
Medicine in Focus: Lipolysis in Adipocytes

Maryam Ahmadian1, Yuhui Wang1, and Hei Sook Sul1
1Departement of Nutritional Science and Toxicology, University of California, Berkeley, California
94720

Abstract
Lipolysis in adipocytes, the hydrolysis of triacylglycerol (TAG) to release fatty acids (FAs) and
glycerol for use by other organs, is a unique function of white adipose tissue. Lipolysis in adipocytes
occurs at the surface of cytosolic lipid droplets, which have recently gained much attention as
dynamic organelles integral to lipid metabolism. Desnutrin/ATGL is now established as a bona fide
TAG hydrolase and mutations in human desnutrin/ATGL/PNPLA2, as well as in its activator,
comparative gene identification 58, are associated with Neutral Lipid Storage disease. Furthermore,
recent identification of AdPLA as the major adipose phospholipase A2, has led to the discovery of
a dominant autocrine/paracrine regulation of lipolysis through PGE2. Here, we review emerging
concepts in the key players in lipolysis and the regulation of this process. We also examine recent
findings in mouse models and humans with alterations/mutations in genes involved in lipolysis and
discuss activation of lipolysis in adipocytes as a potential therapeutic target.
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1. Introduction: Lipolysis in adipocytes
Triacylglycerol (TAG) stored in white adipose tissue is the major energy reserve in mammals.
Excess TAG accumulation in adipose tissue results in obesity as well as related metabolic
disorders such as type 2 diabetes, cardiovascular disease and hypertension (Ahmadian et al.,
2007). TAG is synthesized and stored in cytosolic lipid droplets during times of energy excess,
and is mobilized from lipid droplets, via lipolysis, during times of energy need to generate fatty
acids (FAs) (Ahmadian et al., 2007, Walther and Farese, 2009). Whereas, TAG synthesis
occurs in other organs, such as the liver for VLDL production, lipolysis for the provision of
FAs as an energy source for other organs is a unique function of adipocytes (Ahmadian et al.,
2007). Increasing lipolysis in adipocytes may be a potentially useful therapeutic target for
treating obesity. However, chronically high levels of FAs in the blood, typically observed in
obesity, are correlated with many detrimental metabolic consequences such as insulin
resistance. Here, we discuss the key players of lipolysis within adipocytes, as well as the
regulation of this process. We also highlight recent findings in mouse models and humans with
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alterations/mutations in genes involved in lipolysis and discuss manipulating adipocyte
lipolysis as a potential therapeutic target.

2. Pathogenesis
2.1 Lipid droplets

In adipocytes, TAG is stored in unilocular cytosolic lipid droplets. Although once considered
to be inert storage sites, lipid droplets have recently become appreciated as dynamic organelles,
central to lipid and energy metabolism. Lipid droplets are composed of a TAG and cholesterol
ester core, surrounded by a phospholipid monolayer and coated with many proteins. Several
of these proteins are characterized by the presence of a conserved N-terminal motif defined as
a PAT domain, named after perilipin, adipophilin (also called adipocyte differentiation-related
protein, ADRP), and tail-interacting protein of 47kDa (TIP47) but also including OXPAT/
MLDP and S3-12 (Brasaemle, 2007). Furthermore, these PAT proteins are expressed in
different tissues, suggesting potential tissue-specific functions (Brasaemle, 2007).
Additionally, other proteins that may be involved in lipid droplet formation, lipid synthesis,
lipolysis and membrane-trafficking are also found on lipid droplets (Guo et al., 2009, Gubern
et al., 2009, Gubern et al., 2008, Yu et al., 1998). Caveolin, an integral membrane protein
associated with cell surface pits (caveolae), has also been shown to localize to lipid droplets
and regulate lipolysis (Cohen et al., 2004). The relative abundance of lipid droplet associated
proteins, their posttranslational modifications and interactions with other proteins help to
regulate lipolytic activity in adipocytes.

Despite recent progress in lipid droplet biology, several fundamental questions remain. First,
how are lipid droplets formed? While several theories on lipid droplet biogenesis exist, the
most widely accepted model states that neutral lipids accumulate in the ER bilayer and
subsequently bud from the cytosolic leaflet of the membrane (Walther and Farese, 2009).
However, further research is required to understand lipid droplet biogenesis. Furthermore, how
is TAG transported from the site of synthesis to the lipid droplet to increase its size? Lipids
must either be transported to the lipid droplet, perhaps via vesicular transport, or synthesized
locally, possibly by enzymes such as diacylglycerol acyltransferases (DGATs) that have been
shown to be present on lipid droplets (Walther and Farese, 2009, Guo et al., 2009). It is also
postulated that smaller lipid droplets from newly formed TAG could fuse together to form
larger lipid droplets (Walther and Farese, 2009, Guo et al., 2009). In addition, to help adipocytes
deal with large amounts of incoming FAs it has been suggested that both lipid droplet
biogenesis and growth may occur at the plasma membrane (Ost et al., 2005). In support of this
hypothesis, caveolins that are involved in plasma membrane organization and endocytosis have
been detected on lipid droplets and caveolin knockout mice exhibit defects in lipolysis (Cohen
et al., 2004). Further investigation will be required to fully understand the development,
expansion as well as many other aspects of lipid droplet biology.

