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Abstract
Obesity has become an epidemic and its prevalence is increasing exponentially. A great deal of
focus has been given to understanding the molecular processes that regulate obesity. The
characterization of phospholipase A2s, especially adipose-specific PLA2, have lead to a proposed
role of their downstream products in the progression of obesity and obesity related disorders. This
review summarizes recent developments in the role of PLA2 and their downstream effects in the
development of metabolic disorders.

INTRODUCTION
Obesity is a serious epidemic in our modern society leading to the development of multiple
detrimental pathologies. The progression of metabolic pathologies, resulting from obesity, is
a complex process with many regulators. Over 30% of the population is considered to be
obese in the United States (1). Obesity related disorders are responsible for the development
of a multitude of disease processes including type 2 diabetes, cardiovascular diseases, and
certain cancers (2). It is clear that behavioral modifications in diet and energy expenditure
can result in weight loss (3). However, these effects are often short lived and obesity persists
(4). Therefore, much focus has been given to potential pharmaceutical treatments against
obesity (5). Especially with the exponential growth of obesity in recent decades, emphasis
has been given to the causes and possible therapeutic molecular targets for the prevention
and/or treatment of obesity (1).

ADIPOSE TISSUE AND THE DEVELOPMENT OF OBESITY
Although multiple molecular processes are involved in increasing white adipose tissue
(WAT) mass, obesity can accompany 1) increase in adipocyte size as a consequence of
increased triacylglycerol (TAG) content within the fat cell, as well as 2) increased number of
adipocytes resulting from differentiation of precursor cells. Much focus has been given to
the molecular regulators of these two processes in the WAT, as control of these processes
may prove beneficial in the treatment of obesity. Furthermore, obesity is associated with
inflammation of adipose tissue. Adipocytes have the ability to secrete various inflammatory
molecules, including tumor necrosis factor α (TNFα) and interleukin-6 (IL-6), and adipose
tissue becomes infiltrated with macrophages that are a major source of pro-inflammatory
cytokines. Thus, both increased adipokine secretion and macrophage infiltration may
contribute to the development of pathologies that accompany obesity (6).
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In addition to WAT, brown adipose tissue (BAT), the second type of adipose tissue whose
presence in human adults has recently been firmly established, may also play a role in the
progression of obesity (7). Unlike WAT, BAT contains a large number of mitochondria and
is responsible for heat production through uncoupled respiration for non-shivering
thermogenesis. It has been proposed that an increase in the uncoupling protein 1 (UCP-1)
expression in the BAT is associated with resistance to obesity, at least in rodents (8;9). In
addition, plasticity between WAT and BAT has also been proposed (10;11). In essence,
controlling the development of obesity may occur by decreasing WAT mass and its
contribution to inflammation as well as by increasing BAT mass or its ability to dissipate
heat. Elucidating the molecular mechanisms underlying regulation of these processes in
adipose tissue may provide insight into treating obesity.

Recent characterizations of phospholipase A2s (PLA2) have led to a possible link between
their activity and downstream effectors, such as prostaglandins and leukotrienes, in the
development of metabolic disorders, obesity, and inflammation (12–14). This review
summarizes recent developments in the potential role of PLA2, particularly in adipose tissue,
and their downstream effects in the progression of obesity and metabolic disorders.

PHOSPHOLIPASE A2 SUPERFAMILY
Phospholipases were first identified and examined in snake and bee venom and in
mammalian pancreatic juice (15). However, over recent decades the discovery of numerous
PLA2 has led to the notion that they play roles in a multitude of physiological functions (16).
PLA2 hydrolyzes fatty acids (FA) from the sn-2 position of phospholipids to generate FA
and lysophospholipids (15;17). These products can serve as ligands, substrates for bioactive
molecule synthesis, or as signaling molecules themselves. Arachidonic acid (AA) is an
important FA that is produced by PLA2, because it can be converted into bioactive
molecules such as eicosanoids and leukotrienes (Fig. 1) (17;17–19). Thus, it is important to
understand the regulatory role of PLA2 as the products of their hydrolytic activity have been
implicated in the regulation of metabolic disorders (14;20–22).

