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Abstract
Lipolysis of white adipose tissue triacylglycerol stores results in the
liberation of glycerol and nonesterified fatty acids that are released
into the vasculature for use by other organs as energy substrates.
In response to changes in nutritional state, lipolysis rates are pre-
cisely regulated through hormonal and biochemical signals. These
signals modulate the activity of lipolytic enzymes and accessory
proteins, allowing for maximal responsiveness of adipose tissue to
changes in energy requirements and availability. Recently, a num-
ber of novel adipocyte triacylglyceride lipases have been identified,
including desnutrin/ATGL, greatly expanding our understanding
of adipocyte lipolysis. We have also begun to better appreciate the
role of a number of nonenzymatic proteins that are critical to tri-
acylglyceride breakdown. This review provides an overview of key
mediators of lipolysis and the regulation of this process by changes
in nutritional status and nutrient intakes.

79

A
nn

u.
 R

ev
. N

ut
r.

 2
00

7.
27

:7
9-

10
1.

 D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 M
or

eh
ea

d 
St

at
e 

U
ni

ve
rs

ity
 o

n 
01

/0
4/

12
. F

or
 p

er
so

na
l u

se
 o

nl
y.



ANRV318-NU27-05 ARI 10 July 2007 6:59

WAT: white adipose
tissue
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INTRODUCTION

White adipose tissue (WAT) triacylglycerol
(TAG) is the major energy reserve in higher
eukaryotes. This lipid pool is in a constant
state of flux, resulting from a largely futile cy-

cle of lipolysis and re-esterification (55). Dur-
ing times of energy deprivation, WAT under-
goes a shift toward greater net rates of lipoly-
sis, which can be defined as the hydrolysis of
TAG to generate fatty acids (FAs) and glycerol
that are released into the vasculature for use
by other organs as energy substrates. Lipolysis
proceeds in an orderly and regulated manner,
with different enzymes acting at each step.
TAG is hydrolyzed sequentially to form di-
acylglycerol (DAG), then monoacylglycerol
(MAG), with the liberation of a FA at each
step. MAG is hydrolyzed to release the final
FA and glycerol. The storage of energy re-
serves as TAG, and the ability to rapidly mo-
bilize these reserves as FA to fuel energy de-
mands, represents a highly adapted metabolic
response. The liberation of FA from TAG by
adipocyte lipolysis is also important to sup-
ply substrate for hepatic synthesis of very-
low-density lipoproteins (VLDLs). Circulat-
ing FAs are a major source of substrate for
the hepatic production of TAG-rich lipopro-
teins (34, 80), and impairment of adipose tis-
sue lipolysis inhibits VLDL synthesis (44, 94,
134).

Alterations in lipolysis are frequently asso-
ciated with obesity, including an increase in
basal rates of lipolysis that may contribute to
the development of insulin resistance, as well
as an impaired responsiveness to stimulated
lipolysis (65, 102). Obesity is characterized
primarily by an excess of WAT and an en-
largement in adipocyte size that results from
increased TAG storage. Obesity has become a
prevalent health problem due to its close asso-
ciation with a number of disorders, including
type 2 diabetes, hypertension, and atheroscle-
rosis (133). Here, we review adipocyte lipol-
ysis and the major nutritional determinants
controlling this process. Figure 1 provides
an overview of the nutritional regulation of
adipocyte lipolysis.

TRIACYLGLYCEROL
HYDROLYSIS

Until recently, initiation of TAG hydrol-
ysis in adipose tissue was believed to be
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controlled by hormone-sensitive lipase (HSL)
(109). The generation of HSL-null mouse
models, however, demonstrated clearly the
existence of residual HSL-independent TAG
lipase activity, suggesting the presence of
previously unidentified adipocyte enzyme(s)
with TAG hydrolase activity (44, 94, 134).
In recent years, novel adipose tissue lipases
have been identified and characterized. All
are serine esterases that harbor a common
structural element—the alpha/beta-hydrolase
fold—and a conserved catalytic diad or triad
that is composed of the GXSXG pentapep-
tide motif as well as an active aspartate or
glutamate (D/E)GG tripeptide and an active
histidine (H). Studies to determine the rela-
tive contribution of each enzyme to adipocyte
lipolysis are ongoing.

Hormone-Sensitive Lipase

Adipose tissue HSL (E.C. 3.1.1.3) is an 84 kDa
cytoplasmic protein with demonstrated activ-
ity against a wide variety of substrates in-
cluding TAG, DAG, cholesteryl esters (CEs),
and retinyl esters (51). Relative fatty acyl hy-
drolase activity of HSL in vitro is elevenfold
greater against DAG than TAG, and twofold
greater against CEs (51). HSL shows a pref-
erence for activity against fatty acids in the
sn-1 or sn-3 position (99). Until recently,
HSL was believed to be the primary enzyme
responsible for virtually all TAG and DAG
hydrolase activity in adipocytes, as well as
neutral cholesteryl ester hydrolase (NCEH)
activity. To address the functional role of
HSL in vivo, several laboratories generated
HSL-null mouse models (44, 94, 134). Al-
though differences have been observed be-
tween these models, a great deal of insight
has been gained regarding the relative contri-
bution of HSL to adipocyte TAG hydrolysis.
For instance, studies have demonstrated that
although NCEH activity was indeed absent
in HSL-null adipocytes, a substantial fraction
of catecholamine stimulated lipolysis (90, 94),
and most, if not all, basal lipolysis remained
(30, 134). Moreover, the lipolytic response to
extended fasting (>48 h) appeared to be nor-

TAG:
triacylglyceride

FA: fatty acid

DAG:
diacylglyceride

MAG:
monoacylglyceride

Lipolysis: the
hydrolysis of TAG to
generate
nonesterified fatty
acids (FAs) and
glycerol that are
released into the
vasculature for use
by other organs as
energy substrates

HSL:
hormone-sensitive
lipase

mal in HSL-null mice that demonstrated ad-
equate or even heightened mobilization and
oxidation of FA (30). HSL-mediated lipolysis,
however, did contribute an important com-
ponent to adipose FA liberation. HSL-null
mice displayed lower serum NEFA and TAG
levels and reduced hepatic TAG storage, in-
dicating that HSL-independent lipolysis was
inadequate to maintain FA output from adi-
pose tissue at levels that could meet normal
demands for energy substrates and VLDL
synthesis (45, 132).

