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Abstract

Brown adipose tissue (BAT) is specialized for energy expenditure, a process called adaptive

thermogenesis. PET-CT scans recently demonstrated the existence of metabolically active BAT in

adult humans, which revitalized our interest in BAT. Increasing the amount and/or activity of

BAT holds tremendous promise for the treatment of obesity and its associated diseases. PGC1α is

the master regulator of UCP1-mediated thermogenesis in BAT. A number of proteins have been

identified to influence thermogenesis either positively or negatively through regulating the

expression or transcriptional activity of PGC1α. Therefore, BAT activation can be achieved by

either inducing the expression of positive regulators of PGC1α or by inhibiting the repressors of

the PGC1α/UCP1 pathway. Here, we review the most important negative regulators of PGC1α/

UCP1 signaling and their mechanism of action in BAT-mediated thermogenesis.
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Introduction

The relatively easy availability of calorie-rich diets compounded with technology-driven

sedentary life styles have caused epidemic levels of obesity in the developed world (Malik et

al., 2013). Since obesity is identified as a significant risk factor for a vast number of

diseases, such as cardiovascular disease, type 2 diabetes, hypertension, fatty liver disease,

atherosclerosis, degenerative disorders, and numerous cancers, it has become a substantial

health concern around the world (Hursting, 2014; Mirza, 2011; Poirier and Eckel, 2002;

Vucenik and Stains, 2012). In the US, ~35% of adults and 17% of children are obese;

overall, ~60% of US adults are either obese or overweight, which costs ~$150 billion per

year for direct healthcare and other indirect costs.
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Obesity results from a shift in the energy balance of the body. Adipose (fat) tissues play a

central role in maintaining energy homeostasis (Klaus, 2004; Spiegelman and Flier, 1996). If

the energy intake persistently exceeds energy expenditure, the excessive energy is stored as

triglycerides in the form of unilocular lipid droplets in the white adipose tissue (WAT).

WAT not only functions as a simple storehouse of energy but is also an active endocrine

organ and secretes cytokines (also known as adipokines) such as leptin and adiponectin

(Guerre-Millo, 2004). The adipokine levels fluctuate in response to body energy levels and

communicate with other organs, such as brain, muscle and liver to regulate energy

homeostasis (Trayhurn and Wood, 2004). WAT represents ~10% of the body weight of a

healthy adult human. However, WAT has an incredible ability to expand by both

hypertrophy and hyperplasia in response to excessive energy influx (Hausman et al., 2001).

Although initially it was considered as an evolutionary ‘gift’ to cope with periods of food

scarcity, this quickly turned out to be a ‘curse’ in the present times of easy availability of

energy-rich food.

As the storehouse of energy, WAT has become the primary organ of interest to target and

treat obesity. However, strategies aimed at directly targeting and inhibiting differentiation

and/or expansion of WAT may not be very successful. This is mainly because in absence of

a sufficient amount of WAT reserves or an inability of WAT to expand in response to an

extra influx of energy could lead to ectopic accumulation of lipids in other organs, such as

liver, kidney, and skeletal muscle, leading to the development of metabolic disorders such as

insulin resistance and diabetes. For example, in response to adipocyte-specific deletion of

PPARγ, a crucial regulator of adipocyte differentiation, there is severe loss of WAT

(lipoatrophy) but the body weights of adult PPARγ-null mice are similar to wild-type litter

mates. Moreover, the null mice suffered from severe insulin resistance, diabetes and fatty

liver due to ectopic accumulation of lipid. These mice also displayed abnormalities of bone,

skin, and mammary glands, all of which contain adipose tissue (Wang et al., 2013). Similar

discouraging results were observed when WAT is completely abolished in a fatless (A-ZIP/

F-1) mouse model.

These mice displayed increased levels of inflammation, developed diabetes, and are also

susceptible to spontaneous and induced carcinogenesis (Nunez et al., 2006). Therefore,

strategies aimed at directly targeting and reducing WAT will work only when it is coupled

with strictly controlling energy intake. However, if we have the ability to control energy

intake we would not have the problem of obesity in the first place. As a result, the attention

has now quickly turned to exploring ways to increase body energy expenditure to combat

excessive energy intake.