There are at least 15 major groups of PLA2s which are subcategorized into five types of
enzymes, secretory PLA2 (sPLA2), cytosolic PLA2 (cPLA2), Ca2+ -independent PLA2
(iPLA2), platelet-activating factor (PAF) acetylhydrolases, and lysosomal PLA2 (16).
sPLA2s are characterized by Ca2+ -dependence for optimum activation, low molecular
weights (<20 kDa), and the requirement of histidine for activity (23). Further, sPLA2 have
six conserved disulfide bonds and one to two disulfide bonds that are varied. sPLA2 have
been most studied in the regulation of nutrient digestion and inflammation processes and
PLA2G1B, a pancreatic sPLA2, has been implicated in the regulation of obesity (23).
cPLA2s have been characterized as having higher molecular weights (100 kDa) than the
sPLA2 and have few to no disulfide bonds. cPLA2s contain C2 domains which results in a
dependence on Ca2+ for activity and it appears that Ca2+ may be required for the
translocation of cPLA2 from the cytosol to the intracellular membrane (16). iPLA2s are
characterized by containing an active site with a catalytic serine and may be involved in
membrane remodeling (24). Like cPLA2s, iPLA2s are localized intracellularly, however,
unlike cPLA2, Ca2+ is not required for catalytic activity (16). PAF PLA2s are characterized
as acetyl hydrolases and have been shown to be involved in proatherogenic, anti-
inflammatory, and brain development processes (16;25). PAF PLA2s hydrolyze the acetyl
group from the sn-2 position of PAF. Likewise with the iPLA2s the PAF PLA2s have
activation through a catalytic serine site and do not require Ca2+ for activity (16).
Importantly PAF PLA2s have domains with an affinity for HDL and LDL binding within the
catalytic domain (17). Finally, lysosomal PLA2 contain four cysteine residues and has been
shown to acylate cerimides (17). We have recently identified a new PLA2 expressed in
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adipose tissue that is Ca2+-dependent which may act to regulate obesity (26). A transcript
encoding an 18-kDa protein was identified and it appears that this protein is highly and
differentially expressed predominantly in adipose tissue (26). We named the newly
discovered PLA2 adipose-specific PLA2 (AdPLA) (26). On further examination, sequence
analysis showed that this protein had been identified as HRASLS3 (Ha-RAS like suppressor
3 or H-Rev-107-1), a class II tumor suppressor with no known molecular function (27). We
found that this protein has phospholipase activity to produce FA and lysophospholipids and
a preference for hydrolysis at the sn-2 position of phospholipids (26). We proposed that
AdPLA may be the first member of an entirely new group of Ca2+-dependent intracellular
PLA2s, group XVI. It is clear that PLA2s play a multitude of biological roles and their
affects warrant further examination in regards to the regulation of metabolism and obesity.

PLA2 AND METABOLISM
Arachidonic acid released by phospholipid hydrolysis catalyzed by PLA2 can be converted
into bioactive molecules such as prostaglandins (PG) that serve a variety of biological roles,
such as temperature regulation, smooth muscle dilation, regulation of inflammation, and
pain induction. PLA2 activity is considered to be the first rate-limiting enzyme in the
generation of the downstream products of AA. Conversion of AA to PG begins via
cyclooxygenase (COX) mediated production of intermediate prostanoids followed by
isomerization to prostaglandins, such as prostaglandin E2 (PGE2), PGD2, and PGF2α,
catalyzed by prostaglandin E synthase (PGES), (28;29) (Fig. 1). PGE2 and PGF2α have
previously been reported to inhibit adipocyte differentiation whereas PGD2 was shown to
enhance differentiation (30;31). In mature adipocytes, PGE2, has recently been implicated,
by us and others, in an antilipolytic role in WAT by autocrine and paracrine regulation
(14;32). Along with an antilipolytic effect, it has also been hypothesized that PGE2 is
responsible for increased leptin release from adipose tissue which may result in a decrease in
hepatic lipogenic gene expression (33). With its known role in the inflammatory process,
PGE2 may also contribute to the progression of obesity and insulin resistance (16).