2.2 The players in lipolysis in adipocytes
During times of energy shortage, TAG stored in lipid droplets is hydrolyzed to FAs and glycerol
via lipolysis. FAs released from adipose tissue can enter the circulation and be taken up by
other organs as an energy source for β-oxidation and subsequent ATP generation. Additionally,
liberated FAs and glycerol can also serve as substrates in the liver for ketogenesis and
gluconeogenesis, respectively (Stipanuk, 2006). Previously, hormone sensitive lipase (HSL)
was considered to be the rate-limiting enzyme in TAG hydrolysis (Duncan et al., 2007).
However, HSL knockout mice were not obese and accumulated diacylglycerol (DAG) in
adipose tissue rather that TAG, implicating HSL as primarily a DAG lipase and suggesting the
presence of additional novel lipase(s) in adipocytes (Haemmerle et al., 2002). In 2004, three
laboratories independently identified the same novel TAG lipase named desnutrin, ATGL and
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phosphopholipase A2 ζ, leading to re-evaluation of the classic model of lipolysis (Villena et
al., 2004, Jenkins et al., 2004, Zimmermann et al., 2004). Desnutrin/ATGL is predominantly
expressed in adipose tissue and exhibits high substrate specificity for TAG (Villena et al.,
2004, Zimmermann et al., 2004). Maximal activity of desnutrin/ATGL is dependent on its
activator, comparative gene identification 58 (CGI-58), although the mechanism of this
activation is not clear (Schweiger et al., 2009). Desnutrin/ATGL is now considered to be the
major TAG lipase in adipose tissue, hydrolyzing TAG to DAG and a FA. DAG is subsequently
hydrolyzed by HSL to generate monoacylglycerol (MAG) and a second FA. MAG lipase then
hydrolyzes MAG producing glycerol and a third FA (Figure 1).

Mice lacking desnutrin/ATGL exhibit TAG accumulation in multiple organs, most notably the
heart and die prematurely due to heart failure, preventing detailed characterization of lipolysis
in adipocytes from these mice (Haemmerle et al., 2006). Transgenic mice overexpressing
desnutrin/ATGL specifically in adipose tissue display elevated lipolysis and increased FA
oxidation in white adipose tissue, resulting in higher energy expenditure and resistance to diet-
induced obesity (Ahmadian et al., 2009). Interestingly, despite elevated lipolysis in these mice
serum FA levels are not increased (Ahmadian et al., 2009). Generation of mice lacking
desnutrin/ATGL specifically in adipose tissue will be crucial in fully characterizing the role
of desnutrin/ATGL in lipolysis in adipocytes.

2.3 Regulation of lipolysis in adipocytes
Lipolysis in adipocytes is strongly regulated by hormones. In the fasted state, elevated
glucocorticoids upregulate desnutrin/ATGL transcription (Villena et al., 2004) (Figure 1 A).
Furthermore, catecholamines, by binding to Gαs-coupled β-adrenergic receptors, generate a
signaling cascade that increases cAMP levels and activate protein kinase A (PKA). PKA
phosphorylates HSL resulting in its translocation from the cytosol to the lipid droplet where it
can hydrolyze DAG. PKA also phosphorylates the lipid droplet associated protein perilipin to
provide lipases greater access to the lipid droplet (Brasaemle, 2007). In contrast, during the
fed state insulin binds to its receptor in adipocytes and initiates a signaling event that, via
phosphorylation and activation of phosphodiesterase 3B (PDE3B), decreases cAMP and
ultimately inhibits lipolysis (Figure 1B). The importance of PDE3B in suppressing adipocyte
lipolysis has been demonstrated in PDE3B null mice (Choi et al., 2006). In the fed state, insulin
also suppresses the expression of desnutrin/ATGL, possibly through FoxO1 (Chakrabarti and
Kandror, 2009). Although the C-terminal region of human desnutrin/ATGL contains two
previously identified phosphoserine residues (S406 and S430), that are conserved in murine
desnutrin/ATGL, phosphorylation of these sites does not appear to affect TAG hydrolysis or
localization to lipid droplets (Duncan et al., 2009).