Brown adipose tissue

The existence of a second type of adipose tissue, called brown adipose tissue (BAT), is well

described in rodents and in infant humans (Cannon and Nedergaard, 2004). For example,

newborn humans have ~30 g of BAT, which represents ~1% of body weight (Cannon and

Nedergaard, 2004; Hull, 1976). The function of BAT is very different from WAT’s lipid

storage function. BAT is specialized for energy expenditure, a process called adaptive

thermogenesis, a physiological mechanism during which energy is dissipated to generate
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heat in response to cold temperatures and possibly diet (Cannon and Nedergaard, 2004;

Seale et al., 2009). The very densely packed mitochondria, which give the brown color to

BAT, execute heat production through a unique protein called uncoupling protein-1 (UCP1),

which is present in the inner mitochondrial membrane. UCP1 uncouples mitochondrial

oxidative phosphorylation from ATP production and dissipates chemical energy as heat,

thereby profoundly increasing energy expenditure (Klingenberg, 1999; Kozak and

Anunciado-Koza, 2008). Since UCP1-mediated thermogenesis is driven by oxidative

metabolism, BAT is metabolically highly active and utilizes predominantly lipid, which is

stored in BAT in multiple small fat droplets (multilocular). BAT also actively takes up

glucose. The prevailing role of UCP1 in BAT-mediated thermogenesis is further elevated

when Ucp1 genetic knockout mice displayed an impaired ability to produce heat by

nonshivering thermogenesis and exhibited cold intolerance (Enerback et al., 1997).

Moreover, Ucp1 null mice gained more body weight when mice were housed at

thermoneutral temperature (Feldmann et al., 2009), suggesting that UCP1-mediated

thermogenesis can be activated not only in response to cold but also by diet. These findings

suggest that activation of UCP1-mediated thermogenesis in BAT could have anti-obesity

effects, which can be exploited for therapeutic benefits (Costford et al., 2007; Kozak and

Anunciado-Koza, 2008).

Existence of BAT in adult humans

Although the existence of BAT has been well documented in rodents and newborn humans,

for a long time it was believed that the steady loss of BAT during the growth process leaves

too little BAT in adult humans, which is not enough to influence body weight. However,

recent studies demonstrate that adult humans, in fact, have significant amounts of

functionally active BAT. Using PET-CT (positron emission tomography) scans, the

existence of metabolically active regions around the supraclavicular areas in adult humans

was demonstrated. Biopsies from these regions revealed the presence of significant amounts

of UCP1-expressing adipocytes, and the mass and activity of this tissue declined in obese

and aged subjects (Virtanen et al., 2009). These findings revitalized the interest in BAT.

Increasing the amount and/or activity of BAT thus holds tremendous promise for the

treatment of obesity and its associated diseases. For example, in humans, as little as 50 g of

BAT, which constitutes less than 0.1% of body weight, is estimated to consume up to 20%

of the basal caloric needs if fully stimulated (Rothwell and Stock, 1983). Moreover, in a

number of mouse models it was shown that increased activity of BAT protects from diet-

induced and age-associated obesity (Seale et al., 2009). Together, these findings created

exciting new prospects for the development of novel classes of drugs for the treatment of

obesity and its associated metabolic diseases.

Regulation of BAT-mediated thermogenesis

Since UCP1 is the key factor in BAT-induced thermogenesis, understanding the regulation

of UCP1 is essential to develop strategies to activate BAT thermogenesis. Earlier studies

revealed peroxisome proliferator activated receptor γ coactivator 1α (PGC1α) regulates

thermogenesis by directly inducing the expression of UCP1. Initially, PGC1α was identified

as a cofactor that directly interacted with the nuclear receptor PPARγ in brown adipocytes
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(Puigserver et al., 1998). Later studies disclosed that, in addition to UCP1 and PPARγ,

PGC1α also activates a number of other transcription factors and functions as the central

regulator of numerous pathways involved in mitochondrial biogenesis and thermogenesis

(Finck and Kelly, 2006; Lin et al., 2005a). For example, PGC1α coactivates nuclear

respiratory factors 1 and 2 (NRF1 and NRF2), which regulate the expression of genes

encoding respiratory chain subunits and other factors essential for mitochondrial function

(Austin and St-Pierre, 2012; Wu et al., 1999). Moreover, PGC1α also activates a number of

nuclear and non-nuclear receptor factors, such as PPARα, PPARβ, PPARδ (Austin and St-

