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Obesity is an escalating public health challenge and contributes tremendously to
the disease burden globally. New therapeutic strategies are required to alleviate
the health impact of obesity-related metabolic dysfunction. Brown adipose tissue
(BAT) is specialized for dissipating chemical energy for thermogenesis as a defense
against cold environment. Intriguingly, the brown-fat like adipocytes that dispersed
throughout white adipose tissue (WAT) in rodents and humans, called “brite” or
“beige” adipocytes, share similar thermogenic characteristics to brown adipocytes.
Recently, researchers have focused on cognition of these thermogenic adipose tissues.
Some factors have been identified to regulate the development and function of
thermogenic adipose tissues. Cold exposure, pharmacological conditions, and lifestyle
can enhance non-shivering thermogenesis and metabolism via some mechanisms.
However, environmental pollutants, such as ambient fine particulates and ozone, may
impair the function of these thermogenic adipose tissues and thereby induce metabolic
dysfunction. In this review, the origin, function and influencing factors of thermogenic
adipose tissues were summarized and it will provide insights into identifying new
therapeutic strategies for the treatment of obesity and obesity-related diseases.
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INTRODUCTION

According to a systematic analysis, there were more than 2.1 billion obese or overweight people
worldwide in 2013 (Ng et al,, 2014).Substantial evidence implicates that obesity can lead to
inflammation, cellular dysfunctions, and ultimately obesity-related complex metabolism disorders
or cardiovascular diseases, even certain types of cancer (Flegal et al., 2013; Wali et al., 2014). Thus,
obesity is an escalating public health challenge and a major cause of disease burden globally.

It is well known that there are mainly two kinds of adipose tissues in mammals: white
adipose tissue (WAT) and brown adipose tissue (BAT). WAT is the major site for energy
storage and secretion of adipokines which are involved in metabolic processes, such as

Abbreviations: WAT, white adipose tissue; BAT, brown adipose tissue; UCP1, uncoupling protein 1; C/EBP, CCAAT-enhancer
binding protein; PPARy, peroxisome proliferator-activated receptor y; PPARq, peroxisome proliferator-activated receptor
o; FDG, fluoro- D-glucose; iBAT, interscapular brown adipose tissue; PRDM16, PRD1-BF1-RIZ1 homologous domain
containing; B3AR, P3-adrenergic rectptor; iWAT, inguinal subcutaneous WAT; eWAT, epidydimal WAT; Sca-1, stem cell
antigen 1; PDGFRa, platelet-derived growth factor receptor alpha; EAT, epicardial adipose tissue; PGCla, proliferator-
activated receptor-y coactivator la; cAMP, cyclic AMP; p38 MAPK, p38 mitogen-activated protein kinase; CREB, cAMP
response element binding protein; PPARSs, peroxisome proliferator-activated receptors; rWAT, retroperitoneal WAT; PM,
particulate matters; TNE, tumor necrosis factor; TNFR, TNF receptor.
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adiponectin, leptin, TNFaq, etc. (Alemany, 2013). In contrast, BAT
is specialized for dissipating chemical energy for thermogenesis
that is mediated by the uncoupling protein 1 (UCP1) present
in the inner mitochondrial membrane (Ricquier, 2005). This
process is termed as non-shivering thermogenesis. Studies
implicate that BAT activation improves insulin sensitivity and
is positively associated with resistance of obesity and metabolic
diseases (Gasparetti et al., 2003; Labbe et al., 2015). Additionally,
recent studies have demonstrated that some “brown-like” cells
dispersed throughout WAT and expressed high levels of UCPI
(Wu et al., 2012). These cells are called “beige” adipocytes (Wu
et al,, 2012) or “brite” (brown in white; Walden et al., 2012).
Due to the heat production of BAT and browned WAT, these
adipose tissues are defined as thermogenic adipose tissues. In fact,
thermogenic adipose tissue is a dynamic organ, with metabolic
phenotype varying dramatically in response to environment
factors, pharmacological conditions, and lifestyle. In this review,
the recent cognition of the thermogenic adipose tissues and the
relevant evidence on their influencing factors were summarized.

CHARACTERISTICS OF THERMOGENIC
ADIPOSE TISSUES

Characteristics of BAT

Morphologically, BAT exhibits a dense vascularity and is mainly
composed of brown adipocytes, which is characterized by
multiple small cytoplasmic lipid droplets and a large number
of mitochondria that are spherical, large, and packed with
laminar cristae (Table 1; Cinti, 2009). Functionally, BAT plays
a pivotal role in non-shivering thermogenesis which is highly
regulated by the sympathetic nervous system. UCP1, located
in the inner mitochondrial membrane, separates oxidative
phosphorylation from ATP synthesis with energy dissipated
as heat, and thereby contributing to thermogenesis (Table 1;
Ricquier, 2005). Structurally, the 5’-flanking region of the UCPI
gene includes a proximal regulatory region and an upstream
enhancer. The proximal regulatory promoter includes CCAAT-
enhancer binding protein (C/EBP)-regulated sites and a cAMP-
regulatory element. The upstream enhancer has a complex
organization of nuclear receptor binding sites called peroxisome
proliferator response element that can bind either co-activating
the peroxisome proliferator-activated receptor y (PPARy) or
co-activating the peroxisome proliferator-activated receptor a

(PPAR«), both of which have been identified in regulating lipid
metabolism and thermogenesis (Barbera et al., 2001; Santos et al.,
2015).

The existence of BAT was well documented in rodents and
human. In rodents, the most prominent and greatest amount
of BAT was localized in the interscapular depot (Nedergaard
etal., 2007), whereas human BAT depots were being found in the
supraclavicular, anterior neck, paraspinal regions, mediastinal,
para-aortic, and suprarenal regions (Table 1; Nedergaard et al.,
2007; Pfeifer and Hoffmann, 2014). Human shows relatively
abundant presence and high activity in BAT at birth and it plays
a crucial role in defending newborns’ body temperature without
shivering. However, BAT rapidly regresses during postnatally
periods, and significantly disappears with ages (Nedergaard
et al., 2007), with its existence well documented in infants and
young children but not adults (Cannon and Nedergaard, 2004).
However, by detecting uptake of radioactively labeled glucose
[2-deoxy-2- (¥F)fluoro- D-glucose(FDG)] with integrated
positron-emission tomography and computed tomography,
recent studies indicated that adult humans also showed a
significant amount of metabolically active BAT in response to
cold stimuli (van Marken Lichtenbelt et al., 2009). These results
indicate that the amount or activity of BAT may be dependent
on some factors in adult human.

Previously, white and brown adipocytes were assumed to
share a common developmental ancestry origin. However, Atit
et al. showed that interscapular brown adipose tissue (iBAT)
had the same developmental origin with skeletal muscle, but
not WAT (Atit et al., 2006). Both brown adipocytes and muscle
cells were emanated from precursors that express myf5 (myf5-
positive cells), a gene thought to be expressed only in the
myogenic lineage (Table1; Seale et al., 2008). Seale et al.
demonstrated that the transcriptional regulator, PRD1-BF1-RIZ1
homologous domain containing 16 (PRDM]I6), induced the
activation of brown adipocytes originating from myf5-positive
cells (Seale et al., 2008) and played a critical role in the switch
between myoblastic precursors and brown adipocytes by forming
a transcriptional complex with the active form of C/EBP-8
(Kajimura et al., 2009).

Characteristics of Beige Adipocytes
It has been known for many years that some brown fat-like
adipocytes, called “beige” or “brite” cells, were found dispersed

TABLE 1 | Major differences between brown adipocytes and beige/brite adipocytes.

Types Morphological features

Developmental ancestry origin

Distribution in rodents Distribution in humans

Brown adipocytes Multiple small cytoplasmic lipid
droplets

A large number of spherical and large
mitochondria which are packed with
laminar cristae

High expression of UCP1

Beige/brite adipocytes Multilocular adipocytes
Highly mitochondrial content

Low expression of UCP1

Myf5-positive cells

white adipocytes

Sca-17 progenitor cells
Smooth muscle cell progenitors
PDGFRa™ cells

Interscapular regions Supraclavicular
Anterior neck
Paraspinal regions
Mediastinal
Para-aortic

Suprarenal regions

Subcutaneous WAT >
mesenteric or omental WAT

Inguinal subcutaneous
WAT > epidydimal WAT
Epicardial adipose tissue
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throughout WAT in rodents and humans (Schulz et al.,, 2011;
Seale et al., 2011).The development of beige cells in WAT was
dramatically enhanced in response to cold or PB3-adrenergic
receptor(B3AR) stimulation (Cousin et al., 1992; Granneman
et al., 2005). Beige cells are multilocular adipocytes, which have
high mitochondrial content (Frontini and Cinti, 2010) and low
expression of the thermogenic genes, including UCP1 (Cousin
etal., 1992), compared with classic brown adipocytes in the basal
(unstimulated) state (Table 1). However, the beige cells expressed
high levels of UCP1 when they were exposed to chronic cold or
stimulated by B-adrenergic agonist (Cousin et al., 1992).