Besides the production of PGs, AA produced by PLA2 activity can be used in the production
of leukotrienes via 5-lipoxygenase pathway (Fig. 1) (19;34). Although there has been no
clear evidence that leukotrienes are involved in the progression of obesity, the need of
further examination is suggested. Leukotrienes have long been associated with inflammation
that results in asthma and drugs that act to inhibit leukotrienes have proven to be an effective
treatment of asthma (35). Although not strong, there is indirect evidence that the production
of leukotrienes may be associated with obesity (12;34). Recently studies on obese asthmatic
patients suggested an association between obesity and urinary levels of leukotriene E4 (12).
Further linking leukotrienes to obesity, macrophage leukotriene content has been reported to
be regulated by leptin (34). Future studies on the relationship between leukotriene induced
inflammation and obesity may provide insight into the development and/or treatment of
obesity.

Finally, PLA2 may also play a role in the synthesis of endocannabinoids that function
through binding to G-coupled type 1 and type 2 cannabinoid receptors. Endocannabinoids,
such as N-arachidonoylethanolamine (anandamide) and 2-arachodoyl glycerol, can control
metabolism at both central and peripheral levels (36). The major synthetic pathway for the
synthesis of N-acylethanolamine is through N-acylation of phosphatidylethanolamine by
transferring an acyl group from the sn-1 position to the amino group of
phosphatidylethanolamine (PE) to generate N-acyl PE, followed by the phospholipase D
catalyzed hydrolysis to generate N-acylethanolamine. However, one of the alternate
pathways is conversion of N-acyl PE to N-acyl lysoPE catalyzed by soluble PLA2 and N-
acyl lysoPE can then be used for generation of N-acylethanolamine (37). It has been shown
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that endocannabinoids are produced in adipose tissue and their levels appear to be increased
in obese states, possibly due to decreased expression of endocannabinoid metabolizing
enzymes (38). In this regard, endocannabinoids have been reported to stimulate lipogenesis
and inhibit lipolysis, and may be linked to inflammation in adipose tissue (37). Furthermore,
metabolically related N-oleoylethanolamine and N-palmitoylethanolamine have been
reported to be potent endogenous ligands of PPARα which is well established to increase
fatty acid oxidation and to be a target for the treatment of dyslipidemia (37;38).

AN ADIPOSE SPECIFIC PLA2: AdPLA
PLA2s have been given attention recently as possible therapeutic targets for obesity and the
development of type 2 diabetes. Both genetic and pharmacological inhibition of particular
PLA2s has resulted in obesity resistant mouse models, suggesting a potential target for anti-
obesity drugs (14;39;40). Additionally, endoplasmic reticulum stress in the pancreatic beta
cell has been linked to increasing Group VIA PLA2 (iPLA2β) expression and activity
resulting in an increase in ceramides in the cytosol and thus a promotion of apoptosis in the
beta cells, which ultimately may increase metabolic disorders (41). Conversely iPLA2β has
also been implicated in a protective role in mitochondrial membrane repair in beta cells (42).
While group X sPLA2 have been shown to be involved in regulating gene expression in
macrophages, resulting in alterations in cholesterol efflux, and negative regulation of
adipogenesis through activation of liver X receptor (LXR) (43). These recent data suggest
that the downstream effects of PLA2s may play important roles in regulating metabolism in
various tissues.

