling protein
1 (UCP1), which is a regulated proton channel that allows the dissipation of chemical energy in the form of
heat. The discovery of functional brown adipocytes in humans and inducible brown-like (‘beige” or ‘brite”)
adipocytes in rodents have suggested that recruitment and activation of these thermogenic adipocytes could
be a promising strategy to increase energy expenditure for obesity therapy. More recently, the cardiac natri-
uretic peptides and their second messenger cyclic guanosine monophosphate (cGMP) have gained attention
as a parallel signaling pathway in adipocytes, with some unique features. In this review, we begin with some
important historical work that touches upon the regulation of brown adipocyte development and physiology.
We then provide a synopsis of some recent advances in the signaling cascades from @-adrenergic agonists and
natriuretic peptides to drive thermogenic gene expression in the adipocytes and how these two pathways con-
verge at a number of unexpected points. Finally, moving from the physiologic hormonal signaling, we discuss
yet another level of control downstream of these signals: the growing appreciation of the emerging roles of non-
coding RNAs as important regulators of brown adipocyte formation and function. In this review, we discuss
new developments in our understanding of the signaling mechanisms and factors including new secreted pro-
teins and novel non-coding RNAs that control the function as well as the plasticity of the brown/beige adipose
tissue as it responds to the energy needs and environmental conditions of the organism.
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Introduction

White adipose tissue (WAT) evolved to store excess nutrient energy in the form of triglycerides that could then
be accessed in times of food scarcity. And while this storage bank is incredibly important, there were also
other challenges to early mammals including humans. Brown adipose tissue (BAT) evolved as a means of gen-
erating heat from stored calories as a special adaptation termed non-shivering thermogenesis (NST). In early
humans NST was particularly important before the advent of houses and clothing. In order to understand the
importance of this evolutionary advance, it is important to know that brown adipocytes are highly enriched in
mitochondria and express uncoupling protein-1 (UCP1), a unique protein that serves to “‘uncouple’ the mito-
chondrial proton gradient from ATP production. These cells are avid consumers of glucose and fatty acids, the
net result being energy expenditure. Active brown fat is now appreciated to be present in humans throughout
their lifespan [1], [2], [3], [4], [5]. Moreover, its amount, as in rodents, correlates with lower percentage of body
fat and greater insulin sensitivity [6], [7], [8], [9]. Therefore, an increase of brown fat cells and their metabolic
activity in humans could target obesity and its comorbidities.
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The existence of brown adipose tissue (BAT) and its function has had a meandering history (see Box 1). It
was first described anatomically over 300 years ago, but not until the early 1960s was it realized that with its rich
vasculature and innervation, BAT was a major site of heat production in small mammals exposed to cold [10],
[11]. Maintaining body temperature in a cold environment has been crucial for eutherian mammals. Shivering
thermogenesis results from increased muscular activity, which results in the generation of heat as a by-product.
But NST in brown fat evolved as a more efficient mechanism for generating heat. When exposed to cold tem-
peratures, the sensory nerves in peripheral tissues transduce the signal to the hypothalamus, which controls
the activity of the sympathetic nervous system (SNS) by triggering the SNS outflow and the release of the cat-
echolamine norepinephrine (NE) from the neural terminals in adipose tissues [12], [13]. Surgical or chemical
denervation of the adipose depots blocks this response [14], illustrating that the SNS is the central regulator of
the brown fat response to cold. NE acts on -adrenergic receptors (BAR) to drive the thermogenesis program
in adipocytes. There are three BAR subtypes 3, 8, and 5. f3AR is highly expressed in rodent adipose tissue,
but is significantly lower in humans. That said, human subjects treated with a selective 33AR agonist could
nevertheless elicit glucose uptake and imaging of brown fat throughout the body [15]. Binding of NE to ;AR
and ;AR stimulates BAT for adaptive thermogenesis; meanwhile it also increases lipolysis, which produces
fatty acids serving as substrates and activators of thermogenesis. There is also uptake of fatty acids from circu-
lating lipoproteins. In the past few years there have been reports suggesting that M2 macrophages accumulate
in the adipose tissue and produce catecholamines [16], [17]. However, this mechanism has recently been called
into question [18]. In addition to the activation of brown fat (as in the homogeneous interscapular depot of ro-
dents), SNS activation by cold exposure or selective 83AR agonists can induce the appearance of UCP1-positive
brown-like cells in specific white adipose depots, usually higher in inguinal WAT (iWAT) and retroperitoneal
WAT but much lower in others. We also know that there are significant strain- and gender-specific differences
in the occurrence of these cold-exposure-induced brown-like adipocytes [19], [20], [21].

Box 1: Adapted from Afzelius, BA in: Brown Adipose Tissue O. Lindberg, Ed. 1970, Elsevier Pub.,
New York.

Brief history of brown adipose tissue

1670-1817: Brown adipose tissue is regarded as a part of the thymus.

1817-1863: Brown adipose tissue is believed to be an endocrine gland, and by some
authors an organ active in the formation of blood.

1863-1902: Brown adipose tissue is considered a modified form of fat tissue serving as a
reservoir for food substances.

1902 ----- : Brown adipose tissue is again believed to be an endocrine organ.

1961 - : Brown adipose tissue is regarded as a thermogenic effector; a tissue with the

function of heating the blood passing through: it.

