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Lipids play diverse and important biological roles including maintaining cellular integrity, storing fat for
energy, acting as signaling molecules, and forming microdomains to support membrane protein
signaling. Altering the levels of speciﬁc lipid species through activating or inactivating their biosynthetic
or degradative pathways has been shown to provide either therapeutic beneﬁt or cause disease. This
review focuses on the functional, therapeutic, and (patho)physiological roles of lipases within the serine
hydrolase superfamily and their inhibitors, with particular emphasis on the pharmacological tools, drugs,
and environmental chemicals that inhibit these lipases.
© 2016 Published by Elsevier Ireland Ltd.
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1. Introduction
Lipases play critical roles in human health and disease. Beyond
their importance in digestion, transport, and processing of dietary
lipids, lipases function in hydrolyzing a variety of lipid substrates to
modulate membrane integrity, lipid signaling, and the production
and dynamics of lipid rafts. The substrates of lipases are diverse
including neutral lipids, phospholipids and lysophospholipids,

Abbreviations: PNPLA, patatin-like phospholipase domain-containing protein;
ATGL, adipose triglyceride lipase; WAT, white adipose tissue; BAT, brown adipose
tissue; HSL, hormone-sensitive lipase; CES, carboxylesterase; PNLIP, pancreatic
lipase; CEL, carboxylester lipase; LIPF, gastric lipase; THL, tetrahydrolipstatin; LIPC,
hepatic lipase; LIPG, endothelial lipase; HDL, high-density lipoprotein; LPL, lipoprotein lipase; LIPA, lysosomal acid lipase; LDL, low density lipoprotein; CESD,
cholesteryl ester storage disease; DDHD2, DDHD-domain containing protein 2; 2AG, 2-arachidonoylglycerol; CB1/CB2, cannabinoid receptor type 1/2; LPS, lipopolysaccharide; MAGL, monoacylglycerol lipase; DAGL, diacylglycerol lipase; GABA,
gamma-aminobutyric acid; DSI, depolarization-induced suppression of inhibition;
MAGE, monoalkylglycerol ether; NCEH1, neutral cholesteryl ester hydrolase; PAF,
platelet activating factor; FAAH, fatty acid amide hydrolase; PLA1, phospholipase
A1; PLA2, phospholipase A2; PLC, phospholipase C; PLD, phospholipase D; PC,
phosphatidylcholine; PE, phosphatidylethanolamine; NTE, neuropathy target
esterase; PAFAH, platelet activating factor acetylhydrolase; LPC, lysophosphatidylcholine; ABHD, alpha/beta hydrolase domain containing protein; NAPE, Nacylphosphatidylethanolamines; TOCP, tri-o-cresylphosphate.
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University of California, Berkeley, CA 94720, USA.
E-mail addresses: ectl@berkeley.edu, dnomura@berkeley.edu (D.K. Nomura).

sphingolipids, ether lipids, oxidized lipids, and lipid moieties posttranslationally added to proteins [1,2].
Speciﬁc lipases have been shown to be dysregulated or genetically linked to various human pathologies [3,4]. Genetic deletion or
pharmacological inhibition of certain lipases has led to either
therapeutic beneﬁt or pathology in a variety of biological settings.
Not surprisingly, some lipases have been targeted by pharmaceutical companies for therapeutic beneﬁt and there are several drugs
that are currently approved or are in clinical trials for obesity, pain,
inﬂammation, anxiety, and cardiovascular disease [5e7]. Many
other lipases and their inhibitors are effective in animal models,
thus opening the possibility for further therapeutic exploitation of
lipid hydrolyzing enzymes. However, inhibition of some lipases by
environmental chemicals has also been shown to cause pathologies
ranging from neurodegeneration to psychotropic effects to dyslipidemia [8,9].
Most lipases belong to the serine hydrolase superfamily of enzymes that use the nucleophilic active-site serine to catalyze the
hydrolysis of diverse lipid substrates [2]. The conserved biochemistry across this enzyme class, coupled with certain chemical scaffolds that target serine hydrolases, have enabled the development
of inhibitors against many lipases. However, the reactivity of the
serine nucleophile within lipase active-sites has also been a toxicological liability for various environmental electrophiles that
covalently target the active-site serine. We review here the
biochemical and physiological function of lipid hydrolases with
particular emphasis on the pharmacological tools, drugs, and
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environmental chemicals that inhibit lipases within the serine
hydrolase superfamily. We use the gene names for many of the lipases described here that have had multiple designations, and the
substrates and products for most but not all of them are shown in
Figs. 1e3.