Pierre, 2012; Finck and Kelly, 2006; Handschin and Spiegelman, 2006; Lin et al., 2005a;

Vega et al., 2000; Wang et al., 2003), retinoid receptors (Delerive et al., 2002), thyroid

hormone receptor (Puigserver et al., 1998), glucocorticoid receptor (Knutti et al., 2000),

estrogen receptor (Tcherepanova et al., 2000), hepatic nuclear factor-4 (HNF4) (Rhee et al.,

2003), liver X receptor (LXR) (Lin et al., 2005a; Lin et al., 2005b), estrogen-related

receptors (ERRs) (Huss et al., 2002), forkhead box O1 (FOXO1) (Puigserver et al., 2003)

and SREBP1 (Lin et al., 2005b). By regulating these factors, PGC1α exerts tremendous

influence on several aspects of mitochondrial energy metabolism, and thus has emerged as

the most dominant regulator of mitochondrial biogenesis and oxidative metabolism.

Accordingly, deletion of PGC1α in mice resulted in significant impairment in cold-induced

adaptive thermogenesis (Lin et al., 2004). Similarly, brown preadipocytes lacking PGC1α

differentiated normally but showed impaired induction of thermogenesis genes, indicating

that PGC1α is essential for thermogenesis but dispensable for brown fat differentiation

(Uldry et al., 2006). Conversely, overexpression of PGC1α in white adipocytes is sufficient

to induce various genes involved in mitochondrial biogenesis and thermogenesis including

UCP1 (Puigserver et al., 1998; Tiraby et al., 2003), suggesting a central role of PGC1α in

mitochondrial thermogenesis.

One of the well-known factors that strongly induce BAT-mediated thermogenesis is cold

exposure. Following cold exposure, catecholamines, such as norepinephrine released by

sympathetic nerve terminals, act on β-adrenergic receptors of the brown adipocytes (Cannon

and Nedergaard, 2004). Activation of β-adrenergic receptor/cAMP signaling induces PGC1α

via the PKA/Creb pathway (Herzig et al., 2001). In addition, the β-adrenergic/cAMP

pathway can also induce PGC1α through p38 MAPK, which activates PGC1α by

discharging p160-mediated repression and by increasing PGC1α protein stability (Cao et al.,

2004). Overall, PGC1α expression, as well as its transcriptional activity is greatly induced in

response to cold exposure. A number of factors such as FOXC2, SRC1, CREB, SIRT3 and

p38 MAPK positively regulate PGC1α transcription (Seale et al., 2009). On the other hand,

due to its critical role in thermogenesis, the expression and activity of PGC1α and/or UCP1

are tightly controlled by a variety of other factors that negatively regulate PGC1α and

UCP1. These factors most likely serve as brakes and control thermogenesis to prevent

adverse conditions such as hyperthermia, which has the potential to cause organ failure and

death.
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Receptor Interacting Protein 140 (RIP140)

RIP140 is a transcriptional corepressor that is recruited to several nuclear receptors in a

ligand-dependent manner (Christian et al., 2006). RIP140 and PGC1α share a number of

downstream target gene promoters. RIP140 binds directly to PGC1α and inhibits its

transcriptional activity on the target gene promoters shared by PGC1α and RIP140

(Hallberg et al., 2008). Presence or absence of RIP140 does not alter the expression of

PGC1α but lack of RIP140 leads to increased PGC1α transcriptional activity. RIP140 also

suppresses UCP1 expression by facilitating binding of repressive histone-modifying and

DNA methylation enzymes to the UCP1 promoter to silence gene expression (Kiskinis et al.,

2007). Lack of RIP140 leads to up-regulation of UCP1 gene expression due to derepression

of UCP1 activating factors such as PPARα, PPARγ and ERRα (Fig. 1). Genetic ablation of

RIP140 results in the formation of brown-like adipocytes within WAT with increased

expression of PPARα and UCP1. Consequently, RIP140-deficient mice are lean and

resistant to diet-induced obesity due to increased energy expenditure (Leonardsson et al.,

2004). In contrast, constitutive overexpression of RIP140 in adipocytes and skeletal muscle

suppresses expression of genes involved in mitochondrial biogenesis and oxidative

metabolism (Christian et al., 2006; Leonardsson et al., 2004; Powelka et al., 2006).

