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A B S T R A C T

Excessive triacylglycerol (TG) accumulation is the distinctive feature of obesity. In the liver, sustained TG ac-
cretion leads to nonalcoholic fatty liver disease (NAFLD), eventually progressing to non-alcoholic steatohepatitis
(NASH) and cirrhosis, which is associated with complications including hepatic failure, hepatocellular carci-
noma and death. Pharmacological interventions are actively pursued to prevent lipid accumulation in hepato-
cytes and, therefore, to ameliorate the associated pathophysiological conditions. Here, we sought to provide an
overview of the pharmacological approaches to up- or downregulate the expression and activities of the enzymes
involved in hepatic TG hydrolysis. Fatty acids (FA) released by hydrolysis of hepatic TG can be used for β-
oxidation, signaling, and for very low-density lipoprotein (VLDL)-TG synthesis. Originally, lipolysis was believed
to be centered in the adipose and to be catalyzed by only two lipases, hormone-sensitive lipase (HSL) and
monoacylglycerol lipase (MAGL). However, genetic ablation of HSL expression in mice failed to erase TG hy-
drolysis in adipocytes leading to the identification of a third lipase termed adipose triglyceride lipase (ATGL).
Although these three enzymes are considered to be the main players governing lipolysis in the adipocyte, other
lipolytic enzymes have been described to contribute to hepatic TG metabolism. These include adiponutrin/
patatin-like phospholipase domain containing 3 (PNPLA3), some members of the carboxylesterase family (CES/
Ces), arylacetamide deacetylase (AADAC), lysosomal acid lipase (LAL) and hepatic lipase (HL). This review
highlights the consequences of pharmacological interventions of liver lipases that degrade TG in cytosolic lipid
droplets, in the endoplasmic reticulum, in the late endosomes/lysosomes and along the secretory route.

1. Introduction

Excessive accumulation of triacylglycerol (TG) in the cytosol of
hepatocytes leads to nonalcoholic fatty liver disease (NAFLD), the most
common form of chronic liver disease. NAFLD embraces a wide range of
diseases from hepatic steatosis to nonalcoholic steatohepatitis, the more
aggressive form of fatty liver disease, which can progress to cirrhosis
and its complications including hepatic failure and hepatocellular car-
cinoma [1]. Therefore, a tight regulation between TG synthesis, hy-
drolysis, secretion and fatty acid (FA) oxidation is required to prevent
lipid accretion as well as lipid depletion from cells. The aforementioned
regulation may be achieved by the use of drugs modulating or even

altering the activities or expression of the key enzymes involved in TG
metabolism. There has been significant interest to target these enzymes
in order to ameliorate the pathological conditions associated with their
down- or over-expressions and/or activities. Although most of the ap-
proaches to date have been discouraging, the development of new
specific compounds targeting lipid hydrolases is desirable and together
with changes in patients’ life style would provide a path to treat aber-
rant metabolism related illnesses. This review focuses on the pharma-
cological aspects of these interventions. Table 1 shows a summary of
the compounds described as modulators of liver lipase activities. TG
catabolism in the liver is achieved by lipases localized on cytosolic lipid
droplets (LDs), in the late endosome/lysosome compartment or
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associated with the endoplasmic reticulum membranes or lumenal LDs
(Fig. 1).

2. Pharmacological intervention of cytosolic lipid droplet lipases
involved in hepatic TG metabolism

Several lipases are involved in hydrolysis of TG stored in cytosolic
LDs. These lipases can be found both in the soluble cytosolic fraction
and on the surface of cytosolic LDs [2]. There are both similarities and
also substantial differences between hydrolysis of lipids stored in he-
patic cytosolic LDs and the well-characterized mobilization of adipose
tissue cytosolic LDs where hydrolysis of TG to glycerol and three FA
molecules are catalyzed by sequential reactions of adipose triglyceride
lipase (ATGL, annotated as patatin-like phospholipase domain con-
taining protein 2, PNPLA2 or desnutrin) hydrolyzing TG to diacylgly-
cerol (DG) and FA [3], hormone-sensitive lipase (HSL) breaking down
DG to monoacylglycerol (MG) and FA and monoacylglycerol lipase
(MAGL) completing the lipolytic reaction of MG to glycerol and FA [4].
The hepatic parenchymal cells also contain the complete machinery to
undergo complete hydrolysis of TG to glycerol and FA. Both ATGL and
MAGL are expressed in the parenchymal cells, however, HSL only ap-
pears to be expressed in rodent liver, but not in human liver [5]. In
addition, specific ablation of HSL expression in mouse liver had no
effect on liver fat content [6], suggesting that additional lipases might
compensate for the absence of HSL.

2.1. Adipose triglyceride lipase (ATGL)

ATGL is expressed in virtually all tissues with highest expression in

white and brown adipose tissues; however, it is also present at much
lower levels in other tissues, including the liver [3]. ATGL localizes to
the surface of cytosolic LDs and other intracellular membranes [7].
ATGL displays high hydrolytic activity toward TG, very weak activity
against DG and no activity against cholesteryl esters (CE) [3]. ATGL
becomes 20 times more active than in its basal condition after binding a
cofactor alpha-beta-hydrolase domain containing 5/comparative gene
identification-58 (ABHD5/CGI-58) [8]. ATGL activity can be inhibited
by interaction with G0/G1 switch gene 2 (G0S2) [9] and by hypoxia-
inducible LD-associated protein (HILPDA) [10]. In the low lipolysis
state (eg. during the fed state) ABHD5/CGI-58 is sequestered away from
ATGL by binding to perilipin 1 (adipose tissue) or perilipin 5 (the liver
and other tissues expressing perilipin 5). Fasting leads to increased
cAMP levels, activation of protein kinase A and subsequent phosphor-
ylation of perilipins leading to release of ABHD5/CGI-58 that becomes
available for activation of ATGL [11].