Adapted from Afzelius, BA in: Brown Adipose Tissue O. Lindberg, Ed. 1970, Elsevier Pub., New York.

Intracellular signaling mechanisms from the SNS

It has been known for decades that catecholamine-stimulated thermogenesis in BATs depends on BAR depen-
dent elevation of cyclic adenosine monophosphate (CAMP) and protein kinase A (PKA)-activity [22]. Inaddition
to activation of fARs, the cAMP produced can be hydrolyzed to adenosine, which can further modulate this
signaling by either inhibiting (via Al adenosine receptors) or further stimulating (via A2 adenosine receptors)
cAMP production [23]. Adenosine can increase blood flow to BAT [24], and more recently adenosine released
from BAT upon sympathetic nerve stimulation was reported to act via binding to adenosine A2A receptor to
promote beige adipocyte recruitment and energy expenditure [25]. Thus the breakdown of ATP to adenosine
following SNS activation of brown fat via BARs may have an augmenting effect through the A2A receptors.
In addition to PKA, activation of SAR signaling triggers a series of downstream signaling events that ul-
timately promote transcription of the Ucpl gene and a suite of components for mitochondrial biogenesis and
fatty acid oxidation. We identified p38 mitogen-activated protein kinase (MAPK) and MAP Kinase Kinase 3
(MKK3) as necessary components downstream of ARs and PKA to elicit the transcription of classic brown
adipocyte genes such as the Ucpl and the Pgcla [26], [27], [28] (Figure 1). Specifically, p38 MAPK phosphory-
lates and activates the transcription factor ATF2 as well as the co-regulator PGC-1a. Actually a number of other
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signaling molecules that impact brown adipocytes and BAT also require this p38 MAPK module. These include
BMP7/BMP4, BMP8b, orexin, irisin and cardiac natriuretic peptides [29], [30], [31], [32], [33].
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Figure 1: 3-adrenergic receptor and natriuretic signaling pathways of adipocyte thermogenic program.

(A) When exposed to cold temperature, the sensory nerves in peripheral tissues transduce the signal to the hypothala-
mus, which controls the activity of the sympathetic nervous system (SNS) to trigger the release of the catecholamine
norepinephrine (NE) from the nerve terminals in adipose tissues. Binding of NE to -adrenergic receptor (BAR) acti-
vates the Gs protein (Gs)-coupled adenylyl cyclase (AC), which produces cyclic AMP (cAMP). cAMP binds to the regu-
latory subunit (R) of protein kinase A (PKA) and results in the release and activation of the catalytic subunits (C). PKA-
mediated phosphorylation cascades increase lipolysis, activate the transcription factor cAMP response element binding
protein (CREB), and lead, through a still poorly defined pathway, activation of a p38 mitogen-activated protein kinase
(MAPK) module. We recently showed that PKA also activates the mammalian target of rapamycin complex 1 (mTORC1)
to drive the brown adipocyte thermogenic program. (B) Atrial natriuretic peptide (ANP) and B-type natriuretic pep-
tide (BNP) are produced in the heart. The levels of circulating NPs are reduced with obesity and insulin resistance (IR),
but increased with cardiac wall stress, cold exposure and exercise. Binding of NP with NPRA activates its intracellu-
lar guanylyl cyclase (GC) for cyclic GMP (¢cGMP) production, which in turn activates protein kinase G (PKG). Binding
of NP with NPRC causes peptide internalization and degradation. In parallel to PKA, PKG-mediated phosphorylation
cascades also enhance lipolysis and activate p38 MAPK to drive the brown adipocyte thermogenic program. (C) p38
mitogen-activated protein kinases phosphorylate and activate the transcription factor ATF2 and co-regulator PGCl«,
which together induce the transcription of downstream thermogenic genes, including the Ucp1. ATF2 also increases the
transcription of the Pgcla gene itself. PGCla binds to DNA through interactions with peroxisome proliferator-activated
receptor PPARy/a and retinoid X receptors (RXR). Phosphorylated CREB binds to the CREB-response element in proxi-
mal promoter region of the Ucp1 gene. Activation of mMTORCI increases the expression of Pparc, which further controls
the expression of Ucpl and other genes whose products are enriched in brown adipocytes.

Natriuretic peptide signaling in adipose tissue

The cardiac atrial natriuretic peptide (ANP) and B-type natriuretic peptide (BNP) are hormones secreted by the
heart. They were first discovered as pivotal factors controlling blood pressure [34]. The physiological actions
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of ANP and BNP are mediated by binding to NP receptor A [NPRA], which activates its guanylyl cyclase (GC)
domain to produce cyclic guanosine monophosphate (cGMP), leading to activation of cGMP dependent protein
kinase G (PKG) [35], [36] (Figure 1). The other receptor for these cardiac NPs, NP receptor C (NPRC), does
not possess an intracellular domain with GC activity and functions to clear the NPs from circulation through
receptor-mediated internalization [37], thus reducing the NP-NPRA signaling [38]. That said, there have been
reports from time to time that NPRC could couple to the heterotrimeric Gi complex to inhibit adenylyl cyclase
[39], [40], [41]. However, it seems that as yet this has not gained general recognition as a bona fide aspect of its
function and may deserve further investigation.

