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Abstract

Triacylglycerol (TAG) in adipose tissue serves as the major energy storage form in higher eukaryotes.
Obesity, resulting from excess white adipose tissue, has increased dramatically in recent years
resulting in a serious public health problem. Understanding of adipocyte-specific TAG synthesis and
hydrolysis is critical to the development of strategies to treat and prevent obesity and its closely
associated diseases, for example, Type 2 diabetes, hypertension and atherosclerosis. In this review,
we present an overview of the major enzymes in TAG synthesis and lipolysis, including the recent
discovery of a novel adipocyte TAG hydrolase.
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White adipose tissue (WAT) is the major energy reserve in higher eukaryotes. The primary
purposes of WAT are synthesis and storage of triacylglycerol (TAG) in periods of energy
excess, and hydrolysis of TAG to generate fatty acids for use by other organs during periods
of energy deprivation [1]. Adipose tissue also secretes adipokines that regulate energy intake
and metabolism.

The prevalence of obesity resulting from excess WAT has increased dramatically in recent
years resulting in a serious public health problem, since obesity is closely associated with a
number of disorders including Type 2 diabetes, hypertension and atherosclerosis [2]. While
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adipocyte number has been shown to increase (hyperplasia) in morbid obesity, obesity is
primarily attributed to adipocyte hypertrophy that occurs when TAG synthesis (esterification)
exceeds TAG breakdown (lipolysis), resulting in elevated TAG storage [1]. Although it has
been postulated that large adipocyte size may contribute to insulin resistance, the molecular
mechanism is not clear.

Paradoxically, the metabolic abnormalities typically found in obesity are also associated with
lipodystrophies that are characterized by selective loss of adipose tissue from particular regions
of the body [3-6]. Although the underlying molecular mechanisms are not clear, metabolic
complications may result from ectopic storage of TAG in tissues such as the liver and muscle
[7-9]. A proper capacity for TAG storage in adipocytes is clearly important for normal
metabolic regulation. In view of the wide range of health problems associated with improper
fat storage and release, it is critical to understand adipocyte-specific regulation of TAG
synthesis and hydrolysis.

Biosynthesis of triacylglycerol

The synthesis of phosphatidic acid and its subsequent conversion to TAG was described more
than 40 years ago by Kennedy and coworkers [10], and is summarized in Figure 1. The initial
committal step in this pathway is the formation of lysophosphatidic acid (1-acylglycerol-3-
phosphate) catalyzed by glycerol-3-phosphate acyltransferase (GPAT), which occurs in both
the endoplasmic reticulum (ER) and mitochondria [11,12]. GPAT is believed to be the rate-
limiting factor in glycerophospholipid synthesis. Lysophosphatidic acid can also be formed by
the acylation of dihydroxyacetone-phosphate (DHAP) by acylcoenzyme A (CoA):DHAP
acyltransferase and the subsequent reduction of 1-acyl-DHAP by DHAP oxido-reductase.
However, the contribution of the DHAP pathway to TAG synthesis remains unclear [13].
Lysophosphatidic acid is further esterified and converted into phosphatidic acid (1,2-
diacylglycerol-3-phosphate) in the reaction catalyzed by 1-acylglycerol-3-phosphate
acyltransferase (AGPAT), also named lysophosphatidate acyltransferase, an enzyme mainly
present in the ER. Phosphatidic acid is then shunted into the synthesis of various phospholipids
or into the synthesis of TAG, two separate branches of glycerolipid synthesis. Entry into TAG
synthesis involves the conversion of phosphatidic acid to the intermediate 1,2-diacylglycerol
(1,2-DAG) by the phosphatidic acid phosphatase (PAP) reaction. Diacylglycerol
acyltransferase (DGAT) catalyzes the acylation of 1,2-DAG to form TAG.

In naturally occurring glycerophospholipids, saturated fatty acids are predominantly esterified
at the sn-1 position and unsaturated fatty acids at the sn-2 position [14]. It is believed that the
substrate selectivities of mitochondrial GPAT (mtGPAT) and AGPAT play key roles in this
non-random distribution of fatty acids, but the mechanism(s) have not yet been elucidated
[12]. Most enzymes in TAG synthesis are intrinsic membrane proteins and their substrates and
products are hydrophobic, making purification and kinetic analysis difficult. Cloning and
characterization of the enzymes mentioned previously has only been achieved during the last
decade following advances in molecular biological techniques.

