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Abstract

Triacylglycerol (TAG) stored in adipose tissue can be rapidly mobilized by the hydrolytic action of
lipases, with the release of fatty acids (FA) that are used by other tissues during times of energy
deprivation. Unlike synthesis of TAG, which occurs not only in adipose tissue but also in other tissues
suchas liver for very-low-density lipoprotein formation, hydrolysis of TAG, lipolysis, predominantly
occurs in adipose tissue. Until recently, hormone-sensitive lipase was considered to be the key rate-
limiting enzyme responsible for regulating TAG mobilization. However, recent studies on hormone-
sensitive lipase-null mice have challenged such a concept. A novel lipase named desnutrin/ATGL
has been recently discovered to play a key role in lipolysis in adipocytes. Lipolysis is under tight
hormonal regulation. Although opposing regulation of lipolysis in adipose tissue by insulin and
catecholamines is well understood, autocrine/paracrine factors may also participate in its regulation.
Intricate cooperation of these endocrine and autocrine/paracrine factors leads to a fine regulation of
lipolysis in adipocytes, needed for energy homeostasis. In this review, we summarize and discuss
the recent progress made in the regulation of adipocyte lipolysis.
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Adipocytes Play a Critical role in energy homeostasis by hydrolysis (lipolysis) of their
triacylglycerol (TAG) reserves to provide fatty acids (FA) that are important oxidative fuels
for other tissues during times of energy deprivation such as fasting and exercise. A
dysregulation of lipolysis may lead to metabolic abnormalities. Reduced lipolytic activity may
contribute to accumulation of TAG in adipose tissue and thus obesity. On the other hand,
excessive lipolysis may contribute to lipodystrophy syndromes, which are characterized by a
significant loss or redistribution of TAG in adipose tissue depots, which may lead to higher
circulating FA and ectopic storage of TAG. These abnormalities are associated with the
development of insulin resistance. Thus fine regulation of lipolysis is crucial for maintenance
of body energy homeostasis as well as for the prevention of metabolic diseases.

Regulation of HSL

During the lipolytic process, one molecule of glycerol and three molecules of FA are produced
by the hydrolysis of one molecule of TAG. FA are released into the circulation to be taken up
by other tissues. FA can also be oxidized or used for reesterification in adipocytes to produce
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TAG. Lipolysis is under tight regulation by hormones, i.e., catecholamines and insulin, of
which secretion is under nutritional regulation. For many years, hormone-sensitive lipase
(HSL) has been considered to be the regulatory enzyme, hydrolyzing FA the from sn-1 and
sn-3 position of TAG to generate 2-monoacylglycerol (MAG), which subsequently requires
monoacylglycerol lipase for complete hydrolysis (11). According to this model, adipocyte
lipolysis is activated by catecholamines, in times of energy need such as fasting and exercise.
Hormone binding to Gas coupled receptors results in increased adenylate cyclase activity. The
stimulation of adenylate cyclase leads to an increase in intracellular CAMP concentrations,
resulting in activation of cCAMP-dependent PKA. PKA phosphorylates HSL at three serine
residues (563, 659, and 660) in a 150-amino acid stretch, termed the regulatory module. This
regulatory module is found within the COOH-terminal domain of HSL, which also contains
the catalytic triad (Ser-423, Asp-703, and His-733). Phosphorylation of HSL results in
increased hydrolytic activity, translocation of HSL from cytosol to the lipid droplet surface,
and enhanced TAG breakdown in the cell. In addition to the PKA-mediated phosphorylation,
HSL may be phosphorylated by other kinases such as ERK1/2 through the PMA/PKC/MAPK
pathway and AMP-activated protein kinase (AMPK), a kinase proposed to be a cellular energy
sensor, as well as cGMP-dependent kinase. In vitro, prior phosphorylation of HSL by AMPK
prevented subsequent phosphorylation by PKA and vice versa. Therefore AMPK-mediated
phosphorylation of HSL may have an antilipolytic effect.