Two decades ago NP receptors were shown to be expressed in adipose tissue [42]. Lafontan and colleagues
[43] subsequently demonstrated that ANP could stimulate lipolysis in cultured human adipocytes with a po-
tency similar to catecholamine. Consequent clinical studies in humans reported that NPs could increase energy
expenditure and fat oxidation independent of the §-adrenergic axis [44]. More recently, we discovered that ANP
and BNP can induce the browning program in adipocytes, representing a heart-adipose connection for the reg-
ulation of energy metabolism [33], [45]. This aspect of NPRA-cGMP-PKG signaling cascade also depends on
the activation of p38 MAPK [33] (Figure 1).

There is growing clinical evidence suggesting that NPs are central cardiometabolic regulators. Obese hu-
man subjects show lower circulating BNP levels and a blunted blood pressure response to NPs [46], [47]. The
level of NPRC in the adipose rises with obesity; this decreased NPRA /NPRC ratio (NPRR) is also related to
glucose intolerance and insulin resistance, with pharmacological improvement in insulin sensitivity in diabetic
subjects associated with increased NPRRs and higher levels of thermogenic gene expressions such as the UCP1
and the PGCla [48]. While the increase in NPRC in adipose tissue has been posited to contribute to the lower
circulating BNP concentrations observed in obese subjects, due to increased peptide clearance and degrada-
tion [49]. However, obesity is reported to be associated with lower levels of the incompletely processed form —
N-terminal-proBNP (NT-proBNP) — and weight reduction significantly increased these indicators of ANP and
BNP output [50], [51]. As NT-proBNP is not cleared by NPRC [52], it is possible that there may also be reduced
secretion of NPs in obesity. In any event, obesity poses a severe cardiometabolic disease risk.

NPRC plays a critical role in modulating the metabolic effect of NPs, particularly in the adipose tissues [33].
The ability of NP to stimulate lipolysis was reported to be primate-specific and to not occur in rodent adipose
tissues at physiological conditions [53]. While this species difference was suggested to be due to the fact that
the level of NPRC in rodents is 100-fold higher [53], [54], there is nevertheless a very dynamic regulation and
activity of the NP system in rodents. For example, the expression of Nprc in mouse and rat adipose tissues is
significantly induced by high-fat diet feeding conditions, but repressed by cold exposure or 3-agonist treatment.
Npre-deficient adipocytes clearly show enhanced PKG activity and lipolytic response to ANP treatment. Nprc™/-
mice have markedly reduced body weight, fat mass and higher expression of UCP1 in their white adipose
depots. Furthermore, our recent studies show that deletion of Nprc in adipose tissues, but not in skeletal muscle,
promotes fuel consumptions and protects against diet-induced obesity and insulin resistance, suggesting that
the adipose tissue plays a major role for NP-mediated metabolism [55].

A novel route from PKA and PKG to mammalian target of rapamycin complex1
(mTORCQ1) is essential for adipose browning

The control of fuel storage and mobilization in the adipocyte is controlled by insulin and the catecholamines,
respectively. As already discussed, adipose tissue responds to catecholamines and natriuretic peptides by in-
creasing not only lipolysis, but also the net amount of UCP1-expressing ‘thermogenic” adipocytes, sometimes
referred to as ‘browning’ or ‘beige adipocytes’. On the other hand, a major signaling node for the anabolic ac-
tions of insulin that strongly promotes lipogenesis and protein synthesis involves activation of AKT, leading to
the mammalian target of rapamycin (mTOR). mTOR is a 250 kDa conserved Ser/Thr kinase that regulates cell
growth and metabolism in response to environmental cues such as growth factors and nutrients. There are two
protein complexes containing mTOR. mTORC1 contains the partner protein RAPTOR (regulatory-associated
protein of mTOR), and mTORC1 is inhibited by the drug rapamycin; one of the best-characterized downstream
targets of mTORC1 is p70 ribosomal S6 kinase (S6K1) (see review by [56]). Surprisingly, our lab recently dis-
covered that the activation of mTORC1 is also required for the AR stimulation of adipose browning. While
catecholamines are involved in the breakdown of energy stores for their consumption, their role in expanding
these UCP1-expressing cells within WAT nevertheless entails a significant elevation in biosynthetic capacity, in-
cluding enhanced mitochondrial and cell protein mass. AR activation of S6K1 through mTORC1 is triggered
by PKA in both mouse and human adipocytes. As shown in Figure 1, PKA phosphorylates mTOR at three
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sites and RAPTOR at one site. Importantly, this is independent of the well-known insulin-AKT axis, and is also
independent of ERK and p38 MAPK [57].

The mechanisms by which mTORC1 activation drives the thermogenic gene expression program need to be
further explored. Considering that TOR was first described as a regulator of protein translation [58], it would
not be surprising to find a mTOR-dependent layer of translational regulation in the thermogenic program. In
addition to the PKA-dependent pathway just described, a more recent study showed that the tumor suppres-
sor folliculin (FLCN) functionally interacts with mTOR and regulates adipose tissue browning via mTOR and
the transcription factor TFE3 [59]. Adipose-specific deletion of FLCN relieves mTOR-dependent cytoplasmic
retention of TFE3, leading to direct induction of the PGC-1 transcriptional coactivators, drivers of mitochon-
drial biogenesis and the browning program [59]. The cytoplasmic retention of TFE3 by mTOR is separate from
the canonical mTOR signaling to S6K [59]. This represent an alternative FLCN-mTOR-TFE3-PGC-18 pathway,
separate to mTOR-56K, in the regulation of adipose browning. Taken together, mTORC1 plays a crucial role in
the integration of various signals to direct the adipose browning program.