While the endocrine regulation of lipolysis by catecholamines and insulin has been well
characterized, much remains to be investigated regarding the local regulation of lipolysis in
adipocytes by autocrine/paracrine facors. Adipocytes secrete several factors that can regulate
lipolysis locally, such as TNF-α which stimulates lipolysis and adenosine which inhibits
lipolysis (Jaworski et al., 2007, Dhalla et al., 2009). Prostaglandins have also been shown to
inhibit, stimulate, or have no effect on lipolysis depending on the concentration and species
tested (Jaworski et al., 2007). However, recent identification of adipose-specific phospholipase
A2 (AdPLA) has shed new light on a dominant autocrine/paracrine regulation of lipolysis by
adipocyte-derived PGE2 (Duncan et al., 2008, Jaworski et al., 2009). AdPLA is a membrane-
associated, calcium-dependent PLA2 and represents a new group of PLA2s, group XVI
(Duncan et al., 2008). AdPLA is highly expressed exclusively in adipocytes and is the major
PLA in adipocytes (Jaworski et al., 2009). As a PLA2, AdPLA catalyzes the release of FAs
from the sn-2 position of phospholipids that is typically enriched in arachidonic acid, a substrate
for the synthesis of eicosanoids (Jaworski et al., 2009) (Figure 1B). PGE2 is the predominant
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prostaglandin produced in white adipose tissue, and ablation of AdPLA in mice causes a >85%
fall in PGE2 levels in this tissue. While PGE2 has 4 cognate receptors (EP1, EP2, EP3, and
EP4), Gαi-coupled EP3 is expressed at >10-fold higher levels than the other EP receptors in
adipose tissue (Jaworski et al., 2009). Reduced PGE2 levels induced by loss of AdPLA causes
decreased EP3 signaling, which, in turn, elevates cAMP levels and activates lipolysis through
PKA-mediated phosphorylation of HSL (Jaworski et al., 2009). The induction of AdPLA by
feeding and insulin, suggests that it plays an important role in the suppression of lipolysis
during the fed state (Jaworski et al., 2009). AdPLA null mice exhibit unrestrained adipocyte
lipolysis and are resistant to both diet-induced and genetic obesity indicating that AdPLA is a
critical factor in the development of obesity (Jaworski et al., 2009). Interestingly, similar to
desnutrin/ATGL transgenic mice, increased lipolysis in these mice does not lead to elevated
serum FA levels but instead promotes FA oxidation directly within adipocytes (Jaworski et al.,
2009, Ahmadian et al., 2009).

In addition to the autocrine/paracrine regulation of lipolysis by PGE2, other signaling pathways
through cytokines, growth hormones, AMP-activated protein kinase and nicotinic acid have
also been shown to regulate lipolysis (Lafontan, 2008, Jaworski et al., 2007). Furthermore, in
primates but not rodents, regulation of lipolysis by naturietic peptides through a cGMP
dependent protein kinase (PKG) has also been shown to exist (Lafontan, 2008). However,
future investigation into these pathways will be required to establish their relative importance
in regulating lipolysis.

2.5 Human diseases with alterations in lipolysis in adipocytes
Mutations in the human desnutrin/ATGL gene (PNPLA2) are associated with a rare inherited
disorder called Neutral Lipid Storage Disease with Myopathy (NLSDM), which results in
systemic TAG accumulation, myopathy, cardiac abnormalities, and hepatomegaly (Schweiger
et al., 2009). TAG accumulation in the heart causes cardiac defects reminiscent of the
phenotype observed in mice lacking desnutrin/ATGL (Schweiger et al., 2009). Most of the
identified mutations lead to the expression of C-terminally truncated versions of desnutrin/
ATGL (Schweiger et al., 2009). Interestingly, these variants exhibit elevated enzyme activity
in vitro compared to the full length form but fail to bind to lipid droplets in intact cells,
suggesting that the lipolytic defect in these individuals is due to impaired localization of
desnutrin/ATGL and that the C-terminus of desnutrin/ATGL likely contains a regulatory
domain that affects hydrolase activity (Schweiger et al., 2009). In this regard, recent findings
have shown that the N- and C-terminus of murine desnutrin/ATGL interact, suggesting that
the negative regulatory role of the C-terminal domain in vitro likely results from masking of
critical sites in the N-terminal patatin domain(Duncan et al., 2009). In humans, mutations in
CGI-58, the activator of desnutrin/ATGL, have also been identified and, similar to individuals
with mutated desnutrin/ATGL, they exhibit systemic TAG accumulation, mild myopathy and
hepatomegaly (Schweiger et al., 2009). However, these individuals also display ichthyosis.
This disease is known as Chanarin-Dorfman Syndrome or NLSD with ichthyosis (NLSD-I).
Affected individuals express mutant forms of CGI-58 that are unable to activate desnutrin/
ATGL, indicating that the TAG accumulation in tissues is due to defective desnutrin/ATGL
function. It is interesting to note that, although desnutrin/ATGL and CGI-58 are highly
expressed in adipocytes where lipolysis is the major function, patients with NLSDL or NLSDM
are not obese (Schweiger et al., 2009). Further investigation into the roles of desnutrin/ATGL
and CGI-58, particularly in human adipose tissue will be necessary to better understand and
treat these diseases. Additionally, identification of single nucleotide polymorphisms (SNPs)
in other genes encoding proteins involved in lipolysis and characterization of their associated
pathological syndromes will be crucial in helping to develop strategies to target lipolysis as a
treatment for obesity or related diseases.
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3. Therapy
It might be predicted that increasing lipolysis in adipocytes would lead to chronically high
levels of circulating FAs that are correlated with adverse metabolic effects such as insulin
resistance. Therefore, inhibiting lipolysis to lower serum FA levels has been a therapeutic
approach for the management of insulin resistance and type 2 diabetes. Nicotinic acid and its
analog acipimox have been used as antilipolytic agents for the treatment of dyslipidemia
(Dhalla et al., 2009). However, their therapeutic usefulness is limited since the initial decrease
in serum FA levels is followed by a rebound effect resulting in increased serum FA levels and
insulin resistance (Dhalla et al., 2009).