The hydrolytic action of HSL is regulated by perilipin A, a lipid droplet-associated protein.
Association of perilipin A with lipid droplet controls the magnitude of lipolysis. Thus perilipin
A may act as a barrier to lipases, thereby maintaining a low rate of basal lipolysis. Upon
hormonal stimulation, perilipin A undergoes phosphorylation by PKA at six serine residues,
and phosphorylation at Ser-517 may globally regulate PKA-stimulated lipolysis in adipocytes
(13,24). PKA-dependent perilipin phosphorylation may facilitate the translocation of HSL to
the lipid droplet. However, one recent study showed that PKA-dependent perilipin
phosphorylation, although facilitating perilipin interaction with lipid droplet-associated HSL,
isnotinvolved in the translocation of HSL to the lipid droplet (14). Regardless, phosphorylation
of both perilipin and HSL catalyzes efficient TAG breakdown into diacylglycerol (DAG) and
MAG. Lipid droplet-associated proteins include the perilipin-adipophilin-TIP47 (PAT) family
of proteins as well as other proteins such as adipocyte fatty acid-binding protein (aFABP/
ALBP/aP2) and caveolin 1 (2,23). PAT family proteins are known to be lipid droplet-associated
proteins and also to be integral components of the plasma membrane (16). Although their
function and distribution are not clear, it has been proposed that PAT family proteins with their
fatty acid cargo from specialized plasma membrane domains transit into lipid droplets as part
of the influx mechanism. Regardless, lipid droplets in adipocytes appear to acquire their PAT
proteins and caveolin-1 by interaction with specialized plasma membrane domains (16). In this
regard, Caveolin-1-null mice exhibit markedly attenuated lipolytic activity in their adipocytes
and fail to properly mobilize stored TAG during fasting (2). A complex formation between
perilipin, caveolin-1 and the catalytic subunit of PK A was reported be induced by B3AR agonist
treatment (2). Thus the PAT and other lipid droplet-associated proteins may constitute a
functionally important lipolytic complex in regulating lipolysis. In this regard, CGI-58
[comparative gene identification 58 alpha/beta-hydrolase domain containing protein 5
(CGI-58/ABHDb5)], which is associated with Chanarin-Dorfman syndrome with excessive
TAG accumulation in various tissues, also interacts with perilipin and thereby localizes to lipid
droplets (19). CGI-58 has been shown to activate desnutrin/ATGL, but not HSL, to stimulate
lipolysis (12). Molecular mechanisms underlying the activation of lipolysis by CGI-58 may
also provide better understanding on the function of perilipin and other lipid droplet-associated
proteins.
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Desnutrin/ATGL, the Major TAG Lipase in Adipocytes

Studies on HSL-null mice, however, highlighted the importance of other lipases in TAG
hydrolysis in adipocytes. HSL-deficient mice fed a high-fat diet exhibited normal body weight
and decreased fat mass, but their white adipose tissue still retained ~40% of TAG lipase activity
compared with wild-type mice (15,22). Moreover, lipolytic response to extended fasting
appeared normal in HSL-null mice with adequate or even heightened mobilization and
oxidation of FA. This suggests that at least one unidentified lipase must exist and is
enzymatically active when HSL is absent. In addition, HSL deficiency led to the accumulation
of DAG in adipose tissue of HSL knockout mice without significant change in TAG levels,
suggesting that HSL is rate limiting for DAG hydrolysis rather than TAG hydrolysis (6). In
vitro studies provide additional evidence that HSL may be rate limiting in DAG, but not TAG
hydrolysis: HSL has broad substrate specificity and can hydrolyze TAG, DAG, and MAG as
well as cholesteryl and retinyl esters. However, HSL is more active against DAG and
cholesteryl esters (CEs) than TAG and MAG. For example, HSL has 10-fold higher activity
with DAG compared with TAG in vitro. On the other hand, HSL may be the only, and at least,
the major CE hydrolase (9); HSL has high activity toward CE in vitro and, in HSL-null mice,
hydrolytic capacity toward CE was totally lost. Overall, these findings indicate that another
lipase exhibits a preference for the hydrolysis of the first ester bond of the TAG molecule.

Recently, our laboratory and subsequently two other laboratories identified a novel TAG lipase
named desnutrin/ATGL (also called PNPLA2, iPLA2C, or TTS2.2) that indeed exhibited many
predicted properties of the not-yet-identified adipose lipase(s) described above (7,21,25).
Desnutrin/ATGL is a 486-amino-acid protein with a calculated molecular mass of 54 kDa.
Desnutrin/ATGL contains a patatin-like domain in the NH,-terminal region. The domain owes
its name to patatin, a storage protein found in potato and other solanaceous plants that display
lipid acyl hydrolase and broad esterase activity. The homology of desnutrin/ATGL to the
patatin domain-containing protein family suggested desnutrin/ATGL as a lipase. Three highly
conserved regions could be identified in the patatin domain of desnutrin/ATGL and related
proteins: a glycine-rich GXGXXG nucleotide binding motif, a GXSXG serine hydrolase motif
(characteristic of serine esterase), and a DX(G/A) motif containing a conserved aspartate
residue. The serine and aspartate residues constitute a catalytic dyad that is required for the
lipase activity of patatin. Overexpression of desnutrin/ATGL revealed increase in TAG
breakdown and release of FA, demonstrating a role of desnutrin/ATGL as TAG lipase. In vitro
lipid hydrolase assays confirmed that desnutrin/ATGL is a TAG hydrolase and, in contrast to
HSL, does not hydrolyze cholesteryl or retinyl ester bonds (25). Functional importance of
desnutrin/ATGL as TAG hydrolase has also been confirmed by Drosophila melanogaster
ortholog, brummer, and Saccharomyces cerevisiae TGL3 (4,5,18). In mice, desnutrin/ATGL
ablation increased adipose tissue mass by about twofold and caused lipid deposition in other
tissues, particularly in heart (5). Ablation or overexpression of desnutrin/ATGL restricted to
adipose tissue, however, will help to unravel more clearly the role of desnutrin/ATGL in
adipose tissue.