Non-coding RNAs (ncRNAs) as regulators of brown/beige adipocyte program

MicroRNAs (miRNA) are small ncRNAs, which usually contain 22 nucleotides and function in RNA silenc-
ing and post-transcriptional regulation of gene expression. miRNAs are first transcribed as primary miRNA
(pri-miRNA) in the nucleus and processed to generate precursor miRNAs (pre-miRNA) by a protein complex
composed of DiGeorge syndrome critical region 8 (DGRC8) and RNase III enzyme Drosha. The pre-miRNAs
are exported to the cytoplasm and further processed by RNase IIl enzyme Dicer to produce the miRNA duplex
about 22 nucleotides in length. Fat-specific ablation of Dicer, results in ‘whitening’ of interscapular brown fat
and lipodystrophy [60]. Adipose tissue-specific deletion of Dgcr8 impairs interscapular brown fat function and
browning of subcutaneous WAT [61].

Further studies identified several critical functional miRNAs in the brown/beige adipocytes, such as
miR-133, miR-196a, miR-155 and miR-378. The muscle-enriched miR-133 is regulated by myocyte enhancer
factor-2C (MEF2C) and directly targets and negatively regulates PR domain-containing-16 (PRDM16), the key
regulator of brown fat. Cold temperature exposure reduced miR-133 expression in BAT and iWAT, as a result
of the decreased MEF2C expression, and further induced PRDM16 expression and promoted brown adipocyte
program [62]. In addition, miR-133 controls the choice of myogenic vs. brown adipocyte determination in adult
satellite cells. Antagonism of miR-133 in muscle regeneration increases uncoupled respiration, glucose uptake,
and thermogenesis in local treated muscle and augments whole-body energy expenditure, improves glucose
tolerance and impedes the development of diet-induced obesity [63]. Furthermore, genetic deletion of miR-133
leads to elevation of the brown and thermogenic gene programs in subcutaneous WAT and increased insulin
sensitivity, glucose tolerance and cold temperature-induced thermogenesis [64]. Cold temperature-induced
miR-196a activates C/EBP by down-regulating the repressor gene Hoxc8, and promotes brown fat program
[65]. The brown fat-enriched miR-155 and its target C/EBPf form a bistable feedback loop integrating trans-
forming growth factor-g1 (TGF@1)/small-mothers against decapentaplegic (SMAD) signaling to maintain the
balance between proliferation and differentiation of brown pre-adipocytes [66]. miR-378 increases classical
brown fat (BAT) mass but suppresses formation of beige adipocytes in subcutaneous WAT, potentially by tar-
geting phosphodiesterase (Pde)1b in BAT but not in WAT [67]. Taken together, these studies suggested that
miRNA plays an essential role for brown fat development, function and recruitment.

Long ncRNAs (IncRNAs) are transcripts generally larger than 200 nucleotides in length and devoid of open
reading frame (ORF). IncRNAs can either be or not be poly-adenylated, and locates either in the nuclear or cy-
toplasmic fractions. IncRNAs exert their gene regulation function by various mechanisms, including chromatin
remodeling, epigenetic modification, transcriptional and post-transcriptional regulation [68]. The application
of deep-sequencing technology has greatly advanced the discovery of novel IncRNA and annotation of their
biological functions.

Several studies suggested that IncRNAs are important regulators of adipogenesis and brown/beige differ-
entiation (Table 1). By profiling the transcriptome of the various adipocyte cell lines, researchers have identified
175 IncRNAs that are specifically regulated during adipogenesis [69]. Among these IncRNAs, the IncRNA Firre
interacts with the nuclear-matrix factor heterogeneous nuclear ribonucleoprotein U (hnRNPU) and localizes
across five distinct chromosome loci, acting as an important regulator of nuclear architectures [70]. Through
global profiling of IncRNA gene expression during thermogenic adipocyte formation, a recent study identified
brown fat IncRNA 1 (Blnc1) as a nuclear IncRNA that promotes brown and beige adipocyte differentiation and
function, potentially by forming a ribonucleoprotein complex with transcription factor ‘early B cell factor 2
(EBF2) to stimulate the thermogenic gene program [71]. In another study, researchers used RNA-Seq to profile
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the transcriptome of mouse brown, inguinal white and epididymal white fat and identified ~1500 IncRNAs,
among which 127 BAT-restricted loci were induced during differentiation and often targeted by key regulators
PPARy, CCAAT/enhancer binding protein (C/EBP)a and C/EBPg [72]. One of these IncRNA, Inc-BATEL1, binds
to nuclear-matrix factor hnRNPU and is required for establishment and maintenance of BAT identity and ther-
mogenic capacity [72]. Altogether, ncRNAs including miRNAs and IncRNAs appear to play important roles for
brown and beige adipocyte development, differentiation and function. In the years to come this exciting area
of investigation will likely yield important new components and mechanisms that will be integrated into the
growing literature on the control of adipose tissue development and physiology.

