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ABSTRACT

Knowledge regarding lipid catabolism has been of great interest in the field of animal sciences. In the livestock industry,
excess fat accretion in meat is costly to the producer and undesirable to the consumer. However, intramuscular fat (marbling) is
desirable to enhance carcass and product quality. The manipulation of lipid content to meet the goals of animal production
requires an understanding of the detailed mechanisms of lipid catabolism to help meticulously design nutritional, pharmacological,
and physiological approaches to regulate fat accretion. The concept of a basic system of lipases and their co-regulators has been
identified. The major lipases cleave triacylglycerol (TAG) stored in lipid droplets in a sequential manner. In adipose tissue, adipose
triglyceride lipase (ATGL) performs the first and rate-limiting step of TAG breakdown through hydrolysis at the sn-1 position of
TAG to release a non-esterified fatty acid (NEFA) and diacylglycerol (DAG). Subsequently, cleavage of DAG occurs via the
rate-limiting enzyme hormone-sensitive lipase (HSL) for DAG catabolism, which is followed by monoglyceride lipase (MGL) for
monoacylglycerol (MAG) hydrolysis. Recent identification of the co-activator (Comparative Gene Identification-58) and inhibitor
[G(0)/G(1) Switch Gene 2] of ATGL have helped elucidate this important initial step of TAG breakdown, while also generating
more questions. Additionally, the roles of these lipolysis-related enzymes in muscle, liver and skin tissue have also been found to

be of great importance for the investigation of systemic lipolytic regulation.
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SIGNIFICANCE OF LIPID METABOLISM IN
DOMESTIC ANIMALS

The regulation of lipid content in food animals is essential

for quality and production efficiency. In poultry and
livestock, lipid metabolism is closely associated with many
of the critical goals of producers and consumers, such as
reduction of back fat, enhancement of lean meat, control of
the proper extent of marbling, and the energy balance
needed for milk/egg production. Therefore, understanding of
the orchestrated mechanisms of lipid mobilization in food
animal species is of extensive interest. Accordingly, studies
in this area are important because they provide potential
targets of genes and applicable approaches to improve animal
production. Furthermore, by sharing a high conservation with
their human orthologues, knowledge regarding these genes
and proteins related to lipid metabolism in the livestock
species could also provide insight for the development of

human obesity treatments.

1. Growth and Lean Meat Production

Excess fat accretion in meat is costly to the producer
through decreased feed efficiency since it results in nutrients
being converted to undesirable fat deposits and because there
is a growing affinity for leaner meat by consumers.
Reducing lipid deposition in certain animal body locations
has been a crucial goal of the food animal industry to
increase both productivity and profit while meeting market
demand.

Growth, which is determined based on direct measurement
of weight gain, has a critical impact on the commercial
value of livestock. The quality of food animals is mainly
evaluated based on two factors: 1) the amount of muscle on
the carcass, and 2) the quantity and quality of its adipose
tissue. However, it is well known that domestic animals of
fatty breeds have a tendency to grow slower than leaner
breeds. Therefore, enhancing growth, especially lean growth,
is among the essential goals of genetic improvement
programs in commercial lines of animals (Hamill et al.,
2012). Additionally, nutritional, pharmacological, and physiological
approaches toward the reduction of undesirable fat tissue in

animals are being intensively investigated. The effort to
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illustrate the mechanism of the lipolytic machinery will play
an important role in reducing back fat, enhancing lean meat,
and improving the overall growth rate in domestic animals.

2. Marbling in Meat Products

Intensive genetic selection toward lean meat production has
been shown to have negative consequences on measures of
palatability (tenderness, juiciness, flavor, overall acceptability)
2012).
intramuscular lipid content, is the core factor of palatability
1993; Hausman et al.,, 2009).

Consumer perception of texture, taste and juiciness in meat

in food animals (Hamill et al, Marbling, or

of meat (Hovenier et al.,

is positively correlated with intramuscular fat levels. For
example, a level of 1.5% intramuscular fat content has been
threshold  for the
palatability is not acceptable (Fortin et al., 2005); however,

proposed as a pork, below which
commercially important cuts of pork commonly do not meet
this standard (Gjerlaug-Enger et al., 2010).