Our laboratory originally cloned mtGPAT, which was the first mammalian enzyme in TAG
and phospholipid biosynthesis to be cloned [15-17]. While mammalian cells are known to have
two GPATS, one in the ER (microsomal GPAT) and another in the mitochondria (MtGPAT),
microsomal GPAT has not been cloned [13,18]. mtGPAT expression is regulated in a manner
that is consistent with its role in energy storage. mtGPAT is not detectable in fasted animals
but is transcriptionally induced, especially in liver and adipose tissue, when fasted animals are
re-fed a high carbohydrate diet, or when diabetic animals are treated with insulin [19]. On the
other hand, microsomal GPAT plays a housekeeping role, as it is not regulated by nutritional
and hormonal signals. While mtGPAT preferentially uses saturated fatty acyl-CoA as a
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substrate, microsomal GPAT shows no preference [19]. Studies in mtGPAT-null mice have
confirmed the importance of this enzyme in the synthesis of TAG. The absence of mtGPAT
resulted in lower body weights, decreased fat-pad mass, lower liver and plasma triacylglycerol
and a lower rate of very low-density lipoprotein (VLDL) secretion compared with wild-type
controls [20]. Furthermore, examination of mtGPAT-null mice showed the potential presence
of another mtGPAT isoform [17]. Additionally, a murine GPAT-like protein (xGPAT1) was
identified [21]. It is unclear whether xGPAT1 is microsomal GPAT, the potential mtGPAT
isoform mentioned above or whether it represents an entirely new isoform. It is also unclear
how the product of mtGPAT (1-acylglycerol-3-phosphate) is transported out of the
mitochondria to the ER where the final enzymes of TAG synthesis are located. In vitro studies
have revealed that liver fatty-acid binding protein can transport 1-acyl glycerol-3-phosphate
from the mitochondria to target microsomes [13]. However, whether fatty-acid binding protein
serves as a transporter in vivo remains elusive.

Based on their known homology to mtGPAT, other acyltransferases for TAG synthesis in the
Kennedy pathway were subsequently identified and studied, including AGPAT, DGAT and
their isoforms [18,22-27]. To date, eight AGPAT genes have been identified, although the
physiological functions of each are not well established [28,29]. Mutations in AGPAT2, the
major isoform in adipose tissue, have been reported in patients with congenital generalized
lipodystrophy, a rare autosomal recessive disorder characterized by a marked lack of body fat
since birth [3]. The discovery of these AGPAT2 mutations suggested an important
physiological function for these enzymes in TAG synthesis. Recent findings in AGPAT6-null
mice further support this role [29]. AGPAT6 is normally expressed at high levels in WAT,
brown adipose tissue and liver. AGPAT6-null mice exhibited a 25% reduction in body weight
and resistance to both diet- and genetically-induced obesity. These results indicate that
AGPATG6 may play a role in determining triglyceride content in adipose tissue, and its loss is
not fully compensated by other members of the AGPAT family.