Table 1: Non-coding RNA regulators of brown adipocyte thermogenic program.

Genes Cate-  Pathways Function Phenotypes Refs.
gory
Dicer miRNA miRNA Process of pre-miRNA into  Fat-specific deficiency results in [62]
biogenesis miRNA duplex ‘whitening’ of interscapular brown
fat and lipodystrophy
Dgcr8 miRNA miRNA Process of pri-miRNA into  Adipose tissue-specific deletion [63]
biogenesis pre-miRNA impairs interscapular brown fat
function and browning of
subcutaneous WAT
miR-133 ~ miRNA Repressed by Negatively regulates Genetic deletion leads to elevations [65],
cold PRDM16 and brown of the brown and thermogenic gene [66]
temperature via  adipocyte program programs in subcutaneous WAT and
MEF2C increased insulin sensitivity, glucose
tolerance and cold
temperature-induced thermogenesis
miRNA Induced by cold  Activates C/EBPg via Fat-specific transgene in mice [67]
miR-196a temperature targeting the repressor induces the recruitment of brown
gene Hoxc8 and promote adipocyte-like cells in WAT,
brown fat program enhances energy expenditure and
resistance to obesity
miR-155 ~miRNA Targets C/EBPB  Forms bistable feedback miR-155-deficient mice exhibit [68]
loop to integrate increased brown adipose tissue
TGFf1/Smad signaling function and ‘browning’ of white fat
tissue. Transgenic overexpression in
mice causes a reduction of brown
adipose tissue mass and impairment
of brown adipose tissue function
miR-378  miRNA Targets Pdelb Regulates brown Transgene in adipose tissue [69]
adipogenesis in vitro specifically increases classical brown
fat (BAT) mass, but not white fat
(WAT) mass, and prevents both
genetic and high-fat diet-induced
obesity
Firre IncRNA Interacts with Acts as important regulator ~ Genetic deletion results in loss of [72]
hnRNPU of nuclear architectures colocalization of these
trans-chromosomal interacting loci
Blncl IncRNA Interacts with Promotes brown and beige ~ RNAi knockdown in brown [73]
EBF2 fat differentiation and preadipocytes severely impaired
function adipogenesis and the expression of
brown fat markers
Inc- IncRNA Interacts with Required for BAT Inc-BATE1 inhibition impairs [74]
BATE1 hnRNPU thermogenic capacity concurrent activation of brown fat

and repression of white fat genes

Conclusion remarks and outlook

Obesity is one of the major risk factors of many metabolic disorders, including type 2 diabetes (T2D), cardiovas-
cular diseases and several forms of cancer [73], [74], [75], [76]. Even modestly increasing energy expenditure by
brown/beige adipocyte activation and recruitment is a promising strategy of obesity therapy. Recent progress
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in the field has advanced our understanding of the signaling mechanisms of brown adipocyte thermogenic
program and provides valuable insight for the strategy to promote energy expenditure and combat obesity
and related metabolic disorders.

Author Statement

Research funding: Authors state no funding involved.
Conflict of interest: Authors state no conflict of interest.
Informed consent: Informed consent is not applicable.

Ethical approval: The conducted research is not related to either human or animals use.

References

[1]JNedergaard ], Bengtsson T, Cannon B. Unexpected evidence for active brown adipose tissue in adult humans. Am] Physiol Endocrinol
Metab. 2007;293:E444—52.

[2]Huttunen P, Hirvonen ], Kinnula V. The occurrence of brown adipose tissue in outdoor workers. EurJ Appl Physiol Occup Physiol.
1981;46:339—45.

[3]Virtanen KA, Lidell ME, Orava], Heglind M, Westergren R, Niemi T, et al. Functional brown adipose tissue in healthy adults. N Engl ] Med.
2009;360:1518—25.

[4]van Marken Lichtenbelt WD, Vanhommerig JW, Smulders NM, Drossaerts JM, Kemerink CJ, Bouvy ND, et al. Cold-activated brown adi-
pose tissue in healthy men. N Engl] Med. 2009;360:1500-8.

[5]Cypess AM, Lehman S, Williams G, Tal |, Rodman D, Goldfine AB, et al. Identification and importance of brown adipose tissue in adult
humans. N Engl] Med. 2009;360:1509—17.

[6]0Orava], Nuutila P Noponen T, Parkkola R, Viljanen T, Enerback S, et al. Blunted metabolic responses to cold and insulin stimulation in
brown adipose tissue of obese humans. Obesity (Silver Spring). 2013;21:2279—-87.

[7]Lee P Smith S, Linderman ], Courville AB, Brychta R], Dieckmann W, et al. Temperature-acclimated brown adipose tissue modulates in-
sulin sensitivity in humans. Diabetes. 2014;63:3686—98.

[8]Hanssen M], van der Lans AA, Brans B, Hoeks ], Jardon KM, Schaart G, et al. Short-term cold acclimation recruits brown adipose tissue in
obese humans. Diabetes. 2016;65:1179—89.

[9]Koskensalo K, Raiko ], Saari T, Saunavaara V, Eskola O, Nuutila P, et al. Human brown adipose tissue temperature and fat fraction are re-
lated to its metabolic activity. ] Clin Endocrinol Metab. 2017;102:1200-7.