As tenderness and intramuscular fat (IMF) content are
heritable traits in cattle and pigs, it is important to identify
enzymes the
intramuscular fat (Gjerlaug-Enger et al., 2010; Jeong et al.,
2012). An understanding of how IMF is controlled would

provide informative suggestions for genetic selection as well

genes encoding related to regulation of

as set directions to improve meat quality through animal

husbandry modifications in diet, hormone treatment or
lifestyle since certain nutritional, developmental, or hormonal
regulations would impact lipid metabolism and ultimately

benefit the ideal extent of marbling in meat products.

3. Adipose Tissue in Animals

Animals have evolved to store excess energy efficiently in
the form of lipids to maintain energy homeostasis in times
of fasting or increased energy demand. The main energy
store in the body is adipose tissue, which contains over 95%
of the body's total lipids (Coppack et al., 1994). Adipose
tissue is a multi-depot organ that is distributed over much of
the body,
depots, and multiple visceral depots (Cinti, 2006). There are

including subcutaneous anterior and posterior
two cell types comprising these depots, brown adipose tissue
(BAT) and white adipose tissue (WAT). Both brown and
white adipocytes contain lipid droplets; however, they have
functional dissimilarities.

and morphological Specifically,

brown adipose tissue cells have multiple lipid droplets, and

are stimulated by noradrenaline to produce heat through
energy uncoupling by uncoupling protein 1, which is
uniquely expressed in BAT (Cinti, 2006; Giordano et al.,
2008; Enerbick, 2010). WAT was once thought to be an
inert lipid store, but was recently identified as a dynamic
organ with three important functions: (1) triglyceride storage,
(2) release of free fatty acids, and (3) secretion of adipokines
(Deiuliis, 2007). The respective and overall amounts of these
tissues vary based on gender, age, nutritional status, and
other physiological conditions (Cinti, 2006).

The function of adipose tissue in the maintenance of
energy homeostasis has been well-established. More recently,
adipokines have been identified, beginning with leptin in
1994 (Zhang et al., 1994). Adipokines are proteins secreted
in adipose tissue that have an array of endocrine and
paracrine functions including maintenance of body weight
homeostasis, hunger, inflammatory response, coagulation,
fibrinolysis, insulin resistance, diabetes, and atherosclerosis
(Lau et al., 2005). The dysregulation of adipokines is known
to be associated with the pathogenesis of obesity and is
thought to be causative or contributory (Waki and Tontonoz,
2007).

Adipose tissue is primarily composed of two parts or
fractions: the stromal-vascular (SV) and the fat cell fraction
(FC). The SV fraction is not well-defined, but contains a
large portion of preadipocytes that may differentiate to
mature fat cells under appropriate conditions (Ailhaud and
Hauner, 2004). The FC fraction contains mature adipocytes
which, due to large lipid droplets, account for the majority
of adipose tissue by volume. Indeed, adipose tissue is a
more dynamic organ than once thought. The largest portion
of the adipose, the adipocytes, is the component responsible
for the oldest known function of adipose tissue, which is to

maintain energy homeostasis.

BASIC PROCESS OF LIPOLYSIS IN
ADIPOSE TISSUE

Adipose tissue lipolysis is a primary factor in the
maintenance of energy homeostasis in animals. In a fed
state, excess dietary non-esterified fatty acids (NEFA) or fatty
acids synthesized in the liver by de novo lipogenesis are
esterified to form triacylglycerols (TAG), which are then
stored in the lipid droplets (LD) of mature adipocytes. Upon
stimulation in response to energy demand or other needs,

TAGs are hydrolyzed by lipolytic enzymes to release one
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glycerol and three NEFAs, which can subsequently be used

as energy substrates, essential precursors for lipid and

membrane synthesis, or cell signaling mediators. The process
of releasing NEFAs from stored TAGs is called lipolysis.

Lipolysis can be stimulated by signals induced by
epinephrine, norepinephrine, glucagon, growth hormone,
testosterone, cortisol, and ACTH according to different

nutritional/hormonal statuses or needs of the animal body.
Once triggered by the lipolytic signal, a major stimulation
pathway is through the 7TM receptors of the cell to activate
adenylate cyclase, which increases cAMP level and further
activates protein kinase A to stimulate lipases. The process
of lipolysis can be found in all tissue and cell types;
however, it is most abundant in the adipose tissue. A basic
lipolytic machinery has been established through several
recent discoveries and previous findings (Lass et al., 2011).
A series of lipases, their co-activators and inhibitors, and a
number of lipid droplet-associating proteins are regarded as
major components of the lipolytic machinery, and they
function by connecting to signaling pathways that mediate
the process of lipolysis.