Of note, beige adipocytes, which is distinct from classical
brown adipocytes, were not derived from the Myf5-positive cells
(Petrovic et al., 2010), with the origin or browning phenotype
varying with different locations of WAT. For instance, inguinal
subcutaneous WAT (iWAT) had a greater propensity to a brown-
like phenotype (Seale et al., 2011), whereas the epidydimal WAT
(eWAT) was less prone to browning (Seale et al., 2011). The
majority of beige cells in subcutaneous WAT (sWAT) arose
from the direct transformation of differentiated white adipocytes
(Barbatelli et al., 2010) or Sca-1" progenitor cells (ScaPCs, Sca-
17/CD45~ /Macl~; Schulz et al., 2011) or smooth muscle cell
(Myh11+4) progenitors (Long et al., 2014). Almost all beige
cells in abdominal WAT are derived from the PDGFRa* cells
which express CD34, stem cell antigen 1(Sca-1), and platelet-
derived growth factor receptor alpha (PDGFRa; Lee et al., 2012).
Moreover, epicardial adipose tissue (EAT) is an unusual visceral
fat depot with anatomical and functional contiguity to the
myocardium and coronary arteries. Compared to WAT around
epididymis or kidney, EAT showed much smaller adipocytes
and higher expression of BAT specific genes such as UCPI,
PGCla (proliferator-activated receptor-y coactivator la), and
Cidea, suggesting a browning phenomenon of EAT (Sun et al.,
2013). Consistent with these observations on mice, human
preadipocytes isolated from sWAT were more propensity to
browning than cells isolated from mesenteric or omental WAT
(Table 1; Schulz et al., 2011). Interestingly, another study showed
that the components of the previously described BAT depots in
adult humans might not be the classical brown adipocytes, but
the beige cells (Wu et al., 2012). Therefore, the identification
of brown fat in adult humans, brown adipocytes, or beige
adipocytes, remains controversial.

INFLUENCING FACTORS OF THE
FUNCTION OF THERMOGENIC ADIPOSE
TISSUE

Due to the energy expenditure function of thermogenic adipose
tissue, activation of these adipose tissues may be a potential
strategy against obesity or metabolic diseases by regulating
energy balance. Elaborating the factors which influence the
function of thermogenic adipose tissues is beneficial to exploring
some therapeutical targets to remedy obesity-related diseases.
Activation of BAT and the browning of WAT have been
associated previously with temperature, medication, lifestyle, and
environmental pollutants.

Activation of Thermogenic Adipose Tissue
by Cold Stimulation

After birth, newborns are directly or successively exposed to
cold and require postnatal thermogenesis to complement heat
loss both in animals and in humans. BAT activation plays
an especially crucial role in defense of body temperature in
cold conditions. In this regard, the metabolic activation and
energy substrate utilization in vivo of BAT is increased in
a cold environment (19 or 10°C; Saito et al., 2009; Labbe
et al., 2015). Consistent with it, Masayuki Saito et al. revealed
that FDG uptake in BAT was negligible in warm conditions
but markedly increased after cold exposure (19°C), and the
incidence of FDG uptake into BAT showed seasonal variations,
markedly increased in winter compared with summer (Saito
et al., 2009). Keeping in line with it, it has been shown that
exposure to cold (10-18°C) increased blood perfusion, enhanced
oxidative metabolism, elevated glucose, and non-esterified fatty
acid uptake in BAT (Orava et al., 2011; Ouellet et al., 2012; Labbe
et al., 2015). These results suggest that the function of BAT is
activated by cold exposure.

The mechanism by which cold stimulates BAT activation are
widely explored and summarized in Figure 1A. When exposed
to cold, cold sensations signal activating the sympathetic nervous
system to release norepinephrine, which binds with B3AR,
followed by catalyzing production of cyclic AMP (cAMP) and
activation of cAMP-dependent protein kinase (PKA). The cold-
stimulated B3 AR-cAMP-PKA pathway induces the expression of
UCP1 in BAT, followed by liberation of free fatty acids from
triglyceride stores and lipolysis which might activate PPARa in
complex with retinoid X receptor and upregulate expression of
thermogenic genes (Collins, 2011; Bartelt and Heeren, 2012). The
transcription of UCP1 promoted by PKA could be in both p38
mitogen-activated protein kinase (MAPK)-dependent and p38
MAPK-independent pathways. There are at least three factors
which are activated by PKA-phosphorylated p38 MAPK. Firstly,
nuclear factor activating transcription factor 2 (ATF2) could
be phosphorylated by p38 MAPK and enhances transcription
of the PGCla and UCPI genes through the cAMP-regulatory
elements (Cao et al., 2004). Secondly, Zfp516, a zinc-finger
protein, has been shown to be induced by cold stimulation via the
cAMP response element binding protein (CREB)/ATF2 pathway
(Dempersmier et al., 2015). Jon Dempersmier et al. observed that
p38 MAPK phosphorylation also induces interaction of Zfp516
with PRDM16 to activate the transcription of thermogenic genes
such as UCPI (Dempersmier et al., 2015). Thirdly, the activated
p38 MAPK could directly phosphorylates PGCla protein, then
promotes transcription of the UCPI through PPARy bound to
the UCPI peroxisome proliferator response element (Cao et al.,
2004). The p38 MAPK-independent pathway is that PKA directly
promotes transcription of the UCP1 by the transcription factor
CREB, which binds to the CRE in the proximal promoter region
of the UCPI gene (Yubero et al., 1998).

Mounting evidence suggest that exposure to cold in vivo
induces WAT browning. The expression of UCPI in WAT was
increased significantly in response to intermittent exposure to
cold (5-6°C; Bai et al,, 2015). Quantitative electron microscopy
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FIGURE 1 | Influencing factorsinducing thermogenesis in the BAT. (A,B) Cold exposure and B3AR agonist promotes the expression of thermogenic genes in
BAT through cAMP-dependent PKA actication via B3AR. The activated PKA might activate RXR/PPARa through the liberation of FFA from triglyceride stores and
lipolysis to promote thermogenic genes expression. In addition, PKA activation could promote thermogenic genes expression both p38 MAPK-independently and p38
MAPK-dependently, in a p38 MAPK-independent way, PKA promotes the expression of thermogenic genes through CREB which bind to CREs. In a p38
MAPK-dependent way, PKA phosphorylates ATF2 and PGC1a or activates zfp516/PRDM16 interaction to induce the expression of thermogenic genes. (C) PPARy
agonists or PPARa agonists upregulate the expression of UCP1 and PGC1a in brown adipocytes, which is mediated by the PPAR. (D) Exercise and HFD feeding
upregulate the expression of UCP1 in brown adipocytes. (E) Environmental pollutants downregulate the expression of UCP1 and PGC1a in brown adipocytes. B3AR,
B3-adrenergic receptor; PKA, protein kinase A; RXR, retinoid X receptor; p38MAPK, p38 mitogen-activated protein kinase; FFA, free fatty acids; CREB, cAMP
response element binding protein; CREs, cAMP-regulatory elements; ATF2, activating transcription factor 2; Zfp516, zinc-finger protein516; PRDM16,
PRD1-BF1-RIZ1 homologous domain containing 16; PPARa, peroxisome proliferator activated receptor «; PPARy, peroxisome proliferator activated receptor v;
PGC1a, peroxisome proliferator activated receptor-y coactivator-1a; PPRE, peroxisome proliferator response element; UCP1, uncoupling protein 1; HFD, high-fat diet.

Thermogenesis T

disclosed that cold exposure (6°C for 10 days) induced
appearance of several “brown like” cells in visceral adipose
tissue with an intermediate morphology between white and
brown adipocytes, suggesting an apparent transformation of
white into brown adipocytes (trans-differentiation). This process
predominantly reflects B3AR mediated trans-differentiation
which was blunted in P3-KOmice (Barbatelli et al., 2010).
Zfp516, induced by cold exposure in BAT, caused an increase in
UCPI expression and browning trans-differentiation in sWAT
too (Dempersmier et al., 2015). Regard with it, researchers
identified another regulatory mechanism that mediated this cold
response. Type 2 (alternative) macrophages (M2 macrophages)
were recruited to sSWAT to induce catecholamine production via
IL-4/13 signaling, inducing WAT browning in cold environment
(4-5°C; Nguyen et al, 2011; Qiu et al, 2014). However, the
detailed signaling pathways remain further investigation.

BAT has been shown to play a pivatol role in glucose
homeostasis (Gasparetti et al., 2003), which is regulated by the
insulin signaling pathway. Cold exposure (4°C for 4 h or 8 days)
significantly up-regulated the expression and/or phosphorylation
of insulin receptor, insulin substrates, and p-Akt in the BAT
of rats (Gasparetti et al.,, 2003; Wang and Wahl, 2014). These

findings suggest that cold stimulation has the potential to
improve glucose clearance and insulin sensitivity by insulin
signaling pathways.