2. Neutral lipid lipases
2.1. PNPLA2 or adipose triglyceride lipase (ATGL)
PNPLA2 or adipose triglyceride lipase (ATGL) is the rate-limiting

Fig. 1. Neutral lipid lipase pathways (A) and inhibitors (B).
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Fig. 2. N-Acylethanolamine pathway (A) and FAAH inhibitors (B).

step for triglyceride hydrolysis in adipose tissues with the highest
expression in both white and brown adipose tissues (WAT/BAT),
with lesser expression in skeletal and cardiac muscle and testes
(Fig. 1A). PNPLA2(/) mice show >80, 44, and 73% decrease in
triacylglycerol hydrolytic activity in WAT, skeletal muscle, and liver,
respectively, and show reduced release of fatty acids following
isoproterenol stimulation. PNPLA2(/) mice show mild obesity
with increased fat mass and larger WAT and BAT lipid droplets, and
are intolerant to cold exposure or fasting, likely due to their lipolytic impairment and inability to release fatty acids for heat and
energy production. These mice die prematurely from a large
accumulation of triacylglycerols in the heart leading to cardiac
dysfunction [10].
Nonetheless, inhibiting ATGL may have potential therapeutic
beneﬁt. PNPLA2(/) mice show improved glucose tolerance and
insulin sensitivity under both normal and high-fat diet [10e12].
PNPLA2-deﬁcient mice are also protected against adipose and
muscle loss caused by cancer-associated cachexia [13]. Atglstatin is
an ATGL inhibitor that has been reported to selectively inhibit triglyceride hydrolase activity in WAT and reduce free fatty acid
release in vitro and in vivo in wild-type but not PNPLA2(/) mice,
indicating the speciﬁcity of the inhibitor [14] (Fig. 1B). Of future
importance will be to understand whether pharmacological
blockade of ATGL can provide therapeutic beneﬁt without the
cardiovascular toxicity.
2.2. LIPE or hormone-sensitive lipase (HSL)
LIPE or hormone-sensitive lipase (HSL) is a diacylglycerol and
cholesteryl ester hydrolase that is expressed primarily in adipose
tissue and adrenal glands with lower expression in cardiac and
skeletal muscle, and macrophages (Fig. 1A) [15,16]. LIPE is regulated
by phosphorylation involving protein kinase A signaling, which can
be stimulated by catecholamines or suppressed by insulin, causing

LIPE to be translocated from the cytosol to lipid droplets to activate
its hydrolytic activity [17,18]. LIPE(/) mice show complete ablation of cholesteryl ester hydrolytic activity in WAT, BAT, and testes,
but still possess ~40% triacylglycerol hydrolytic activity in adipose
tissue, consistent with the primary role of ATGL in adipose triacylglycerol hydrolysis [19]. These mice show adipocyte hypertrophy, but not obesity, and reduced isoproterenol-stimulated fatty
acid release in WAT and accumulation of diacylglycerols in several
tissues [19,20]. LIPE(/) mice are also infertile due to lack of
spermatozoa [19], are resistant to high-fat diet-induced obesity,
show improved hepatic insulin sensitivity, and are protected from
short-term diet-induced insulin resistance in skeletal muscle and
heart [21,22].
Inhibitors of HSL include heterocyclic ureas and carbamates
such as Ebdrup 13f from Novo Nordisk and BAY from Bayer
Healthcare, but their selectivity remains unknown (Fig. 1B) [23,24].
BAY has been shown to inhibit forskolin-activated lipolysis both
in vitro and ex vivo, lower plasma free fatty acid and glycerol levels
in vivo in overnight-fasted mice and dogs, and reduce hyperglycemia in streptozotocin-induced diabetic rats [23]. Ebdrup 13f has
been shown to reduce lipolysis in vivo in fasted rats [24].
2.3. Triglyceride hydrolase or carboxylesterase 3 (Ces3)
Endoplasmic reticulum-localized triacylglycerol hydrolase or
carboxylesterase 3 (Ces3) (in mice) or CES1 (in humans) has been
suggested to act as the liver triacylglycerol hydrolase involved in
the lipolysis of triacylglycerol-containing lipid droplets for the
eventual re-esteriﬁcation and packaging into very low-density lipoproteins (VLDLs) for triacylglycerol delivery to peripheral tissues
(Fig. 1A). Consistent with this role, Ces3(/) mice show reduced
plasma triacylglycerol, apolipoprotein B, and fatty acid levels in
both fasted and fed states [25]. Interestingly, these mice do not
possess increased hepatic triacylglycerol levels due to an increase
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Fig. 3. Phospholipase pathways (A) and inhibitors (B).

in respiratory quotient and energy expenditure [25]. Ces3 activity is
also markedly increased during adipocyte differentiation.
Several CES3 inhibitors have been described including
GR148672X and WWL113 (Fig. 1B). GR148672X decreases secretion
of triacylglycerols, cholesteryl esters, phosphatidylcholine, and
ApoB100 from primary rat hepatocytes [26]. WWL113 promotes