Cleavage of individual fatty acids from TAGs occurs
sequentially. The first cleavage yields a diacylglycerol (DAG)
and the second creates a monoacylglycerol (MAG). The first
cleavage is rate-limiting, and is selectively performed by
adipose triglyceride lipase (ATGL). Hormone sensitive lipase
(HSL) is multi-functional and may contribute to cleavage of
TAGs, though it is rate-limiting for the catabolism of DAGs.
Finally, monoglyceride lipase (MGL) hydrolyzes the final fatty
acid. The NEFAs are transported to other tissues including
skeletal and cardiac muscles and the liver, where they
undergo B-oxidation to generate ATP. Glycerol is transported
to the

gluconeogenesis.

liver to provide energy through glycolysis or

1. Adipose Triglyceride Lipase

In 2004, an enzyme capable of hydrolyzing TAG was

simultaneously identified by three independent groups,
adipose triglyceride lipase (Zimmermann et al., 2004),
desnutrin (Villena et al., 2004) or calcium-independent

phospholipase A2% (Jenkins et al., 2004). Orthologues of
ATGL have been identified in cattle, pigs, chickens, turkeys,
quail, rats, humans, and mice (Zimmermann et al., 2004;
Eastmond, 2006; Deiuliis et al., 2008; Lee et al., 2009;
Peyot et al., 2009).

ATGL selectively cleaves the first ester bond of TAG (at
sn-1 position) with 10-fold higher substrate affinity for TAG
2004). ATGL also
exhibits some activity as a phospholipase (Notari et al., 2006)

than for DAG (Zimmermann et al.,

and transacylase (Jenkins et al., 2004), but these activities are
lower than its activity as a TAG hydrolase. ATGL has also
been reported to act as a DAG transacylase, which generates
TAG and MAG from two DAG molecules (Jenkins et al.,
2004).

The expression of ATGL in multiple tissues has been
evaluated in several species (Villena et al., 2004; Zimmermann
et al., 2004; Lake et al, 2005; Kershaw et al., 2006,
Deiuliis et al., 2008; Lee et al., 2009) and consistently
reported to be greatest in adipose tissue. ATGL is expressed
at lower levels in other tissues, including skeletal and
cardiac muscle and testis.

ATGL is a member of the patatin-domain containing a
family of proteins that was originally identified in plants
(Zechner et al.,, 2005). The ATGL protein contains two
major domains that are highly conserved across species: the
patatin domain (N-terminus) and the lipid binding domain
(C-terminus) (Schweiger et al., 2008 Lee et al., 2009). The
N-terminal region is predicted to be an o/B-fold region and
contains the active serine hydrolase motif (GXSXG) (Lass et
al., 2011). The C-terminus is reportedly critical in LD
binding. Truncations or mutations in the C-terminal region of
ATGL  hinder the
truncation of the C-terminus results in substantially increased
TAG hydrolase activity in vitro (Schweiger et al., 2008).
This information suggests that the C-terminal region of

co-localization  with LD; however,

ATGL is necessary for lipid droplet binding, but may also
play a role in suppressing ATGL function.

2. Hormone Sensitive Lipase

Hormone sensitive lipase was first identified in mammalian
white adipose tissue in 1964 (Vaughan et al., 1964) and was
considered to be the main lipase in adipose tissue for 40
years until ATGL was identified. Although HSL is able to
act on multiple substrates (TAG, DAG, MAG, cholesterol
esters and retinol esters), its highest affinity is for DAG
hydrolysis (10-fold greater activity than toward TAG; Lass et
al., 2011). This observation suggests that HSL may be most
important in DAG hydrolysis when compared with its other
substrates. Similar to ATGL, HSL is expressed in several
tissues, but is highest in adipose tissues (Holm et al., 1987;
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Kraemer et al., 1993).