Regulation of the Thermogenic Process by

Pharmacological Factors

Since sympathetic activation has been established to promote
the expression of thermogenic genes in BAT, the adrenergic
receptor agonist may regulate the thermogenic process
through sympathetic activation-like mechanism. Consistent
with the inference, it was observed that treatment with f3-
adrenergic receptor agonist activated BAT (Cypess et al,
2015; Park et al, 2015; Figurel) and induced browning
of iWAT (Park et al, 2015).The Psz-adrenergic receptor
agonistCL316,243 (5-[(2R)-2-[[(2R)-2-(3-chlorophenyl)-2-
hydroxyethyl]Jamino]propyl]-1,3-benzodioxole-2,2-dicarboxylic
acid disodium salt) up-regulated expression of thermogenic
genes such as UCPI in BAT or both UCPI and PRDM16 in iWAT
(Park et al., 2015). Thus, the B3-adrenergic receptor agonist such
as CL316,243 may plays an important role in BAT activation and
WAT browning with cAMP-dependent PKA activation as the
potential mechanism (Park et al., 2015).
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In addition to sympathetic stimulation, non-sympathetic
stimulation-mediated regulation for the activation of BAT has
also been recognized. Recently, researchers identified peroxisome
proliferator-activated receptors (PPARs) as a pivotal role in the
regulation of transcriptional thermogenic genes. The upstream
enhancer of 5'-flanking region in the UCPI gene has a complex
organization of nuclear receptor binding sites called “PPAR,
which can bind either PPARy or PPARa (Barbera et al., 2001).
PPARy is required for the formation and differentiation of
both brown and white adipocytes (Nedergaard et al., 2005),
while PPARa is highly expressed in BAT, and it works as a
pivotal actor in the regulation of BAT thermogenic activity
(Hondares et al., 2011). Both PPARy agonists and PPARa
agonists upregulated the expression of UCPI and PGCla in
brown adipocytes (Barbera et al., 2001; Hondares et al., 2006,
2011), which were mediated by PPARs binding to the PPAR
(Figure 1). Similar effects of PPAR agonists were observed
within WAT. PPARY agonists such as thiazolidinediones induced
the browning of WAT in vitro and in vivo, demonstrated
by mitochondrial morphology changes (small lipid droplets
surrounded by mitochondrial in white adipocyte), increased
mitochondrial mass, 3-oxidation of fatty acids and the expression
of UCPI and PGCla (Wilson-Fritch et al., 2003, 2004; Bogacka
etal., 2005). PPARa agonists including Wy14,643 (pirinixic acid),
GW6471, and GW7647 induced the browning of WAT as well,
accelerating mitochondrial biogenesis and fatty acid oxidation
via induction of PGCIa and PRDMI16 expression (Ribet et al.,
2010; Hondares et al., 2011). Therefore, PPAR agonists may be
another potential pharmacological targets to correct metabolism
disorder.

Modulation of Thermogenic Adipose
Tissue by Lifestyle

Excess energy intake over expenditure results in overweight
and obesity. Common strategies for weight loss are lifestyle
interventions, such as exercise and energy restriction.
Thermogenic adipose tissue has been reported as a target
to modify energy expenditure. Accumulating data confirmed
that lifestyle interventions can activate thermogenic adipose
tissue, further enhance energy expenditure (Slocum et al., 2013).

Firstly, dietary intake induces alteration of morphology and
UCPI expression in BAT. Accompanied with the increased
body weight in response to high-fat diet (HFD) feeding, light
microscopy disclosed that the morphology of BAT had greater
cytoplasmic lipid accumulation with HFD (Faber et al., 2014),
which was abolished by time-restricted feeding (Chaix et al,
2014). Moreover, time-restricted feeding blocked the upregulated
expression of proinflammatory cytokines/chemokine (TNFa,
IL1B, and Ccl8), indicating the role of diet-induced inflammation
in BAT dysfunction (Chaix et al, 2014). In addition to it,
high calorie diet feeding displayed increased UCPI mRNA
levels in BAT(Hansen et al., 2014), suggesting an adaptation
against the excess of energy intake. Similarly, short-term
calorie restriction led to decrease in UCP1 content and
mitochondrial differentiation, accompanied with decreased
oxygen consumption (Valle et al., 2007).

Secondly, dietary restriction conjunction with exercise
induces changes in morphology, genes expression in
mitochondria and inflammatory response. The BAT
exhibited decreased cytoplasmic lipid droplets and increased
mitochondria-rich  eosinophilic,  mitochondrial cristae,
fenestration of mitochondrial cristae, and elongated (lamellar)
mitochondria after exercise and dietary restriction (Slocum et al.,
2013; Faber et al., 2014). Slocum et al. demonstrated that some
genes about mitochondrial biogenesis/functions in BAT were
up-regulated after exercise and dietary restriction, indicating the
increased mitochondrial functions and explaining the increased
energy expenditure (Slocum et al., 2013). These genes including
nuclear respiratory transcriptional factor 1, guanine andadenine-
binding protein alpha, mitochondrial transcription factor A,
PGCla, and protein in kinase AMPK-activated alpha 1, BAT
B-oxidation pathway enzymes (acyl-Coenzyme A dehydrogenase
family, member 11 and thioesterase superfamily member 2)
and fatty acid transporters [fatty acid-binding protein 3, acetyl-
Coenzyme A acyltransferase 1B, carnitine palmitoyltransferase I,
and solute carrier family 27 (fatty acid transporter), member 2
fatty acid transport; Table 2].

Thirdly, exercise increases UCPI expression and brown
adipocyte progenitor cells. It has been shown that mitochondrial
UCPI was up-regulated in the BAT after exercise (Slocum et al.,
2013; Table 2). In addition, exercise, under both normal diet
and HFD-feeding condition, increased the population of brown
adipocyte progenitor cells and the levels of UCPI in BAT, both of
which serve as the structural foundation for energy expenditure
(Xu et al,, 2011b). Taken together, these changes demonstrated
that BAT activation was elicited by exercise, thereby ameliorating
the metabolic abnormality.

Forthly, exercise induces the browning of WAT. It is well
known that exercise induces a series of well-recognized beneficial
effects in the muscle (Handschin and Spiegelman, 2008). Some
compelling findings also demonstrated that exercise drove
browning of WAT in mice and human (Xu et al, 2011b;
Bostrom et al., 2012; Moreno-Navarrete et al., 2013). For
instance, exercise training increased mitochondrial number and
brown adipocyte-specific gene expression in eWAT in mice (Xu
et al., 2011b), including UCPI, PGCla, Dio2 (converting the
prohormone thyroxine by outer ring deiodination to bioactive
3,3',5-triiodothyronine) and C/EBPP. Furthermore, exercise
increased the secretion of protein and small molecules in the
muscle, followed by releasing into the circulation and entering
iWAT. With gene expression arrays and a bioinformatics
technique, irisin from muscle was found and identified as
a polypeptide hormone, with the effect of inducing WAT
browning and enhancing thermogenesis, further inhibiting
diet-induced obesity, and insulin resistance. The mechanism
of increasing secretion of irisin is that muscle PGC-la
generation induced by exercise increased the fibronectin-type III
domain-containing 5 expression, and then further upregulated
irisin production (Bostrom et al, 2012; Moreno-Navarrete
et al., 2013). With liquid chromatography-mass spectrometry
(LC-MS) metabolic profiling technique,f-aminoisobutyric acid
(BAIBA)was recently highlighted as a novel small molecules in
the muscle by PGC-la mediated mechanism, with the effect
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TABLE 2 | Exercise and diet restriction induce gene expression changes in brown adiopose tissue.

Gene symbol Exercise Diet-restriction

Log 2 fold change P-value Log 2 fold change P-value
UCP1 2.1020976 0.003 1.6475139 0.492
NRF1 1.0239830 0.043 1.3430682 0.009
GABPA 1.0370150 0.018 2.078541 7.42E-06
TFAM 1.3344975 0.007 2.5830269 1.19E-06
PGC1a 0.9481345 0.024 1.8143594 0.492
PRKAA1 0.9179600 0.042 1.8682966 0.0001
ACAD11 0.8625050 0.030 1.0620409 0.009
THEM2 1.4237638 0.010 2.2965239 0.0001
FABP3 0.9796286 0.042 1.5966204 0.001
ACAA1B 1.56523714 0.023 1.9453986 0.005
CPT1B 0.9934236 0.010 1.2340546 0.002
SLC27A2 1.2564735 0.030 1.3538418 0.020

UCP1, uncoupling protein 1; NRF1, nuclear respiratory factor 1, GABPA, guanine and adenine-binding protein alpha; TFAM, mitochondrial transcription factor A; PGC1a, peroxisome
proliferator activated receptor-y coactivator-1a, PRKAAT, protein in kinase, AMPK-activated, alpha 1; ACAD11, acyl-Coenzyme A dehydrogenase family, member 11; THEM2,
thioesterase superfamily member 2; FABP3, fatty acid-binding protein 3; ACAA1B, acetyl-Coenzyme A acyltransferase 1B; CPT1B, carnitine palmitoyltransferase I; SLC27A2, solute

carrier family 27 (fatty acid transporter), member 2 fatty acid transport.

of elevation of brown adipocyte-specific genes (UCPI, Cidea,
and PRDM 16) in WAT via PPARa dependent pathways,
further improving glucose tolerance and inhibiting weight gain
(Roberts et al., 2014).Therefore, irisin and BAIBA could be
a potential therapeutic approach to protect against obesity-
associated diseases.