Liver X Receptor α (LXRα)

LXRα does not interfere with PGC1α expression or its transcriptional activity but rather

functions as a direct transcriptional suppressor of UCP1 gene expression. The ligand-

activated LXRα interferes with the transactivation of the Ucp1 promoter by competing with

and dismissing PPARγ from the Ucp1 enhancer. LXRα achieves PPARγ discharge from the

Ucp1 enhancer by recruiting RIP140 as a corepressor to the LXRα binding site. Since this

region overlaps with the PPAR response element in the enhancer region of the Ucp1

promoter, binding of RIP140 leads to discharge of PPARγ (Fig. 1). In the absence of

RIP140, LXRα fail to dismiss PPARγ from the Ucp1 promoter (Collins et al., 2010; Wang

et al., 2008). Mice lacking both LXR isoforms (LXRα and LXRβ) (Kalaany et al., 2005), or

LXRα alone have a lean phenotype with increased expression of UCP1 in BAT and WAT

with no apparent effect on the expression of PGC1α (Wang et al., 2008). In addition,

adipocytes from LXRα null mice have higher mitochondrial density and increased

expression of Ucp1 and other genes that are involved in mitochondrial biogenesis and

oxidative phosphorylation (Collins et al., 2010; Wang et al., 2008).

Vitamin D receptor (VDR)

VDR is a member of the nuclear receptor superfamily. It mediates the actions of 1,25-

dihydroxyvitamin D3 (1,25(OH)2D3), the active form of vitamin D. The ligand-activated

VDR appears to inhibit UCP1 expression since mice deficient for VDR or Cyp27b1 (1α-

hydroxylase enzyme that generates 1,25(OH)2D3) display a lean phenotype and are resistant

to diet-induced obesity, due to increased expression of UCP1, 2 and 3 and fatty acid

oxidation genes in BAT and WAT (Narvaez et al., 2009; Wong et al., 2009). In contrast,

adipocyte-specific overexpression of human VDR reduces energy expenditure and

suppresses expression of genes involved in thermogenesis and fatty acid oxidation in WAT

and BAT, leading to obesity (Wong et al., 2011). In vitro experiments in primary brown
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adipocyte cultures revealed that 1,25(OH)2D3 can directly suppress the expression of the

UCPs (Wong et al., 2009). However, the mechanisms by which 1,25(OH)2D3, VDR or

1,25(OH)2D3/VDR complex repress UCP1 expression have not been clear until recently. By

utilizing VDR mutant cells isolated from patients with HVDRR, it was shown that the

unliganded VDR can directly regulate the expression of UCP1 by binding to a VDR-element

(VDRE) in the proximal region of the UCP1 promoter and suppresses its expression (Fig. 1).

However, mutant VDRs that cannot occupy a VDRE on the UCP1 promoter fail to suppress

UCP1 expression (Malloy and Feldman, 2013).

Cell death-inducing DFFA-like Effector A (Cidea)

Cidea is a member of the CIDE apoptotic family. Cidea is highly expressed in BAT and

directly interacts with UCP1 and suppresses its uncoupling function (Fig. 1), thereby

reducing energy expenditure (Zhou et al., 2003). Cidea-deficient mice are resistant to

obesity and showed an higher metabolic rate in BAT. Cidea-null mice also have higher body

temperature when exposed to cold compared to wild type (Zhou et al., 2003), suggesting that

thermogenesis is increased in the absence of Cidea. Moreover, Cidea is identified to regulate

the metabolic sensor AMPK, which plays a critical role in energy homeostasis. Cidea forms

a complex with the β subunit of AMPK, which leads to ubiquitin-mediated degradation of

the AMPK-β subunit. In the absence of Cidea, the protein levels and enzymatic activity of

AMPK is increased in BAT (Qi et al., 2008). Therefore, Cidea not only regulates UCP1

activity but also controls AMPK-associated energy homeostasis.

Retinoblastoma protein (pRB)

The retinoblastoma protein, pRB, functions as a molecular switch in white versus brown

adipocyte differentiation programming (Hansen et al., 2004). For example, in response to

PPARγ ligand rosiglitazone stimulation, pRB-deficient MEFs differentiate into brown-like

adipocytes with high mitochondrial content, and increased expression of the thermogenic

genes PGC1α and UCP1, and numerous other mitochondrial genes (Hansen et al., 2004). A

number of studies addressed the in vivo requirement for pRB in BAT development and

function. Targeted deletion of pRB along with p53, specifically in mesenchymal stem cells,

resulted in the preferential formation of brown adipocyte-containing tumors known as

hibernomas (Calo et al., 2010), suggesting that pRB could modulate a cell fate choice

between muscle and BAT. Moreover, adipocyte-specific deletion of pRB in mice leads to

browning of WAT and activation of BAT with concomitant increased energy expenditure.