Examination of the physiology of HSL-
null mice offers additional insight into the
relative importance of HSL in TAG hydro-
lysis in vivo. On a normal chow diet, HSL-null
mice had body weights similar to wild-type
mice (47), and adipocyte size was reportedly
either similar or slightly larger (94)—a find-
ing that is consistent with a role for HSL in
adipocyte FA mobilization. However, WAT
mass in these animals was either unchanged
(94) or decreased in size (134). Furthermore,
on a high-fat diet, HSL ablation was associ-
ated with a significant protective effect against
the development of obesity (47). This re-
sult was unexpected, but could be explained
by the finding that in the absence of HSL,
adipocytes undergo a compensatory decrease
in the re-esterification of FA that results in
decreased resynthesis of TAG and increased
liberation of FA to the vasculature (144). Al-
though this compensatory response may have
confounded measurement of the true contri-
bution of HSL to adipose fatty acid mobiliza-
tion, it is clear from a number of studies that
HSL is not strictly required for the initiation
of TAG hydrolysis. This fact is made even
more evident by the finding that DAG, but
not TAG, accumulated in adipocytes of HSL-
null mice (44). The relative contribution of
HSL to DAG lipolysis is further discussed
below.

Desnutrin/Adipose Triglyceride
Lipase

In 2004, using rat cDNA microarray analysis
of adipocyte-specific genes, we identified and
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ATGL: adipose
triglyceride lipase

characterized a novel adipocyte TAG li-
pase that we called desnutrin (130). Desnu-
trin is a 54 kDa protein that contains
an N-terminal patatin-like domain that is
found in many plant acyl hydrolases and
is characterized by a conserved serine in
the GXSXG motif, an alpha/beta-hydrolase
fold, a conserved aspartate belonging to
the DX(G/A) motif, and a glycine-rich re-
gion (130). This same enzyme was subse-
quently identified by two other laboratories
from database searches of proteins contain-
ing the conserved GXSXG pentapeptide mo-
tif and alpha/beta-hydrolase fold, and was
named adipose triglyceride lipase (ATGL)
(145) or iPLA2ζ (53, 145). Murine desnutrin/
ATGL is found predominantly in adipose tis-
sue, but it is also found at much lower lev-
els in other tissues, notably cardiac and skele-
tal muscle and testis. When cells contain fat
stores, such as differentiated 3T3-L1 cells
(145) as well as HeLa cells grown in oleic
acid–rich medium (115), desnutrin/ATGL is
found both in the cytoplasm and tightly as-
sociated with the lipid droplet (115, 130,
145). In COS-7 cells that lack substantial
lipid droplets, desnutrin/ATGL was found
to be relatively homogenously distributed
within the cytoplasm (130). Factors governing
subcellular distribution of desnutrin/ATGL,
including mechanisms by which the cytoplas-
mic enzyme accesses its substrate and poten-
tial translocation to the lipid droplet, remain
to be determined.

Several lines of evidence indicate that
desnutrin/ATGL is a TAG-specific lipase. We
have shown that overexpression of desnutrin/
ATGL in COS-7 cells increased FFA release
to the medium, decreasing intracellular stores
of TAG without affecting intracellular phos-
pholipid stores (130). A similar effect on TAG
level has also been reported in 293HEK cells
(62), while expression of desnutrin/ATGL in
3T3-L1 adipocytes has been shown to in-
crease both glycerol and FA release (144).
In vitro, TAG hydrolase activity has been
demonstrated for the enzyme purified by ex-

pression in Sf9 insect cells and 293HEK
cells as well as COS-7 cells (53, 130,
145). The specificity of desnutrin/ATGL for
TAG has also been investigated. Zimmer-
mann et al. (144) prepared cytosolic extracts
from HepG2 cells infected with adenoviral-
desnutrin/ATGL and incubated them with
radiolabeled triolein and diolein substrates.
They found significantly higher TAG lipase
activity (approximately six- to tenfold higher)
than DAG lipase activity, indicating a pri-
mary role for the enzyme in catalyzing the
first, rate-limiting step in lipolysis. This find-
ing was supported by work in COS-7 cells
demonstrating a 21-fold increased accumula-
tion of DAG in cells transfected with desnu-
trin/ATGL compared with HSL, as well
as a modest increase in MAG levels (144).
Extracts from COS-7 cells transiently ex-
pressing desnutrin/ATGL had activity against
cholesteryl esters and retinyl esters that was
comparable to control values (144), further
demonstrating the specific role for desnutrin/
ATGL in TAG hydrolysis.

Nutritional regulation of desnutrin/
ATGL further supports a role for this en-
zyme in the mobilization of TAG stores in
response to increased energy demand. We
have shown that desnutrin/ATGL is induced
by fasting in mice and is suppressed by refeed-
ing (130). Regulation of desnutrin/ATGL
mRNA by glucocorticoids may explain this,
since dexamethasone was found to strongly
upregulate the enzyme in a concentration-
and dose-dependent manner in 3T3-L1
preadipocytes (130). We have also found
that desnutrin/ATGL is downregulated in
ob/ob and db/db mice, further supporting
a role for the enzyme in fat breakdown and
suggesting a possible contributory role in the
development of obesity (130).

The relative importance of desnutrin/
ATGL in lipolysis is illustrated by studies
of gene ablation and functional loss of the
enzyme. siRNA directed against desnutrin/
ATGL has been shown to significantly de-
crease the release of glycerol and FA from

82 Duncan et al.
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3T3-L1 adipocytes (144), indicating impaired
lipolysis that was not compensated by the
presence of other lipases. In support of this,
treatment of cytosolic extracts from mouse
WAT and BAT with desnutrin/ATGL anti-
bodies decreased FA release by approximately
two-thirds (144). This decrease was more
pronounced when adipocytes from HSL-null
mice were utilized, a finding that suggests co-
operativity exists between the two enzymes,
and indeed, a synergistic effect has been ob-
served on lipolysis when cells are cotrans-
fected with both desnutrin/ATGL and HSL
(144). Achievement of optimal rates of lipol-
ysis, therefore, likely requires the expres-
sion of both acyl hydrolases. Global loss of
desnutrin/ATGL gene function in mice re-
sulted in increased weight gain and a shift in
favor of carbohydrate over fat as a primary fuel
source during fasting, indicating that in vivo
desnutrin/ATGL likely also functions in adi-
pose tissue lipolysis (43). Surprisingly, how-
ever, WAT fat pad weights were elevated by
only approximately twofold, which suggests
that other TAG lipases may be present that
could partially compensate for loss of desnu-
trin/ATGL. Also surprising was the finding
that loss of desnutrin/ATGL was associated
with premature death. This resulted from ec-
topic storage of fat in the heart, where car-
diomyocyte TAG levels were found to have
increased twentyfold by 12 weeks of age. Ec-
topic fat storage was also evident in other tis-
sues. This effect was observed despite a more
favorable plasma lipid profile and increased
insulin sensitivity. Total lipase activity was
dramatically reduced in several tissues, includ-
ing WAT and BAT, but also cardiac muscle,
skeletal muscle, testis, and liver. This finding
highlights the potential metabolic importance
of intracellular TAG hydrolysis in tissues
other than adipose tissue and indicates that
desnutrin/ATGL may play a critical role in
the liberation of FA in multiple tissues. Gen-
eration of conditional knockout models lack-
ing desnutrin/ATGL in individual tissues will
be required to verify this hypothesis.

