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Abstract
Obesity is a chronic disease that increases susceptibility to various diseases, particularly
cardiovascular dysfunction, type 2 diabetes and some types of cancer. In this review, we highlighted
recent evidence in mouse models that support a potential benefit of increasing adipose lipid utilization
through stimulating lipolysis in adipose tissue and fatty acid oxidation. Brown adipocyte
development within white adipose tissue of humans suggests that mouse models may be applicable
to human obesity. Consequently, new therapies should target adipose tissue to specifically reduce
fat mass through controlled triglyceride utilization.

Introduction
In most mammals, adipose tissue can undergo hypertrophy, causing obesity, or pathological
atrophy that leads to lipodystrophy. The obese state results from an imbalance between caloric
intake and energy expenditure. Consequently, excess circulating fuel is mainly stored in
adipose tissue but also in ectopic sites, such as liver (causing hepatosteatosis), muscle, pancreas
and the kidneys. Excess triglyceride (TG) storage in these ectopic sites is clearly associated
with insulin resistance, glucose intolerance, dyslipidemia and hypertension. Adipose
metabolism acts to buffer nutrient excess in promoting lipid storage with increased
adipogenesis and lipogenesis [1].

There are two morphologically distinct types of adipose tissue: the white adipose tissue (WAT)
and the brown adipose tissue (BAT). The WAT is the predominant type, located in the
subcutaneous region and distinct visceral regions surrounding the internal organs, such as the
heart, intestine, kidneys and gonads. The major function of WAT is storage of energy as TG
within lipid droplets to supply the whole organism in time of energy restriction. Additionally,
secretion of adipokines from WAT (i.e. adiponectin, leptin) regulate overall energy balance.
The BAT exists in rodents and humans, with its primary role as a thermogenic organ. Brown
fat in normal adult humans has recently been shown to be functional in terms of responsiveness
to beta adrenergic stimulation and heat generation [2].

Strategies that aim to increase TG hydrolysis (lipolysis) and subsequent fatty acid utilization
might be useful in ameliorating or preventing obesity. Such a strategy of inducing preferential
TG utilization would be highly desirable to preserve lean mass, as weight loss is typically
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associated with an obligatory loss of lean mass due to the inflexibility of substrate utilization
[3] [4] Nevertheless, elevated circulating free fatty acid (FFA) concentrations, and thishas been
associated with accumulations of TG in ectopic sites. Also, promoting increased fatty acid
oxidation in skeletal muscle leads to myopathy [5] and favouring cardiac lipid utilization results
in cardiomyopathy [6]. Consequently, these observations suggest that a balance of substrate
oxidation is critically important to the long term health of various tissues. A concomitant
increase in the rate of fatty acid oxidation can compensate for the increase in fatty acid release
from adipose tissue, preventing an increase in circulating FFA concentrations [7]. Adipocyte
fatty acid utilization is also triggered in some situations where WAT can acquire phenotypic
and molecular features of BAT [8]. This phenotypic switch of WAT from an energy storing
organ to an energy burning organ could be utilized as a therapeutic modality in disorders of
energy balance and obesity.

Lipolysis in white adipose tissue
Switching between TG storage to TG hydrolysis

With excess caloric intake and low physical activity, energy balance is tipped into storage mode
and adipose tissue functions as the major energy storage organ. Within the adipocyte, FFA are
esterified into triglycerides that are packed into lipid droplets (Figure 1A). During times of
increased energetic demand, WAT has the ability to switch to acting as a nutrient provider to
the other organs [9]. In this context, induction of lipolysis is the essential mechanism that
triggers the breakdown of triglycerides stored in fat cells and release of FFAs and glycerol
(Figure 1B). The balance between lipogenesis and lipolysis is primarily under the control of
insulin and leptin [10] [11] [12] [13]. While insulin has direct and indirect effects on adipocytes,
leptin primarily uses central nervous system mediators to act upon the adipocyte. In the arcuate
nucleus of the hypothalamus (ARH), leptin-responsive POMC neurons down-regulate food
intake and promote lipolysis. Stimulation of the melanocortinergic system triggers WAT
lipolysis independently of its effects on feeding behavior [14]. This melanocortinergic
induction is mediated by the sympathetic system that separately innervates the different WAT
and BAT depots [15]. In rodents as well as humans, the sympathetic nervous system is the
primary initiator of lipolysis [9]. In the absence of leptin signaling, lipolysis is greatly inhibited
while lipogenesis is enhanced, favoring triglyceride storage within adipocytes [16].