As a result, the mice are protected from diet-induced obesity (Dali-Youcef et al., 2007).

Similarly, RB haploinsufficient (RB) mice displayed enhanced activation of BAT and higher

expression of genes involved in mitochondrial oxidative metabolism in adipose tissues, and

consequently, they are also protected from diet-induced obesity, insulin resistance and

hepatosteatosis (Mercader et al., 2009). Interestingly, mice deficient in p107, another

member of the pocket protein family, also contain abundant brown-like adipocytes within

WAT. The WAT of p107-null mice is enriched in mitochondria with elevated levels of

PGC1α and UCP1. Remarkably, pRB levels significantly declined in p107-deficient

adipocyte precursors, indicating that p107 function could be facilitated through regulation of

pRB (Scime et al., 2005). At the molecular level, it was described that pRB modulates

energy metabolism by directly binding to the PGC1α promoter and suppresses its
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transcription (Scime et al., 2005) (Fig. 1). In addition, pRB functions as a PPARγ

corepressor, and lack of pRB leads to increased PPARγ activity (Fajas et al., 2002).

Simultaneously, pRB could also regulate oxidative metabolism through E2F1, as E2F1 was

shown to suppress key genes in energy metabolism in a pRB-dependent manner in BAT

(Blanchet et al., 2011). Browning of WAT, mediated by pRB, could be regulated through

FOXC2, an adipocyte-specific forkhead transcription factor. FOXC2 expression is induced

in pRB-deficient MEFs and its activity favors a PKA holoenzyme composition (RIα

subunit) with lower threshold for activation by cAMP (Hansen et al., 2004). This ultimately

results in induced expression of mitochondrial biogenesis and oxidative metabolism genes

leading to browning of WAT.

Twist basic helix-loop-helix transcription factor 1 (Twist1)

Twist1 is a basic helix-loop-helix (bHLH) transcription factor that regulates diverse cellular

processes such as embryogenesis, cellular differentiation and apoptosis (Puisieux et al.,

2006). Recent studies discovered Twist1 as a negative regulator of BAT-mediated

thermogenesis. Twist1 transgenic mice with adipocyte-specific overexpression results in

reduced mitochondrial density and suppression of UCP1 and fatty acid oxidation genes in

BAT, leading to diet-induced obesity (Pan et al., 2009). In contrast, Twist1 heterozygous

knockout mice are protected from diet-induced obesity due to higher mitochondrial density

and increased expression of UCP1 and fatty acid oxidation genes. The lipid sensor PPARδ

regulates Twist1 expression by directly binding to the Twist1 promoter and inducing its

expression in BAT. Once induced, Twist1 does not influence the expression or localization

pattern of PGC1α but rather directly binds to PGC1α and suppresses its transcriptional

activity (Pan et al., 2009) (Fig. 1). PGC1α recruits Twist1 to the promoters of specific

PGC1α downstream target genes. Once recruited Twist1 causes a reduction in histone H3

acetylation by recruiting histone deacetylase 5 (HDAC5) to the promoters of PGC1α target

genes, leading to suppression of their induction, thereby directly regulates BAT-mediated

thermogenesis (Pan et al., 2009).

Steroid receptor coactivators (SRCs)

The members of the SRC family, SRC1 (NcoA1), SRC2 (TIF2), and SRC3 (p/CIP), have

divergent functions in the regulation of thermogenesis (Louet and O’Malley, 2007). In

contrast to SRC1, which positively regulates PGC1α/UCP1-mediated thermogenesis, both

SRC2 and SRC3 function as negative regulators of the PGC1α/UCP1 thermogenic pathway.

SRC1 mediates its effects through PGC1α as it augments coactivation of PPARγ by PGC1α.