Although expressed predominantly at a high level only in adipose tissue, desnutrin/ATGL
mRNA is also found at a low level in a variety of tissues. Desnutrin/ATGL expression is
upregulated during adipocyte differentiation (21). The favored expression of desnutrin/ATGL
in adipocytes clearly confirms the involvement of the desnutrin in a function preferential but
not exclusive to adipocytes. Desnutrin/ATGL expression is induced by glucocorticoids whose
levels also increase during fasting (21). On the other hand, desnutrin/ATGL expression was
downregulated by refeeding and insulin (8). Thus desnutrin/ATGL, together with HSL, may
increase hydrolysis of adipose TAG in fasting. Interestingly, desnutrin/ATGL mRNA was
downregulated in db/db and ob/ob mice, suggesting that desnutrin/ATGL may contribute to
the development of obesity by reducing TAG accumulation due to stimulation of lipolysis in
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adipose tissue (21). The regulation of desnutrin/ATGL activity appears quite different
compared with that described for HSL. First, desnutrin/ATGL could be a phosphoprotein but
its phosphorylation does not appear to be mediated by PKA (25). Second, desnutrin/ATGL is
localized on the lipid droplet in the basal and hormone-stimulated state of the cell, suggesting
that desnutrin/ATGL may not be activated by translocation to the lipid droplet as demonstrated
for HSL (25). Thus it is not known whether the phosphorylation of desnutrin affects its
localization or catalytic activity. Additional studies are also needed to fully understand the role
of perilipin in desnutrin/ATGL regulation and its relationship with HSL in TAG hydrolysis in
adipocytes.

Inaddition to HSL and desnutrin/ATGL, additional enzymes have been implicated in adipocyte
lipolysis: they include TAG hydrolases as well as other patatin-like domain-containing proteins
including adiponutrin (iPLA2e/PNPLAS3), GS2 (iPLA2n/PNPLA4), and GS2-like (PNPLAS),
which all have been reported to have hydrolase activity in vitro (7). GS2 and GS2-like protein,
but not adiponutrin, increased lipolysis when overexpressed (10). This suggests that GS2 and
GS2-like protein may play a role in lipolysis whereas adiponutrin may have a distinct function
in adipocytes. Interestingly, adiponutrin is specifically expressed in adipocytes, is not
detectable in the fasted state, but is highly induced in fed or in obese states (10). Complicating
the matter further, adiponutrin and GS2 as well as the now-identified TAG lipase, desnutrin/
ATGL, were all reported to have transacylase as well as phospholipase activity in vitro (7).
Regardless, desnutrin/ATGL and HSL are quantitatively the most important lipases found in
adipose tissue (17).

Thus, in the current proposed model of the lipolytic cascade, lipolysis is catalyzed by at least
three enzymes: Desnutrin/ATGL catalyzes predominantly the hydrolysis of the first ester bond
in TAG (although a fraction of TAG hydrolysis may be catalyzed by HSL). Then, the resulting
DAG is hydrolyzed by the HSL-catalyzed reaction to generate MAG. Finally, the hydrolysis
of MAG is catalyzed by monoacylglycerol lipase, which is abundant and not regulated (see
Fig. 1).