As described previously, the PAP reaction generates 1,2-DAG, which is utilized as an acyl-
acceptor by DGAT during the synthesis of TAG. There are two types of PAPs, MgZ*-dependent
(PAP1) and Mg?*-independent (PAP2) [30]. Until recently, only genes encoding PAP2s have
been identified in yeast and mammalian systems. However, recent analysis has shown that
phophatidic acid phosphohydrolase (PAH)1 (previously known as SMP2) from
Saccharomyces cerevisiae is a PAP1 that functions in de novo lipid synthesis [31]. PAH1 has
homology with lipin-1 (lipin) and, when expressed in Escherichia coli, lipin displays Mg2*-
dependent PAP activity [31]. The Lpinl gene is mutated in fatty liver dystrophy mice that
display lipodystrophy with impaired TAG storage in adipose tissue [32]. Over-expression of
lipin in adipose tissue results in increased adiposity and improved insulin sensitivity [32].
Recently, phosphorylation of lipin has been demonstrated to be affected by insulin or
epinephrine, resulting in redistribution between the cytosol and ER [33]. Similar to the other
enzymes in TAG synthesis, there are multiple isoforms of lipin. The synthesis of TAG
catalyzed by DGAT is the final and unique step in TAG formation. It is believed that DGAT
diverts 1,2-DAG from membrane phospholipid synthesis into TAG synthesis. Two mammalian
DGATSs have been identified, DGAT 1 and 2 [13]. Both enzymes are membrane-associated
and share similar biochemical functions and tissue expression patterns. Both enzymes are also
ubiquitously expressed with the highest expression in tissues involved in TAG metabolism,
such as the liver, WAT, mammary gland and small intestine [22,25]. Despite these similarities,
DGAT1 and 2 have significant differences. DGAT1 belongs to a family of enzymes that
catalyze cholesterol ester biosynthesis and include the acyl-CoA:cholesterol acyltransferase
enzymes, ACAT1 and 2 [22]. DGAT2 family members include wax synthases and acyl-
CoA:monoacylglycerol acyltransferase [34]. Furthermore, in vitro studies have revealed that
DGAT1, but not DGATZ2, is a multifunctional acyltransferase able to catalyze the synthesis of
DAG, retinyl esters and waxes, in addition to TAG [35]. The functional differences between
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these two enzymes are further emphasized by studies in mice lacking DGAT1 and 2 [34,
36-39]. While mice lacking DGAT2 have a drastic reduction in whole body TAG and die
shortly after birth, mice lacking DGAT1 are viable, have improved insulin sensitivity,
demonstrate modest reductions in tissue TAG and are resistant to diet-induced obesity. The
phenotypic differences between these two mouse models indicate DGAT1 cannot compensate
for the loss of DGAT?2.

In addition to the previosuly described acyl-CoA-dependent reactions, acyl-CoA-independent
pathways of TAG synthesis from DAG exist, including reactions catalyzed by
phospholipid:diacylglycerol acyltransferase (PDAT) [40,41] and sn-1,2(2,3) diacylglycerol
transacylase (DGTA) [42]. PDAT has been cloned and characterized in both yeast and plants
but not in mammals [40,41]. The PDAT reaction is proposed to contribute to fatty-acid
specificity in seed oils by transacylation reactions that enrich the oils in polyunsaturated fatty
acids [40]. The DGTA reaction is believed to be important in TAG resynthesis during the
lipolysis/re-esterification cycle [42]. Only partial purification and characterization of rodent
microsomal DGTA has been reported [42]. Recently, in vitro acylglycerol transacylase activity
has been reported for three mammalian enzymes, desnutrin (also named adipose triglyceride
lipase [ATGL], iPLA2(, TTS2.2), adiponutrin (iPLA2C) and GS2 (iPLA2n) [43]. While
desnutrin/ATGL has clearly been demonstrated to function as a lipase in vivo [44], further work
will be required to understand the function of the other enzymes in acyl-CoA-independent TAG
synthesis in mammals, particularly those enzymes that are specific to adipose tissue. In this
regard, adiponutrin is highly and specifically expressed in adipose tissue where its expression
is almost undetectable in fasted animals, but is dramatically upregulated upon refeeding [45].