Finally, dietary factors are associated with the browning of
WAT too. However, the relevant results are controversial. In
some studies with mice, expression of UCPI in the iWAT and
eWAT was lower in the HFD group than normal diet group
(Rong et al., 2007; Kim and Park, 2010). Contrary to it, UCPI
expression in iWAT and retroperitoneal WAT (rWAT) was
increased in HFD/high protein/energy diet group compared
with normal diet/low protein/energy diet group in rats (Hojna
et al, 2012) and bovine (Asano et al., 2013). Whether this
difference in results is due to species specificity merit further
confirmation.

Inhibiton of Thermogenic Activity by

Environmental Pollutants

Recently, major environmental pollutants like air pollution and
ozone (Q3) are connected with metabolic diseases (Sun et al,,
2009, 2013). The particulate matters are the major pollutants
in the air. According to the aerodynamic diameter, particles are
named as PM( (with a diameter less than 10 um), PM; 5 (with
a diameter less than 2.5 um), PMg s (with a diameter less than
0.5 pm). Some of the characteristics of PM; 5, including the small
size, chemical composition, and potential ability to filtrate into
the circulation, make it as the main factor jeopardizing human
health. Exposure to environmental PM; 5 induces a series of
metabolic disorders such as glucose tolerance, insulin resistance,
thermogenic adipose tissue dysfunction, increased body weight
gain and ultimately metabolic diseases (Sun et al., 2009, 2013; Xu
et al., 2010; Liu et al., 2014c).

Environmental Pollutants Inhibit BAT Function

Recent studies demonstrated that exposure to PM; 5 reduced O,
consumption/CO; production and heat production (Xu et al.,
2011a; Liu et al, 2014b), indicating that PM, 5 induce energy
metabolism disorder. As the crucial organ for energy metabolism,
BAT arouse extensive concern regarding air pollution-induced
metabolic diseases. Studies have shown that PM,s exposure
significantly decreased the weight of BAT and resulted in a
significant reduction in mitochondrial number and average
mitochondrial size (Xu et al., 2011a,c, 2012). The adipocyte-
specific gene profiles in BAT were significantly reduced in
response to PM, 5 exposure. These genes include UCPI, PGCla,
Dio2, Cidea, and ElovI3 (an elongase enzyme important for
elongation of monounsaturated or saturated very long chain
fatty acids; Xu et al., 2011a,c, 2012). These results indicate that
exposure to PM; 5 may induce BAT dysfunction.

Environmental Pollutants Induce BAT Inflammation
Exposure to PM,5 was observed to increase expression of
interleukin-6 (IL-6) and tumor necrosis factor (TNF)-o in BAT,
suggesting PM, s-induced inflammation in BAT (Liu et al,
2014a). TNFa is a strong pro-inflammatory cytokine that
plays an important role in the immune response (Zelova and
Hosek, 2013) and it has been shown to negatively regulate
BAT development by inhibiting proliferation (Porras et al,
1997), differentiation (Valladares et al., 2001), apoptosis (Porras
et al, 1997), and inducing morphological changes (Porras
et al., 1997) in brown adiocytes. TNFa also appeared to be
partially or completely responsible for the apoptosis of brown
adipocytes in vitro (Valladares et al., 2000) which was enhanced
by p38 MAPK, whereas attenuated by extra-cellular-regulated
kinases (ERKs; Valladares et al.,, 2000). Thus, PM;5 exposure
may impact BAT development and apoptosis through TNFa
mediated inflammation. The direct evidence still remains further
exploration.
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The increased TNFa and IL-6 expression in the hypothalamus
of animal models exposed to PM,5 indicates that PM;s
inhalation induced central inflammation (Ying et al., 2014; Liu
et al., 2014b). Based on the results that inhalation of PM, 5
down-regulated UCPI expression in BAT (Xu et al., 2011a)
and that BAT functional activation is an important target for
hypothalamic inflammation (Holt et al., 1989; Arruda et al,
2010, 2011), it leads us to investigate the role of hypothalamus
inflammation in BAT dysfunction. Studies have shown that high
concentration of hypothalamic TNFa upregulated the expression
of UCPI in BAT (Arruda et al., 2010), whereas low concentration
of hypothalamic TNFoa downregulated the expression of UCPI
(Arruda et al,, 2011). These results suggest the dual effect of
hypothalamic TNFa in BAT function, increasing the activation
of BAT at high concentration (Arruda et al., 2010) and decreasing
the BAT thermogenic activity at low concentration (Arruda et al.,
2011). Thus, to elucidate the different effect of central TNFa
at different levels on BAT function is important to explain the
role of PM, s5-induced hypothalamus inflammation in metabolic
disorder.

Researchers have studied the different effect of central
TNFa at different levels on BAT in details. In one hand,
a high-concentration of intracerebroventricular TNFa (icv
intervention) activated the sympathetic tonus through B3AR,
increasing  UCP1 and PGCla expression and inducing
mitochondrial biogenesis in the BAT. The enhanced
expression of thermogenic genes and mitochondrial function
lead to increased body temperature and whole-body O,
consumption/CO; production, resulting in the loss of body
mass, and reduced size of lipid droplets (Arruda et al,
2010). In the other hand, a low dose of icv TNFa, mimicing
some of the features of low-grade/obesity-like hypothalamic
inflammation, reduced UCP1 and PGCla expression and
inhibiting mitochondrial biogenesis in the BAT and resulted in
reduced O, consumption/CO; production (Arruda et al., 2011).
In line with the observations of low dose TNFa administration,
deletion of TNF receptor 1 (TNFR1), a main TNFa receptor,
were protective against diet induced obesity by increasing
BAT activation and enhancing thermogenesis (Romanatto
et al., 2009). It has been reported that there are two kinds of
TNFRs, TNFR1, and TNFR2 with an opposite function (Chen
and Palmer, 2013). TNFa at high concentration may activate
both TNFR1 and TNFR2, with effects of TNFRI concealed by
that of TNFR2, rending increased BAT thermogenic activity
and obesity. However, TNFa at low concentration may only
activate TNFR1 and only the TNFR1-mediated effect (decreased
BAT function) was demonstrated. It is interesting to observe
that TNFa antibody administration by icv even exaggerated
PM; 5-induced energy metabolism dysfunction, which may be
associated with the concentration of central TNFa. However,
central inhibition of IKK2 with IMD-0354 did show protective
effect on the PMjs-induced peripheral inflammation and
metabolic disorder, including O, consumption, CO; production,
heat production, glucose tolerance, and insulin sensitivity
(Liu et al., 2014a,b). Because it is hard to identify the proper
concentration of TNFa in the hypothalamus, these results could
not hinder us from the conclusion that exposure to PM; 5 may

induce low-grade inflammation in the hypothalamus and BAT
dysfunction.

It has been reported that EAT highly expresses BAT specific
genes (Sun et al., 2013) and demonstrated some characteristics
of the thermogenic adipose tissues. In addition to the decreased
gene expression of UCPI, PGClo, and Cidea (Sun et al,
2013), exposure to PM; 5 and/or O3 increased adipose tissue
macrophages and resulted in pro-inflammatory macrophages
shift by an increase in TNFa, IL-6 and a decrease in IL-10, Mgl1
gene expression in EAT (Sun et al.,, 2013). However, the function
and specific characteristics of EAT are far from clear and the
influence of air pollution on it remains further investigation.

Environmental Pollutants Induce BAT Insulin
Resistance

BAT is a target tissue for insulin action, especially during late fetal
development when insulin promotes adipogenic and regulates
glucose uptake (Valverde et al., 2005). Studies have shown that
long-term exposure to PM, 5 impairs insulin signaling in BAT
demonstrated by decreased level of phosphorylation of AKT at
serd73 (Xu et al., 2011a). The occurrence of insulin resistance in
BAT may due to inflammation to some extent. In our previous
studies, the expression in inflammatory genes in BAT (such
as TNFa, IL-6, and F4/80 etc.) increased in response to PM; 5
inhalation(Liu et al., 2014a), whereas, TNFa implicates a link
between adiposity and the development of insulin resistance
and is an important contributor to the pathogenesis of type 2
diabetes (Hotamisligil et al., 1993). For instance, TNFa in brown
adipocytes caused impairment in the IRS-2-associated PI3-kinase
signaling in response to insulin (Valverde et al, 1998) and
inhibited insulin-induced glucose uptake, such as GLUT4 mRNA
expression and GLUT4 translocation to the plasma membrane in
the brown adipocytes (Valverde et al., 1998; Teruel et al., 2001).