The lipolytic machinery
White fat cells are characterized by a large and unique lipid droplet (unilocular) that is mainly
composed of triglycerides and cholesterol esters surrounded by a phospholipid and cholesterol
monolayer coated with proteins [12]. The lipid droplet coat is a dynamic structure as some
rearrangement and recruitment occurs in response to lipolytic stimuli. Adipocyte triglyceride
lipase (ATGL) and hormone sensitive lipase (HSL) assume the triglyceride hydrolase activities
in adipose tissue. Lipolysis typically occurs through catecholamine-stimulation of beta-
adrenergic receptors and the subsequent activation of protein kinase A (PKA). The two major
lipolytic targets of PKA in adipocytes are hormone-sensitive lipase (HSL) and perilipin A.
HSL is the only known neutral lipid lipase regulated by PKA-mediated phosphorylation. Upon
PKA activation, phosphorylated HSL translocates to the lipid droplet where HSL hydrolyzes
triglycerides. In addition, activation of lipolysis is also strictly dependent on the PKA-mediated
phosphorylation of perilipin A [17]. It is thought that perilipin A functions as a protective coat,
surrounding the lipid droplet until phosphorylated by PKA, whereupon it undergoes a
conformational change, leaving the lipid droplet as an open target for HSL [18]. Lipid droplet
associated proteins are also important regulators of lipolysis. For instance, caveolin 1 (CAV-1),
selectively associates with droplets in stimulated cells and may function as a bridge between
perilipin A and PKA's catalytic site to facilitate perilipin A phosphorylation [19]. Regarding
ATGL, neither PKA or other enzymatic modification has yet been shown to modulate its
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activity. Expression level and binding to CGI-58 are the main determinants of ATGL activity
[20]. More recently, G0S2 has been shown to attenuate ATGL TG hydrolase activity [21]. In
mice, deletion of HSL does not alter basal (i.e. unstimulated) adipocyte lipolysis [22] [23]
suggesting that HSL is not critical for basal TG hydrolysis. Meanwhile, ATGL loss of function
only affects stimulated lipolysis [20] [24]and ATGL overexpression [25] increased both basal
and stimulated lipolysis.

In humans, an HSL specific inhibitor was used to determine the relative contribution of HSL
and ATGL in adipocyte lipolysis. Basal glycerol release but not basal fatty acid release was
blunted by HSL inhibition. Additionally, in catecholamine-induced lipolysis, there was an
almost complete absence of glycerol release and a blunted FFA release in the presence of the
HSL inhibitor [26] [27]. Thus, ATGL and HSL appear to have complementary role in basal
lipolysis. Additionally, ATGL hydrolase activity is crucial to provide diglycerides to HSL in
both basal and stimulated conditions as HSL does not hydrolyze triglycerides efficiently.

Lipolysis in obesity
In mice, inhibiting [24] or enhancing lipolysis [25] has been shown to promote or prevent,
respectively, diet-induced obesity and its associated metabolic defects. In humans, both HSL
and ATGL protein expression are decreased in adipose tissue from obese patients compared
to lean individual [27] [28]. Additionally, resistance to catecholamine-induced lipolysis in
subcutaneous adipose tissue has been demonstrated in obese adults and children and is the
likely cause of decreased expression of lipolytic β2-adrenoreceptors and HSL [27]. Also,
similar rates of lipid oxidation have been reported in lean and obese men following
experimentally-induced increases of circulating FFA [29]. Thus, based on these observations
in mouse and human, it is likely that impaired lipolysis, which fails to mobilize lipids stored
in adipose tissue, is a contributing factor to obesity.