[10]Smith RE, Hoijer D]. Metabolism and cellular function in cold acclimation. Physiol Rev. 1962;42:60—142.

[11]Smith RE, Roberts ]JC. Thermogenesis of brown adipose tissue in cold-acclimated rats. AmJ Physiol. 1964;206:143-8.

[12]Bartness T], Song CK. Thematic review series: adipocyte biology. Sympathetic and sensory innervation of white adipose tissue. ] Lipid Res.
2007;48:1655-72.

[131Bartness T, Ryu V. Neural control of white, beige and brown adipocytes. Int] Obes Suppl. 2015;5:535-9.

[14]Bartness T), Vaughan CH, Song CK. Sympathetic and sensory innervation of brown adipose tissue. Int] Obes. 2010;34:536—42.

[15]Cypess AM, Weiner LS, Roberts-Toler C, Franquet Elia E, Kessler SH, Kahn PA, et al. Activation of human brown adipose tissue by a
[33-adrenergic receptor agonist. Cell Metab. 2015;21:33-8.

[16]1QiuY, Nguyen KD, Odegaard ]I, Cui X, Tian X, Locksley RM, et al. Eosinophils and type 2 cytokine signaling in macrophages orchestrate
development of functional beige fat. Cell. 2014;157:1292—308.

[17INguyen KD, Qiu Y, Cui X, Goh YP Mwangi], David T, et al. Alternatively activated macrophages produce catecholamines to sustain adap-
tive thermogenesis. Nature. 2011;480:104-8.

[18]Fischer K, Ruiz HH, Jhun K, Finan B, Oberlin D], van der Heide V, et al. Alternatively activated macrophages do not synthesize cate-
cholamines or contribute to adipose tissue adaptive thermogenesis. Nat Med. 2017;23:623-30.

[19]Kim SN, Jung YS, Kwon HJ, Seong JK, Granneman JG, Lee YH. Sex differences in sympathetic innervation and browning of white adipose
tissue of mice. Biol Sex Differ. 2016;7:67.

[20]Xue B, Rim ]S, Hogan JC, Coulter AA, Koza RA, Kozak LP. Genetic variability affects the development of brown adipocytes in white fat but
notininterscapular brown fat.] Lipid Res. 2007;48:41-51.

[21]Vitali A, Murano |, Zingaretti MC, Frontini A, Ricquier D, Cinti S. The adipose organ of obesity-prone C57BL/6) mice is composed of mixed
white and brown adipocytes. ] Lipid Res. 2012;53:619—29.

[22]Lafontan M, Berlan M. Fat cell adrenergic receptors and the control of white and brown fat cell function. ] Lipid Res. 1993;34:1057-91.

[23]Fredholm BB, I)zerman AP, Jacobson KA, Linden ], Muller CE. International Union of Basic and Clinical Pharmacology. LXXXI. Nomencla-
ture and classification of adenosine receptors--an update. Pharmacol Rev. 2011;63:1-34.

[24]Uchida Y, Nomoto T. Intravenously infused adenosine increases the blood flow to brown adipose tissue in rats. Eur] Pharmacol.
1990;184:223-31.

[25]Gnad T, Scheibler S, von Kiigelgen |, Scheele C, Kili¢ A, Glode A, et al. Adenosine activates brown adipose tissue and recruits beige
adipocytes via A, receptors. Nature. 2014;516:395—9.

Brought to you by | University of Gothenburg
Authenticated 7
Download Date | 9/28/17 10:43 AM


http://rivervalleytechnologies.com/products/

Automatically generated rough PDF by ProofCheck from River Valley Technologies Ltd

== Shiand Collins DEGRUYTER

[26]Cao W, Medvedev AV, Daniel KW, Collins S. beta-Adrenergic activation of p38 MAP kinase in adipocytes: cAMP induction of the uncou-
pling protein-1 (UCP1) gene requires p38 MAP kinase. ] Biol Chem. 2001;276:27077-82.

[27]Cao W, Daniel KW, Robidoux ], Puigserver P, Medvedev AV, Bai X, et al. p38 mitogen-activated protein kinase is the central regulator of
cyclic AMP-dependent transcription of the brown fat uncoupling protein 1 gene. Mol Cell Biol. 2004;24:3057-67.

[28]Robidoux], Cao W, Quan H, Daniel KW, Moukdar F, Bai X, et al. Selective activation of mitogen-activated protein (MAP) kinase kinase 3
and p38{alpha} MAP kinase is essential for cyclic AMP-dependent UCP1 expression in adipocytes. Mol Cell Biol. 2005;25:5466—79.

[29]Tseng YH, Kokkotou E, Schulz T, Huang TL, Winnay JN, Taniguchi CM, et al. New role of bone morphogenetic protein 7 in brown adipo-
genesis and energy expenditure. Nature. 2008;454:1000—4.

[30]Sellayah D, Bharaj P, Sikder D. Orexin is required for brown adipose tissue development, differentiation, and function. Cell Metab.
2011;14:478—90.

[31]1Whittle A, Carobbio S, Martins L, Slawik M, Hondares E, Vazquez M), et al. BMP8B increases brown adipose tissue thermogenesis
through both central and peripheral actions. Cell. 2012;149:871-85.