TNFa-induced insulin resistance in brown adipocytes could
be in part mediated by ceramide (Teruel et al., 2001). Ceramide,
which is a suppressor of cell growth and an inducer of
apoptosis, has been invoked as a mediator of some effects
of TNFa. Ceramide is a central molecule in sphingolipid
structure and TNFa induced ceramide generation by hydrolysis
of sphingomyelin (Hannun and Obeid, 1995). C2-ceramide,
a short-chain ceramide analog, mimicked TNF-a to induce
insulin resistance, decrease GLUT4 gene expression (Fernandez-
Veledo et al., 2006), and completely preclude insulin-stimulated
glucose uptake and insulin-induced GLUT4 translocation to
plasma membrane (Teruel et al., 2001; Fernandez-Veledo et al.,
2006). In addition, C2-ceramide inhibited insulin-stimulated
AKT pathway by activating PP2A phosphatase, but not PI3-
kinase or PKC-¢ activities (Teruel et al., 2001).

Another mechanism that TNF-a induced insulin resistance in
brown adipocytes could be via stress kinases. One study indicated
that the activation of p42/p44 and p38 MAPK by TNF« impaired
insulin stimulation of IRS-2 associated PI3K, leading to insulin
resistance in brown adipocytes (Hernandez et al., 2004). TNFa in
the presence of PD98059 or PD169316, inhibitors of p42/p44 and
p38 MAPK, respectively, restored insulin signaling and insulin-
induced glucose uptake (Hernandez et al., 2004). Previous studies
showed that the levels of p38 MAPK and ERK was increased
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and IRS-1 mediated signaling was suppressed in response to
PM, 5 inhalation in liver (Zheng et al., 2013; Liu et al., 2014a,c).
However, the direct evidence of PM; 5-activated MAPK activity
in BAT requires further research.

Environmental Pollutants Induce Oxidative Stress
and Mitochondrial Dysfunction in BAT

Mitochondrial function has been indicated to play a major
role in type 2 diabetes mellitus (Jelenik and Roden, 2013).
Previous literature indicated that exposure to PM, 5 resulted
in oxidative stress and mitochondrial dysfunction in BAT Xu
et al, 201la,c; Liu et al, 2014a. Exposure to PM,s5 for 2
months increased O, in BAT in ApoE*/ ~ mice, indicating PM, 5
exposure could trigger reactive oxygen species production (Xu
et al., 2011c). Consistent with it, long term PM, 5 exposure in
C57BL/6 for 10 months demonstrated significantly increased
superoxide and higher expression of 3-nitrotyrosine in BAT,
increased expression of Phase II antioxidant genes, such as NF-
E2-related factor 2, NAD(P)H quinone oxidoreductase 1, and
glutamate-cysteine ligase modifier subunit (Xu et al., 2011a).
In addition, mitochondrial number and size were significantly
reduced in the BAT in response to PM; 5 exposure and/or O3
exposure Xu et al., 2011a,¢; Sun et al., 2013, which may be caused
by ROS production.

CONCLUSIONS

Usually, obesity is ascribed to excess energy intake and storage,
with WAT accumulation as the major visible alteration. It
is well known that obesity is obviously related to insulin
level, metabolic syndromes, and cardiovascular diseases, to
which WAT accumulation and BAT dysfunction contributed
tremendously. The issue of how to control the explosive obesity
crisis has been investigated for several decades. Much more
attention has been paid to accelerating energy expenditure as
a strategy to control obesity and related metabolism diseases.
Accumulating evidence indicates that thermogenic adipose
tissues, including BAT and browned WAT (beige/brite fat), are
also present in adult humans and play a critical role in energy

REFERENCES

Alemany, M. (2013). Relationship between energy dense diets and white
adipose tissue inflammation in metabolic syndrome. Nutr. Res. 33, 1-11. doi:
10.1016/j.nutres.2012.11.013

Arruda, A. P., Milanski, M., Coope, A., Torsoni, A. S., Ropelle, E., Carvalho,
D. P, et al. (2011). Low-grade hypothalamic inflammation leads to
defective thermogenesis, insulin resistance, and impaired insulin secretion.
Endocrinology 152, 1314-1326. doi: 10.1210/en.2010-0659

Arruda, A. P., Milanski, M., Romanatto, T., Solon, C., Coope, A., Alberici, L. C.,
et al. (2010). Hypothalamic actions of tumor necrosis factor alpha provide the
thermogenic core for the wastage syndrome in cachexia. Endocrinology 151,
683-694. doi: 10.1210/en.2009-0865

Asano, H., Yamada, T., Hashimoto, O., Umemoto, T., Sato, R., Ohwatari,
S., et al. (2013). Diet-induced changes in Ucpl expression in bovine
adipose tissues. Gen. Comp. Endocrinol. 184, 87-92. doi: 10.1016/j.ygcen.2013.
01.006

expenditure and whole-body metabolism. The activation of
both BAT and beige adipocytes by cold stimulation, medication
or lifestyle can improve insulin sensitivity and potentially
protect against obesity and other metabolic diseases. f3AR and
PPRE seems to be one of the central link in thermogenic
adipose tissue activity. Many of the thermogenic inducers,
such as irisin and BAIBA, may produce tremendous interest
to activate thermogenic adipose tissue function. Thus, it may
work as a therapeutic tool to cure obesity and metabolic
diseases in the future. However, how to effectively and safely
stimulate and activate thermogenic adipose tissue in humans
is poorly understood. Furthermore, exposure to environment
pollutants induces thermogenic adipose tissue dysfunction,
further aggravating metabolic diseases. Since air pollution
has become a significant public health challenge in many
countries, better knowledge on these adipose abnormality and
mechanisms involved in PM, 5-mediated thermogenic adipose
tissue dysfunction would help to identify the preventative or
targeted therapies.

AUTHOR CONTRIBUTIONS

GZ contributed to the design of the work, drafting the work, QS
contributed to the concept of the work, revising the work, CL
contributed to the concept and the design of the work, revising
the work. All authors approved the version to be published, and
agreed to be accountable for all aspects of the work in ensuring
that questions related to the accuracy or integrity of any part of
the work are appropriately investigated and resolved.

FUNDING

This work was supported by NIH ES018900 (to QS), National
Natural Science Foundation of China 81402646, Zhejiang
Provincial Natural Science Foundation of China LQ13H070002,
Hangzhou Science & Technology Plan Project of China
20140633B36 and the Scientific Research Foundation for the
Returned Overseas Chinese Scholars, Ministry of Education of
China (to CL).

Atit, R, Sgaier, S. K., Mohamed, O. A., Taketo, M. M., Dufort, D., Joyner,
A. L., et al. (2006). beta-catenin activation is necessary and sufficient to
specify the dorsal dermal fate in the mouse. Dev. Biol. 296, 164-176. doi:
10.1016/j.ydbio.2006.04.449

Bai, Z., Wuren, T., Liu, S., Han, S., Chen, L., McClain, D, et al. (2015). Intermittent
cold exposure results in visceral adipose tissue "browning" in the plateau pika
(Ochotona curzoniae). Comp. Biochem. Physiol. Part A Mol. Integr. Physiol. 184,
171-178. doi: 10.1016/j.cbpa.2015.01.019

Barbatelli, G., Murano, 1., Madsen, L., Hao, Q., Jimenez, M., Kristiansen, K.,
et al. (2010). The emergence of cold-induced brown adipocytes in mouse
white fat depots is determined predominantly by white to brown adipocyte
transdifferentiation. Am. J. Physiol. Endocrinol. Metab. 298, E1244-E1253. doi:
10.1152/ajpendo.00600.2009

Barbera, M. J., Schluter, A., Pedraza, N., Iglesias, R., Villarroya, F., and
Giralt, M. (2001). Peroxisome proliferator-activated receptor alpha activates
transcription of the brown fat uncoupling protein-1 gene. A link between
regulation of the thermogenic and lipid oxidation pathways in the

Frontiers in Physiology | www.frontiersin.org

February 2016 | Volume 7 | Article 29


http://www.frontiersin.org/Physiology
http://www.frontiersin.org
http://www.frontiersin.org/Physiology/archive

Zhang et al.