Interestingly, mouse models of increased lipolysis do not have elevated serum FA levels,
revealing that increasing lipolysis in adipocytes does not alter serum FA levels. Rather,
increasing lipolysis in mice results in leanness and promotes FA oxidation directly within
adipocytes (Ahmadian et al., 2009, Jaworski et al., 2009, Saha et al., 2004, Tansey et al.,
2001), suggesting that activation of lipolysis may be a promising therapeutic target for the
treatment of obesity. In this regard, adipocytes from obese humans have reduced lipolytic
capacity and desnutrin/ATGL expression is reduced in adipose tissue of ob/ob mice (Langin
et al., 2005, Villena et al., 2004). It is important to note that when FAs are generated at a rate
that exceeds the oxidative capacity of adipose tissue, ectopic TAG storage and insulin
resistance may result, as seen in many lipodystrophy models (Jaworski et al., 2009). Therefore,
partial activation of lipolysis in adipocytes may be a more promising therapeutic approach.
However, since there are numerous genes involved in lipolysis including those that encode for
lipolytic enzymes, regulatory proteins as well as lipid droplet associated proteins, it is important
that the tissue specificity of the target is taken into account. As discussed above, mutations in
desnutrin/ATGL as well as CGI-58 severely affect multiple tissues. In this regard, AdPLA may
represent an ideal target for manipulating lipolysis since it is highly expressed only in adipose
tissue and is therefore less likely to have off-target effects. Future investigation into the role
AdPLA in human adipocytes as well as the pathological syndrome of humans with SNPs in
the AdPLA (PLA2G16) gene will help answer some of these questions. Furthermore, as more
lipid droplet associated proteins are identified and characterized there will likely be more
potential therapeutic targets for modulating lipolysis.
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Figure 1. Regulation of lipolysis in adipocytes
A) Desnutrin/ATGL initiates lipolysis by hydrolyzing triacylglycerol (TAG) to diacylglycerol
(DAG). Hormone-sensitive lipase (HSL) hydrolyzes DAG to monoacylglycerol (MAG), which
is subsequently hydrolyzed by MAG lipase to generate glycerol and three fatty acids (FAs).
The FAs generated during lipolysis can be released into the circulation for use by other organs
or oxidized within adipocytes. During fasting, catecholamines, by binding to Gαs-coupled β-
adrenergic receptors (β-AR), activate adenylate cyclase (AC) to increase cAMP and activate
protein kinase A (PKA). PKA phosphorylates HSL, resulting in translocation of HSL from the
cytosol to the lipid droplet. PKA also phosphorylates the lipid droplet associated protein
perilipin. Additionally, during fasting, glucocorticoids increase the expression of desnutrin/
ATGL. B) In the fed state, insulin binding to the insulin receptor (IR), results in decreased
cAMP levels and decreased lipolysis. Insulin also suppresses expression of desnutrin/ATGL.
Recent studies have revealed that lipolysis is dominantly regulated by prostaglandin E2
(PGE2) through adipose-specific phospholipase A2 (AdPLA). AdPLA hydrolyzes the sn-2
position of phospholipids to generate arachidonic acid (AA), which via cyclooxygenase (COX)
produces PGE2, that acts locally by binding to Gαi-coupled EP3 present in adipocytes, resulting
in inhibition of AC and decreased lipolysis.

Ahmadian et al. Page 9

Int J Biochem Cell Biol. Author manuscript; available in PMC 2011 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