lipid storage in adipocytes and ameliorates weight increase, serum
glucose, fatty acids, triacylglycerols, and glucose intolerance in a
diet-induced and db/db mouse model of metabolic syndrome [27].
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2.4. Secreted triglyceride lipases: pancreatic lipase (PNLIP),
carboxylester lipase (CEL), and gastric lipase (LIPF)
PNLIP, CEL, and LIPF are secreted into or attached to the intestinal lumen for digestion of dietary fat [28]. These three enzymes all
hydrolyze triacylglycerols and diacylglycerols to monoacylglycerols
and fatty acids [29e34] (Fig. 1A). CEL has broader substrate speciﬁcity than PNLIP and LIPF and also hydrolyzes monoacylglycerols,
phospholipids, lysophospholipids, and ceramides [29e34]. PNLIP is
expressed in the pancreas and is secreted directly into the intestinal
lumen [35]. CEL is primarily expressed in pancreas and mammary
glands, and is secreted into pancreatic juice and milk and is
attached to intestinal cells [36e38]. LIPF is secreted by gastric
mucosal cells [39]. CEL, but not PNLIP and LIPF, requires bile salts for
activity [40]. PNLIP(/) mice have delayed triacylglycerol and
cholesterol absorption [41]. CEL(/) mice show accumulation of
intestinal lipid droplets and intestinal damage in pups [42]. LIPF(/
) mice have not yet been generated.
While there are no selective inhibitors that speciﬁcally inhibit
these enzymes, tetrahydrolipstatin (THL) or Orlistat is a nonspeciﬁc lipase inhibitor that inhibits all three enzymes as well as
other lipases (Fig. 1B). Orlistat is an approved drug for treatment of
obesity through preventing the absorption of dietary fat and
reducing caloric intake, albeit this drug may cause steatorrhea [7].

2.5. Hepatic lipase (LIPC)
LIPC is secreted by the liver and localized at the luminal surface
of hepatic endothelial cells [43]. LIPC hydrolyzes both triacylglycerols and phospholipids on lipoproteins (Fig. 1A) [44,45].
However, LIPC(/) mice show increased basal plasma cholesterol
and phospholipids but not triacylglycerol [46]. There are no reported LIPC inhibitors.
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2.8. Lysosomal acid lipase (LIPA)
LIPA is localized in early and late endosomal membranes and has
optimal activity in acidic pH [54]. It hydrolyzes cholesteryl esters,
triacylglycerols, diacylglycerols, and monoacylglycerols (Fig. 1A)
[55]. LIPA supplies cells with cholesterol from internalized LDL
particles [56]. LIPA(/) mice show dramatic elevations in triacylglycerol and cholesteryl ester levels in liver, adrenal glands, and
small intestines [57,58]. LIPA-deﬁciency in humans causes Wolman
or cholesteryl ester storage disease (CESD) [59e61]. Wolman disease is associated with complete loss of LIPA activity leading to
lysosomal triacylglycerol accumulation, vomiting, diarrhea, and
hepatosplenomegaly, with most patients dying within the ﬁrst year
of their lives. CESD patients display residual LIPA activity and show
hypercholesterolemia and survive into adulthood. Several inhibitors for LIPA have been described, although their selectivity has
not been conﬁrmed [62].
2.9. DDHD2
DDHD2 is the primary brain triglyceride hydrolase (Fig. 1A). Loss
of function mutations in DDHD2 leads to a genetic disorder termed
complex hereditary spastic paraplegia characterized by spasticity in
lower limbs due to nerve damage. Metabolomic proﬁling of
DDHD2(/) mice revealed massive elevations in triacylglycerol
levels in the brain, but not in peripheral tissues. Large lipid droplets
accumulate in DDHD2(/) neuronal cell bodies accompanied by
impairments in motor and cognitive function [3]. KLH45 is a selective triazole urea irreversible inhibitor of DDHD2 that also leads
to brain triacylglycerol accumulation [3]. While DDHD2 inhibition
is not advisable as a therapeutic, KLH45 is a promising tool compound for investigating the role of triglyceride metabolism in the
brain and how it drives hereditary spastic paraplegia (Fig. 1B).
2.10. Monoacylglycerol lipase (MAGL)

2.6. Endothelial lipase (LIPG)
LIPG is a lipid hydrolase synthesized by endothelial cells in vitro
and expressed in vivo in organs including liver, lung, kidney, and
placenta, but not in skeletal muscle. LIPG has substantial phospholipase activity but less triglyceride hydrolase activity. Overexpression of LIPG in mice reduces plasma HDL-cholesterol and
protein apolipoprotein A-I concentrations [47]. Inhibition in mice
or loss of function variants in humans of LIPG results in reduced
HDL-cholesterol levels, suggesting an important role of LIPG in HDL
metabolism in vivo [48,49]. Because of its potential for therapeutic
action towards cardiovascular disease, several LIPG inhibitors have
been synthesized, including the anthranilic acid XEN445 which has
been shown to also elevate plasma HDL-cholesterol levels in mice
(Fig. 1B) [50].

2.7. Lipoprotein lipase (LPL)
LPL is anchored on capillary endothelial cells through heparin
sulfate-proteoglycans where it hydrolyzes triacylglycerols in
mature chylomicrons and VLDL particles, upon docking with
apolipoprotein C-II, to fatty acids and monoglycerides for import of
fatty acids into peripheral organs (Fig. 1A). LPL deﬁciency in both
rodents and humans causes hugely elevated serum triglyceride
levels and VLDL and chylomicron levels [51,52]. LPL(/) mouse
pups die within 18 h of suckling due to hyper-elevated serum triglyceride levels [52]. There are several urea-based LPL inhibitors
such as GSK264220A that also inhibit LIPG (Fig. 1B) [53].