Thermogenic Adipose Tissue

brown fat cell. J. Biol. Chem. 276, 1486-1493. doi: 10.1074/jbc.M0062
46200

Bartelt, A., and Heeren, J. (2012). The holy grail of metabolic disease:
brown adipose tissue. Curr. Opin. Lipidol. 23, 190-195. doi:
10.1097/MOL.0b013e328352dcef

Bogacka, L, Xie, H., Bray, G. A., and Smith, S. R. (2005). Pioglitazone induces
mitochondrial biogenesis in human subcutaneous adipose tissue in vivo.
Diabetes 54, 1392-1399. doi: 10.2337/diabetes.54.5.1392

Bostrom, P., Wu, ], Jedrychowski, M. P., Korde, A., Ye, L., Lo, J. C,, et al. (2012).
A PGCl-alpha-dependent myokine that drives brown-fat-like development of
white fat and thermogenesis. Nature 481, 463-468. doi: 10.1038/nature10777

Cannon, B., and Nedergaard, J. (2004). Brown adipose tissue: function
and physiological significance.  Physiol. Rev. 84, 277-359. doi:
10.1152/physrev.00015.2003

Cao, W., Daniel, K. W., Robidousx, J., Puigserver, P., Medvedev, A. V., Bai, X., et al.
(2004). 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. 24, 3057-3067. doi: 10.1128/MCB.24.7.3057-3067.2004

Chaix, A., Zarrinpar, A., Miu, P., and Panda, S. (2014). Time-restricted feeding
is a preventative and therapeutic intervention against diverse nutritional
challenges. Cell Metab. 20, 991-1005. doi: 10.1016/j.cmet.2014.11.001

Chen, Z., and Palmer, T. D. (2013). Differential roles of TNFR1 and TNFR2
signaling in adult hippocampal neurogenesis. Brain Behav. Immun. 30, 45-53.
doi: 10.1016/j.bbi.2013.01.083

Cinti, S. (2009). Reversible physiological transdifferentiation in the adipose organ.
Proc. Nutr. Soc. 68, 340-349. doi: 10.1017/S0029665109990140

Collins, S. (2011). beta-adrenoceptor signaling networks in adipocytes for
recruiting stored fat and energy expenditure. Front. Endocrinol. (Lausanne).
2:102. doi: 10.3389/fendo0.2011.00102

Cousin, B., Cinti, S., Morroni, M., Raimbault, S., Ricquier, D., Penicaud, L., et al.
(1992). Occurrence of brown adipocytes in rat white adipose tissue: molecular
and morphological characterization. J. Cell Sci. 103(Pt 4), 931-942.

Cypess, A. M., Weiner, L. S., Roberts-Toler, C., Elia, E. F., Kessler, S. H., Kahn,
P. A, et al. (2015). Activation of human brown adipose tissue by a beta 3-
adrenergic receptor agonist. Cell Metab. 21, 33-38. doi: 10.1016/j.cmet.2014.
12.009

Dempersmier, J., Sambeat, A., Gulyaeva, O., Paul, S. M., Hudak, C. S., Raposo,
H. F., et al. (2015). Cold-inducible Zfp516 activates UCP1 transcription to
promote browning of white fat and development of brown fat. Mol. Cell 57,
235-246. doi: 10.1016/j.molcel.2014.12.005

Faber, C., Zhu, Z. H. J., Castellino, S., Wagner, D. S., Brown, R. H., Peterson, R.
A., etal. (2014). Cardiolipin profiles as a potential biomarker of mitochondrial
health in diet-induced obese mice subjected to exercise, diet-restriction and
ephedrine treatment. J. Appl. Toxicol. 34, 1122-1129. doi: 10.1002/jat.3030

Fernandez-Veledo, S., Hernandez, R., Teruel, T., Mas, J. A., Ros, M., and
Lorenzo, M. (2006). Ceramide mediates TNF-alpha-induced insulin resistance
on GLUT4 gene expression in brown adipocytes. Arch. Physiol. Biochem. 112,
13-22. doi: 10.1080/13813450500508137

Flegal, K. M., Kit, B. K., Orpana, H., and Graubard, B. L. (2013). Association
of all-cause mortality with overweight and obesity using standard body mass
index categories a systematic review and meta-analysis. JAMA 309, 71-82. doi:
10.1001/jama.2012.113905

Frontini, A., and Cinti, S. (2010). Distribution and development of brown
adipocytes in the murine and human adipose organ. Cell Metab. 11, 253-256.
doi: 10.1016/j.cmet.2010.03.004

Gasparetti, A. L., de Souza, C. T., Pereira-da-Silva, M., Oliveira, R. L., Saad, M. J.,
Carneiro, E. M, et al. (2003). Cold exposure induces tissue-specific modulation
of the insulin-signalling pathway in Rattus norvegicus. J. Physiol. 552, 149-162.
doi: 10.1113/jphysiol.2003.050369

Granneman, J. G., Li, P, Zhu, Z, and Lu, Y. (2005). Metabolic and
cellular plasticity in white adipose tissue I: effects of beta3-adrenergic
receptor activation. Am. J. Physiol. Endocrinol. Metab. 289, E608-E616. doi:
10.1152/ajpendo.00009.2005

Handschin, C., and Spiegelman, B. M. (2008). The role of exercise and
PGClalpha in inflammation and chronic disease. Nature 454, 463-469. doi:
10.1038/nature07206

Hannun, Y. A, and Obeid, L. M. (1995). Ceramide: an intracellular signal for
apoptosis. Trends Biochem. Sci. 20, 73-77. doi: 10.1016/S0968-0004(00)88961-6

Hansen, L. R,, Jansson, K. M., Cannon, B., and Nedergaard, J. (2014). Contrasting
effects of cold acclimation versus obesogenic diets on chemerin gene expression
in brown and brite adipose tissues. Biochim. Biophys. Acta 1841, 1691-1699.
doi: 10.1016/j.bbalip.2014.09.003

Hernandez, R., Teruel, T., de Alvaro, C., and Lorenzo, M. (2004). Rosiglitazone
ameliorates insulin resistance in brown adipocytes of Wistar rats by impairing
TNF-alpha induction of p38 and p42/p44 mitogen-activated protein kinases.
Diabetologia 47, 1615-1624. doi: 10.1007/s00125-004-1503-7

Hojna, S., Jordan, M. D., Kollias, H., and Pausova, Z. (2012). High-fat diet induces
emergence of brown-like adipocytes in white adipose tissue of spontaneously
hypertensive rats. Hypertens. Res. 35, 279-286. doi: 10.1038/hr.2011.188

Holt, S. J., Grimble, R. F., and York, D. A. (1989). Tumour necrosis factor-alpha
and lymphotoxin have opposite effects on sympathetic efferent nerves to brown
adipose tissue by direct action in the central nervous system. Brain Res. 497,
183-186. doi: 10.1016/0006-8993(89)90986-4

Hondares, E., Mora, O., Yubero, P., Rodriguez de la Concepcion, M., Iglesias, R.,
Giralt, M., et al. (2006). Thiazolidinediones and rexinoids induce peroxisome
proliferator-activated receptor-coactivator (PGC)-lalpha gene transcription:
an autoregulatory loop controls PGC-lalpha expression in adipocytes via
peroxisome proliferator-activated receptor-gamma coactivation. Endocrinology
147, 2829-2838. doi: 10.1210/en.2006-0070

Hondares, E., Rosell, M., Diaz-Delfin, J., Olmos, Y., Monsalve, M., Iglesias, R.,
et al. (2011). Peroxisome proliferator-activated receptor alpha (PPARalpha)
induces PPARgamma coactivator lalpha (PGC-lalpha) gene expression
and contributes to thermogenic activation of brown fat: involvement
of PRDMI16. J. Biol. Chem. 286, 43112-43122. doi: 10.1074/jbc.M111.
252775

Hotamisligil, G. S., Shargill, N. S., and Spiegelman, B. M. (1993). Adipose
expression of tumor necrosis factor-alpha: direct role in obesity-linked insulin
resistance. Science 259, 87-91. doi: 10.1126/science.7678183

Jelenik, T., and Roden, M. (2013). Mitochondrial plasticity in obesity and diabetes
mellitus. Antioxid. Redox Signal. 19, 258-268. doi: 10.1089/ars.2012.4910

Kajimura, S., Seale, P., Kubota, K., Lunsford, E., Frangioni, J. V., Gygi, S. P.,
et al. (2009). Initiation of myoblast to brown fat switch by a PRDM16-C/EBP-
beta transcriptional complex. Nature 460, 1154-1158. doi: 10.1038/nature
08262

Kim, A., and Park, T. (2010). Diet-induced obesity regulates the galanin-mediated
signaling cascade in the adipose tissue of mice. Mol Nutr. Food Res. 54,
1361-1370. doi: 10.1002/mnfr.200900317

Labbe, S. M., Caron, A., Bakan, I, Laplante, M., Carpentier, A. C., Lecomte, R.,
et al. (2015). In vivo measurement of energy substrate contribution to cold-
induced brown adipose tissue thermogenesis. FASEB J. 29, 2046-2058. doi:
10.1096/1j.14-266247

Lee, Y. H., Petkova, A. P., Mottillo, E. P., and Granneman, J. G. (2012). In
vivo identification of bipotential adipocyte progenitors recruited by beta3-
adrenoceptor activation and high-fat feeding. Cell Metab. 15, 480-491. doi:
10.1016/j.cmet.2012.03.009

Liu, C,, Bai, Y., Xu, X,, Sun, L., Wang, A., Wang, T. Y., et al. (2014a). Exaggerated
effects of particulate matter air pollution in genetic type II diabetes mellitus.
Part. Fibre Toxicol. 11:27. doi: 10.1186/1743-8977-11-27