Two possible scenarios could be envisioned when ATGL activity is
either downregulated or upregulated: a) downregulation of ATGL
would lead to decreased plasma FA concentration and amelioration of
FA induced lipotoxicity; b) overexpression of ATGL would lead to de-
creased lipid accumulation in tissues with released FA directed to β-
oxidation. Unexpectedly, global ATGL deficiency in mice did not pro-
tect against lipotoxicity but caused multi-organ TG accumulation, with
a massive preference for the heart [12] leading to impaired heart
function and premature death from cardiac malfunction. ATGL defi-
ciency results in impaired release of FA from adipose tissue during
fasting, causing decreased provision of substrates for hepatic very low-
density lipoprotein (VLDL) assembly and consequently low plasma lipid
levels. Thus, global ATGL deficient mice depend on glucose to fulfill

Table 1
Summary of the compounds described as modulators of liver lipase activities.

Lipase Substrates Compound Action Ref.

ATGL TG Atglistatin Inhibitor [17]
DG (weak) Peptide derived from G0S2 Inhibitor [21]

Hydrazine-based compounds Inhibitor [22]
Atglistatin analogs Inhibitors [24]
ABHD5 compound Activator [27]

HSL DG, CE Carbamate-based pseudosubstrates Inhibitors [36]
TG, MG, RE

Cay10499 Inhibitor [20]
Unnamed Inhibitor [32]
Boronic acid derivates Inhibitors [42,43]
24b Inhibitor [41]
BAY 59-9435 (BAY) Inhibitor [37]

MAGL MG Multiple compounds Inhibitors [51]
JZL184 Inhibitor [52]
MJN110 Inhibitor [53]
Reversible inhibitors Inhibitors [50]

PNPLA3 TG No specific modulators have been described yet

Carboxylesterases TG, DG, MG Paraoxon (E600) Inhibitor [73,82,83]
CE, RE Bisbenzene sulphonamides Inhibitor [86]

1,2-Diones Inhibitor [86]
Benzils, trifluoroketones Inhibitors [86]
Isatins, flavonoids Inhibitors [87]
27-Hydroxycholesterol Inhibitor [88]
Lovastatin and Simvastatin Inhibitors [90]
Ezetimibe Inhibitor [90]
GW4064 Inhibitor [90]
JW480 Inhibitor [90]
WWL113 inhibitor [91]
WWL229 Inhibitor [91]
GR148672X Inhibitor [73]

AADAC TG, DG, CE No specific compounds have been described yet

LAL CE, TG HEP14 Activator [103]
Lalistat Inhibitor [105]

HL TG, phospholipids No specific modulators have been described yet
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their energy demands and, as expected, these mice are highly insulin
sensitive despite steatosis. In humans, mutations in the PNPLA2 gene
encoding ATGL results in the development of neutral lipid storage
disease associated with myopathy [13]. On the other hand, selective
hepatocyte ablation of Pnpla2 expression in mice results in 4-fold in-
crease of hepatic TG storage accompanied by decreased FA oxidation
without affecting plasma glucose or lipid concentrations, glucose tol-
erance and insulin sensitivity [14]. The phenotype of global ATGL de-
ficiency in mice suggests that the benefit of developing of ATGL in-
hibitors to increase glucose sensitivity and decrease hyperlipidemia
would be offset by cardiac lipotoxicity and steatosis. Importantly, car-
diac ATGL expression completely rescued the lethality of global ATGL
deficient mice [15]. Furthermore, cardiac-exclusive ATGL expression
reversed cardiac hypertrophy and the massive TG accumulation ob-
served in hearts from whole-body ATGL-deficient mice, together with
improved insulin sensitivity and glucose tolerance. Adipose-specific
ATGL deficient mice showed improved systemic glucose and insulin
tolerance, due to augmented hepatic insulin signaling, which was ac-
companied by marked reduction in diet-induced hepatic steatosis as
well as hepatic immune cell infiltration and activation [16]. Con-
sidering the role of ATGL in the first and rate-limiting step in TG hy-
drolysis, this enzyme becomes an interesting target for the design of
new pharmacological inhibitors with therapeutic potential to treat
metabolic disorders, with the caveat that inhibitors would need to avoid
inactivation of cardiac ATGL activity.

Mayer et al. [17] have developed a specific inhibitor of ATGL named
Atglistatin. This compound inhibits the activity of mouse ATGL
(IC50= 0.7 µM) in a competitive and reversible manner [17]. Atglis-
tatin-mediated inhibition of TG hydrolysis was found to be associated
with a beneficial metabolic phenotype. In recent very promising stu-
dies, Schweiger et al. [18] demonstrated that wild-type mice fed a HFD
and treated with Atglistatin both acutely and chronically were leaner,
highly insulin sensitive and resistant to the development of NAFLD
compared to untreated HFD-fed mice. The most important property of
Atglistatin from a therapeutic point of view was lack of systemic TG

accumulation in tissues such as skeletal muscle, cardiac muscle or liver
that was seen in global ATGL deficient mice [12,13,19]. Atglistatin
delivered to mice did not accumulate in cardiac or skeletal muscle and
therefore did not inhibit ATGL in these tissues [18]. A downside to
these findings is that Atglistatin was unable to inhibit lipolysis in
human adipocytes, thus the search for new inhibitors targeting human
ATGL in adipocytes is ongoing. In addition, while Atglistatin does not
inhibit human ATGL or human/mouse HSL or human MAGL at 5 µM
concentration [20], it can inactivate human carboxylesterases CES1
[20] and CES2 (Fig. 2A and B).