Monoacylglycerol lipase (MAGL) is the primary hydrolytic
enzyme for monoacylglycerols in most tissues, including brain,
liver, kidney, spleen, heart, WAT, BAT, and lung (Fig. 1A) [63]. One of
the monoacylglycerols, 2-arachidonoylglycerol (2-AG), is an
endogenous cannabinoid signaling lipid that acts as an agonist on
cannabinoid receptors CB1 and CB2 (described later) [64,65].
Several highly selective irreversible carbamate MAGL inhibitors
have been developed, including JZL184, KML29, and JW651 (Fig. 1B)
[66e68]. Both MAGL(/) mice and mice treated with JZL184 show
~4e10-fold elevations in brain levels of 2-AG [66,69e71]. MAGL
blockade produces tissue-speciﬁc differences in monoglyceride
metabolism with brain showing the most dramatic elevations in 2AG and peripheral tissues showing greater changes in other
monoglycerides, consistent with the role of MAGL as the ﬁnal
lipolytic step in triacylglycerol breakdown [70]. Genetic and pharmacological ablation of MAGL also lowers arachidonic acid and proinﬂammatory prostaglandins in speciﬁc tissues under both basal
conditions and lipopolysaccharide (LPS)-induction, including in
brain, liver, and lung, indicating that MAGL is the major source of
arachidonic acid for prostaglandin synthesis in these tissues [69].
Acute pharmacological blockade of MAGL in mice exerts CB1dependent antinociceptive, anxiolytic, and anti-inﬂammatory effects and shows protection in inﬂammatory bowel disease models,
without cognitive impairments or “high” associated with direct
cannabinoid receptor agonists [64,65]. Both genetic and pharmacological ablation of MAGL also: 1) reduces LPS-induced neuroinﬂammation [69]; 2) protects against neuroinﬂammation and
neurodegeneration in Parkinson's disease mouse models [69,72]; 3)
reduces inﬂammation, amyloid-b plaques, and neurodegeneration,
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and improves integrity of hippocampal synaptic structure and
function, spatial learning, and memory in Alzheimer's disease
mouse models [73,74]; and 4) reduces fever [75]. These neuroprotective and antipyretic effects of MAGL inhibition are independent of cannabinoid receptor signaling indicating that they are
likely caused by reduced pro-inﬂammatory eicosanoids. Genetic
and pharmacological MAGL inactivation has also been shown to
exert hepatoprotective effects in an ischemia-reperfusion injury
and carbon tetrachloride-induced liver ﬁbrosis model in mice
through heightened CB2 receptor signaling and reduced eicosanoid
levels [76].
Interestingly, MAGL(/) mice and mice chronically treated
with a MAGL inhibitor at a dose that causes full MAGL blockade
loose CB1-mediated antinociceptive effects and show crosstolerance to CB1 receptor agonists, display physical dependence
due to functional antagonism of the CB1 receptor, and show
impaired CB1 dependent synaptic plasticity [71]. These effects
result from prolonged and heightened 2-AG levels and CB1 stimulation causing CB1 receptor desensitization and functional
antagonism [71]. MAGL(/) mice also exhibit reduced plasma
glycerol and triacylglycerol as well as liver triacylglycerol levels
under fasted conditions, indicating impaired lipolysis. Under highfat diet, MAGL(/) mice also show signiﬁcantly improved glucose
tolerance and insulin sensitivity, despite equal weight gain as wildtype counterparts [77].
Based on studies using neuronal and astrocyte-speciﬁc
MAGL(/) mice, both neurons and astrocytes coordinately regulate 2-AG content and endocannabinoid-dependent forms of synaptic plasticity and behavior. Astrocytic MAGL is mainly responsible
for converting 2-AG to prostaglandins that may involve transcellular transport of lipid substrates [78]. MAGL has also been
shown to be upregulated in aggressive human cancers and MAGL
inactivation impairs cancer cell motility and tumor xenograft
growth in mice due to reduced levels of fatty acids and fatty acidderived pro-tumorigenic signaling lipids such as lysophosphatidic
acid [79,80]. Due to the various therapeutic indications, MAGL inhibitors have garnered interest for clinical development. MAGL
inhibitors are currently in Phase I clinical trials [81].