Liu, C., Fonken, L. K, Wang, A., Maiseyeu, A., Bai, Y., Wang, T. Y., et al.
(2014b). Central IKKbeta inhibition prevents air pollution mediated peripheral
inflammation and exaggeration of type II diabetes. Part. Fibre Toxicol. 11:53.
doi: 10.1186/s12989-014-0053-5

Liu, C, Xu, X, Bai, Y., Wang, T. Y., Rao, X,, Wang, A,, et al. (2014c).
Air pollution-mediated susceptibility to inflammation and insulin resistance:
influence of CCR2 pathways in mice. Environ. Health Perspect. 122, 17-26. doi:
10.1289/ehp.1306841

Long, J. Z., Svensson, K. J., Tsai, L., Zeng, X., Roh, H. C,, Kong, X, et al. (2014). A
smooth muscle-like origin for beige adipocytes. Cell Metab. 19, 810-820. doi:
10.1016/j.cmet.2014.03.025

Moreno-Navarrete, J. M., Ortega, F., Serrano, M., Guerra, E., Pardo, G., Tinahones,
F., etal. (2013). Irisin is expressed and produced by human muscle and adipose
tissue in association with obesity and insulin resistance. J. Clin. Endocrinol.
Metab. 98, E769-E778. doi: 10.1210/jc.2012-2749

Nedergaard, J., Bengtsson, T., and Cannon, B. (2007). Unexpected evidence for
active brown adipose tissue in adult humans. Am. J. Physiol. Endocrinol. Metab.
293, E444-E452. doi: 10.1152/ajpendo.00691.2006

Frontiers in Physiology | www.frontiersin.org

February 2016 | Volume 7 | Article 29


http://www.frontiersin.org/Physiology
http://www.frontiersin.org
http://www.frontiersin.org/Physiology/archive

Zhang et al.

Thermogenic Adipose Tissue

Nedergaard, J., Petrovic, N., Lindgren, E. M., Jacobsson, A., and Cannon, B.
(2005). PPARgamma in the control of brown adipocyte differentiation. Biochim.
Biophys. Acta 1740, 293-304. doi: 10.1016/j.bbadis.2005.02.003

Ng, M., Fleming, T., Robinson, M., Thomson, B., Graetz, N., Margono, C.,, et al.
(2014). Global, regional, and national prevalence of overweight and obesity
in children and adults during 1980-2013: a systematic analysis for the Global
Burden of Disease Study 2013. Lancet 384, 766-781. doi: 10.1016/S0140-
6736(14)60460-8

Nguyen, K. D., Qiu, Y., Cui, X,, Goh, Y. P., Mwangi, J., David, T., et al.
(2011). Alternatively activated macrophages produce catecholamines to sustain
adaptive thermogenesis. Nature 480, 104-108. doi: 10.1038/nature10653

Orava, J., Nuutila, P, Lidell, M. E., Oikonen, V., Noponen, T., Viljanen,
T., et al. (2011). Different metabolic responses of human brown adipose
tissue to activation by cold and insulin. Cell Metab. 14, 272-279. doi:
10.1016/j.cmet.2011.06.012

Quellet, V., Labbe, S. M., Blondin, D. P., Phoenix, S., Guerin, B., Haman,
F., et al. (2012). Brown adipose tissue oxidative metabolism contributes to
energy expenditure during acute cold exposure in humans. J. Clin. Invest. 122,
545-552. doi: 10.1172/JC160433

Park, J. W,, Jung, K. H,, Lee, J. H., Quach, C. H. T., Moon, S. H., Cho, Y. S,,
etal. (2015). F-18-FDG PET/CT monitoring of beta 3 agonist-stimulated brown
adipocyte recruitment in white adipose tissue. J. Nuclear Med. 56, 153-158. doi:
10.2967/jnumed.114.147603

Petrovic, N., Walden, T. B., Shabalina, I. G., Timmons, J. A., Cannon, B., and
Nedergaard, J. (2010). Chronic peroxisome proliferator-activated receptor
gamma (PPARgamma) activation of epididymally derived white adipocyte
cultures reveals a population of thermogenically competent, UCP1-containing
adipocytes molecularly distinct from classic brown adipocytes. J. Biol. Chem.
285, 7153-7164. doi: 10.1074/jbc.M109.053942

Pfeifer, A., and Hoffmann, L. S. (2014). Brown, beige, and white: the new color code
of fat and its pharmacological implications. Annu. Rev. Pharmacol. Toxicol. 55,
207-227. doi: 10.1146/annurev-pharmtox-010814-124346

Porras, A., Alvarez, A. M., Valladares, A., and Benito, M. (1997). TNF-alpha
induces apoptosis in rat fetal brown adipocytes in primary culture. FEBS Lett.
416, 324-328. doi: 10.1016/S0014-5793(97)01204-0

Qiu, Y., Nguyen, K. D., Odegaard, J. I, Cui, X., Tian, X., Locksley, R. M.,
et al. (2014). Eosinophils and type 2 cytokine signaling in macrophages
orchestrate development of functional beige fat. Cell 157, 1292-1308. doi:
10.1016/j.cell.2014.03.066

Ribet, C., Montastier, E., Valle, C., Bezaire, V., Mazzucotelli, A., Mairal, A., et al.
(2010). Peroxisome proliferator-activated receptor-alpha control of lipid and
glucose metabolism in human white adipocytes. Endocrinology 151, 123-133.
doi: 10.1210/en.2009-0726

Ricquier, D. (2005). Respiration uncoupling and metabolism in the control of
energy expenditure. Proc. Nutr. Soc. 64, 47-52. doi: 10.1079/PNS2004408

Roberts, L. D., Bostrom, P., O’Sullivan, J. F., Schinzel, R. T., Lewis, G. D., Dejam,
A, et al. (2014). beta- Aminoisobutyric acid induces browning of white fat and
hepatic beta-oxidation and is inversely correlated with cardiometabolic risk
factors. Cell Metab. 19, 96-108. doi: 10.1016/j.cmet.2013.12.003

Romanatto, T., Roman, E. A., Arruda, A. P., Denis, R. G., Solon, C., Milanski,
M, et al. (2009). Deletion of tumor necrosis factor-alpha receptor 1 (TNFR1)
protects against diet-induced obesity by means of increased thermogenesis.
J. Biol. Chem. 284, 36213-36222. doi: 10.1074/jbc.M109.030874

Rong, J. X,, Qiu, Y., Hansen, M. K,, Zhu, L., Zhang, V., Xie, M., et al.
(2007). Adipose mitochondrial biogenesis is suppressed in db/db and high-
fat diet-fed mice and improved by rosiglitazone. Diabetes 56, 1751-1760. doi:
10.2337/db06-1135

Saito, M., Okamatsu-Ogura, Y., Matsushita, M., Watanabe, K., Yoneshiro, T.,
Nio-Kobayashi, J., et al. (2009). High incidence of metabolically active brown
adipose tissue in healthy adult humans: effects of cold exposure and adiposity.
Diabetes 58, 1526-1531. doi: 10.2337/db09-0530

Santos, G. M., Neves, F. D. R,, and Amato, A. A. (2015). Thermogenesis in white
adipose tissue: an unfinished story about PPAR gamma. Biochim. Biophys. Acta
Gen. Subjects 1850, 691-695. doi: 10.1016/j.bbagen.2015.01.002

Schulz, T. J., Huang, T. L., Tran, T. T., Zhang, H., Townsend, K. L., Shadrach, J. L.,
et al. (2011). Identification of inducible brown adipocyte progenitors residing
in skeletal muscle and white fat. Proc. Natl. Acad. Sci. U.S.A. 108, 143-148. doi:
10.1073/pnas.1010929108

Seale, P., Bjork, B., Yang, W., Kajimura, S., Chin, S., Kuang, S., et al. (2008).
PRDM16 controls a brown fat/skeletal muscle switch. Nature 454, 961-967. doi:
10.1038/nature07182

Seale, P., Conroe, H. M., Estall, J., Kajimura, S., Frontini, A., Ishibashi, J.,
et al. (2011). Prdm16 determines the thermogenic program of subcutaneous
white adipose tissue in mice. J. Clin. Invest. 121, 96-105. doi: 10.1172/
JC144271

Slocum, N., Durrant, J. R, Bailey, D., Yoon, L., Jordan, H., Barton, ., et al. (2013).
Responses of brown adipose tissue to diet-induced obesity, exercise, dietary
restriction and ephedrine treatment. Exp. Toxicol. Pathol. 65, 549-557. doi:
10.1016/j.etp.2012.04.001

Sun, L., Liu, C,, Xu, X., Ying, Z., Maiseyeu, A., Wang, A., et al. (2013). Ambient
fine particulate matter and ozone exposures induce inflammation in epicardial
and perirenal adipose tissues in rats fed a high fructose diet. Part. Fibre Toxicol.
10:43. doi: 10.1186/1743-8977-10-43