As a result, genetic ablation of SRC1 leads to impaired thermogenesis due to reduced

expression of UCP1, the downstream target of PGC1α, in BAT (Picard et al., 2002). In

contrast to SRC1, SRC2 inhibits the interaction between PPARγ and PGC1α, leading to

reduced activity of PGC1α. Consequently, deletion of SRC2 results in increased

thermogenesis and improved energy expenditure (Picard et al., 2002). Similar to SRC2,

SRC3 regulates BAT-mediated thermogenesis through PGC1α but by a distinct mechanism.

SRC3 represses the transcriptional activity of PGC1α by inducing GCN5, the primary

acetyltransferase of PGC1α (Lerin et al., 2006), which acetylates and suppresses PGC1α

transcriptional activity (Fig. 1). Deletion of SRC3 decreases acetylation of PGC1α, resulting

in increased mitochondrial biogenesis and thermogenesis (Coste et al., 2008).
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Transient receptor potential cation channel 4 (TRPV4)

TRPV4 receptor belongs to a family of ion channels. In a recent study it was demonstrated

that TRPV4 negatively regulates the expression of PGC1α, UCP1, and cellular respiration

(Ye et al., 2012). Knockdown of TRPV4 results in induced expression of PGC1α and UCP1,

and TRPV4-null mice showed increased energy expenditure and elevated UCP1 expression

in fat tissues. Moreover, TRPV4 also controls the proinflammatory cytokine gene program

that contributes to the development of insulin resistance. Consequently, mice treated with a

TRPV4 inhibitor displayed increased expression of thermogenic genes and are protected

from diet-induced obesity, inflammation, and insulin resistance. At the molecular level, the

repression of PGC1α and the induction of proinflammatory cytokines by TRPV4 are

mediated through ERK1/2 protein kinases (Ye et al., 2012) (Fig. 1).

Orphan nuclear receptor SHP (NR0B2)

SHP inhibits the transactivation of other nuclear receptors by either functioning directly as a

transcriptional repressor or by competing with other coactivators for binding to activated

nuclear receptors (Borgius et al., 2002; Johansson et al., 2000). SHP is strongly expressed in

BAT, and it was demonstrated that SHP inhibits the ERRγ-mediated promoter

transactivation of PGC1α, therefore functioning as a negative regulator of PGC1α

expression in BAT (Fig. 1). SHP-deficient mice displayed increased energy expenditure and

are resistant to diet-induced obesity due to elevated expression of PGC1α and UCP1 in BAT

(Wang et al., 2005). However, in contrast to the expectation that SHP overexpression

reduces energy expenditure, adipose-specific overexpression of SHP resulted in increased

whole-body energy metabolism and enhanced BAT function by activating β1AR expression

and mitochondrial biogenesis (Tabbi-Anneni et al., 2010). These unexpected results could

be explained by the fact that in SHP-null mice whole-body deletion of SHP could have

affected the metabolic functions of other organs such as liver and muscle, leading to a

phenotype that is different and difficult to compare with studies in SHP transgenic mice

where SHP is specifically overexpressed in adipose tissues.

Eukaryotic translation initiation factor 4E–binding protein-1 (4E–BP1)

Eukaryotic translation initiation complex, eIF4F, recognizes the 5′ cap structure of mRNAs

and recruits them to the 40S ribosomal subunit. 4E–BPs (eIF4E–binding proteins) inhibit

cap-dependent translation by sequestering eIF4E, thus interfering with eIF4F complex

formation (Gingras et al., 1999). The translational inhibitor 4E–BP1 specifically represses

the translation of PGC1α mRNA, leading to reduced levels of PGC1α protein in adipose

tissues (Fig. 1). Mice deficient for 4E–BP1 (Eif4ebp1−/−) showed increased translation of

PGC1α and induced expression of UCP1 in the adipose tissues. Consequently, Eif4ebp1-

deficient mice exhibited an increased metabolic rate and reduced WAT mass (Tsukiyama-

Kohara et al., 2001).