The HSL protein contains three domains: the N-terminus
involved in protein-protein interactions and lipid binding, the
catalytic
multiple phosphorylation sites (Langin et al., 1993; Osterlund

domain, and a regulatory domain containing
1996). The coordination of functions in these three domains
is expected to modulate HSL activity (Lass et al., 2011). The
C-terminus is comprised of structural o/ hydrolase folds,
which are common in many lipases and esterases. Within
this region is a common catalytic motif found in lipases,
GXSXG (Langin et al., 1993; Osterlund et al., 1996). Site
directed mutagenesis experiments have demonstrated that the
presence of the serine situated in this motif is critical to
1994). Within the

regulatory domain, phosphorylation at up to four serine

HSL enzyme function (Holm et al.,

residues may enhance lipolysis and, importantly, allow HSL
to translocate from the cytosol to the LD during stimulated
lipolysis. In addition to being responsible for lipid binding,
the N-terminus interacts directly with fatty acid binding
protein 4 (FABP4), which is believed to act as an intracellular
chaperone for fatty acids (Watt and Steinberg, 2008). The
role of FABP4 in lipolysis is not fully understood, but its
interaction with HSL has been shown to enhance lipolytic
activity in vitro (Shen et al., 2001).

The LD
containing perilipin, adipose differentiation-related protein and

surface is bound by a family of proteins
tail interacting protein domains (Watt and Steinberg, 2008).
Perilipin A is one such protein that seems to be critical in
regulation of HSL. During PKA stimulation, perilipin A is
a tight
association with HSL (Granneman et al., 2007). Phosphorylation

phosphorylated at six sites and rapidly forms
of perilipin A is not critical for HSL translocation to the
LD; however, it does appear to be necessary for lipolytic
action of HSL (Miyoshi et al., 2006). These observations
imply that perilipin A may influence HSL activity through
more mechanisms than simply recruitment to the LD. This
through LD better
substrate access or by increasing ATGL co-localization with
the LD, thereby increasing the DAG substrate supply (Watt
and Steinberg, 2008).

may occur surface remodeling for

3. Monoglyceride Lipase

Monoglyceride lipase was described simultaneously with
HSL (Vaughan et al., 1964) and shown to have substrate
specificity for MAG, not TAG or DAG (Tornqvist and

Belfrage, 1976). Despite MGL having been identified over
40 years ago, few studies addressing its role in adipose
tissue lipolysis have been published. In a study investigating
the function of MGL in the endocannabinoid system, MGL-
deficient mice were found to have MAG accumulation in the
brain (Schlosburg et al., 2010), suggesting that MGL may
function in MAG catabolism in tissues other than just the
adipose. Expression of MGL mRNA is widespread among
tissues and is highest in the adipose tissue, kidneys and
testis (Karlsson et al., 1997). The 3D structure of MGL has
recently been published (Bertrand et al, 2010; Labar et al.,
2010). Additionally, MGL belongs to the o/ hydrolase fold
protein superfamily, which contains the canonical lipase motif
(GXSXG) (Karlsson et al., 1997). Beyond this, MGL exhibits
little sequence homology with known mammalian proteins.
There is also very limited information available regarding its
regulation as MAG hydrolysis is not rate-limiting in the
lipolytic cascade. Leptin has been shown to up-regulate
mRNA expression of porcine MGL (Li et al., 2008).

4. Regulation of Lipolysis in Muscle Tissue

As basic components of the lipolytic machinery, the
lipases ATGL and HSL and their co-activators and inhibitors
are not only fundamental for lipolysis in adipose tissue, but
also play important roles in the lipolytic processes in muscle
tissue. In muscle tissue, these proteins follow a similar
pattern of basic regulation as in adipose tissue, but exert
certain unique features and functions. Components of this
machinery have been identified as having a critical impact in
both intramuscular lipid metabolism
(McGarry, 2002; DeFronzo, 2004; Zhao et al., 2009; Jeong
et al., 2012).

Intramuscular fat (IMF) is a critical quality factor for meat

intramyocellular and

products such as beef and pork. There has been a series of
studies based on cattle and swine regarding the regulation of
intramuscular TAG content. At first, proteins related to lipid
accumulation were emphasized as the main determinant
factors (Mourot and Kouba, 1998); however, recent studies
also demonstrated the essential role of enzymes such as
ATGL, HSL, and MGL in lipolysis. Thus, it has been
that the

determined by a balance between fat accumulation and

clearly demonstrated composition of IMF is

degradation in the longissimus dorsi (LM) (Bernlohr et al.,
2002; Jeong et al., 2012). In addition, ATGL and HSL have

been connected to inflammatory responses in the muscle, as

—306—



Serr et al.; Adipose Lipolysis

they are down-regulated by tumor necrosis factor a (TNFa;
Shan et al., 2009).