inﬂammatory eicosanoids in mouse peritoneal macrophages leading to a reduction in LPS-induced TNFa release [86].
Recent DAGL inhibitors include the DAGLb-selective KT109 and
KT172 and the dual DAGLa/b inhibitor LEI105 (Fig. 1B) [86,87].
KT109 and KT172 treatment in vivo in mice leads to reduced 2-AG,
arachidonic acid, and pro-inﬂammatory prostaglandin levels and
LPS-induced TNFa release in peritoneal macrophages. LEI105
treatment in Neuro2A cells reduced 2-AG levels and CB1-mediated
short-term synaptic plasticity.
2.12. KIAA1363
KIAA1363 or neutral cholesteryl ester hydrolase (NCEH1) is the
primary enzyme responsible for 2-acetyl monoalkylglycerol ether
(2-acetyl MAGE) hydrolysis in brain, lung, heart, and kidney
(Fig. 1A). 2-Acetyl MAGE is the penultimate precursor to generating
de novo pools of platelet activating factor (PAF) [88,89]. In vitro in
brain membrane proteomes, 2-acetyl MAGE is diverted to generating more PAF in KIAA1363(/) mice with a reduction in MAGE
production, but this metabolic effect is not evident in endogenous
levels of PAF or MAGE [90]. KIAA1363 is also highly upregulated in
aggressive human cancer cells and inactivation of this enzyme
impairs cancer cell motility and in vivo tumor xenograft growth in
mice [79,89]. Metabolomic proﬁling revealed that KIAA1363 inactivation lowers the levels of MAGE as well as the downstream protumorigenic signaling lipid alkyl lysophosphatidic acid [79,80]. The
true physiological role of this enzyme still remains poorly
understood.
Several selective irreversible carbamate inhibitors of KIAA1363
have been developed including AS115 and JW480 (Fig. 1B) [89,91].
JW480 treatment lowers MAGE levels and impairs motility and
tumor growth in prostate cancer cells [91]. KIAA1363 inhibition by
JW480 blocks platelet aggregation, megakaryocyte function, and
thrombus formation [92]. KIAA1363 is also the primary detoxiﬁcation enzyme in the brain for the bioactivated insecticide
metabolite chlorpyrifos oxon [90,93], and KIAA1363(/) mice
show increased sensitivity to the pesticide chlorpyrifos [90].
3. Amidases: fatty acid amide hydrolase (FAAH)

2.11. Diacylglycerol lipase (DAGL)
DAGLa and DAGLb are diacylglycerol-hydrolyzing enzymes and
the primary biosynthesizing enzyme for the endocannabinoid
signaling lipid 2-arachidonoylglycerol (2-AG) (Fig. 1A) [82e84].
DAGLa and DAGLb prefer hydrolysis of the sn-1 position of diacylglycerols compared to sn-2 [82]. DAGLa(/) mice show an ~80%
reduction in the brain and spinal cord and ~50% reduction in adipose and liver in 2-AG levels, and ~75e80% reduction in brain and
spinal cord and ~60% reduction in liver and no reduction in adipose
tissue in arachidonic acid levels. DAGLb(/) mice show ~50%
reduction in brain, ~90% reduction in liver, and no change in spinal
cord or adipose tissue in 2-AG levels. Arachidonic acid levels are
~25% lower in brain, ~75% lower in liver, and no change in spinal
cord or adipose tissue in DAGLb(/) mice [83]. Retrograde
endocannabinoid 2-AG signaling at the CB1 receptor in the hippocampus can reduce GABA release from presynpases causing
depolarization-induced suppression of inhibition (DSI). DAGLa(/
) mice show no DSI, consistent with the loss of 2-AG levels in the
brain. Both DAGLa(/) and DAGLb(/) mice also have reduced
neurogenesis in the brain [83,84]. DAGLa(/) mice show reduced
exploration of central area of the open ﬁeld, a maternal neglect
behavior, a fear extinction deﬁcit, increased behavioral despair, and
increased anxiety-related behaviors, indicating that loss of DAGLa
activity results in enhanced anxiety, stress, and fear responses [85].
DAGLb(/) mice also show lower 2-AG, arachidonic acid, and pro-

FAAH is the primary hydrolytic enzyme for N-acylethanolamines, N-acylamides, and N-acyltaurines (Fig. 2A) [94,95]. FAAH is
highly expressed in brain, liver, kidney, and testes, but not heart or
skeletal muscle. Related bioactive lipids include the endocannabinoid signaling lipid N-arachidonoylethanolamine (anandamide),
the sleep-inducing factor oleamide, and the transient receptor
potential ion channel agonists N-acyltaurines [95]. The biosynthetic
pathway for anandamide is shown in Fig. 2A.
FAAH(/) mice show >10-fold elevations in brain anandamide
levels. N-Acylethanolamines are elevated most dramatically in
brain and liver, but are also elevated in plasma, testis, heart, lung,
and kidney of FAAH(/) and FAAH inhibitor-treated mice. NAcyltaurines are elevated in plasma, BAT, heart, spleen, lung, testis,
kidney, and most dramatically in liver [96e100]. FAAH(/) mice
as well as mice treated with FAAH inhibitors show cannabinoiddependent anxiolytic, antidepressive, and antinociceptive effects
without the cognitive side-effects associated with direct CB1 agonists [98,101e107]. Because of the therapeutic potential of FAAH
inhibition, many highly selective and in vivo efﬁcacious FAAH inhibitors have been developed including earlier tool compounds
such as the carbamate URB597 and a-ketoheterocycle OL-135 and
later more advanced compounds such as the piperidine urea PF3845 and the clinical candidate PF-04457845 (Fig. 2B)
[99e101,108]. Treatment with these inhibitors elevates anandamide levels and exerts antinociceptive and anti-inﬂammatory
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effects in various pain and inﬂammatory mouse models. FAAH inhibitors are now in various stages of clinical trials for pain and other
modalities [109].

substrates of PLA2G6 and the mechanisms underlying these
neurological conditions remain unknown and there are currently
no PLA2G6 inhibitors.