Fatty acid oxidation in adipocytes
Brown adipose tissue and its function in the overall energetic balance

Historically, brown fat tissue was mainly characterized in rodents and human infants.
Combined positron-emission tomography and computed tomography (PET–CT) has been used
to identify metabolically active adipose tissue with a high rate of uptake of 18F-
fluorodeoxyglucose (18F-FDG) as putative brown adipose tissue in adult humans. As opposed
to the white fat cells, brown adipocytes store lipid in multiple small lipid droplets (multilocular)
and its main function is to participate in thermogenesis by burning its fat store in response to
sympathetic nerve activation [30]. The numerous mitochondria of brown fat cells uncouple
large amounts of fuel oxidation from membrane potential generation for the hydrolysis of ATP.
This uncoupling is caused by the specific presence of uncoupling protein-1 (UCP1), located
in the inner mitochondrial membrane, which catalyzes a leak of protons from the
intramembranous space into the mitochondrial matrix [31].

The most common locations for brown adipose tissue that were detectable in adults by PET–
CT were the cervical, supraclavicular, and superior mediastinal depots. Histological analyses
reveal that UCP1-positive brown fat cells are clustered within white adipose tissue [32]. These
brown-fat islands displayed other important brown-fat features, such as dense innervation and
a dense capillary network, numerous mitochondria in the cytoplasm and small cytoplasmic
lipid droplets [33].

Brown fat has been recognized for its potential to expend energy with demonstrated anti-
obesity properties. Indeed, genetic ablation of the brown fat in mice results in obesity and
metabolic defects [34]. According to the concept that energy intake is able to stimulate the
expansion and activation of brown adipose tissue, it has been shown that UCP-1 ablated mice,
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when maintained at thermoneutrality, developed obesity [35]. Conversely, hyperactivation of
brown fat function led to a lean phenotype with higher energy expenditure and more active
lipid metabolism [36] [37]. Human studies suggest a comparable function of the brown fat as
BAT activity was significantly lower in the overweight or obese subjects relative to the lean
subjects [38] [39].

Phenotypic switch of WAT into “brown like” adipose tissue and examples of therapeutic
implication

Adipose fatty acid oxidation is mainly accomplished by the brown adipose tissue due to
expression of a specific set of proteins. Nevertheless, it has been shown in mice that white
adipocytes can also be converted into an energy consuming organ even in the absence of caloric
restriction. Thus, these fat burning white adipocytes may play a significant role in reducing
triglyceride storage and improving the metabolic defects associated to obesity. This shift can
be induced in vivo in obese mice treated with a specific beta 3 adrenoreceptor agonist [8].
Indeed, adrenergic stimulation induces brown adipocytes to appear in WAT, marked by the
expression of UCP1 and brown fat morphological characteristics [8].

Several studies using genetically modified mice have made valuable contributions to our
understanding of adipocyte metabolism and have identified different molecular determinants
that participate in this phenotypic shift. For example, p107 deletion [40], increased FOXC2
expression [41], defective mTORC1 signaling [42], Atg7 inactivation (autophagy modulation)
[43], and hedgehog activation [44] have been shown to trigger a partial WAT
transdifferentiation into BAT. Altogether, the histological, physiological and molecular
features of BAT appearing in the WAT depot are accompanied with a high level of lipid
utilization and a lean phenotype.

These mouse models are a critical tool for the design of a therapeutic strategy. For instance,
autophagy represents an appealing therapeutic target as mouse models revealed it association
with energetic metabolism. Indeed, inhibition of autophagy enhances intracellular lipid storage
in hepatocytes [45]. In contrast, inhibition of autophagy in adipocytes using genetic and
pharmacological methodologies inhibits adipocyte differentiation [43]. Small molecules
known to influence the autophagic process do not act directly but involve indirect mechanisms
or exert other parallel effects. Thus, to further analyze in vivo consequences of manipulating
autophagy, more specific small molecules may be necessary [46].

On another front, the adipose tissue phenotype of genetic obesity models probably involve a
developmental component . Predicting the consequences of targeting these pathways in a
therapeutic manner to decrease established obesity is not a simple proposition. Indeed, some
mechanistic differences can be found between a genetic model and the corresponding
pharmacological treatment. For example, acute inhibition of mTORC1 signaling by rapamycin
stimulates lipolysis primarily via activation of ATGL expression [47] while developmental
lethality prevents analysis of adult mice with loss of mTOR signaling. Interestingly, mTOR
inhibitors have been already developed for their immunosuppressive effect after organ
transplantation. One of these, sirolimus, is associated with decreased body weight and reduced
adipocyte size in rats [48]. . Similarly, transplanted patients treated with sirolimus displayed a
decreased BMI as compared to patients undergoing cyclosporine treatment [48]. Thus,
inhibition of mTOR signaling may be a promising treatment for reducing adipose mass.