Hormonal Regulation of Lipolysis

Opposing regulation of lipolysis in adipose tissue by catecholamines and insulin has been well
documented. During fasting, catecholamines are the major hormones to markedly stimulate
lipolysis, especially in humans (1,11). These hormones may reach adipose tissue via circulation
(mainly epinephrine) or via sympathetic innervation (norepinephrine). Lipolytic action of
catecholamines is mediated by three different p-adrenergic receptor subtypes: B1AR, B2AR,
and B3AR. Whereas B1AR and B,AR are broadly expressed throughout tissues of the body,
B3AR is found predominantly in white and brown adipocytes in rodents and is poorly expressed
in human adipocytes. Each of these receptors is coupled to Gas, and their activation by
catecholamines leads to the lipolytic cascade (as discussed above). In contrast to rodents,
human adipocytes express significant levels of a,AR. Catecholamines may exert an
antilipolytic effect in human adipocytes by binding to Gai-coupled 02AR, leading to a decrease
in intracellular cAMP levels. Thus o/BAR balance may be important in regulation of adipocyte
lipolysis and obesity in humans. In this regard, aAR transgenic mice on a B3AR knockout
background showed reduced catecholamine-stimulated lipolysis and developed obesity (20).
Along with catecholamines, glucocorticoids are also elevated in fasted state. As indicated
above, by inducing desnutrin/ATGL expression, glucocorticoids may also participate in
stimulation of lipolysis in adipose tissue during fasting (21). On the other hand, insulin is by
far the most potent antilipolytic hormone. In the fed state, insulin inhibits lipolysis, which
brings about dephosphorylation of HSL as well as activation of phosphodiesterase that reduces
cAMP levels (1,11). Insulin induces phosphorylation and activation of PDE3B, which appear
to be associated with caveolae in adipocytes. PDE3B has been shown to be inhibited by a
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dominant-negative PKB/AKt, suggesting that the PI3K/Akt pathway is necessary for insulin-
induced phosphorylation and activation of PDE3B. Phosphorylation at serine-273 of PDE3B
by PKB/Akt may be responsible for the insulin mediated activation of PDE3B. Insulin may
also suppress lipolysis by activation of protein phosphatase-1 through phosphorylation of its
regulatory subunit. Activated protein phosphatase-1 rapidly dephosphorylates and deactivates
HSL, decreasing lipolysis.

Although opposing regulation of lipolysis by insulin and catecholamines is well characterized,
not much is known about regulation of lipolysis by other hormones and autocrine/paracrine
factors. It has been reported that thyroid hormone, growth hormone, natriuretic peptide, alpha-
melanocyte-stimulating hormone (a-MSH), as well as TNF-a stimulate lipolysis whereas
adenosine and neuropeptide Y inhibit lipolysis (11). PGE; has been reported to have a biphasic
effect: PGE, at nanomolar concentrations suppressed lipolysis, whereas at micromolar
concentrations it stimulated lipolysis (3). On the other hand, PGI, showed no effect in general
or exerted a biphasic effect: PGl at nanomolar concentrations stimulated lipolysis, whereas
at micromolar concentrations it suppressed lipolysis. Along with primary hormones that
regulate lipolysis, insulin and catecholamines, autocrine/paracrine factors may participate for
the precise regulation of lipolysis in adipocytes to meet the physiologic and metabolic changes.
The signal transduction pathways and molecular mechanisms underlying regulation of lipolysis
in response to various hormones and autocrine/paracrine factors need to be elucidated in the
future.

In conclusion, adipocyte lipolysis is a complex process that is tightly controlled through
integration of multiple and diverse hormonal and biochemical signals. Breakdown of this
regulation may contribute to the development of obesity and associated pathologies. Many
exciting advances have been made recently, including the discovery of major lipases that
catalyze adipocyte lipolysis. However, questions remain such as the regulation of lipolytic
enzymes and their coordinate interaction as well as the cooperation between endocrine and
autocrine/paracrine signals regulating lipolysis in adipocytes. As genetic mouse models of
lipases are generated, it is likely that our understanding of adipocyte lipolysis will be achieved
in the near future.
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Fig. 1.

Regulation of lipolysis in adipocytes. Lipolysis is under tight hormonal control; it is stimulated
during fasting by increased catecholamines (via increased cCAMP) and glucocorticoids but is
suppressed in the fed state by insulin action. Lipolysis is catalyzed by 3 lipases. Desnutrin/
ATGL predominantly performs the initial step in triacylglycerol (TAG) hydrolysis resulting
in the formation of diacylglycerol (DAG) and fatty acid (FA). Hormone-sensitive lipase (HSL)
catalyzes hydrolysis of TAG, DAG, and monoacylglycerol (MAG) at a ratio of 1:10:1 in vitro.
Monoacylglycerol lipase (MGL) catalyzes hydrolysis of MAG to form glycerol and FA. AC:
adenylate cyclase; aAR: alpha-adrenergic receptor; Gas: stimulatory GTP-binding protein
alpha subunit; Gal: inhibitory GTP-binding protein alpha subunit.
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