4. Phospholipases

4.4. PLA2G7

4.1. General phospholipase activity

PLA2G7, also called lipoprotein-associated PLA2, is secreted by
monocytes and found in the plasma associated with both LDL and
HDL particles and is expressed in the brain [125e127]. PLA2G7
hydrolyzes the sn-2 acetyl group from PAF or oxidatively truncated
sn-2 acyl chains on PCs such as az-PAF in vitro, with no activity on
medium to long-chain acyl chains (Fig. 3A) [125,128,129]. This
lipase generates pro-inﬂammatory lysophosphatidylcholine (LPC)
and fatty acids as products. PLA2G7 has been implicated in many
pathologies, including atherosclerosis, inﬂammation, and Alzheimer's disease [5,130]. Many PLA2G7 inhibitors have been
developed including two clinical candidates Darapladib and Rilapladib and the carbamate JMN21 (Fig. 3B) [131e133]. Darapladib
treatment results in reduced development of advanced coronary
atherosclerosis in diabetic and hypercholesterolemic swine. Darapladib markedly inhibited plasma and lesion PLA2G7 activity and
reduced lesion LPC content [134]. Darapladib treatment in pigs also
reduced the extent of immunoglobulin G brain parenchyma penetration suggesting a reduction in blood brain barrier leakage and
signiﬁcantly lowered amyloidb1-42 deposition, indicating that
PLA2G7 inhibitors may be effective in treating Alzheimer's disease
[135]. Several clinical trials with PLA2G7 inhibitors have been
completed but have unfortunately not shown any beneﬁt in protecting against cardiovascular death, myocardial infarction, or
stroke [5].

Phospholipids are cleaved at any one of four positions by
phospholipases PLA1, PLA2, PLC, and PLD (Fig. 3A). There are many
PLA1 and PLA2 enzymes in the serine hydrolase family, and we will
focus attention on those that have been the best-characterized and
have pharmacological tools.
4.2. Phospholipase A2 (PLA2G4A-F)
PLA2 enzymes hydrolyze the sn-2 acyl chain from phospholipids
to produce a fatty acid and a lysophospholipid (Fig. 3A). The sn-2
acyl chain can be short (e.g. acetyl), medium chain (e.g. butyryl),
long chain (palmitoyl, stearoyl), monounsaturated (e.g. oleoyl),
polyunsaturated (e.g. arachidonoyl), or oxidatively truncated (e.g.
azaeaoyl, oxovaleryl) [2].
The PLA2G4A subfamily of phospholipases include the cytosolic
PLA2s PLA2G4A-F, of which PLA2G4B-F are less characterized [110].
PLA2G4A, also known as cPLA2, is expressed in nearly every tissue
with highest expression in immune cells and hydrolyzes phosphatidylcholine (PC) and phosphatidylethanolamine (PE) in a
calcium-dependent manner [111]. cPLA2 prefers arachidonoyl as
the sn-2 position and is thought to provide the primary arachidonic
acid source for generating eicosanoids [110]. PLA2G4A(/) mice
show lower eicosanoid production in peritoneal macrophages under both basal and LPS-stimulated conditions [112]. PLA2G4A(/)
mice show neuroprotective effects in stroke mouse models and
have reduced anaphylactic responses in allergic models, hepatoprotective effects in ﬁbrosis models, and resistance against
experimental autoimmune encephalomyelitis [110,112e115]. While
PLA2G4A has been considered to be the dominant source of
arachidonic acid for eicosanoid production, recent studies indicate
that other hydrolytic enzymes such as DAGL and MAGL may play
this role in certain tissue and cellular contexts [69,116]. Because
PLA2G4A can control eicosanoid production, much like the antiinﬂammatory cyclooxygenase inhibitors, there has been signiﬁcant interest in developing PLA2G4A inhibitors as antiinﬂammatory agents [110]. Several PLA2G4A inhibitors have been
developed, including pyrrophenone and Ecopladib that show
selectivity over other PLA2 enzymes (Fig. 3B) [117,118]. Ecopladib
has shown efﬁcacy in inﬂammatory rodent models such as the rat
carrageenan air pouch and induced paw edema models [118].
4.3. PLA2G6
PLA2G6 is a calcium-independent PLA2 or iPLA2 with broad
tissue expression that hydrolyzes broad range of substrates
including PCs, PAF, and lysophospholipids [119,120]. PLA2G6(/)
mice show signiﬁcantly reduced PC hydrolase activity in brain,
muscle, kidney, liver, and epididymis, but do not show changes in
PC levels [121,122]. PLA2G6(/) mice show reduced fertility due
to impaired spermatozoa and age-related neurological deﬁcits
including gait problems and clasping behaviors with peripheral
demyelination and accumulation of spheroid bodies in axons and
synapses [121,122]. Mutations in the PLA2G6 gene in humans leads
to infantile neuroaxonal dystrophy, a fatal disease characterized by
cerebellar ataxia, hypotonia of the trunk, spastic quadriplegia, and
hyperreﬂexia caused by axonal swelling and accumulation of
spheroid bodies in the nervous system [123,124]. The endogenous