Hydrolysis of triacylglycerol

While TAG synthesis occurs in multiple tissues (e.g., in the liver for VLDL formation) lipolysis
is quantitatively the most predominant in adipose tissue. During periods of energy demand,
TAG synthesized in WAT is rapidly mobilized by the hydrolytic action of lipases, resulting in
the release of free fatty acids that are taken up by other organs to meet the energy requirements
of the organism [46,47]. Figure 1 contains an overview of this process. Until recently, the model
of adipocyte lipolysis has been that hormone-sensitive lipase (HSL) catalyzes the hydrolysis
of fatty acids from the sn-1 and sn-3 positions, generating 2-monoglycerol that is subsequently
hydrolyzed by monoglyceride lipase to yield glycerol and fatty acids [48,49]. In times of energy
need, such as fasting and exercise, adipocyte lipolysis is markedly increased by catecholamines
that activate Gs-coupled receptors. These receptors, in turn, activate adenylyl cyclase to
generate cyclic (c)AMP. Rising cellular concentrations of cCAMP activate protein kinase A
(PKA; cAMP-dependent protein kinase) that 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 C-terminal domain of HSL, which also contains the catalytic triad [50].
Phosphorylation results in increased hydrolytic activity [51], translocation of HSL from the
cytosol to the lipid-droplet surface and enhanced TAG breakdown in the cell [49]. HSL can
also be regulated by other kinases [49,52], including AMP-activated protein kinase [53]. The
hydrolytic action of HSL, and possibly other non-HSL TAG lipases, is regulated by perilipin,
a lipid droplet-associated protein [54]. Association of perilipin with lipid droplets may keep
lipolysis at a basal level [55]. Under stimulated conditions, however, perilipin increases
lipolysis [56-58]. Perilipin may translocate HSL to the lipid droplet and, presumably, allow
access of this lipase to its substrate [56,59]. Perilipin is phosphorylated at multiple sites (Ser-81,
Ser-223, Ser-277, Ser-434, Ser-492 and Ser-517) [57,60], and recently phosphorylation of
Ser-517 was found to play a global role in adipocytes for PKA-stimulated lipolysis [61]. While
recent evidence suggests that perilipin phosphorylation, per se, may not be necessary for HSL
translocation, it is required for increased activity by HSL under stimulated conditions [56]. In
addition to perilipin, anumber of PAT (perilipin/adipophilin/TI1P47) family proteins have been
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identified on the lipid droplet and may contribute to the regulation of lipolysis [62].
Comparative gene identification (CGI)-58, another lipid droplet-associated protein, has been
shown to colocalize with perilipin [63,64] and increase lipolysis by activating desnutrin/ATGL
(discussed in the next section) [65].

HSL has broad substrate specificity, with hydrolytic activity against TAG, diacylglycerol
[DAG] and monoacylglycerol, as well as cholesteryl and retinyl esters [51]. In vitro, HSL is
10-20-fold more active against DAG than TAG, and it may be the only, or at least the major,
neutral cholesteryl ester (CE) hydrolase in vivo [51,66,67]. Until recently, HSL was believed
to be the major regulatory enzyme in TAG hydrolysis. Studies in HSL-null mice, however,
demonstrated normal WAT mass [68] and retained approximately 40% of TAG lipase activity
[69-71]. While, HSL deficiency caused an accumulation of DAG in adipose tissue, no
significant increase in TAG levels in WAT was observed [69]. Taken together, these findings
suggested that HSL may be rate-limiting in DAG, but not TAG, hydrolysis and strongly
suggested the presence in adipose tissue of additional distinct neutral lipase(s). Interestingly,
absence of HSL in WAT causes a shift of the fatty-acid composition in TAG to higher levels
of long-chain unsaturated fatty acids, an indication that in vivo HSL may prefer long-chain
unsaturated fatty acids as a substrate [69] and, thereby, contribute to the observed preferential
mobilization of some highly unsaturated fatty acids [72].

Recently, we identified and characterized a novel adipocyte TAG lipase that we called
desnutrin [45]. Two other laboratories subsequently identified this same enzyme from database
searches of proteins containing the conserved GXSXG pentapeptide motif and o/B-hydrolase
fold, and named it ATGL or iPLA2( [43,73]. Murine desnutrin is a 54 kDa protein found
predominantly in adipose tissue, but also at much lower levels in other tissues, notably cardiac
and skeletal muscle and testis. In cells that contain fat stores, such as differentiated 3T3-L1
cells [73] and HeLa cells grown in oleic acid-rich medium [74], desnutrin/ATGL is found
tightly associated with the lipid droplet, as well as throughout the cytoplasm [45,73,74].
Desnutrin/ATGL contains an N-terminal patatin-like domain found in many plant acyl
hydrolases, which is characterized by a conserved serine in the GXSXG motif, an o/p-hydrolase
fold, a conserved aspartate belonging to the DX(G/A) motif and a glycine-rich region [45].
Desnutrin/ATGL is regulated by nutritional and hormonal signals. In mice, it is induced by
fasting and suppressed by refeeding [45]. Glucocorticoids, which are elevated during fasting,
increase desnutrin/ATGL expression [45], while insulin, which is increased during feeding,
downregulates desnutrin/ATGL [75]. 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 contribution in the development of obesity [45].