We recently identified a calcium-dependent PLA2, that we named AdPLA, which is mainly
expressed in adipose tissue and induced in high fat diet-induced and genetic obesity (14;26).
Through generation of an AdPLA knockout mouse model, it was established that AdPLA is
a predominant PLA2 in adipose tissue (14). Furthermore, the AdPLA null mice exhibited
resistance to high fat diet-induced obesity and displayed an increase in lipolytic activity in
white adipose tissue (14). We also detected PGE2 to be present at the highest level in normal
adipose tissue over other prostaglandins that are present below the concentrations for
binding to their cognate receptors (14). In addition, among the receptors for PGE2, the
prostaglandin E receptor 3 (EP3) is the most highly expressed in adipocytes. Other PGE2
receptors, EP1, EP2 and EP4, as well as the prostacyclin (IP) and DP receptors are
expressed at very low levels in adipocytes (14). Therefore, we hypothesized that, in adipose
tissue, PGE2 produced upon release of AA catalyzed by AdPLA may act through the Giα
coupled- EP3 to suppress lipolysis in a cAMP dependent manner (Fig. 2) (14). This
proposed relationship, AdPLA-PGE2-EP3, provides an autocrine-paracrine regulation of
lipolysis in the adipose tissue, which has not been appreciated previously (Fig. 2). We found
in our AdPLA knockout mice a decrease in PGE2 production along with increased lipolysis
resulting in a lean phenotype even when on a high fat diet. The antilipolytic effect of PGE2
was prevented in the presence of an EP3 antagonist, L826266, in adipocytes, further
solidifying the involvement of EP3 in the regulation of lipolysis by AdPLA mediated PGE2
production (14). To further examine the role of AdPLA in obesity, AdPLA knockout mice
were bred with the leptin deficient ob/ob mice, a genetically obese mouse model that is used
extensively to examine the development and treatment of obesity. By 6 weeks of age, the
double knockout mice displayed a leaner phenotype when compared to the ob/ob mice and
these decreases in body weight were accompanied by an increase in energy expenditure,
adipose tissue lipolysis, and FA oxidation within this tissue (14). Despite the lean
phenotype, both the AdPLA knockout and double knockout mice were insulin resistant due
to ectopic fat storage. It may be possible that partial knocking down of AdPLA may provide
benefits to be lean but without ectopic fat storage, under high fat feeding or leptin deficient-
resistant conditions. Regardless, our results show for the first time a mechanistic role of
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PLA2 activity in the regulation of adipose tissue lipolysis and further examination of AdPLA
activity is necessary.

CYCLOOXYGENASE IN ADIPOSE TISSUE
The role of two COXs, COX-1 and COX-2, in PG production is well established in various
tissues (44). COX-2 has been proposed to be involved in adipose tissue metabolism and may
play a role in the development of obesity (8;45;46). However, there are conflicting data as to
the importance of COX-2 in the regulation of metabolic disorders and obesity (46–48).
COX-2 has been implicated in playing a role in the inflammatory process as a result of
obesity or high fat feeding (47). Selective COX-2 inhibitors, celecoxib and nimesulide, used
in combination with high fat diet in rats, yielded increases in insulin sensitivity and
decreases in TNFα mRNA. Studies revealed a possible link between monocyte
chemattractant protein-1 (MCP-1) and COX-2 (49). This link was further verified with
decreases in macrophage infiltration into the adipose tissue, suggesting that COX-2 is an
important regulator in the inflammatory process under high fat feeding conditions (49).
These results taken with our results on AdPLA knockout mice suggest that inhibition of the
COX-2 pathway in adipose tissue may prove beneficial in the treatment of obesity and in the
prevention of inflammation that occurs with obesity.