4.5. PNPLA6
PNPLA6, also called neuropathy target esterase (NTE), is
expressed in the brain and testes, and is a target for
organophosphorus-induced delayed neuropathy that causes axonal
degradation and onset of ataxia and lower limb paralysis in 1e3
weeks after initial exposure [9,136,137]. While PNPLA6(/) mice
have midgestational lethality, brain-speciﬁc PNPLA6-deﬁciency in
mice results in disruption of the endoplasmic reticulum, vaculation
of nerve cell bodies, and abnormal reticular aggregates [137].
PNPLA6 has been shown to hydrolyze phospholipids, lysophospholipids (lysophosphatidylcholine is often used for assays as
shown later), and monoglycerides in vitro, but the physiological
substrate of PNPLA6 is still not understood [138,139].
4.6. Platelet activating factor acetylhydrolase 2 (PAFAH2)
PAFAH2 hydrolyzes PAF and oxidatively truncated PCs (Fig. 3A)
[140,141]. PAFAH2(/) mice show near complete reductions in
PAF hydrolytic activity in kidney and liver, but not brain or plasma
[142]. PAFAH2(/) mice are more sensitive to carbon
tetrachloride-induced liver injury and mouse embryonic ﬁbroblasts
from PAFAH2(/) mice are more sensitive to peroxide-induced
cell death, indicating that PAFAH2 is important in detoxifying
oxidized phospholipids [142]. AA39-2 is a highly selective triazole
urea irreversible inhibitor of PAFAH2 (Fig. 3B) [143].
4.7. PAFAH1B2 and PAFAH1B3
PAFAH1B2 and PAFAH1B3 are part of a trimeric complex that
includes a noncatalytic and non-serine hydrolase PAFAH1B1 subunit, also called LIS1 [144,145]. The PAFAH1B complex hydrolyzes
PAF and oxidized PCs, but not PC, PE, or LPC, but the physiological
substrates of these enzymes remain unknown [141]. In mice,
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4.9. ABHD4

PAFAH1B1 and PAFAH1B2 are expressed in nearly every tissue with
highest levels in brain, lung, and testis whereas PAFAH1B3
expression is restricted to brain and testis [146]. PAFAH1B1(/)
mice develop type I lissencephaly, a cephalic disorder characterized
by lack of brain fold and groove development and is embryonically
lethal [147]. PAFAH1B2(/) or PAFAH1B2/PAFAH1B3(/) mice
are viable and overtly normal but show lower testes weight and
impaired spermatogenesis, leading to infertility in males [146].
PAFAH1B3 is heightened in human cancers and correlated with
poor prognosis [148,149]. Knockdown of PAFAH1B2 or PAFAH1B3
impairs breast cancer cell survival, proliferation, and in vivo tumor
growth and causes wide-spread alterations in cancer cell lipid
metabolism [149]. A high throughput screen yielded a highly selective and reversible PAFAH1B2 and PAFAH1B3 dual tetrahydropyridine inhibitor P11, which also impairs cell survival
[149,150].

ABHD4 deacylates O-acyl chains from N-acylphosphatidylethanolamines (NAPEs) as well as N-acylphosphatidylserines. ABHD4
acts on both NAPEs and lysoNAPEs but does not act on other lysophospholipids. NAPEs are thought to be the precursor for generating N-acylethanolamines as well as the endocannabinoid
anandamide. ABHD4(/) mice show reductions in brain glycerophospho-N-acylethanolamine and plasmalogen-based lysoNAPEs, as well as N-acyl lysophosphatidylserines [151]. There are
no ABHD4 inhibitors yet reported.
4.10. ABHD16A and ABHD12
ABHD16A and ABHD12 hydrolyze phosphatidylserine and
lysophosphatidylserine, respectively (Fig. 3A) [4,152]. Mutations in
ABHD12 in humans cause a neurodegenerative disorder PHARC
(polyneuropathy, hearing loss, ataxia, retinosis pigmentosa, and
cataract). ABHD12(/) mice display massive increases in a rare set
of pro-inﬂammatory very long chain lysophosphatidylserine lipids
that stimulate toll-like receptor 2, leading to age-dependent
microglial activation and auditory and motor defects that
resemble PHARC. Lysophosphatidylserine hydrolytic activity is
substantially reduced in ABHD12(/) mouse brains [4]. ABHD16A
is the primary brain phosphatidylserine hydrolase that generates
the lysophosphatidylserine which ABHD12 further hydrolyzes.