TGH:
triacylglyceride
hydrolase

Triacylglycerol Hydrolases

Soni et al. (116) were the first group to re-
port discovery of a novel TAG lipase that
may contribute to non-HSL-mediated TAG
lipolysis in adipocytes. Others have subse-
quently confirmed the presence of triacyl-
glycerol hydrolase (TGH; carboxylesterase 3;
EC 3.1.1.1) in adipose tissue (10). TGH is a
60 kDa microsomal lipase that contains a cat-
alytic triad with an active site serine located
in the GXSXG motif (68). TGH displays ac-
tivity against long-, medium-, and short-chain
TAGs and has also been reported to hydrolyze
neutral cholesteryl esters (88), but it lacks
phospholipase or acyl-CoA thioesterase activ-
ity (69). The enzyme is expressed predomi-
nantly in liver, where it functions in mobi-
lization of intracellular TAG stores and likely
plays a critical role in synthesis of TAG-rich
very-low-density lipoproteins (VLDLs) (39).

Recently, however, TGH has also been
identified in other tissues, including kid-
ney, heart, intestine, and adipose tissue (26).
In 3T3-L1 cells, expression of TGH is
upregulated tenfold upon differentiation of
preadipocytes into adipocytes (25) due, at
least in part, to transcriptional regulation by
the adipogenic transcription factor C/EBPα

(136). These findings suggest a functional
role for TGH in the mature fat cell, and in-
deed, Soni and colleagues (116) have identi-
fied TGH as an adipocyte lipase using func-
tional proteomics. In this study, they subjected
infranatant and fat cake fractions prepared
from mouse intra-abdominal WAT to oleic
acid–linked agarose chromatography. One of
the two major peaks of esterase activity eluted
contained substantial lipase activity, and this
fraction was also found to contain TGH. It
is therefore likely that TGH contributes to
adipose tissue lipolysis. However, additional
molecular and genetic studies will be required
to determine the relative contribution of this
lipase to overall mobilization of FA from TAG
in adipocytes.

Using a database search for serine es-
terases of the alpha/beta-hydrolase fold that
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also contain the GXSXG and His-Gly dipep-
tide motifs, Okazaki et al. (90) have uncov-
ered a previously unannotated gene that is
induced in 3T3-L1 cells during differentia-
tion into adipocytes. This protein shares a
high degree of sequence homology with TGH
(>70%) as well as similar subcellular local-
ization, and therefore was named TGH-2.
Also similar to TGH, TGH-2 exhibits activity
against mono- and tri- but not diolein, with
a substantial preference for short-chain fatty
acid TAG. TGH-2 was found to be expressed
predominantly in liver but was also present
in adipose tissue and kidney and was induced
by fasting and inhibited by refeeding. Molec-
ular studies utilizing siRNA directed against
TGH-2 in 3T3-L1 adipocytes demonstrated
a 10% decrease in isoproterenol-stimulated
glycerol release, while TGH-2 overexpres-
sion was found to increase glycerol release by
20%. Further studies are required to deter-
mine the relative contribution of this novel
lipase to basal lipolysis and to in vivo lipase ac-
tivity in adipose tissue. However, these results
suggest a role for TGH-2 in mobilization of
stored TAG during times of increased energy
demand.

Adiponutrin

Adiponutrin is a 45 kDa patatin domain–
containing protein that is highly expressed
primarily in adipose tissue (9). It shares a high
degree of sequence homology with desnu-
trin, including positioning of the GXSXG and
DGG active site motifs (9). Extracts from in-
sect (53, 62) and mammalian cells (53, 62)
transfected with adiponutrin possess func-
tional TAG lipase activity that requires the
active site serine (GXSXG motif ) when as-
sayed in vitro (62). However, overexpression
of adiponutrin has no effect on TAG hy-
drolysis in 293 HEK cells, in contrast to
desnutrin/ATGL and other patatin domain–
containing proteins that increase TAG hy-
drolysis in these cells (62). Furthermore,
unlike other known lipases, adiponutrin ex-
pression is dramatically upregulated in ani-

mals that have been refed following a fast,
whereas adiponutrin mRNA is almost un-
detectable in fasted animals (9). Although
desnutrin/ATGL mRNA is downregulated in
obese rats (130), adiponutrin mRNA is in-
duced 50-fold (9). This differential regulation
of adiponutrin compared with other lipases
suggests that in vivo this enzyme may serve a
primary function other than lipolysis. In vitro,
adiponutrin purified from insect cells has been
shown also to have acyltransferase activity
(53) consistent with an anabolic, rather than
a catabolic, role in adipocyte metabolism.
Clearly, additional work is required to clar-
ify the role of this enzyme, if any, in adipocyte
lipolysis.

GS2 and GS2-Like

GS2 was identified by Jenkins et al. (53)
as a TAG lipase with a patatin homology
domain that includes a combination of the
G/AXGXXG and GXSXG motifs that are
conserved in calcium-independent phospho-
lipase A2 family members. In vitro assay has
demonstrated triolein hydrolase activity for
GS2 that exceeded activities for adiponutrin
or desnutrin (53). GS2 lipase activity has sub-
sequently been confirmed in keratinocytes
(35) and in 293 HEK cells overexpressing the
enzyme (62). Overexpression of the related
protein GS2-Like in HEK 293 cells also re-
sults in decreased TAG storage, which sug-
gests a functional role for both of these pro-
teins in lipolysis in vivo (62). GS2 transcripts
have only been identified in humans (62). The
relative contribution of GS2 and GS2-Like to
lipolysis in white adipose tissue remains to be
determined.