Other ATGL-mediated lipolysis inhibitors have been developed in
the last few years, including a peptide derived from G0S2 protein [21]
and a hydrazine base compound [22]. G0S2 acts as a physiological
inhibitor of ATGL [23], and the hydrazine compound resulted to act not
only on ATGL, but also on HSL, but the compound turned out to be
more toxic than Atglistatin. Other approaches were recently evaluated
through testing several Atglistatin derivatives including carbamate,
carbamodithioate, thiourea, carbamothioate, hydrazinecarboxamide,
and guanidine from the urea chemotype. These derivatives were as-
sessed for their inhibition of lipolysis in cultured adipocytes as an in-
dicator of their potential to inhibit ATGL in adipose tissue [24]. Among
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the 29 tested Atglistatin analogs, one of the thiourea compounds
showed potent ATGL inhibitory activity in vitro, which was more potent
than Atglistatin, and its inhibitory activity in vivo was similar to that of
Atglistatin in vivo [24]. However this compound remains to be validated
since thiourea carries severe toxic effects which makes it unsuitable for
drug design [25].

On the other hand, liver ATGL induction was also thought to re-
present a pharmacological therapeutic target for ameliorating NAFLD.
In 2008, Reid and collaborators [26] reported a crucial role of hepatic
ATGL in lipid partitioning and fate based on the evidence that ATGL
deficient mice accumulated 2.3-fold more TG than normal mice in the
liver. Adenovirus-mediated overexpression of ATGL, as well as HSL,
contributed to increased lipolysis promoting FA oxidation, stimulating
direct release of FA, and ameliorating hepatic steatosis without in-
creasing hepatic apoB or TG secretion. Rondini and colleagues [27]
characterized compounds that activate lipolysis by directly dissociating
ABHD5/CGI-58 from perilipin 1 and perilipin 5. Fibric acids fenofi-
brate, bezafibrate and clofibric acid induce ATGL expression in a dose
dependent manner and in a similar extent [28]; however, the me-
chanisms of action of the fibrates were clearly different but not eval-
uated.

2.2. Hormone-sensitive lipase (HSL)

Although historically considered as a TG lipase, HSL has been de-
monstrated to act as a DG lipase rather than TG lipase (10 to 20 fold
greater preference for DG over TG and MG) [29,30]. It is now accepted
that HSL has a broad spectrum of substrate specificity and is capable of
hydrolyzing TG, DG, MG, CE, and retinyl esters (RE) [31]. HSL (gene
nomenclature Lipe for mouse and LIPE for human) expression is the
highest in adipose tissue; however it is also found in adrenal, ovary,
testis, and to a lesser extent in muscles (skeletal and cardiac) and mouse
macrophages. Decreased HSL abundance has been described in obesity
[32] and absence of HSL has marked effects on fat metabolism, glucose
homeostasis, and cell signaling in humans [33]. HSL deficiency in mice
does not increase adipose TG storage, which could be partially due to
downregulation of lipogenesis [34]. Most if not all of the studies on
inhibition of HSL were centered on the action of the inhibitors in the
adipose tissue. The reason for this might be that although HSL is present
in mouse liver, it is still not clear which lipase would serve for the
corresponding function in human liver where HSL expression has not
been detected. Hepatic overexpression of HSL in mice reduces hepatic
steatosis by promoting FA oxidation; however, since human liver does
not express HSL, the development of potential liver-targeted activators
of HSL activity does not appear to be a viable strategy. On the other
hand, specific ablation of adipose HSL expression in mice was shown to
cause fatty liver [6], similarly to human subjects with hereditary HSL
deficiency [33].

Only a few HSL inhibitors have been designed and evaluated so far.
One of the main issues to consider when inhibiting HSL is the possible
accumulation of intracellular DG, which has been implicated in the
activation of a serine/threonine kinase cascade leading to attenuation
of insulin signaling, but also because HSL inhibitors act as pseudo-
substrates. These pseudo-substrates undergo a hydrolytic process re-
leasing a toxic subproduct, which is of considerable concern since the
chemical nature of the subproduct is variable: it could be a toxic pro-
duct itself or it could also be a product that accumulates in tissues
following glutathionylation or sulfonylation [35]. Chemical inhibition
of HSL activity in wild-type and ATGL-deficient mice suggested that
HSL accounts for about 10% of cytosolic TG lipase activity; however,
up-regulation of other lipases usually occurs to compensate for the loss
of hepatic HSL activity [26]. Potent (IC50 < 50 nM) and selective car-
bamate-based reversible pseudo-substrate HSL inhibitors have been
developed by Novo Nordisk [36]. These inhibitors did not show any
activity toward other tested esterases and lipases (hepatic, pancreatic
and lipoprotein lipases, butyryl and acetylcholine esterases). An HSL

inhibitor 4-isopropyl-3-methyl-2-{1-[3-(S)-methyl-piperidin-1-yl]-me-
thanoyl}-2H-isoxalo-5-one (BAY 59-9435) [37] did not show any ac-
tivity toward ATGL and did not have any effect on lipolysis in HSL
deficient mice [38] suggesting specificity. On the other hand, the
commonly used HSL inhibitor Cay10499 shows similar inhibitory po-
tency toward ATGL and MAGL and 10-fold increased potency toward
CES1 [20]. It has been shown that HSL haploinsufficient mice [39] or
mice treated with an unnamed HSL inhibitor [32] presented with im-
proved insulin tolerance without impact on body weight, fat mass, and
adipose tissue inflammation in mice subjected to a HFD, suggesting that
a long-term moderate inhibition of adipose tissue lipolysis may be
beneficial in the treatment of obesity-related insulin resistance; how-
ever, these studies did not analyze the impact of decreased HSL activity
in the liver or any other tissues.