4.8. Alpha/beta hydrolase domain-containing protein 3 (ABHD3)
ABHD3 is the primary enzyme for hydrolyzing medium-chain
and oxidatively truncated phospholipids (Fig. 3A). ABHD3(/)
mice are normal and viable and possess heightened levels of
multiple medium-chain PCs and LPCs. No inhibitors exist for
ABHD3 and the therapeutic or pathological effects of inhibiting
ABHD3 are not yet known.
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ABHD16A(/) mice show decreased lysophosphatidylserine in
brain and macrophages and reduces LPS-induced cytokine production in macrophages. A selective ABHD16A inhibitor KC01 has
been reported that lowers lysophosphatidylserine secretion and
LPS-induced cytokine release from macrophages and restores the
elevated lysophosphatidylserine and cytokine levels in ABHD12(/
) mice (Fig. 3B) [152].
5. Environmental agents that inhibit lipases
Understanding how environmental chemicals interact with
protein targets, including lipases, is critical in evaluating agents
that may potentiate or cause human disease. Several pesticides,
plasticizers, and ﬂame retardant chemicals covalently and irreversibly inhibit the serine nucleophile of multiple lipases
[8,153e156]. This includes organophosphorus and carbamate insecticides, thiocarbamate herbicides and fungicides, organophosphorus ﬂame retardants, and organophosphorus plasticizers
(Fig. 4).
In the 1930s during the Prohibition era, Jamaica Ginger, which
contained tri-o-cresylphosphate (TOCP), was consumed in alcoholic beverages leading to inhibition of NTE or PNPLA6, resulting in
organophosphate-induced delayed neuropathy (described under
PNPLA6) [9]. TOCP is bioactivated to 2-(o-cresyl)-4-H-1,2,3benzodioxaphosphoran-2-one, a potent inhibitor of NTE [157].
Localized accumulation of lysophosphatidylcholine may then lead
to demyelination and neuropathy [139] (Fig. 4A). Aging of NTE
following phosphorylation is an essential step in the delayed neuropathy but the mechanism remains unclear.
The organophosphorus insecticide chlorpyrifos inhibits many
lipases, i.e. KIAA1363, MAGL, FAAH, ABHD6, HSL, and ABHD3 in the
brain and CES1, CES1B, CES1F, CES2, CES2B, CES2G, CES3, CES5,
CES6, MAGL, FAAH, and AADAC in liver, in vivo in mice, among other
serine hydrolases [8,154,155]. MAGL and FAAH represent particularly common in vivo off-targets of organophosphorus and thiocarbamates pesticides (Fig. 4B). Chlorpyrifos, profenofos, tribufos,
and molinate inhibit both MAGL and FAAH, raise brain levels of 2AG and anandamide, and causes cannabinoid-like behaviors [8].
While selective inhibition of MAGL or FAAH produce antinociceptive effects without psychotropic effects, dual inhibition of
MAGL and FAAH inhibitor causes cannabinoid-mediated cataleptic
behaviors [158]. The organophosphorus ﬂame retardant triphenyl
phosphate inhibits Ces1g in mice leading to increased hepatic
diacylglycerol levels and protein kinase C stimulation and to serum
hypertriglyceridemia [156].
6. Conclusions
Lipases play critical functions in lipid biochemistry and regulate
nearly every aspect of physiology. Lipase inhibitors have therefore
been developed as both tool compounds as well as clinical candidates for treatment of inﬂammation, cardiovascular disease, and
pain. These include non-speciﬁc gastric and pancreatic lipase inhibitors like Orlistat for obesity, MAGL and FAAH inhibitors for pain
and inﬂammation, PLA2G4A inhibitors for inﬂammation, and
PLA2G7 inhibitors for cardiovascular diseases [2]. There have also
been selective and in vivo efﬁcacious inhibitors developed against
other lipases that may prove to demonstrate therapeutic beneﬁt,
including DAGL or ABHD16A inhibitors for inﬂammation, CES3,
ATGL, and LIPE inhibitors for type II diabetes, or KIAA1363 and
PAFAH1B2/1B3 inhibitors for cancer. These inhibitors are likely just
the tip of the iceberg in terms of the therapeutic potential for targeting the many other lipases that are not mentioned here in this
review. On the other hand, inhibiting certain lipases may cause
debilitating pathologies such as delayed neuropathy with NTE,
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spastic paraplegia with DDHD2, and PHARC with ABHD12. Thus, it
is also of importance to understand how environmental chemicals
may be causing toxicity through inhibiting lipases.
Tapping deeper into targeting the lipase enzyme class is
currently limited by our lack of understanding of (patho)physiological or therapeutic functions of the many yet uncharacterized
lipases. Understanding their function and developing pharmacological and genetic tools for inhibiting these lipases will undoubtedly provide novel insights into disease progression as well as
therapeutic targets.
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