DIACYLGLYCEROL
HYDROLYSIS

The second step of lipolysis involves the hy-
drolysis of DAG to yield MAG and a nonester-
ified fatty acid. This reaction occurs at a rate
10- to 30-fold higher than the hydrolysis of
TAG, which is the initiating and rate-limiting

84 Duncan et al.
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step in lipolysis (40). To date, the only DAG
lipase identified in adipocytes is HSL.

The maximum rate of hydrolysis of DAG
by HSL in vitro is 11-fold greater than that
of TAG (51). As described above, studies of
murine models deficient in HSL have con-
firmed the importance of HSL for break-
down of DAG. While mice lacking adi-
pose HSL can achieve near normal rates
of TAG hydrolysis, these animals display
severely blunted DAG lipase activity, and as
a result, DAG accumulates in adipose tis-
sues (44). Downregulation of the activity of
a number of CoA-dependent acyltransferases
has been reported in HSL-null mice, and it
is believed to contribute to maintenance of
normal weight in the face of complete abla-
tion of this important lipolytic enzyme (144).
The metabolic fate of accumulated DAG in
adipocytes of HSL-null mice remains to be
determined. Release of glycerol and fatty acids
was normal or even elevated in fasted HSL-
null mice, suggesting complete breakdown of
TAG (94). Impaired re-esterification of DAG
by acyltransferases could result in a normal-
ized release of FA generated from the hy-
drolysis of TAG. Release of glycerol, how-
ever, would be impaired. Neither TGH nor
ATGL/desnutrin has been shown to exhibit
significant DAG lipase activity (90, 145). Re-
sults from HSL-null mouse models suggest,
therefore, that adipocytes may harbor addi-
tional, less active DAG lipases, as well as TAG
lipases.

MONOACYLGLYCEROL
HYDROLYSIS

Monoglyceride lipase (MGL) is a 33 kDa
hydrolase, purified 2500-fold from rat adi-
pose tissue in 1975 by Tornqvist & Belfrage
(129). In 1986, the respective roles of HSL
and MGL in TAG hydrolysis were clarified
when isolated HSL was found to hydrolyze
acylglycerol with an accumulation of MAG
in vitro, whereas glycerol release was blunted
through selective removal of MGL by im-
munoprecipitation (31).

MGL:
monoglyceride lipase

MGL hydrolyzes the 1(3) and 2-ester
bonds of MAG at equal rates and exhibits
no in vitro catalytic activity against DAG,
TAG, or cholsteryl esters (57). MGL contains
an alpha/beta-hydrolase fold, characteristic of
known lipases (57). It is predicted to be com-
posed of 302 amino acids (57). MGL is related
to a number of microbial proteins that include
esterases, lysophospholipases, and haloperox-
idases (58). Two lipase motifs have been iden-
tified in the primary sequence: the active site
serine motif GXSXG and the HG dipeptide
(57). The catalytic triad of MGL is formed
by Ser-122, Asp-239, and His-269. Mutating
any of these three residues has been shown
to completely abolish both the lipase and es-
terase activities of MGL (57).

ROLE OF LIPID
DROPLET–ASSOCIATED
PROTEINS IN LIPOLYSIS

Perilipin is the major protein found in asso-
ciation with lipid droplets in adipocytes (42).
Analysis of lipid droplets from Chinese ham-
ster ovary (CHO) cells by mass spectrometry
has identified, in addition to perilipin, more
than 40 structural and signaling proteins, as
well as enzymes involved in lipid synthesis,
storage, and utilization, suggesting that the
lipid droplet should be considered a metabolic
organelle rather than an inert storage site (70).
Lipolysis requires that soluble lipases access
the highly hydrophobic TAG substrate and
that hydrophobic products of this reaction be
removed. A number of cytosolic as well as
lipid droplet–associated proteins are known
to modulate rates of basal and/or stimulated
lipolysis.

Perilipin

Perilipin A and B are isoforms of perilipin that
arise from differential splicing (41). Perilipin
A is the predominant isoform found in ma-
ture adipocytes, and it was among the earliest
lipid droplet–associated proteins to be identi-
fied. As such, it has been studied extensively.
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PKA: protein
kinase A

cAMP: cyclic AMP

Much evidence supports a complex role for
perilipin proteins in regulating both basal and
stimulated adipocyte lipolysis.

Under unstimulated conditions, cell frac-
tionation and confocal microscopy studies
show that both desnutrin/ATGL (145) and
a substantial proportion of HSL (up to 50%
of cellular levels) are localized to the lipid
droplet (84). The presence of perilipins A and
B coating the lipid droplet is believed to func-
tion as a protective barrier that restricts ac-
cess of TAG lipases to neutral lipid substrates
in order to prevent unrestrained basal lipol-
ysis (15). The physiologic and metabolic ef-
fects of perilipin ablation in mice support this
idea. Perilipin-null mice have constitutively
elevated basal lipolysis, resulting in a marked
reduction in WAT mass and smaller adipocyte
size (78, 106, 127). Perilipin-null mice also
display a significant resistance to diet-induced
obesity (78, 106, 127) that is explained, at least
in part, by increased beta-oxidation of fatty
acids, the products of lipolysis (106), follow-
ing from a compensatory induction of genes
involved in lipid and energy metabolism and
a downregulation of genes involved in lipid
biosynthesis (20). Ectopic expression of per-
ilipin A, as expected, increases the storage of
TAG by inhibiting hydrolysis (15, 127). 3T3-
L1 preadipocytes transfected with perilipin A
stored 6- to 30-fold more TAG than control
3T3-L1 cells, resulting from a 5-fold reduc-
tion in the rate of lipolysis (15). In CHO cells,
perilipin A was found to inhibit TAG hydrol-
ysis by 87% in cells maintained under unstim-
ulated conditions (127). Although perilipin A
clearly restrains the action of TAG lipases un-
der basal conditions, this protein plays an en-
tirely different role in stimulated adipocyte
lipolysis.