Several lines of evidence indicate that desnutrin/ATGL is a TAG-specific lipase.
Overexpression of desnutrin/ATGL in 293HEK cells [76] or COS-7 cells increases free fatty-
acid release to the medium, decreasing intracellular stores of TAG, without affecting
intracellular phospholipid stores [45]. Desnutrin/ATGL has significantly higher TAG lipase
activity (approximately six to tenfold higher) than DAG lipase activity, suggesting a primary
role for the enzyme in catalyzing the first, rate-limiting step in lipolysis [73]. Desnutrin/ATGL
does not exhibit activity against CEs and retinyl esters [73]. The evolutionary conservation
between the Drosophila TAG lipase, Brummer [77], the Saccharomyces cerevisiae TAG
lipase, Tgl4 [78] and desnutrin/ATGL provide further support for desnutrin/ATGL’s function
as a lipase [73]. Mice lacking desnutrin/ATGL have provided further evidence supporting a
role for desnutrin/ATGL in TAG hydrolysis in multiple tissues. Global loss of desnutrin/ATGL
in mice resulted in increased body weight [44]. In these mice, WAT mass increased somewhat
(twofold), while brown adipose tissue mass increased dramatically (8.5-fold). Compensatory
increases in the hydrolytic activity of other adipocyte lipases, or decreases in the activity of
enzymes involved in re-esterification, may explain the relatively small increase in WAT.
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Desnutrin/ATGL also caused substantial ectopic storage of TAG in multiple other organs,
which may also have influenced TAG accumulation in WAT. Studies in mice lacking desnutrin/
ATGL, specifically in adipose tissue, are required to determine the effects of this enzyme on
TAG metabolism in adipocytes.

It has recently been reported that PKA-mediated phosphorylation of Ser-517 of perilipin A is
important for desnutrin/ATGL-dependent lipolysis. In addition, CGI-58 has also been shown
to stimulate ATGL activity [65] and mutations in CGI-58 in humans are associated with
Chanarin-Dorfman Syndrome, a rare genetic disease where TAG accumulates excessively in
multiple tissues [65]. Recent studies that utilized in vitro assays and organ cultures of murine
WAT have shown that, together, desnutrin/ATGL and HSL are responsible for more than 95%
of the TAG hydrolase activity in murine WAT [79]. However, additional TAG lipases,
including triacylglycerol hydrolase (TGH) [80], TGH2 [81], as well as the patatin-domain-
containing proteins, GS2 and GS2-like [76], have been identified in adipocytes, but their role
in adipocyte lipolysis requires further investigation.

Conclusion

Dysregulation of adipocyte TAG synthesis and lipolysis may contribute to the development of
obesity, lipodystrophy and associated pathologies. Recently, many exciting advances have
been made, including the discovery of a major TAG lipase that contributes to in vivo adipocyte
lipolysis, as well as the identification of enzymes involved in TAG synthesis. Continued
advances in our understanding of adipocytespecific TAG metabolism are expected as new tools
are developed.

Future perspective

Major enzymes in adipocyte TAG metabolism have recently been identified. However, much
remains to be elucidated regarding the in vivo function and properties of these enzymes and
their isoforms, especially with regards to their relative roles in adipose-tissue metabolism.
Studies involving differential regulation of various isoforms of enzymes in TAG synthesis by
nutritional and hormonal factors are also lacking. Desnutrin/ATGL has been found to be the
major adipocyte TAG lipase and thus plays a critical role in lipolysis. Generation of adipose-
specific null and overexpressing mice will be required to clarify the adipose-specific role of
desnutrin/ATGL as well as other enzymes in TAG metabolism. Further studies are needed to
determine the function of lipid-droplet-associated proteins, such as caveolin-1, and their roles
in lipid-droplet formation and lipolysis. Fatty acids are utilized not only as fuels, but also as
membrane components, precursors of eicosanoids and mediators of gene expression. Fatty-
acid composition of adipose tissue is not strictly correlated with dietary fatty acids, but may
be regulated through selective incorporation and mobilization. Therefore, further studies need
to be performed to characterize the fatty-acid specificity of enzymes in TAG metabolism and
to determine whether different isoforms of these enzymes possess different fatty-acid
specificities.