TAG serves as a major energy source for skeletal muscle
during exercise (Smekal et al., 2003) and is also the major
component of IMF that is stored within the intramuscular
adipocytes among the myofibers (Pethick et al., 2004). A
positive correlation was observed between IMF content and
body adiposity (Jeong et al., 2012). Interestingly, it has been
that

function in swine is unique in intramuscular adipocytes when

revealed lipid metabolism and adipokine secretory
compared with subcutaneous and perirenal adipocytes under
different developmental and hormonal regulations (Gardan et
al., 20006).

In cattle, intramuscular fat content significantly increases in
the longissimus dors imuscle between 12 and 27 months of
age (Lee et al., 2007). A series of potential genetic markers
to fatty acid availability,
transport, esterification, TAG breakdown, [3-oxidation, and

fatty acid intracellular trafficking. Among these candidates,

were examined with respect

ATGL was strongly suggested as a genetic marker for the
prediction of IMF deposition with the greatest negative
correlation (Jeong et al., 2012). The lower level of ATGL
expression obviously contributed to a lesser extent of
lipolysis, leading to more TAG being retained as IMF. In
contrast, the HSL gene showed a strong positive correlation
with IMF or muscle fat content in several bovine species,
indicating differential roles of ATGL and HSL in controlling
lipid metabolism in skeletal muscle and adipose tissues
(Jeong et al., 2012).

Furthermore, the differential expression of ATGL and HSL
has been shown to be inconsistent in different breeds of
swine. There have been several comparative studies focusing
on the expression of lipid metabolism-related genes leading
to different IMF deposition (Shan et al., 2009; Zhao et al.,
2009). For instance, Wujin pigs, a typically fatty swine
breed from China, demonstrate greater adipocyte diameter
and IMF content than that of Landrace, which is a lean
breed of swine, while also exhibiting lower mRNA and

protein expression of ATGL and HSL. Additionally, the
enzyme activity of HSL was found to be significantly lower
2009). Shan et al. (2009)
compared a fatty swine breed from China, the Jinhua pig,

in Wuyjin pigs (Zhao et al.,

with the Landrace pig. In their study, the expression of
ATGL and HSL mRNA were lower in the subcutaneous
adipose tissue of Jinhua pigs, but greater in the longissimus
dorsi muscle when compared with the Landrace pig. These
different regulatory

mechanisms among breeds of pig, but it is more likely that

conflicting results may relate to
they expose a paradox of two theories: 1) the positive
lipid to the

up-regulation of lipolytic enzymes to catabolize stored TAG,

correlation in which more storage leads
versus 2) the negative correlation in which less lipolytic
enzyme activity leads to more lipid storage. More studies are
urgently needed to reveal the complete function of ATGL
and HSL in muscle and adipose tissue and their overall

systemic effects.

REGULATION OF LIPOLYSIS THROUGH
ATGL

Being the lipase for the first and rate-limiting step of the
lipolytic process, ATGL and its regulatory mechanisms have
been intensively studied in recent years. As summarized in
Table 1, the activity and expression of ATGL is highly
regulated via transcriptional and post-translational means.
Complete mechanisms for regulation of ATGL have not yet
been eclucidated, but the known features and functions of
ATGL largely contribute to the frontier research focus of

lipolysis studies.

1. Transcriptional Regulation
The mRNA expression of ATGL is known to be

responsive to nutritional factors. Transcription of ATGL in

tissue is transiently

adipose increased by fasting and

decreased during refeeding (Villena et al., 2004; Kershaw et

Table 1. Summary of adipose triglyceride lipase regulators (Lass et al., 2011)

mRNA down mRNA / protein up Activity down Activity up
Feeding Catecholamines Perilipin CGI-58
Insulin Dexamethasone Adipophilin Isoproteronol
Isoproterenol Fasting GO0S2

mTOR1 FoxO1

TNFa Thiazolidinediones
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al., 2006; Serr et al., 2009). Although ATGL transcription is
not affected by glucagon, insulin is known to down-regulate
ATGL expression (Kim et al., 2006).