Inhibitor of DNA binding 1 (Id1)

Id1 belongs to the Id family (Id1-Id4) of helix-loop-helix (HLH) transcription factors. Id1

lacks a basic DNA binding domain; therefore, it functions by dimerization with other

transcriptional regulators such as basic helix-loop-helix (bHLH) factors. Id1 expression is

Sharma et al. Page 8

J Cell Physiol. Author manuscript; available in PMC 2015 December 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



strongest in BAT compared to other metabolic organs. The expression levels of PGC1α and

UCP1 are up-regulated in the BAT of Id1−/− mice, suggesting that Id1 deficiency results in

increased thermogenesis (Satyanarayana et al., 2012). However, the molecular mechanism

behind induced expression of thermogenic genes in the absence of Id1 still needs to be

established. We are currently working to identify the molecular link between Id1 and the

PGC1α/UCP1 thermogenic pathway. Since Id1 functions as a dominant negative regulator

of other transcription factors, we are investigating whether Id1 co-operates with other

negative regulators of PGC1α such as Rb and Twist1, thereby controlling the expression and

activity of the PGC1α network of proteins involved in thermogenesis (Fig. 1).

Other negative regulators

In addition to the above described factors, a number of other factors have been identified

that negatively regulate BAT-mediated thermogenesis. Deletion of these genes in mice

resulted in increased expression of PGC1α and/or UCP1, leading to increased thermogenesis

(Table 1).

Conclusions

Obesity results from a shift in the energy balance of the body. Therefore, strategies aimed at

treating obesity should restore energy balance by increasing energy expenditure. Since the

predominant function of BAT is to waste energy as heat, body energy expenditure could be

raised by either increasing the amount of BAT or activating the existing BAT (Fig. 2). This

concept is supported by numerous genetic studies in animal models where it has been

demonstrated that an increase in the amount and/or activation of BAT causes a lean and

healthy phenotype. Understanding the in-depth molecular mechanisms controlling BAT-

mediated thermogenesis will facilitate the development of effective therapeutics to combat

obesity and metabolic disorders. So far tremendous progress has been made in identifying

genes that play critical roles not only in BAT development and differentiation but also

activation and negative regulation. This knowledge can be effectively utilized to develop

strategies to increase or activate BAT. One such therapeutic strategy could be identifying

drugs that specifically target the repressors of BAT-mediated thermogenesis. Since the

repressors or the negative regulators not only suppress thermogenesis but also differentiation

and expansion of BAT, selective inhibition of these repressors could lead to BAT expansion

as well as activation. However, it will be very challenging to specifically target these factors

without causing unintended side-effects, because at least part of the molecular machinery

that is involved in BAT-mediated thermogenesis is also active in other metabolic organs

such as liver and muscle. Therefore, these organs will have to face unintended consequences

from drugs that are directed towards BAT activation.
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Figure 1.
Cartoon showing an array of factors that negatively regulate PGC1α/UCP1-mediated

thermogenesis. The detailed mechanism of action of the individual repressors is described in

the text.
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Figure 2.
(A) Obesity results from a shift in energy balance. If the energy intake is persistently higher

than energy expenditure, it ultimately leads to obesity. (B) Activation of BAT leads to

increased energy expenditure that counter-balances increased energy intake, leading to

normalization of the body energy balance.
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Table I

Genes that negatively control thermogenesis and their deletion lead to increased BAT-mediated thermogenesis

Gene deleted Effect on thermogenesis Ref

Atf4 Increased expression of PGC1α, PPARγ, Ucp1, Ucp2 and Ucp3 in BAT (Wang et al., 2010)

Bace1 Increased expression of UCP1 in BAT (Meakin et al., 2012)

Foxo1 Adipose tissue-specific overexpression of dominant negative Foxo1 leads to
increased BAT-mediated thermogenesis due to induced expression of PGC1α,
Ucp1, Ucp2 and Adrb3.

(Nakae et al., 2008)

Oprd1 Enhanced BAT-mediated thermogenesis due to induced expression of PGC1α
and UCP1

(Czyzyk et al., 2012)

Pctp Enlarged mitochondria and enhanced expression of thermogenic genes in BAT (Kang et al., 2009)

Prkar2b Increased PKA activity, induced expression of UCP1 leading to enhanced
thermogenesis

(Cummings et al., 1996)

Pref1 Increased expression of PGC1α and UCP1 in BAT (Armengol et al., 2012)

Smad3 Increased mitochondrial biogenesis and induced expression of genes involved
in thermogenesis

(Yadav et al., 2011)

Tnfr1 Increased expression of UCP1 in BAT (Romanatto et al., 2009)

Them1 Increased mitochondrial content and induced expression of thermogenic genes
PGC1α, PPARγ and UCP1 in BAT

(Zhang et al., 2012)
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