Finally, Ogiyama et al. have developed several compounds that
function as reversible HSL inhibitors [40–42]. They first developed
boronic acid derivatives based on the reported feature as reversible HSL
inhibitors [43]. Gavage of rats with one of these HSL inhibitors
(IC50= 7 nM) at 3mg/kg body weight led to decreased plasma glycerol
concentration, demonstrating its antilipolytic action [42]. However,
despite the striking in vitro and in vivo inhibition of HSL-catalyzed li-
polysis, subsequent studies revealed that boronic acid-derived com-
pounds had the potential to form reactive metabolites. This, as stated
above, is an undesirable effect that could cause organ toxicity and
carcinogenesis, since these metabolites form covalent adducts with
biological macromolecules. Thus, a new compound (24b) was devel-
oped with a potent HSL inhibitory activity (IC50= 2 nM). Oral ad-
ministration of 24b at 3mg/kg body weight significantly decreased
plasma glycerol concentration in rats but no other physiological para-
meters such as adipose, plasma and hepatic lipid concentrations have
been evaluated [41]. Additionally, while 24b inhibited recombinant
human HSL activity, the selectivity of this compound is not clear, that
is, activity toward ATGL, MAGL or carboxylesterases has not been
tested/reported.

2.3. Diacylglycerol lipase (DAGL)

In addition to HSL, two DG hydrolyzing enzymes DAGLα and
DAGLβ have been characterized. These enzymes primary function ap-
pears to be the synthesis of the endocannabinoid signaling lipid 2-
arachidonoylglycerol (2-AG) since DAGLα and DAGLβ deficient mice
show a 50% and 90% reduction of 2-AG in the liver, respectively [44].
Physiological roles of the two DAGLs aside from the documented effect
on generation of 2-AG is unclear and liver lipid metabolism in these
mice has not been studied. Lower 2-AG, arachidonic acid and in-
flammatory eicosanoids in macrophages from DAGLβ mice [45] sug-
gested that inhibition of this enzyme could be beneficial. Several in-
dividual (KT109 and KT172) and dual (LE1105) DAGL inhibitors have
been developed and tested for lowering 2-AG, arachidonic acid and pro-
inflammatory eicosanoid concentrations in mice (reviewed in [46]). In
addition, another DAGL inhibitor RHC20867 is widely used in biome-
dical research. However, recently it has been shown that in addition to
DAGLs, all of these inhibitors potently inhibit another mono-
acylglycerol lipase ABHD6 and human carboxylesterase CES1 [20],
therefore, their utility in studying the role of DAGLs in hepatic lipid
metabolism remains questionable.

2.4. Monoacylglycerol lipase (MAGL)

MAGL hydrolyzes MG to glycerol and FA and therefore regulates
several physiological and pathophysiological processes since both the
substrate and the product can act as signaling lipids. MAGL has no
activity against DG, TG, CE or RE. Mouse, rat and human MAGLs share
∼84% protein sequence identity. The enzyme is ubiquitously ex-
pressed, and is found in the cytosol, particulate (membrane) fraction,
and on the surface of the LDs [47]. MAGL was demonstrated to possess
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high specific activity toward both medium-chain and long-chain MG,
and together with its presence in many tissues, it appears that the final
step in TG hydrolysis is not highly regulated. MAGL deficient mice have
been generated and analyzed [4]. MG hydrolase activity in the cyto-
plasmic fraction from liver, white adipose tissue and brain prepared
from MAGL deficient mice was decreased by 30%, 50% and 100%,
respectively; indicating that liver and adipose tissue possess other MG
hydrolytic enzymes, while in the brain MAGL appears to be the sole
enzyme responsible for MG hydrolytic activity. Correspondingly, MG
concentrations were increased 4-fold in adipose tissue and brain and
2–3-fold in the liver. Absence of MAGL in the adipose tissue of MAGL
deficient mice reduced glycerol generation and release during stimu-
lated hydrolysis by 25%, which is in agreement with the presence of
additional MG lipolytic activity. Hepatic TG and VLDL secretion was
decreased by 50% in MAGL deficient mice despite comparable plasma
FA concentration that serve as substrates for both processes [4]. Im-
portantly, MAGL deficiency was shown to prevent HFD-induced insulin
resistance [4].

One of the most important functions of MAGL is diminishing can-
nabinoid signaling in the brain through catalyzing 2-AG hydrolysis
[48]. 2-AG is the most abundant endogenous agonist of cannabinoid
receptors in the body. Furthermore, 2-AG represents an important
source for arachidonic acid, the precursor of prostaglandins, leuko-
trienes, lipoxins and other (pro)inflammatory signaling molecules [49].

MAGL participates in the regulation of lipid and glucose metabolism
and energy homeostasis in a prominent and differential way depending
on the context, since hyperphagy is observed upon acute inhibition of
MAGL, whereas reduced HFD-induced obesity is attenuated after a
long-term inhibition of MAGL (reviewed in [50]).