resistance and obesity are correlated with changes in ATGL

In fact, insulin
expression (Festuccia et al., 2006; Kim et al., 2006; Jocken
et al., 2007; Kershaw et al., 2007; Liu et al., 2009). ATGL
has also been shown to be down-regulated by TNFa, an
adipokine inflammatory marker (Kim et al., 2006, Kralisch et
al., 2005), and mTor complex 1 (Chakrabarti et al., 2010).
Isoproterenol, an adrenergic agonist, reduces ATGL expression,
but may increase enzyme activity (Kralisch et al., 2005; Lass
et al., 2011). The role of adrenergic activation of ATGL
transcription is unclear, as cAMP analogues or phosphodiesterase
inhibitors do not affect ATGL expression (Villena et al.,
2004). Some studies have reported ATGL induction by
catecholamines (Festuccia et al., 2006; Liu et al., 2009). The
role of leptin in ATGL regulation is also unclear. Leptin is
expected to promote lipolysis and restrain energy intake. In
doing so, it up-regulates peroxisome proliferator-activated
receptor-gamma (PPAR 7 ), a transcription factor activating
ATGL transcription. Treatment of porcine adipocytes in vitro
showed that, although mMRNA expression with
leptin, ATGL protein decreases (Li et al., 2010). Transcrip-

increases
tional regulation of ATGL by prolonged exposure to
dexamethasone has also been observed (Villena et al., 2004;
Xu et al., 2009).

2. Post-translation Regulation

(1) Activation of ATGL by Comparative Gene Identifi-

cation-58 (CGI-58)

Extracellular TAG lipases such as lipoprotein lipase and
pancreatic lipases are known to be much more active in the
presence of their respective coactivator proteins, apolipoprotein
CII and colipase (Borgstrdom and Erlanson, 1971; Kinnunen et
al., 1977). CGI-58, which is also known as o/B-hydrolase
domain-containing protein 5, has been shown to increase the
activity of ATGL (Lass et al., 2006). CGI-58 was initially
identified as the
Syndrome (CDS) in humans, a condition in which excess

causative gene in Chanarin-Dorfman
lipid accumulation occurs in multiple tissues (Chanarin et al.,
1975; Lefévre et al., 2001), suggesting a crucial role for
CGI-58 in normal lipid metabolism.

CGI-58 is a member of the a/B-hydrolase esterase/lipase
subfamily of proteins, although it exhibits no intrinsic lipase

activity (Lass et al., 2006). This group of proteins is

characterized by o/ hydrolase folds containing the catalytic
triad, GXSXG, through which they exert their activity (Ollis
et al.,, 1992). In CGI-58, the active serine residue is replaced
by asparagine (GXNXG), preventing it from any inherent
lipolytic activity (Yamaguchi et al., 2004; Lass et al., 2000).
Calculation of the 3D homology model of mouse CGI-58
predicts the typical folding pattern for o/ hydrolases
(Gruber et al, 2010). CGI-58 is highly conserved across
species, with most variation between sequences being found
in the N-terminal region (Lass et al., 2011). A recent report
has also identified the N-terminal area as imperative to LD
localization and ATGL activation. The N-terminus contains a
highly hydrophobic that
responsible for LD association (Gruber et al., 2010).
Purified CGI-58 was shown to have no lipolytic effect.

Compared to control cells, cells with overexpressed CGI-58

tryptophan-rich ~ area may be

showed a 1.8-fold increase in hydrolase activity. Additionally,
when exogenous CGI-58 was added to COS-7 cell extracts
expressing ATGL, hydrolase activity increased by 20-fold
(Lass et.
evidence of the positive correlation between ATGL and

al., 2006). Recent studies have reported clear

CGI-58 mRNA expressions in the adipose tissue of avian
species different
hormonal status (Serr et al., 2011; Li et al., 2012).

It is believed that a lipid droplet-associating protein,

and porcine under developmental and

perilipin A, mediates activation of ATGL by CGI-58 upon
Under conditions, perilipin A binds
CGI-58, preventing its contact with ATGL on the surface of
lipid droplets (Yamaguchi et al., 2004). The basal lipolysis
activity of ATGL has been shown to be independent of
CGI-58 (Miyoshi et al., 2008). Upon stimulation of lipolysis,
perilipin A (Peri A) is phosphorylated by protein kinase A
and binds to phosphorylated HSL for its activation. CGI-58
A and bound to ATGL,
co-localizing on the surface of lipid droplets to initiate the

stimulation. basal

is then released by Peri
process of TAG breakdown. Recent studies also suggested
the activation of ATGL and CGI-58 through phosphorylation
by PKA; however, the detailed mechanism of this remains
unclear (Subramanian et al., 2004; Pagnon et al., 2012).

assumed that CGI-58

interaction. It

Based on these findings, it is

activates ATGL via protein-protein was
recently reported that the minimal domain of ATGL ranges
leucine 254, which can be activated by CGI-58
(Cornaciu et al., 2011). The N-terminal of CGI-58 was also
shown to be crucial for

Deletion of the first

until

its stimulation towards ATGL.