However, COX-2 has also been implicated in the so called “transdifferentiation” of WAT
into BAT or “browning” of WAT (8;48). Chronic cold exposure have been shown to result
in a two fold increase in COX-2 mRNA levels in mice in WAT. Additionally, COX-2
mRNA was increased upon treatment with β3 -adrenergic receptor agonist, CL316243, or
norepinephrine in intra-abdominal adipose tissue as well as in adipocytes. The increase in
COX-2 levels was accompanied by an increase in UCP-1 expression. In fact, treatment with
CL316243 produced a “BAT-like phenotype” in WAT of mice on a standard chow diet
which was ameliorated with celecoxib treatment and in COX-2 −/− mice (46). Additional
studies revealed that inhibition of COX-2 with indomethacin or ablation of COX-2 resulted
in a repression of cold-induced UCP-1 expression (8). It has also been proposed that PGE 2,
through EP4 signaling with a lesser contribution through EP3, may induce UCP-1
expression in WAT upon cold exposure, possibly via recruitment of brown adipocytes in
WAT depots (8). In contrast, we found an increase in UCP-1 mRNA in white adipose tissue
from our AdPLA KO mice which had lower PGE2 content (14). Furthermore, these mice
had an increase in FA oxidation within adipocytes, further suggesting that the WAT may
take on more of a “BAT-like phenotype” with increased lipolysis (14). It is possible that
effects of COX-2 in inducing BAT-like cells in WAT depots and in promoting BAT-like
phenotype by affecting PGE2 mediated regulation of lipolysis in mature adipocytes may be
through different mechanisms. Furthermore, recent studies suggest a link between COX-2
deficiency and adipocyte differentiation (45). Stable transfection of antisense COX-2 was
shown to increase 3T3-L1 adipocyte differentiation, accompanying a decrease in PGE2 and
PGF2α levels (50). In COX-2 knockout mice, the authors reported a decrease in body weight
and reduced adiposity with an accompanied increase in oxygen consumption. Interestingly,
there were no changes in PGE2 production in the COX-2 deficient mice and it was
hypothesized that another prostaglandin, PGJ2, that can act as a ligand for PPARγ which is a
critical transcription factor for adipogenesis, may have accounted for the decreased adiposity
(45). However, the physiological role of PGJ2 in adipogenesis needs further studies, since it
does not appear to be present at a significant level in this tissue (14). Taken together, COX-2
may be responsible for inducing adipogenesis and increasing the inflammatory process
under high fat feeding conditions, and may also play a role in promoting a “BAT-like
phenotype”. The role of COX-2 in the regulation of these processes requires further studies.
Some of the proposed effects of COX-2 are somewhat in discordance with each other since
increasing inflammation is not a beneficial process but, increasing brown adipose tissue
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mass may be advantageous in the treatment of obesity (Fig. 3). Thus, in order to determine
the feasibility of COX-2 as a potential drug target in the treatment and prevention of obesity,
the mechanism by which these intracellular events occur must be elucidated.

CONCLUSIONS
PLA2 activity plays a major role in regulating metabolic processes in various tissues. It has
been demonstrated that the products downstream of PLA2 can act as important biological
mediators in adipose tissue. It would be important to delineate the roles and underlying
mechanisms of these products as they may affect development of obesity which is an ever
growing problem in our society. Anti-obesity research is an expanding field and the
discovery of drug targets for the treatment of obesity is essential to prevent further disease
progress such as type 2 diabetes, cardiovascular diseases, and certain cancers. The
downstream products of PLA2, such as prostaglandins and leukotrienes, and the enzymes
involved in their synthesis, such as COX-2, may prove to be an area of focus for possible
anti-obesity therapies.
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Figure 1. Phospholipase A2 and its downstream products
Phospholipase A2 (PLA2) cleaves sn-2 fatty acids from phospholipids. Arachidonic acid is
an important fatty acid produced by PLA2 activity, since it can be converted into many
bioactive molecules, prostaglandins and leukotrienes. Numerous enzymes are involved in
the generation of bioactive molecules, and cylclooxygenase-1 and -2, prostaglandin E
synthase, and 5-lipoxygenase are key players in the production of prostaglandins and
luekotrienes.
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Figure 2. The role of AdPLA-PGE2-EP3 signaling in the regulation of lipolysis
AdPLA is an adipose specific PLA2 that can produce arachidonic acid (AA) from the sn-2
position of membrane phospholipids. Subsequently, prostaglandin E2 (PGE2) is produced
via cyclooxygenase (COX) pathway and acts to suppress lipolysis through Giα-coupled
prostaglandin E3 (EP3) to inhibit adenylate cyclase (AC). This model suggests an autocrine-
paracrine role of PGE2 in the regulation of lipolysis in adipose tissue.
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Figure 3. Potential role of cyclooxygenase-2s in obesity
Cyclooxyganse-2 (COX-2) may contribute to increased inflammation and insulin resistance
associated with obesity, possibly through increasing cytokine secretion or by increasing
prostaglandin production from the macrophage. On the other hand, COX-2 may also act to
increase brown adipocyte generation in white adipose tissue thus ameliorating obesity.
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