Perilipin ablation is associated with near-
maximal rates of lipolysis under basal con-
ditions (78). However, loss of functional
perilipin proteins also causes a dramatic at-
tenuation of stimulated lipolytic activity (78,
127). As a target for protein kinase A (PKA;
cAMP-dependent protein kinase)-mediated

phosphorylation at up to six sites (Ser-81, Ser-
223, Ser-277, Ser-434, Ser-492, and Ser-517),
perilipin A is highly regulated by lipolytic
stimuli that act through the beta-adrenergic
receptor/adenylyl cyclase pathway (117, 125,
128, 140). Studies in CHO cells demonstrate
that PKA-mediated phosphorylation of per-
ilipin A alone is sufficient to increase lipol-
ysis (126). Conversely, mutation of perilipin
A phosphorylation sites blunts the contribu-
tion of this protein to stimulated lipolysis (84,
117). In adipocytes, the presence of perilipin
proteins on the lipid droplet appears to be nec-
essary for PKA-mediated stimulation of HSL
translocation (84, 125). Although recent ev-
idence indicates that these perilipins do not
have to be phosphorylated in order to mediate
translocation of HSL from the cytosol to the
surface of the lipid droplet, phosphorylation
does appear to be necessary for attainment of
maximally stimulated lipolysis following PKA
activation (84). PKA-dependent phosphory-
lation of perilipin A may facilitate interaction
with HSL on the lipid droplet, thereby in-
creasing activity of the enzyme (84). Coex-
pression of perilipin A and HSL in CHO cells
results in a cooperative effect that produces
a more rapidly accelerated lipolysis following
PKA stimulation than is evident in cells that
express either protein alone (125).

Perilipin A may also influence lipoly-
sis by regulating the distribution and archi-
tecture of lipid droplets within adipocytes.
Chronic stimulation of lipolysis in 3T3-L1
adipocytes causes the large perinuclear lipid
droplets to fragment into many microlipid
droplets coated with perilipin A (76). This dis-
persion is prevented by stable expression of
perilipin A that has been mutated to prevent
phosphorylation at serine 492 (76). Activation
of perilipin A by PKA-mediated phos-
phorylation may, therefore, increase lipoly-
sis by increasing the surface area of neutral
lipid droplets accessible for attack by lipases
(76, 85). Taken together, these studies indi-
cate that perilipin expression and phosphory-
lation state are critical regulators of lipolysis
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in adipocytes. In nonadipocytes, the perilipin-
related protein adipocyte differentiation-
related protein/adipophilin replaces perilipin
at the surface of neutral lipid storage droplets,
although this protein is largely absent in ma-
ture adipocytes (13).

Adipose Fatty Acid–Binding Protein

Adipose fatty acid–binding protein (aFABP/
ALBP/aP2) is a member of the cytosolic lipid-
binding proteins that carry both fatty acids
and retinoic acid in adipocytes (79). Maximal
rates of lipolysis require the removal of fatty
acids from the adipocyte in order to prevent
accumulation of reaction products and feed-
back inhibition of lipases. aFABP/ALBP/aP2
is postulated to act as a molecular chaper-
one, facilitating the movement of fatty acids
out of adipocytes following their liberation
from cellular TAG stores by lipases (22).
Studies of aFABP/ALBP/aP2 gene ablation
in mice provide insight into the relative role
of aFABP/ALBP/aP2 in lipolysis. Basal lipol-
ysis has been reported to be decreased in
aFABP/ALBP/aP2-null mice compared with
wild-type littermates (22, 49), and stimulated
lipolysis in adipocytes isolated from these
mice has also been shown to be attenuated
(22, 110). Consistent with a decrease in the
rate of efflux of fatty acids, intracellular fatty
acid levels have been found to be threefold
higher in adipocytes from aFABP/ALBP/aP2
nulls compared with wild types (22). However,
others have observed no difference in basal
or stimulated rates of lipolysis in adipocytes
isolated from aFABP/ALBP/aP2-null mice
compared with wild-type littermates (110).
In that study, a compensatory induction of
keratinocyte lipid-binding protein was ob-
served that was reported to overcome the
functional effects of loss of adipocyte-specific
aFABP/ALBP/aP2 (110). Intracellular lipid-
binding proteins may be important regula-
tors of lipolysis. Further work is required to
discern the relative roles of these proteins in
adipocyte lipolysis.

Caveolin-1

Caveolae and caveolar proteins are implicated
in the regulation of multiple functions within
cells (23, 93, 103). Caveolin-1 is found in
particularly high abundance in adipose tis-
sue, and it is strongly induced during the dif-
ferentiation of 3T3-L1 fibroblasts to mature
adipocytes (107). Although typically found in
the caveolae of plasma membranes, proteomic
analysis has demonstrated that in adipocytes
caveolin-1 localizes to the lipid droplet as
well (14, 23, 93, 103). A role for caveolin-
1 in lipolysis has been suggested from stud-
ies of caveolin-1 null mice. These animals
have markedly attenuated lipolytic activity in
white adipose tissue (23) and fail to show
the normal increase in serum nonesterified
FA that is expected to occur in fasting, sug-
gesting that caveolin-1 plays a role in activat-
ing lipolysis (24). Caveolin-1 knockout mice
also fail to properly liberate fatty acids from
TAG stores in brown adipose tissue in re-
sponse to fasting, resulting in impaired ther-
mogenesis (24). Regulation of cyclic AMP
(cAMP)-mediated signal transduction may
contribute to the effects of caveolin-1 on lipol-
ysis (101). Caveolin-1 has been shown to di-
rectly interact with the catalytic subunit of
PKA to inhibit cAMP-dependent signaling
in vivo (101). In knockout mice, however,
it has been shown that whereas PKA activ-
ity was greatly increased in the absence of
caveolin-1, phosphorylation of perilipin was
dramatically reduced (23). Activation of the
β3-adrenergic receptor results in the forma-
tion of a ligand-induced complex between
perilipin, caveolin-1, and the catalytic sub-
unit of PKA in adipocytes (23). Caveolin-1,
therefore, may facilitate PKA-mediated phos-
phorylation of perilipin, thereby contributing
to increased stimulation of lipolysis.