29 amino acids was found to

—308—



Serr et al.; Adipose Lipolysis

completely abolish the ability of CGI-58 to activate ATGL
(Gruber et 2010). Additionally,
N-terminal tryptophan-containing domain

the aforementioned
of CGI-58 is
essential for its binding to the lipid droplets. Interestingly,

al.,

the same study revealed that, even if a CGI-58 mutant could
bind to ATGL, it would not enhance the hydrolysis activity
of ATGL unless its LD binding (3-tryptophan) domain is
intact. These findings indicated that, for CGI-58 isoforms,
the ability to activate ATGL is not entirely determined by
their ATGL binding capacity, but also by their ability to
localize to the lipid droplet (Gruber et al., 2010). Accordingly,
the lipid droplet co-localization feature of CGI-58 is assumed
to be essential to ATGL activation.

A study of murine CGI-58
splicing variant of CGI-58 lacking the second and third of

identified an alternative

seven exons (Yang et al., 2010a). This deleted area includes
the three tryptophan residues predicted to be necessary for
LD binding (Gruber et al, 2010) and the pseudo-lipase
sequence (GXNXG). The short form of murine CGI-58 is not
able to localize with the LD or activate ATGL, suggesting
that the missing motifs are necessary for normal activity in
lipolysis (Yang et al., 2010a). In addition, a recent study
reported that an alternatively spliced isoform with an exon 3
deletion was present in swine (Li et al., 2012). Interestingly,
this
droplet-binding domain, but lacks the major a/b hydrolase

unique isoform contains the 2nd exon with lipid
structure as well as the C-terminus due to an open reading
frame (ORF) shift that creates a premature
However, a study of avian species did not identify any

stop codon.
alternatively spliced variants of CGI-58 in the chicken,
turkey, or quail (Serr et al.,, 2011). Accordingly, the impact
of CGI-58 alternative splicing events
ATGL’s lipolytic activity still needs to be further elucidated.

on regulation of

3. Inhibition of ATGL by G(0)/G(1) Switch Gene 2
(G0S2)

A protein was very recently identified as a selective
inhibitor of ATGL (Yang et al., 2010b). Originally, G0S2
was identified in blood mononuclear cells as its mRNA
expression was observed with the re-entry of cells from GO
into the G1 phase in the cell cycle (Russell and Forsdyke,
1991). Later, its increased expression was observed during
of 3T3-L1
preadipocytes, indicating that it may play roles other than in

differentiation adipocytes and of human

cell proliferation (Zandbergen et al., 2005).

The GOS2 gene is predominantly expressed in adipose
tissue, similar to ATGL and CGI-58 (Subramanian et al.,
2004; Villena et al, 2004; Zimmermann et al.,, 2004;
Deiuliis et al.,, 2008; Lee et al, 2009; Oh et al., 2010;
Yang et al., 2010b). Observation of GOS2 expression during
differentiation of adipocyte cell lines and chicken
preadipocytes has shown that GOS2 mRNA is induced two
to three days after differentiation and remains high thereafter
(Zandbergen et al., 2005; Oh et al, 2010; Yang et al.,
2010b). Measurement of GO0S2 in SV and FC fractions of
adipose tissue has shown that GOS2 is associated with
mature adipocytes (Oh et al., 2010). Recent studies have
that GOS2
stimulating lipolysis, including TNFa, isoproterenol, PPAR 7,
and fasting (Zandbergen et al., 2005; Oh et al., 2010; Yang
et al., 2010b). In contrast, GOS2 expression is induced by
insulin and refeeding (Oh et al., 2010; Yang et al., 2010b).