Executive summary

Introduction

The primary purposes of white adipose tissue are synthesis and storage of
triacylglycerol (TAG) in periods of energy excess and hydrolysis of TAG to
generate fatty acids for use by other organs during periods of energy deprivation.

There are a wide range of health problems associated with improper fat storage
and release. Therefore, it is critical to understand adipocyte-specific regulation of
TAG synthesis and hydrolysis.
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Biosynthesis of triacylglycerol

Glycerol 3-phosphate acyltransferase (GPAT) is believed to be a rate-limiting step
in glycerophospholipid synthesis. GPAT isoforms are found in both the
endoplasmic reticulum (ER; microsomal GPAT) and mitochondria ([mt]JGPAT)
where they catalyze the formation of lysophosphatidic acid (1-acylglycerol-3-
phosphate). In mice, mtGPAT is not detectable during fasting, but is
transcriptionally induced during refeeding.

Lysophosphatidic acid is further esterified and converted into phosphatidic acid
(1,2-diacylglycerol-3-phosphate) in a reaction catalyzed by 1-acylglycerol-3-
phosphate acyltransferase (AGPAT), an enzyme mainly present in the ER. There
are eight known isoforms of AGPAT. Mutations in AGPAT2, the major isoform
in adipose tissue, have been reported in patients with congenital generalized
lipodystrophy. Studies from AGPAT6-null mice indicate that this enzyme may play
a role in determining the TAG content in adipose tissue.

Phosphatidic acid phosphatase (PAP) converts phosphatidic acid to the
intermediate 1,2-diacylglycerol (1,2-DAG). Lipin has been shown to have PAP
activity. Phosphorylation of lipin was reported to change localization between the
cytoplasm and the ER.

Synthesis of TAG by diacylglycerol acyltransferase (DGAT) is the final and
unique step in TAG formation. It is believed that DGAT diverts 1,2-DAG from
membrane phospholipid synthesis into TAG synthesis. Two different mammalian
DGAT enzymes have been identified, DGAT1 and 2. Mice lacking DGAT2 have
a drastic reduction in whole body TAG and die shortly after birth. Mice lacking
DGAT1 are viable, have improved insulin sensitivity, modest reductions in tissue
TAG and are resistant to diet-induced obesity.

In addition to acyl-coenzyme (Co)A-dependent reactions, acyl-CoA-independent
pathways of TAG synthesis from DAG also exist, and the enzymes catalyzing
these reactions need to be identified and studied.

Hydrolysis of triacylglycerol

Until recently, hormone sensitive lipase (HSL) was believed to be the rate-limiting
enzyme in adipocyte lipolysis. Studies in HSL-null mice, however, indicated the
presence of significant residual TAG-lipase activity, suggesting the presence of
additional distinct, but yet unidentified, neutral lipase(s).

The hydrolytic action of HSL, and possibly other non-HSL TAG lipases, is
regulated by perilipin, a lipid-droplet-associated protein. Phosphorylation of
perilipin increases rates of lipolysis. While recent evidence suggests that perilipin
phosphorylation, per se, may not be necessary for HSL translocation, it is required
for increased activity by HSL under stimulated conditions.

Recently, a novel TAG lipase, desnutrin/adipose triglyceride lipase (ATGL), was
identified. Studies in desnutrin/ATGL-null mice show TAG accumulation in
multiple tissues, indicating an important function for this enzyme in lipolysis. In
mice, desnutrin is induced by fasting and suppressed by refeeding. Glucocorticoids
increase desnutrin/ATGL expression, while insulin downregulates desnutrin/
ATGL expression.
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Figure 1. The enzymes of triacylglycerol synthesis and hydrolysis

AGPAT: 1-acylglycerol-3-phosphate acyltransferase; ATGL: Adipose triglyceride lipase;
CoA: Coenzyme A; DGAT: Diacylglycerol acyltransferase; DHAP: Dihydroxyacetone-
phosphate; DHAPAT: Acyl-CoA:dihydroxyacetone-phosphate acyltransferase; DHAP-OR:
Dihydroxyacetone-phosphate oxido-reductase; FA: Fatty acid; GPAT: Glycerol-3-phosphate
acyltransferase; HSL: Hormone-sensitive lipase; MGL: Monoglyceride lipase; PAP:
Phosphatidic acid phosphatase; TAG: Triacylglycerol.
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