CGI-58

Mutations in CGI-58 (Comparative Gene
Identification 58), also known as ABHD5
(alpha/beta-hydrolase domain-containing
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protein 5) have been found to be the cause
of a rare autosomal recessive disease called
Chanarin-Dorfman syndrome (CDS) (67).
CDS is characterized by excessive accumula-
tion of TAG in the cells of many organs, and
the clinical manifestations include ichthyosis,
cataracts, ataxia, neurosensory hearing
loss, and mental retardation (67). CGI-58
resembles lipases structurally; however, it
lacks the conserved active site serine, which
has been replaced by an asparagine (66).
In 3T3-L1 adipocytes, CGI-58 is localized
to the lipid droplet and has been shown to
directly interact (139) and colocalize with
perilipin A (121). However, when cells are
treated with agents to promote lipolysis, it
disperses off the lipid droplet (121). Recently,
Lass et al. (66) demonstrated that CGI-58
stimulates in vitro lipolysis and is an activator
of ATGL, but not HSL. When added to
cytosolic extracts of mouse adipose tissue,
CGI-58 stimulated lipolysis, while purified
CGI-58 exhibited no lipase activity in vitro.
Furthermore, they showed that mutant forms
of CGI-58 fail to activate ATGL. Although
CGI-58 appears to play a role in lipolysis,
more studies are needed to elucidate the
molecular mechanism of its activation of
ATGL as well as its physiological role in
living organisms.

Other Proteins Implicated in TAG
Hydrolysis

Aquaporin 7 is a water- and glycerol-
transporting protein expressed in the plasma
membrane of adipocytes (46, 50, 75). Mice de-
ficient in aquaporin 7 have impaired glycerol
release in response to fasting and treatment
with beta-adrenergic agonists, although FA
release from adipocytes and plasma FFA levels
are comparable to those observed in wild-type
littermates (75). These animals develop age-
associated obesity caused by an induction of
glycerol kinase and increased storage of TAG
(53).

Lipotransin was identified by yeast two-
hybrid screening of a 3T3-L1 adipocyte

cDNA library as an HSL-interacting protein
(123). It is believed to function as a docking
protein that mediates the hormonally induced
translocation of HSL from cytoplasm to the
lipid droplet (123).

TIP47 is a lipid droplet–associated PAT
family protein of unknown function (36).
TIP47 inhibits the hydrolysis of retinyl es-
ters by GS2 and by HSL in human ker-
atinocytes, suggesting that in adipocytes it
may share a similar antilipolytic function with
other PAT family proteins, such as perilipin
or adipose differentiation-related protein/
adipophilin (36).

NUTRITIONAL REGULATION
OF LIPOLYSIS

Nutritional regulation of lipolysis occurs
at multiple levels in response to changing
metabolic conditions and nutrient intakes.
Acute, rapid regulation of adipose tissue lipol-
ysis occurs in order to maintain the supply
of energy substrates during the postabsorp-
tive state and to allow for efficient storage
of excess fuels following a meal. Chronic ex-
posure to extreme nutritional states, such as
obesity or starvation, also induces metabolic
adaptations that include changes in lipolysis.
And, finally, a growing body of evidence in-
dicates that exposure to specific metabolically
active nutrients in the diet can also regulate
lipolysis.

STIMULATION OF LIPOLYSIS
DURING FASTING

Fasting acutely stimulates lipolysis, upregu-
lating the serum concentration of fatty acids
and glycerol that act as oxidative substrates
to maintain energy requirements for other
metabolic tissues. Catecholamines are the pri-
mary activators of fasting-induced lipolysis.
The metabolic pathways through which these
molecules act to stimulate TAG hydroly-
sis and FA release have been studied exten-
sively and reviewed in detail (6, 17, 18, 29,
63, 64, and references contained therein).
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The catecholamine norepinephrine binds
beta-adrenergic receptors on the plasma
membrane of adipocytes. These receptors are
coupled with Gs-proteins that transmit a stim-
ulatory signal to adenylyl cyclase to gener-
ate cyclic AMP (cAMP). cAMP binds PKA,
causing the regulatory subunits to dissoci-
ate from the catalytically active subunits, re-
sulting in increased activity of the enzyme
(60).

PKA catalyzes the polyphosphorylation of
HSL on multiple sites, including a nonacti-
vating site (Ser-563) as well as two additional
sites (Ser-659 and Ser-660) that cause activa-
tion and subsequent translocation of this li-
pase from the cytosol to the lipid droplet (4,
51, 120). As discussed above, PKA also phos-
phorylates perilipin on the lipid droplet, re-
sulting in changes that enhance stimulated
lipolysis, including movement of perilipin
away from the lipid droplet (21), perilipin-
mediated remodeling of lipid droplets that
increases the surface area available for lipoly-
tic attack (75), and perilipin-mediated activa-
tion of HSL activity at the surface of the lipid
droplet (84, 125). Findings from studies in
HSL-null mice suggest that catecholamine-
stimulated lipolysis may also involve other
TAG lipases. Treatment of adipocytes isolated
from HSL-null mice with the beta-adrenergic
agonist isoproterenol causes enhanced lipol-
ysis, albeit at a blunted level compared with
adipocytes from wild-type animals (91). This
suggests that some or all of the newly dis-
covered adipocyte TAG-lipases may be direct
targets for PKA-mediated phosphorylation
and activation, and indeed, Zimmerman et al.
(145) have shown previously that desnutrin/
ATGL is phosphorylated, although it was not
a target for PKA. This also suggests that PKA
may indirectly activate non-HSL-mediated
TAG lipolysis. Perilipin expression alone has
been shown to be sufficient to confer PKA-
mediated lipolysis in CHO cells that lack HSL
(126). Phosphorylation of perilipin by PKA
may result in changes that increase the ac-
tivity of multiple lipid droplet–associated li-
pases. Potential mechanisms include promot-

ing access of soluble lipases to hydrophobic
substrates, facilitating the formation of com-
plexes between lipases and lipolysis-associated
proteins, and stabilizing lipases at the sur-
face of the lipid droplet. Further studies are
required to elucidate the nature of PKA-
mediated lipolysis in the absence of HSL.

Glucagon stimulates lipolysis in isolated
mouse (48, 114) and human (96) adipocytes,
independent of antagonistic effects on insulin
action. Glucagon treatment causes an increase
in adenylyl cyclase activity, resulting in an in-
crease in intracellular adipocyte cAMP lev-
els (95, 96). Gastric inhibitory polypeptide
competes with glucagon for binding to the
glucagon receptor and can inhibit glucagon-
stimulated lipolysis in adipocytes, indicating
that glucagon mediates lipolysis, at least in
part, through direct activation of its receptor
(27). Although glucagon action is primarily
liver specific, glucagon receptors have been
reported to be present in membranes of hu-
man adipose tissue (83), suggesting that direct
action of glucagon likely plays an important
role in regulating human, as well as rodent,
lipolysis.