Direct interaction of GOS2 and the N-terminal patatin
domain of ATGL has been reported (Yang et al., 2010b), but
GOS2 does not appear to directly compete with CGI-58
binding at the N-terminus of ATGL (Schweiger et al., 2008;
Lu et al, 2010). However, GOS2 is capable of preventing
ATGL-mediated the of CGI-58,
suggesting that GOS2 may be the dominant regulator (Lu et
al., 2010). During stimulated lipolysis, GO0S2 and ATGL
translocate to the LD (Fig. 1), while inhibition of ATGL
expression impairs GOS2 recruitment to the LD (Yang et al.,
2010b). These findings suggest that GOS2 may not bind to
the LD alone and that it may require ATGL as a binding
partner (Lass et al, 2011). The current belief is that
differential control of ATGL by CGI-58 and GOS2 is
necessary for efficient regulation of lipolysis (Lu et al., 2010);
further the

mechanisms involved.

shown expression is attenuated by factors

lipolysis  in presence

however, research is needed to elucidate

4. Pathogenesis of Mutations in ATGL and CGI-58

The importance of ATGL and CGI-58 in the mobilization
of TAG stores

However, disruption of these genes does not only result in

in adipose tissue has been established.

dysregulation in WAT, but also in the entire body. Neutral
disease (NLSD) is a
autosomal recessive lipid storage disorder characterized by
leukocytes,
fibroblasts, and other tissues (Charanin et al., 1975; Schweiger
et al., 2009).

lipid storage rare  nonlysosomal,

systemic TAG deposition in muscle, liver,
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Fig. 1. Three major lipases in the process of TAG
breakdown.
TAG: triacylglycerol; DAG: diacylglycerol; MAG: monoacyl-
glycerol; ATGL: adipose triglyceride lipase; HSL: Hormone

sensitive lipase; MGL: monoglyceride lipase.

Two variations of NLSD have been observed. Specifically,
mutations of the CGI-58 gene have been clearly linked to
NLSD with ichthyosis (NLSDI), which is also known as
Chanarin-Dorfman Syndrome (CDS) (Charanin et al., 1975;
Lefevre et al,, 2001), while deficiency of ATGL has been
shown to be correlated with NLSD with myopathy (NLSDM)
(Fischer et al., 2007). Patients with NLSD caused by ATGL
mutations do not exhibit ichthyosis, suggestive of a role for
CGI-58 in skin barrier development in addition to TAG
Unlike ATGL,
acyl-CoA dependent lysophosphatidic acid acyl-transferase
activity (LPAAT) (Ghosh et al., 2008; Montero-Moran et al.,
2010), which is dependent on a C-terminal motif. In addition

mobilization. normal CGI-58 possesses

to this unique function, CGI-58 has also been shown to be
associated with indispensable roles in formation of the skin

permeability barrier, development of the epidermis, and even
with an ATGL-independent role in epidermal TAG hydrolysis
(Radner et al., 2011).

Although the impact of ATGL and CGI-58 mutations in
livestock  animals  remains largely
pathogenesis of ATGL and CGI-58 in humans strongly
that further studies of the lipolytic
machinery components in tissues other than the adipose, such

unexplored, the

supports intensive

as muscle, liver, and skin, may benefit human health

research as well as animal production.

CONCLUSIONS

Great progress has been made in describing the major
components of the lipolytic machinery, the major lipases
ATGL, HSL and MGL, and their co-activators and inhibitors
such as CGI-58 and GOS2. However, further exploration of
the processes of lipolysis has led to the generation of more
complex questions. For instance, adipose tissue served as a
representative model of the regulation of the major lipases,
but the detailed interactions between lipases and their co-
regulators have not been fully described in adipose tissue.
The lipolysis stimulation signaling pathway also remains
unclear. Furthermore, the lipolytic processes in other body
compartments such as the muscle, liver, or skin have been
shown to be similar, yet still vary from the adipose
metabolism. Especially for ATGL, HSL and CGI-58,

tissue-specific regulatory mechanisms provide questions

lipid
their
with
great value to be examined, which will contribute to the
overall systemic coordination of lipid metabolism under
physiological, nutritional, hormonal, or developmental conditions.

An understanding of lipolytic machinery at the molecular
and cellular levels is essential to developing applicable
approaches to control the lipid content in animal products.
Studies of related topics have provided evidence that these
lipases and their co-regulators are potential targets for
development of methods of controlling adiposity, which is
essential for higher quality animal products, higher efficiency

and increased profits.
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