In the last few years substantial experimental evidence has accu-
mulated, supporting the many benefits of blocking MAGL for mod-
ulating multiple lipid signaling pathways, and therefore, modulating
disease etiology. Despite the obvious benefits, given the importance of
the endocannabinoid system in the multiple physiological processes,
MAGL inhibition requires cautious evaluation [50]. Several MAGL in-
hibitors have been developed; as reviewed by Granchi et al. [51] ap-
proximately 20 patents on MAGL inhibitors were deposited in the last
5 years. Cravatt’s group has pioneered the development of and char-
acterization of MAGL inhibitors. Initial efforts led to discovery of potent
irreversible MAGL inhibitor JZL184 [52]; however, this inhibitor also
blocks activities of other hydrolases, including fatty acid amide hy-
drolase and carboxylesterases. More recent efforts yielded a potent
MAGL inhibitor MJN110 (IC50= 0.4 nM using 2-AG as substrate),
which did not show inhibitory activity against fatty acid amide hy-
drolase and has been shown to significantly attenuate mechanical al-
lodynia in a rat model of diabetic neuropathy [53]. Many other com-
pounds have been designed [50]. Schlosburg et al. [54] reported that
chronic MAGL ablation produces functional antagonism of the en-
docannabinoid system and a mild physical dependence, together with
an impaired endocannabinoid-dependent synaptic plasticity. In this
sense, blockade of the CB1 receptor with rimonabant is of interest. The
drug ameliorated hepatic steatosis and dyslipidemia in obese mice and
rats [55], and promoted weight loss and improved cardiovascular risk
factors in obese and diabetic patients [56,57]. Nevertheless, rimona-
bant was withdrawn from clinical use for the treatment of obesity, due
to increased anxiety, depression, and suicidal tendencies. In 2011,
Busquets-Garcia and collaborators provided evidence that the func-
tional antagonism associated with chronic MAGL blockade may be
circumvented by only partial blockage of MAGL [58] without the un-
desirable associated effects. This might be achieved by the use of re-
versible MAGL inhibitors that could temporarily inhibit the enzyme,
while leaving the endocannabinoid system intact [54,59].

Finally, one of the most important features of MAGL inhibition is the
protection of the effects associated with the use of COX-1/COX-2 in-
hibitors, since MAGL inhibitors do not affect arachidonic acid and
prostaglandin pathways in the gastrointestinal tract [49].

In summary, 2-AG degradation by MAGL affects lipid signaling by
cannabinoid receptor-dependent and independent mechanisms, the
reason why MAGL is considered to be a promising drug target for
several disorders including pain and inflammation, metabolic disorders
such as obesity and diabetes, neurodegenerative illnesses such as
Alzheimer’s disease, anxiety and epilepsy, cell migration, invasiveness,
and tumorigenicity in various aggressive cancer cells [50].

2.5. Patatin-like phospholipase domain containing 3 (PNPLA3)

PNPLA3 (also called adiponutrin) shares significant sequence
identity with ATGL (PNPLA2, desnutrin) and similarly resides on LDs.
PNPLA3 expression is highest in the liver, but the enzyme is also ex-
pressed in other tissues including adipose [60,61]. PNPLA3 is upregu-
lated by several nutritional and metabolic factors including insulin,
glucose and hepatic lipid status [62] and its expression is altered in
several models of obesity and metabolic diseases [63]. A genetic variant
of PNPLA3 with I48M substitution is associated with reduced in vitro TG
lipase activity [64] and with liver fat accumulation, hepatic in-
flammation and susceptibility to steatohepatitis [65]. However, genetic
deficiency of PNPLA3 in mice does not lead to hepatic steatosis, sug-
gesting that the lipid accumulation in PNPLA3 I48M is not due to loss-
of-function [62,66], but rather PNPLA3 I48M might be inducing de novo
lipogenesis [67]. All pharmacological efforts in subjects with PNPLA3
I48M substitutions could be focused on the development of therapies
centered on increasing lipase (ATGL?) activity or decreasing lipogen-
esis. PNPLA3 activity appears to be beneficial for lowering liver lipid
concentration and overexpression of the wild-type PNPLA3 is protective
against liver fibrosis [68].

3. Pharmacological intervention of endoplasmic reticulum (ER)
lipases

Much less known and studied, is the impact on lipid metabolism by
pharmacological intervention of lipases localized in the ER. These li-
pases include several members of the carboxylesterase gene family,
arylacetamide deacetylase and hepatic lipase that has transient pre-
sence in the ER before being secreted from the hepatocyte. Over the
past decade studies on mouse carboxylesterases 1d (Ces1d/Ces3/Tgh),
1g (Ces1g/Ces1/Es-x) and Ces2c as well as human carboxylesterases
CES1 and CES2 have demonstrated important roles for these enzymes in
hepatic lipid metabolism ([69–75] reviewed in [76]). Carboxylesterases
and arylacetamide deacetylase have been extensively investigated for
their ability to hydrolyze a wide variety of ester and amide (pro)drugs
(for recent reviews see [77–79]).