INHIBITION OF LIPOLYSIS
DURING REFEEDING

Refeeding attenuates adipocyte lipolysis, pri-
marily through the potent antilipolytic actions
of insulin. This regulatory pathway has also
been studied and reviewed extensively (6, 17,
18, 29, 63, and references contained therein).
Rapid, acute regulation of lipolysis by insulin
involves both cAMP-dependent and cAMP-
independent mechanisms. cAMP-dependent
suppression of lipolysis by insulin involves
activation of phosphodiesterase 3B (63). In-
sulin binding causes autophosphorylation of
its receptor, resulting in activation and sub-
sequent tyrosine phosphorylation of insulin
receptor substrates and binding of the p85
regulatory subunit of phosphatidyl inositol
kinase-3 (PI3K). Activated PI3K autophos-
phorylates its inositol ring and the p85 reg-
ulatory subunit and p110 catalytic subunits,
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PKB: protein kinase
B

which is followed by phosphorylation and ac-
tivation of protein kinase B/Akt (PKB/Akt).
PKB/Akt phosphorylates and activates phos-
phodiesterase 3B, which degrades cAMP in
adipocytes, releasing PKA from activation and
decreasing lipolysis through a reduction in the
phosphorylation-mediated activation of HSL
and perilipin. cAMP-independent regulation
of lipolysis by insulin involves the stimula-
tion of protein phosphatase-1 through phos-
phorylation of its regulatory subunit (100).
Activated protein phosphatase-1 rapidly de-
phosphorylates and deactivates HSL, causing
a fall in the rate of lipolysis (73, 92, 100, 119,
143).

Insulin may also suppress lipolysis in
3T3-L1 adipocytes through downregulation
of desnutrin/ATGL mRNA (59). In contrast,
HSL mRNA expression is not regulated by
short-term changes in nutritional status (124).
In addition to inhibitory effects on the en-
zymes in TAG hydrolysis, insulin also de-
creases measurable rates of lipolysis (as in-
dicated by the release of free fatty acids and
glycerol from intact cells) by promoting the
re-esterification of fatty acids (16). This serves
to magnify the apparent suppression of TAG
hydrolysis by insulin and the physiological ef-
fect of the hormone.

AMP-activated protein kinase (AMPK)
as a master intracellular energy sensor is
implicated in the regulation of both glucose
and lipid metabolism (33, 86). Activation of
AMPK in adipocytes by 5-aminoimidazole-
4-carboxyamide-1-beta-D-ribofuranoside
(AICAR) inhibits lipolysis (32, 33, 112).
Infusion of obese Zucker rats as well as lean
littermates with AICAR decreases plasma
TAG and FA concentrations, as well as
glycerol turnover (37), whereas mice lacking
the AMPK-alpha2 subunit have been shown
to have increased adiposity and weight gain
(98, 131). Others have found, however, that
AMPK activation may also play a role in the
stimulation of maximal rates of lipolysis by
cAMP (86). The molecular events and targets
underlying regulation of lipolysis by AMPK
are yet to be understood.

LIPOLYSIS IN OBESITY

Obesity is associated with an increase in
basal lipolysis (102) but a decrease in
catecholamine-stimulated lipolysis (65). Im-
paired sensitivity of adipocytes to insulin sig-
naling, including the antilipolytic effects of
this hormone, may contribute to enhanced
basal lipolysis in obesity. Decreased insulin-
mediated suppression of adipocyte lipolysis
has been reported in obese rats (118) as well
as in women with visceral obesity (3, 54), al-
though several other studies in humans report
that the antilipolytic effects of insulin are well
conserved, even in subjects with highly im-
paired insulin-mediated glucose regulation (7,
8, 11, 52). In both obese and nonobese sub-
jects, fasting and weight reduction cause a sig-
nificant enhancement of sensitivity to the an-
tilipolytic effects of insulin (7, 28, 71).

Overexpression of the leptin gene in
adipocytes and increased circulating levels
of leptin may also contribute to enhanced
basal lipolysis in obesity (74). Treatment of
adipocytes isolated from lean mice with leptin
stimulates lipolytic activity (33). Treatment
of adipocytes isolated from obese ob/ob mice
that are deficient in leptin results in an even
greater stimulation of lipolysis (33). More-
over, chronic (112) or acute (32) peripheral ad-
ministration of leptin also stimulates adipose
TAG hydrolysis in rats, resulting in a 9- to 16-
fold increase in rates of lipolysis. Lipolytic ac-
tions of leptin are dependent on the leptin re-
ceptor, since obese fa/fa Zucker rats (112) and
db/db mice (32) that have an inactivating muta-
tion of the long form of the leptin receptor are
resistant to leptin-induced lipolysis. Increased
circulating leptin may also enhance lipolysis
by counteracting the antilipolytic effects of
insulin (86). Leptin impairs several metabolic
effects of insulin, including the ability of the
hormone to inhibit beta-adrenergic receptor-
mediated lipolysis and PKA activation (86).

Beta-adrenergic receptor-stimulated
lipolysis is impaired in obesity (65).
Adipocytes from obese subjects have
lower levels of adenylyl cyclase activity
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under hormone-stimulated conditions when
compared with adipocytes from nonobese
controls (77). Alterations in the adrenergic
signaling pathways may contribute to this
effect. Obesity is associated with a decreased
lipolytic effect of catecholamines in adipose
tissue (65). Adipocytes from obese Zucker rats
have higher levels of antilipolytic α2 adreno-
ceptors compared with adipocytes from
lean littermates (19). Conversely, adipocytes
from obese mice express twofold lower
levels of Gsα, a subunit of the GTP-binding
protein through which beta-adrenergic
receptors stimulate adenylyl cyclase (38).
Post-receptor defects may also contribute to
defects in hormone-stimulated lipolysis. The
maximum lipolytic capacity has been shown
to be reduced in adipocytes isolated from
obese subjects compared with adipocytes
from nonobese control subjects following
stimulation with the phosphodiesterase-
resistant cAMP analogue dibutyryl cAMP
(65). This finding indicates impairment in
the actions of cAMP downstream of effects
of obesity on adrenergic receptor signaling,
G-protein coupled activation of adenylyl
cyclase, or cAMP levels. HSL and perilipin
A are major targets for cAMP-dependent
PKA activation. Decreased levels of HSL
(65) and perilipin (135) in adipose tissue
from obese subjects may contribute to the
impairment of catecholamine-mediated
lipolysis through a postreceptor defect.
Weight reduction in obese subjects causes
a substantial increase and normalization of
sensitivity to catecholamine stimulation of
lipolysis (77) without changing the number
of β-adrenergic receptors (102).