[32]ZhangY, Li R, MengY, Li S, Donelan W, Zhao Y, et al. Irisin stimulates browning of white adipocytes through mitogen-activated protein
kinase p38 MAP kinase and ERK MAP kinase signaling. Diabetes. 2014;63:514—25.

[33]Bordicchia M, Liu D, Amri EZ, Ailhaud G, Dessi-Fulgheri P, Zhang C, et al. Cardiac natriuretic peptides act via p38 MAPK to induce the
brown fat thermogenic program in mouse and human adipocytes. J Clin Invest. 2012;122:1022-36.

[34]de Bold A, Borenstein HB, Veress AT, Sonnenberg H. A rapid and potent natriuretic response to intravenous injection of atrial myocardial
extract in rats. Life Sci. 1981;28:89—94.

[35]Waldman SA, Rapoport RM, Murad F. Atrial natriuretic factor selectively activates particulate guanylate cyclase and elevates cyclic GMP
in rat tissues. ] Biol Chem. 1984;259:14332—4.

[36]Chinkers M, Garbers DL, Chang MS, Lowe DG, Chin HM, Goeddel DV, et al. A membrane form of guanylate cyclase is an atrial natriuretic
peptide receptor. Nature. 1989;338:78—83.

[37]Potter LR, Abbey-Hosch S, Dickey DM. Natriuretic peptides, their receptors, and cyclic guanosine monophosphate-dependent signaling
functions. Endocr Rev. 2006;27:47—-72.

[38]Potter LR. Natriuretic peptide metabolism, clearance and degradation. FEBS ). 2011;278:1808—17.

[39]1Murthy KS, Teng BQ, Zhou H, Jin JG, Crider JR, Makhlouf GM. G(i-1)/G(i-2)-dependent signaling by single-transmembrane natriuretic
peptide clearance receptor. Am ] Physiol Gastrointest Liver Physiol. 2000;278:G974—80.

[40]Pagano M, Anand-Srivastava MB. Cytoplasmic domain of natriuretic peptide receptor C constitutes Gi activator sequences that inhibit
adenylyl cyclase activity. ] Biol Chem. 2001;276:22064—70.

[41]Nishikimi T, lemura-Inaba C, Akimoto K, Ishikawa K, Koshikawa S, Matsuoka H. Stimulatory and Inhibitory regulation of lipolysis by the
NPR-A/cGMP/PKG and NPR-C/G(i) pathways in rat cultured adipocytes. Regul Pept. 2009;153:56—63.

[42]Sarzani R, Dessi-Fulgheri P Paci VM, Espinosa E, Rappelli A. Expression of natriuretic peptide receptors in human adipose and other
tissues. ] Endocrinol Invest. 1996;19:581—5.

[43]Sengenes C, Berlan M, De Glisezinski |, Lafontan M, Galitzky J. Natriuretic peptides: a new lipolytic pathway in human adipocytes. FASEB
). 2000;14:1345-51.

[44]Birkenfeld AL, Boschmann M, Moro C, Adams F, Heusser K, Tank], et al. Beta-adrenergic and atrial natriuretic peptide interactions on
human cardiovascular and metabolic regulation. ] Clin Endocrinol Metab. 2006;91:5069-75.

[45]Collins S. A heart-adipose tissue connection in the regulation of energy metabolism. Nat Rev Endocrinol. 2014;10:157—63.

[46]Wang T), Larson MG, Keyes MJ, Levy D, Benjamin EJ, Vasan RS. Association of plasma natriuretic peptide levels with metabolic risk fac-
tors in ambulatory individuals. Circulation. 2007;115:1345-53.

[47]1Wang TJ, Larson MG, Levy D, Benjamin EJ, Leip EP, Wilson PW, et al. Impact of obesity on plasma natriuretic peptide levels. Circulation.
2004;109:594—600.

[48]Kovacova Z, Tharp WG, Liu D, Wei W, Xie H, Collins S, et al. Adipose tissue natriuretic peptide receptor expression is related to insulin
sensitivity in obesity and diabetes. Obesity (Silver Spring). 2016;24:820-8.

[49]Clerico A, Giannoni A, Vittorini S, Emdin M. The paradox of low BNP levels in obesity. Heart Fail Rev. 2012;17:81-96.

[50]Arora P, Reingold ], Baggish A, Guanaga DP. Wu C, Ghorbani A, et al. Weight loss, saline loading, and the natriuretic peptide system.] Am
Heart Assoc. 2015;4:€001265.

[51]Ramos HR, Birkenfeld AL, de Bold A). INTERACTING DISCIPLINES: Cardiac natriuretic peptides and obesity: perspectives from an en-
docrinologist and a cardiologist. Endocr Connect. 2015;4:R25-36.

[52]Das SR, Drazner MH, Dries DL, Vega GL, Stanek HG, Abdullah SM, et al. Impact of body mass and body composition on circulating levels
of natriuretic peptides: results from the Dallas Heart Study. Circulation. 2005;112:2163-8.

[53]Sengenes C, Zakaroff-Girard A, Moulin A, Berlan M, Bouloumie A, Lafontan M, et al. Natriuretic peptide-dependent lipolysis in fat cells is
a primate specificity. Am ] Physiol Regul Integr Comp Physiol. 2002;283:R257—65.