3.1. Carboxylesterases

Hepatic VLDL assembly relies on obtaining lipid substrates from TG
storage pools (pre-existing LDs) through lipolysis followed by reester-
ification [80]. As stated above, HSL and ATGL expression in the liver
are very low and their activities do not appear to contribute substrates
for hepatic VLDL secretion, indicating that other lipases may be playing
this important role in the liver. Rat/mouse carboxylesterase Ces1d and
its functional human ortholog CES1 were demonstrated to participate in
the VLDL assembly process [71,73,75,81]. Ablation of Ces1d activity
through genetic approaches resulted in decreased plasma TG [70,71].
Surprisingly, this was not accompanied by increased hepatic TG storage
but rather increased FA oxidation and protection against HFD-induced
steatosis/steatohepatitis and led to improved glucose metabolism [81].
These data suggested that CES1 could be a pharmacological target for
treatment of metabolic syndrome, steatosis and hyperlipidemia. Inter-
estingly, ablation of closely related family member Ces1g resulted in
mild obesity accompanied by hepatic steatosis, and hyperlipidemia
[69]. Similar to Ces1g, ablation of Ces2c induced fatty liver and in-
flammation, while overexpression of Ces2c in obese mice reduced
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steatosis [72]. The human functional ortholog(s) of Ces1g and Ces2c
have not yet been defined. Recent elegant studies [74] demonstrated
that decreased human CES2 is associated obesity, which plays a cau-
sative role in the pathogenesis of obesity-related metabolic disorders,
and overexpression of CES2 in mice reversed HFD-induced steatosis.
Thus, CES2 and Ces1g/Ces2c appear to have similar effect on lipid
metabolism.

CES1 appears to be an attractive inhibition target for mitigating
metabolic syndrome complications, however, because of the reported
role of this enzyme in (pro)drug metabolism, potential drug-drug in-
teractions need to be taken into consideration. Carboxylesterases are
potently inhibited by organophosphates, such as paraoxon (diethy-4-
nitrophenylphosphate, E-600) [73,82,83]. To date, no drug has been
designed to selectively and specifically inhibit CES1 activity; however,
a few inhibitors had been developed that show preference for CES1 over
CES2 [84–86]. These include bisbenzene sulphonamides, 1,2-diones,
benzils, isatins and trifluoroketones (reviewed in [86]). CES enzymes
can also be inhibited in vitro by a number of natural compounds [87]
including (poly)unsaturated fatty acids, flavonoids and tanshinones.
Importantly, CES1 shows significant selectivity for 27-hydro-
xycholesterol (IC50 < 50 nM) compared with CES2 (IC50 > 100 nM)
[88]. Recently, it has been shown that CES1 inactivation reduces 27-
hydroxycholesterol levels and attenuates LXR-mediated transcription of
genes involved in cholesterol metabolism in macrophages [89]. Inter-
estingly, several statin molecules that are used clinically to lower hy-
perlipidemia through inhibition of a rate-limiting enzyme in cholesterol
synthesis HMG-CoA reductase potently inhibit carboxylesterase (both
CES1 and CES2) activity. These include Lovastatin and Simvastatin
[90]. A cholesterol absorption lowering drug Ezetimibe was also found
to significantly inactivate both CES1 and CES2 as was the FXR agonist
GW4064 and a 2-acetylmonoalkylglycerol ether (MAGE) hydrolase
KIAA1363 inhibitor JW480 [90]. Cravatt and Saez groups have syn-
thesized and tested a number of carboxylesterase inhibitors [91]. One
of these inhibitors WWL113 was found to inactivate human CES1 and
mouse Ces1d, Ces1g, Ces1c and Ces1f, but also exhibited activity to-
ward monoacylglycerol lipase ABHD6, while another inhibitor
WWL229 appeared to be selective for Ces1d [91]. Treatment of obese
diabetic mice with WWL113 (30mg/kg body weight) for nine weeks
improved dyslipidemia and glucose metabolism, reduced expression of
hepatic lipogenic genes and induced FA oxidation genes [91]. These
studies provided another proof-in-principle that pharmacological in-
hibition of CES1 might improve obesity-driven metabolic dysregula-
tion. Glaxo-Welcome developed a CES1 inhibitor 4,4,4-trifluoro-2-[2-
(3-methylphenyl)hydrazono]-1-(2-thienyl)butane-1,3-dione,
GR148672X, (IC50= 5 nM) that was tested for modulation of lipid
metabolism. Treatment of hepatocytes [73] hepatocytes with
GR148672X significantly decreased TG secretion. However, while
GR148672X did not show any activity against mouse Ces1g [92] it does
inhibit human CES2 (Fig. 2C), albeit with reduced efficacy.

3.2. Arylacetamide deacetylase (AADAC)

Another quantitatively important ER lipase is arylacetamide dea-
cetylase (AADAC) [2]. AADAC shares protein sequence homology with
HSL in the active site [93]. In humans, AADAC protein is present in the
liver and the intestine with much lower AADAC expression in adrenal
gland and pancreas [93]. Studies on substrate specificity of AADAC
demonstrated that AADAC has preference for DG instead of TG [94] and
can hydrolyze cholesteryl esters [95]. Expression of AADAC in rat he-
patoma McArdle RH-7777 cells that lack endogenous AADAC resulted
in decreased TG accumulation and increased FA oxidation [94]. HCV
infection of Huh7.5 cells results in downregulation of AADAC expres-
sion and defective lipolysis [96]. In vivo evidence for the role of AADAC
in lipid metabolism is still missing, however, hepatic AADAC activity is
decreased in human obesity [74]. These studies suggest that inhibition
of AADAC activity might not be beneficial. AADAC has been shown to

hydrolyze several therapeutic drugs, including an anti-androgen drug
flutamide used for the treatment of prostate cancer (reviewed in [78]).
Shimizu et al. [90] screened 542 chemicals for inhibitors against human
CES1, CES2, and AADAC. A specific AADAC inhibitor that would not
show some activity either against CES1 or CES2 was not identified;
however, several compounds exhibited AADAC preference over CES1 or
CES2, including a natural flavonoid kaempferol, an angiotensin II an-
tagonist Irbesartan and resveratrol. From lipid metabolism point of
view it seems that increasing AADAC activity rather than inhibition
would be beneficial. Positive regulators of AADAC/Aadac expression
are currently unknown. On the other hand, mouse hepatic Aadac ex-
pression appears to be suppressed by activation of nuclear hormone
receptors AhR, CAR, PXR and Nrf2 [97].