Tumor necrosis factor-alpha (TNFα) pro-
duction is increased in adipocytes from obese
individuals and may contribute to enhanced
basal lipolysis in obesity (97, 104, 105). This
cytokine signals in an autocrine/paracrine
manner through the TNFα receptor to ac-
tivate the mitogen-activated protein kinases
p44/42 and JNK that, in turn, downregu-
late perilipin mRNA and protein expression
(104, 105). Studies with specific inhibitors of

PTH: parathyroid
hormone

VD3: 1,25(OH)2
vitamin D3

p44/42 and JNK support that the TNFα-
mediated increase in lipolysis is largely at-
tributed to a reduction in perilipin levels in
adipocytes (104, 105), and lower levels of per-
ilipin have been found in adipose tissues from
obese subjects (135).

REGULATION OF ADIPOCYTE
LIPOLYSIS BY DIETARY
COMPOUNDS

Calcium

Higher intakes of calcium are associated with
decreased adiposity and a reduced risk of obe-
sity in a variety of epidemiological studies
(108, and references therein). Moreover, cal-
cium supplementation has been shown to aid
in weight loss in obese humans consuming
a calorie-deficient diet (142) and in calorie-
restricted obese mice (111), and has also
been reported to inhibit weight regain dur-
ing refeeding in mice (122). Increased lipol-
ysis is believed to contribute to these find-
ings, and indeed, acute intakes of calcium have
been reported to correlate significantly with
fat oxidation in humans (82). Several studies
have investigated the molecular mechanisms
underlying potentiation of adipocyte lipolysis
by dietary calcium. Increasing dietary calcium
feedback inhibits the secretion of parathyroid
hormone (PTH) and, subsequently, the acti-
vation of 25 hydroxycholecalciferol to 1,25
dihydroxycalciferol (vitamin D3; VD3) (87).
Adipocytes are targets for the action of these
hormones (141). PTH stimulates a dose-
dependent rise in adipocyte intracellular cal-
cium levels that is due to both increased influx
and mobilization of intracellular stores (89).
VD3 has also been shown to elicit an increase
in intracellular calcium levels (111). Increased
intracellular calcium in human adipocytes in-
hibits lipolysis stimulated by the β-adrenergic
receptor pathway (111, 138), resulting in
decreased cAMP levels and reduced HSL
phosphorylation (138). These effects appear
to be mediated primarily through activation
of phosphodiesterase 3B (138). Low dietary
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calcium intakes and increased circulating VD3

may also have indirect inhibitory effects on
adipocyte lipolysis by regulating the use of
lipolytic substrates for energy metabolism
(111, 122). Inverse regulation of intracellu-
lar calcium levels in adipocytes by calcitropic
hormones may contribute to effects of dietary
calcium on adiposity.

Caffeine

The lipolytic effects of caffeine and other
methylxanthines derived from tea and cof-
fee are well established and well character-
ized. These compounds stimulate lipolysis by
increasing cellular levels of cAMP through
two principal mechanisms. The first is antag-
onism of A1-adenosine receptors (72). These
receptors predominate on differentiated ma-
ture adipocytes, where they inhibit adenylyl
cyclase activity and suppress lipolysis (12). An-
tagonism of A1-receptors results in a dere-
pression of adenylyl cyclase activity and in-
creased lipolysis (72). Methylxanthines also
inhibit phosphodiesterase activity, prevent-
ing the breakdown of cAMP and stimulating
lipolysis in fat cells (2, 95). Caffeine ingestion
increases lipid turnover (2) and the concentra-
tion of serum FFAs (5, 61). As such, high in-
takes of methylxanthines may also contribute
to improved weight loss and weight main-
tenance through enhanced fat oxidation and
thermogenesis (137).

Ethanol

Acute ethanol ingestion has antilipolytic ef-
fects that cause a significant fall in serum FFAs

(1) and a decrease in whole-body lipid oxida-
tion (113). Increased plasma acetate may con-
tribute to this effect (1, 113). Chronic ethanol
feeding in rats has been reported to suppress
beta-adrenergic receptor-mediated lipolysis
in adipocytes, likely through increased activa-
tion of phosphodiesterase 4 (56). This resulted
in a decrease in beta-adrenergic receptor-
stimulated PKA activation and decreased ac-
tivating phosphorylation of perilipin A and
HSL (56). Chronic ethanol consumption has
also been reported to be associated with
decreased PTH secretion, which may also
contribute to increased lipolysis by decreas-
ing intracellular calcium levels in adipocytes
(81).

SUMMARY AND FUTURE
DIRECTIONS

Adipocyte lipolysis is a complex process that
is precisely controlled through integration
of multiple and diverse hormonal and bio-
chemical signals. Breakdown of this regu-
lation may contribute to the development
of obesity and associated pathologies. Many
exciting advances have been made recently,
including the discovery of major TAG li-
pases that contribute to in vivo adipocyte
lipolysis. However, much remains to be elu-
cidated regarding the in vivo functioning
and relative contribution of these lipases
to overall adipocyte lipolysis. As genetic
mouse models of these enzymes are gener-
ated, our understanding of adipocyte lipolysis
is likely to increase dramatically in the near
future.

SUMMARY POINTS

1. Lipolysis is precisely regulated by multiple hormonal and biochemical signals that
converge on adipocytes to regulate the function of lipases and nonenzymatic accessory
proteins.

2. Hydrolysis of TAG is rate limiting in lipolysis and is catalyzed by one or more novel
lipases that include desnutrin/ATGL and TGH.
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3. Major regulators of lipolysis include the lipolytic activators glucagon and the cate-
cholamines, and the antilipolytic agent insulin.

4. Dietary components may also regulate lipolysis. These include dietary calcium,
ethanol, and caffeine.

FUTURE ISSUES

1. Generation of mice deficient in desnutrin/ATGL specifically in the adipose tissue will
help to clarify the in vivo role of this lipase in adipose tissue lipolysis.

2. Genetic mouse models deficient in other TAG lipases will also be needed to determine
their relative contribution to lipolysis.

3. The role of the energy sensor AMPK in mediating lipolysis remains unclear. Further
work is required to resolve this issue.

4. Several dietary nutrients have been found to regulate lipolysis. Given the burden
of chronic disease that is associated with obesity, discovery of dietary nutrients that
stimulate lipolysis would be of great interest.
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