[54]Matsukawa N, Grzesik W], Takahashi N, Pandey KN, Pang S, Yamauchi M, et al. The natriuretic peptide clearance receptor locally modu-
lates the physiological effects of the natriuretic peptide system. Proc Natl Acad Sci USA. 1999;96:7403—8.

[55]Wu W, Shi F, Liu D, Ceddia RP, Gaffin R, Wei W, et al. Enhancing natriuretic peptide signaling in adipose tissue, but not in muscle, protects
against diet-induced obesity and insulin resistance. Sci Signal. 2017;10:eaamé870.

[56]Huang K, Fingar DC. Growing knowledge of the mTOR signaling network. Semin Cell Dev Biol. 2014;36:79—90.

[57]Liu D, Bordicchia M, Zhang C, Fang H, Wei W, Li JL, et al. Activation of mTORC1 is essential for 3-adrenergic stimulation of adipose brown-
ing.] Clin Invest. 2016;126:1704—16.

[58]Thomas G, Hall MN. TOR signalling and control of cell growth. Curr Opin Cell Biol. 1997;9:782-7.

[59]Wada S, Neinast M, Jang C, Ibrahim YH, Lee G, Babu A, et al. The tumor suppressor FLCN mediates an alternate mTOR pathway to regu-
late browning of adipose tissue. Genes Dev. 2016;30:2551-64.

[60]Mori MA, Thomou T, Boucher], Lee KY, Lallukka S, Kim JK, et al. Altered miRNA processing disrupts brown/white adipocyte determina-
tion and associates with lipodystrophy. ] Clin Invest. 2014;124:3339-51.

Brought to you by | University of Gothenburg

8 Authenticated

Download Date | 9/28/17 10:43 AM


http://rivervalleytechnologies.com/products/

Automatically generated rough PDF by ProofCheck from River Valley Technologies Ltd

DEGRUYTER Shiand Collins  me—

[61]Kim H]J, Cho H, Alexander R, Patterson HC, Gu M, Lo KA, et al. MicroRNAs are required for the feature maintenance and differentiation of
brown adipocytes. Diabetes. 2014;63:4045-56.

[62]Trajkovski M, Ahmed K, Esau CC, Stoffel M. MyomiR-133 regulates brown fat differentiation through Prdm16. Nat Cell Biol.
2012;14:1330-5.

[63]Yin H, Pasut A, Soleimani VD, Bentzinger CF, Antoun G, Thorn S, et al. MicroRNA-133 controls brown adipose determination in skeletal
muscle satellite cells by targeting Prdm16. Cell Metab. 2013;17:210-24.

[64]Liu W, Bi P Shan T, Yang X, Yin H, Wang YX, et al. miR-133a regulates adipocyte browning in vivo. PLoS Genet. 2013;9:€1003626.

[65]Mori M, Nakagami H, Rodriguez-Araujo G, Nimura K, Kaneda Y. Essential role for miR-196a in brown adipogenesis of white fat progenitor
cells. PLoS Biol. 2012;10:€1001314.

[66]ChenY, Siegel F, Kipschull S, Haas B, Frohlich H, Meister G, et al. miR-155 regulates differentiation of brown and beige adipocytes via a
bistable circuit. Nat Commun. 2013;4:1769.

[67]Pan D, Mao C, Quattrochi B, Friedline RH, Zhu L], Jung DY, et al. MicroRNA-378 controls classical brown fat expansion to counteract obe-
sity. Nat Commun. 2014;5:4725.

[68]Bonasio R, Shiekhattar R. Regulation of transcription by long noncoding RNAs. Annu Rev Genet. 2014;48:433—55.

[69]Sun L, Goff LA, Trapnell C, Alexander R, Lo KA, Hacisuleyman E, et al. Long noncoding RNAs regulate adipogenesis. Proc Natl Acad Sci
USA. 2013;110:3387-92.

[70]Hacisuleyman E, Goff LA, Trapnell C, Williams A, Henao-Mejia ], Sun L, et al. Topological organization of multichromosomal regions by
the long intergenic noncoding RNA Firre. Nat Struct Mol Biol. 2014;21:198—206.

[711Zhao XY, Li S, Wang CX, Yu Q, Lin ]D. A long noncoding RNA transcriptional regulatory circuit drives thermogenic adipocyte differentia-
tion. Mol Cell. 2014;55:372-82.

[72]Alvarez-Dominguez R, Bai Z, Xu D, Yuan B, Lo KA, Yoon M], et al. De novo reconstruction of adipose tissue transcriptomes reveals long
non-coding RNA regulators of brown adipocyte development. Cell Metab. 2015;21:764—-76.

[73]1Wang YC, McPherson K, Marsh T, Gortmaker SL, Brown M. Health and economic burden of the projected obesity trends in the USA and
the UK. Lancet. 2011;378:815—25.

[74]Gesta S, Tseng YH, Kahn CR. Developmental origin of fat: tracking obesity to its source. Cell. 2007;131:242—-56.

[751Samuel VT, Shulman GI. Mechanisms for insulin resistance: common threads and missing links. Cell. 2012;148:852—71.

[76]10sborn O, Olefsky JM. The cellular and signaling networks linking the immune system and metabolism in disease. Nat Med.
2012;18:363—74.

Brought to you by | University of Gothenburg
Authenticated
Download Date | 9/28/17 10:43 AM


http://rivervalleytechnologies.com/products/