4. Lysosomal acid lipase (LAL)

As its name suggests, LAL is localized to the acidic organelle lyso-
some/late endosome. Historically, LAL is known to be crucial for hy-
drolysis of CE (and TG) present in LDL and chylomicron remnants taken
up into cells through endocytosis. Absence or near-complete deficiency
in LAL activity results in severe metabolic diseases, Wolman’s disease
and cholesteryl ester storage disease, respectively. More recently, LAL
has also been reported to hydrolyze TG and CE in cytosolic LDs that are
delivered to late endosomes/lysosomes by a process termed lipophagy
[98]. Many additional studies have shown the importance if lipophagy
in hepatic lipid metabolism, including signaling crosstalk between
ATGL and lysosomal lipolysis and these findings have been recently
documented in several excellent reviews [96,99–102] Inhibition lipo-
phagy was shown to increases intracellular lipid storage with a con-
comitant decrease in FA oxidation. Therefore, activation of lipophagy
(and LAL) might be beneficial for treatment of NAFLD. Lipophagy is
activated during prolonged fasting/starvation, by treatment with re-
sveratrol or by inhibitors of mTORC1. Much less is known about direct
activators of LAL. Expression of the gene encoding LAL (Lipa) is de-
pendent on activation (nuclear translocation) of master transcriptional
regulators of lysosome biogenesis TFEB and TFE3. Li et al. recently
identified a natural small-molecule compound named HEP14 that
dramatically increased TFEB nuclear localization [103]. Treatment of
HepG2 hepatoma cells with HEP14 reduced the number of LDs de-
monstrating the therapeutic potential of increasing LAL expression
[103]. Helquist’s group have synthesized a number of LAL inhibitors
[104], one of which (Lalistat2) has been useful in studying lipid me-
tabolism after acute inhibition of LAL [105].

5. Hepatic lipase (HL)

Hepatic lipase is synthesized by hepatocytes (and macrophages) and
secreted out of the cells where it hydrolyzes TG and phospholipids in
high-density and intermediate-density lipoproteins. HL acquires its li-
pase activity intracellularly [106], and therefore it was not unexpected
to find that HL exerts some influence on the formation of lumenal LDs
and secretion of VLDL. Increased presence of active HL in the ER
compartment in hepatoma cells depleted TG stores, attenuated VLDL
secretion and increased FA oxidation [107]. These findings suggest that
activation of HL could be beneficial for mitigating liver TG accumula-
tion, however, HL activation would also increase hepatic cholesterol
uptake due to augmented lipoprotein uptake, and therefore it is not
clear whether HL is suitable for pharmacologic intervention. HL activity
can be augmented by androgens [108] and fibrates [109]. There are no
reported HL inhibitors.

6. Conclusion

To conclude, liver lipases play crucial roles in health and disease
and represent attractive targets for pharmacological intervention. Many
inhibitors targeting hepatic lipases have been developed and used in
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various studies. Unfortunately, most of the inhibitors show lack of
specificity and this should be taken into account while interpreting data
using these compounds without appropriate controls (such as treatment
of cells/animals lacking the lipase for which the particular small mo-
lecule was developed).

While initial results from ATGL deficient mice and from humans
with ATGL deficiency suggested that inhibition of this enzyme would be
undesirable, recent inhibitor studies indicate potential benefits, espe-
cially if the inhibitors can specifically target the liver and adipose
tissue. HSL and MAGL might not be good pharmacological targets for
improving liver lipids given their unclear role in hepatic lipid meta-
bolism (HSL) and potential interference with endocannabinoid sig-
naling (MAGL). Developing specific CES1 inhibitors might be beneficial
to mitigate NAFLD/NASH and hyperlipidemia although there is a risk of
adverse drug-drug interactions. Compounds that would increase LAL or
CES2 activities could be potentially useful for treatment of metabolic
dysregulation.

Acknowledgments

This work was supported by grants from the Canadian Institutes of
Health Research (PS156324, PS148577, MOP 106518, MOP 69043) to
RL and by PICT 2015-1178 from Agencia Nacional de Promoción
Científica y Tecnológica (ANPCyT) to ADQ.

We apologize to authors whose work was not cited due to references
restriction.

Conflict of interest statement

The authors declare no conflict of interest.

References

[1] B.Q. Starley, C.J. Calcagno, S.A. Harrison, Nonalcoholic fatty liver disease and
hepatocellular carcinoma: a weighty connection, Hepatology 51 (5) (2010)
1820–1832.

[2] A.D. Quiroga, R. Lehner, Liver triacylglycerol lipases, BBA 1821 (5) (2012)
762–769.

[3] R. Zimmermann, J.G. Strauss, G. Haemmerle, G. Schoiswohl, R. Birner-
Gruenberger, M. Riederer, A. Lass, G. Neuberger, F. Eisenhaber, A. Hermetter,
R. Zechner, Fat mobilization in adipose tissue is promoted by adipose triglyceride
lipase, Science 306 (5700) (2004) 1383–1386.

[4] U. Taschler, F.P. Radner, C. Heier, R. Schreiber, M. Schweiger, G. Schoiswohl,
K. Preiss-Landl, D. Jaeger, B. Reiter, H.C. Koefeler, J. Wojciechowski, C. Theussl,
J.M. Penninger, A. Lass, G. Haemmerle, R. Zechner, R. Zimmermann,
Monoglyceride lipase deficiency in mice impairs lipolysis and attenuates diet-in-
duced insulin resistance, J. Biol. Chem. 286 (20) (2011) 17467–17477.