Sun, Q., Yue, P., Deiuliis, J. A., Lumeng, C. N., Kampfrath, T., Mikolaj, M. B., et al.
(2009). Ambient air pollution exaggerates adipose inflammation and insulin
resistance in a mouse model of diet-induced obesity. Circulation 119, 538-546.
doi: 10.1161/CIRCULATIONAHA.108.799015

Teruel, T., Hernandez, R., and Lorenzo, M. (2001). Ceramide mediates insulin
resistance by tumor necrosis factor-alpha in brown adipocytes by maintaining
Akt in an inactive dephosphorylated state. Diabetes 50, 2563-2571. doi:
10.2337/diabetes.50.11.2563

Valladares, A., Alvarez, A. M., Ventura, J. J., Roncero, C., Benito, M., and Porras, A.
(2000). p38 mitogen-activated protein kinase mediates tumor necrosis factor-
alpha-induced apoptosis in rat fetal brown adipocytes. Endocrinology 141,
4383-4395. doi: 10.1210/endo.141.12.7843

Valladares, A., Roncero, C., Benito, M., and Porras, A. (2001). TNF-alpha inhibits
UCP-1 expression in brown adipocytes via ERKs. Opposite effect of p38MAPK.
FEBS Lett. 493, 6-11. doi: 10.1016/S0014-5793(01)02264-5

Valle, A., Garcia-Palmer, F. J., Oliver, J., and Roca, P. (2007). Sex differences
in brown adipose tissue thermogenic features during caloric restriction. Cell.
Physiol. Biochem. 19, 195-204. doi: 10.1159/000099207

Valverde, A. M., Benito, M., and Lorenzo, M. (2005). The brown adipose
cell: a model for understanding the molecular mechanisms of insulin
resistance. Acta Physiol. Scand. 183, 59-73. doi: 10.1111/j.1365-201X.2004.
01384.x

Valverde, A. M., Teruel, T., Navarro, P., Benito, M., and Lorenzo, M. (1998).
Tumor necrosis factor-alpha causes insulin receptor substrate-2-mediated
insulin resistance and inhibits insulin-induced adipogenesis in fetal brown
adipocytes. Endocrinology 139, 1229-1238.

van Marken Lichtenbelt, W. D., Vanhommerig, J]. W., Smulders, N. M., Drossaerts,
J. M., Kemerink, G. J., Bouvy, N. D,, et al. (2009). Cold-activated brown
adipose tissue in healthy men. N. Engl. J. Med. 360, 1500-1508. doi:
10.1056/NEJMo0a0808718

Walden, T. B., Hansen, I. R,, Timmons, J. A., Cannon, B., and Nedergaard, J.
(2012). Recruited vs. nonrecruited molecular signatures of brown, "brite," and
white adipose tissues. Am. J. Physiol. Endocrinol. Metab. 302, E19-E31. doi:
10.1152/ajpend0.00249.2011

Wali, J. A., Thomas, H. E., and Sutherland, A. P. (2014). Linking obesity with
type 2 diabetes: the role of T-bet. Diabetes Metab. Syndr. Obes. 7, 331-340. doi:
10.2147/DMS0.S51432

Wang, X., and Wahl, R. (2014). Responses of the insulin signaling pathways in the
brown adipose tissue of rats following cold exposure. PLoS ONE 9:¢99772. doi:
10.1371/journal.pone.0099772

Wilson-Fritch, L., Burkart, A., Bell, G., Mendelson, K., Leszyk, J., Nicoloro, S., et al.
(2003). Mitochondrial biogenesis and remodeling during adipogenesis and in
response to the insulin sensitizer rosiglitazone. Mol. Cell. Biol. 23, 1085-1094.
doi: 10.1128/MCB.23.3.1085-1094.2003

Wilson-Fritch, L., Nicoloro, S., Chouinard, M., Lazar, M. A., Chui, P. C., Leszyk,
J., et al. (2004). Mitochondrial remodeling in adipose tissue associated with
obesity and treatment with rosiglitazone. J. Clin. Invest. 114, 1281-1289. doi:
10.1172/JCI21752

Wu, J., Bostrom, P., Sparks, L. M., Ye, L., Choi, J. H., Giang, A. H,, et al. (2012).
Beige adipocytes are a distinct type of thermogenic fat cell in mouse and human.
Cell 150, 366-376. doi: 10.1016/j.cell.2012.05.016

Xu, X,, Liu, C., Xu, Z, Tzan, K., Zhong, M., Wang, A., et al. (2011a). Long-
term exposure to ambient fine particulate pollution induces insulin resistance

Frontiers in Physiology | www.frontiersin.org

10

February 2016 | Volume 7 | Article 29


http://www.frontiersin.org/Physiology
http://www.frontiersin.org
http://www.frontiersin.org/Physiology/archive

Zhang et al.

Thermogenic Adipose Tissue

and mitochondrial alteration in adipose tissue. Toxicol. Sci. 124, 88-98. doi:
10.1093/toxsci/kfr211

Xu, X., Rao, X., Wang, T. Y., Jiang, S. Y., Ying, Z., Liu, C,, et al. (2012). Effect
of co-exposure to nickel and particulate matter on insulin resistance and
mitochondrial dysfunction in a mouse model. Part. Fibre Toxicol. 9:40. doi:
10.1186/1743-8977-9-40

Xu, X,, Yavar, Z., Verdin, M., Ying, Z., Mihai, G., Kampfrath, T., et al
(2010). Effect of early particulate air pollution exposure on obesity in
mice: role of p47phox. Arterioscler. Thromb. Vasc. Biol. 30, 2518-2527. doi:
10.1161/ATVBAHA.110.215350

Xu, X, Ying, Z., Cai, M., Xu, Z, Li, Y., Jiang, S. Y., et al. (2011b). Exercise
ameliorates high-fat diet-induced metabolic and vascular dysfunction, and
increases adipocyte progenitor cell population in brown adipose tissue.
Am. ]. Physiol. Regul. Integr. Comp. Physiol. 300, R1115-R1125. doi:
10.1152/ajpregu.00806.2010

Xu, Z., Xu, X., Zhong, M., Hotchkiss, I. P., Lewandowski, R. P., Wagner, J. G.,
et al. (2011c). Ambient particulate air pollution induces oxidative stress and
alterations of mitochondria and gene expression in brown and white adipose
tissues. Part. Fibre Toxicol. 8:20. doi: 10.1186/1743-8977-8-20

Ying, Z. K., Xu, X. H,, Bai, Y. T., Zhong, J. X, Chen, M. ], Liang, Y. J., et al. (2014).
Long-term exposure to concentrated ambient PM2.5 increases mouse blood
pressure through abnormal activation of the sympathetic nervous system: a
role for hypothalamic inflammation. Environ. Health Perspect. 122, 79-86. doi:
10.1289/ehp.1307151

Yubero, P., Barberd, M. J., Alvarez, R., Vifas, O., Mampel, T., Iglesias, R.,
et al. (1998). Dominant negative regulation by c-Jun of transcription of the
uncoupling protein-1 gene through a proximal cAMP-regulatory element: a
mechanism for repressing basal and norepinephrine-induced expression of the
gene before brown adipocyte differentiation. Mol. Endocrinol. 12, 1023-1037.
doi: 10.1210/mend.12.7.0137

Zelova, H., and Hosek, J. (2013). TNF-alpha signalling and inflammation:
interactions between old acquaintances. Inflamm. Res. 62, 641-651. doi:
10.1007/s00011-013-0633-0

Zheng, Z., Xu, X, Zhang, X., Wang, A., Zhang, C., Huttemann, M., et al.
(2013). Exposure to ambient particulate matter induces a NASH-like phenotype
and impairs hepatic glucose metabolism in an animal model. . Hepatol. 58,
148-154. doi: 10.1016/.jhep.2012.08.009

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2016 Zhang, Sun and Liu. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) or licensor are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Physiology | www.frontiersin.org

11

February 2016 | Volume 7 | Article 29


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Physiology
http://www.frontiersin.org
http://www.frontiersin.org/Physiology/archive

	Influencing Factors of Thermogenic Adipose Tissue Activity
	Introduction
	Characteristics of Thermogenic Adipose Tissues
	Characteristics of BAT
	Characteristics of Beige Adipocytes

	Influencing Factors of the Function of Thermogenic Adipose Tissue
	Activation of Thermogenic Adipose Tissue by Cold Stimulation
	Regulation of the Thermogenic Process by Pharmacological Factors
	Modulation of Thermogenic Adipose Tissue by Lifestyle
	Inhibiton of Thermogenic Activity by Environmental Pollutants
	Environmental Pollutants Inhibit BAT Function
	Environmental Pollutants Induce BAT Inflammation
	Environmental Pollutants Induce BAT Insulin Resistance
	Environmental Pollutants Induce Oxidative Stress and Mitochondrial Dysfunction in BAT


	Conclusions
	Author contributions
	Funding
	References