Conclusions
Major therapies that are in development target the central control of satiety. However, caloric
reduction is accompanied by reductions in both fat and lean mass, which in turn, may contribute
to the reduction in resting metabolism in the formerly obese [4]. Additionally, reductions in
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both fat and lean mass rather than a specific loss of fat mass lowers the metabolic benefits of
weight loss. Consequently, new therapies should target adipose tissue to specifically reduce
fat mass. In this review, we highlighted evidence that supports the beneficial potential of
increasing adipose lipid utilization through lipolysis and fatty acid oxidation. Evidence for
functional β3 adrenoreceptor (β3-AR) in human white adipose tissue that can promote the
mobilization of fatty acids have led a number of pharmaceutical companies to design highly
selective compounds. β3-AR agonists demonstrate benefits of stimulating fat oxidation in
humans and rodents but the second-generation compounds had poor bioavailabity or
pharmacokinetics [49]. Consequently, further understanding of the positive regulators of these
pathways may be useful. Indeed, the ability of exogenous growth hormone (GH) to stimulate
the release and oxidation of FFA has been associated with fat loss in human [50]. Also, atrial
natriuretic peptide (ANP) has been shown to promote human adipose tissue lipolysis and
systemic post pandrial lipid oxidation in human [51] [52]. IL-6 [53], TNFα [54] secreted from
adipocytes can impact on adipocyte metabolism by stimulating lipolysis. Finally, inhibition of
PGE2 production in WAT due to loss of Adpla2 was shown to disinhibit adipocyte lipolysis
and to protect against obesity induced by high-fat feeding or leptin deficiency [7].

In summary, mouse studies have highlighted new molecular actors that regulate adipocyte
metabolism and further investigation is needed to evaluate their potential to prevent or reverse
obesity.
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Figure 1.
(A) Post-pandrial increase in insulin leads to induction of lipogenesis and inhibition of lipolysis.
Lipoprotein lipase (LPL) is the rate-limiting enzyme for the import of triglyceride-derived fatty
acids from VLDL or chylomicrons for storage by the adipose tissue. Uptake of free fatty acids
(FFA) involves passive diffusion through the lipid bilayer or protein-facilitated transfer. Within
the adipocytes, FA are activated into acyl-CoA and 3 acyl-CoA are esterified with glycerol to
form triglycerides (TG) stored into the lipid droplet. Additionally, insulin triggers glucose and
amino acid (AA) transport into adipocytes that are metabolized into acetyl-CoA. ACC (Acetyl-
CoA carboxylase) which converts acetyl-CoA to malonyl-CoA is the commited step of FA
synthesis pathway. Leptin antagonizes lipogenesis and promotes lipolysis. (B) In some
situations, white adipocytes can acquire brown adipocytes features and lipid stores are
mobilized. Sequential breakdown of intracellular TG (lipolysis) provides FA and glycerol.
Diglyceride formation (DG) is catalysed by HSL and ATGL, DG are hydrolysed by HSL and
monoglyceride catabolizing involve MGL. Insulin and leptin have opposing action on lipolysis.
FA and glycerol can be liberated in the circulation or FA can be oxidized in mitochondria.
Fatty acid oxidation (FAO) forms substrates for the respiratory chain (RESP). ATP or heat can
be produced by the discharge of the intermembrane space proton gradient via the ATP synthase
or UCP, respectively. Leptin has been shown to exert direct and indirect stimulation in FAO.
Abbreviations: CoA: coenzyme A, Glycerol-P: phospho-glycerol, PERA: perilipin A, GLUT:
glucose transporter, VLDL: very low density lipoprotein, N: nucleus, ATGL: adipose
triglyceride lipase, HSL: hormone sensitive lipase, MGL: monoglyceride lipase, DG:
diglyceride, MG: monoglyceride, UCP: uncoupling protein, ATP-S: ATP-synthase, .
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