[5] M. Rakhshandehroo, L.M. Sanderson, M. Matilainen, R. Stienstra, C. Carlberg,
P.J. de Groot, M. Muller, S. Kersten, Comprehensive analysis of PPARalpha-de-
pendent regulation of hepatic lipid metabolism by expression profiling, PPAR Res.
2007 (2007) 26839.

[6] B. Xia, G.H. Cai, H. Yang, S.P. Wang, G.A. Mitchell, J.W. Wu, Adipose tissue de-
ficiency of hormone-sensitive lipase causes fatty liver in mice, PLoS Genet. 13 (12)
(2017) e1007110.

[7] K.G. Soni, G.A. Mardones, R. Sougrat, E. Smirnova, C.L. Jackson, J.S. Bonifacino,
Coatomer-dependent protein delivery to lipid droplets, J. Cell Sci. 122 (Pt 11)
(2009) 1834–1841.

[8] A. Lass, R. Zimmermann, G. Haemmerle, M. Riederer, G. Schoiswohl,
M. Schweiger, P. Kienesberger, J.G. Strauss, G. Gorkiewicz, R. Zechner, Adipose
triglyceride lipase-mediated lipolysis of cellular fat stores is activated by CGI-58
and defective in Chanarin-Dorfman syndrome, Cell Metab. 3 (5) (2006) 309–319.

[9] X. Zhang, B.L. Heckmann, L.E. Campbell, J. Liu, G0S2: a small giant controller of
lipolysis and adipose-liver fatty acid flux, Biochim. Biophys. Acta 1862 (10 Pt B)
(2017) 1146–1154.

[10] K.M. Padmanabha Das, L. Wechselberger, M. Liziczai, M. De la Rosa Rodriguez,
G.F. Grabner, C. Heier, R. Viertlmayr, C. Radler, J. Lichtenegger, R. Zimmermann,
J.W. Borst, R. Zechner, S. Kersten, M. Oberer, Hypoxia-inducible lipid droplet-
associated protein inhibits adipose triglyceride lipase, J. Lipid Res. 59 (3) (2018)
531–541.

[11] J.G. Granneman, H.P. Moore, R. Krishnamoorthy, M. Rathod, Perilipin controls
lipolysis by regulating the interactions of AB-hydrolase containing 5 (Abhd5) and
adipose triglyceride lipase (Atgl), J. Biol. Chem. 284 (50) (2009) 34538–34544.

[12] G. Haemmerle, A. Lass, R. Zimmermann, G. Gorkiewicz, C. Meyer, J. Rozman,
G. Heldmaier, R. Maier, C. Theussl, S. Eder, D. Kratky, E.F. Wagner,
M. Klingenspor, G. Hoefler, R. Zechner, Defective lipolysis and altered energy

metabolism in mice lacking adipose triglyceride lipase, Science 312 (5774) (2006)
734–737.

[13] M. Schweiger, A. Lass, R. Zimmermann, T.O. Eichmann, R. Zechner, Neutral lipid
storage disease: genetic disorders caused by mutations in adipose triglyceride li-
pase/PNPLA2 or CGI-58/ABHD5, Am J Physiol Endocrinol Metab 297 (2) (2009)
E289–E296.

[14] J.W. Wu, S.P. Wang, F. Alvarez, S. Casavant, N. Gauthier, L. Abed, K.G. Soni,
G. Yang, G.A. Mitchell, Deficiency of liver adipose triglyceride lipase in mice
causes progressive hepatic steatosis, Hepatology (2011).

[15] G. Schoiswohl, M. Schweiger, R. Schreiber, G. Gorkiewicz, K. Preiss-Landl,
U. Taschler, K.A. Zierler, F.P. Radner, T.O. Eichmann, P.C. Kienesberger, S. Eder,
A. Lass, G. Haemmerle, T.J. Alsted, B. Kiens, G. Hoefler, R. Zechner,
R. Zimmermann, Adipose triglyceride lipase plays a key role in the supply of the
working muscle with fatty acids, J. Lipid Res. 51 (3) (2010) 490–499.

[16] G. Schoiswohl, M. Stefanovic-Racic, M.N. Menke, R.C. Wills, B.A. Surlow,
M.K. Basantani, M.T. Sitnick, L. Cai, C.F. Yazbeck, D.B. Stolz, T. Pulinilkunnil,
R.M. O'Doherty, E.E. Kershaw, Impact of Reduced ATGL-Mediated Adipocyte
Lipolysis on Obesity-Associated Insulin Resistance and Inflammation in Male Mice,
Endocrinology 156 (10) (2015) 3610–3624.

[17] N. Mayer, M. Schweiger, M. Romauch, G.F. Grabner, T.O. Eichmann, E. Fuchs,
J. Ivkovic, C. Heier, I. Mrak, A. Lass, G. Hofler, C. Fledelius, R. Zechner,
R. Zimmermann, R. Breinbauer, Development of small-molecule inhibitors tar-
geting adipose triglyceride lipase, Nat. Chem. Biol. 9 (12) (2013) 785–787.

[18] M. Schweiger, M. Romauch, R. Schreiber, G.F. Grabner, S. Hutter, P. Kotzbeck,
P. Benedikt, T.O. Eichmann, S. Yamada, O. Knittelfelder, C. Diwoky, C. Doler,
N. Mayer, W. De Cecco, R. Breinbauer, R. Zimmermann, R. Zechner,
Pharmacological inhibition of adipose triglyceride lipase corrects high-fat diet-
induced insulin resistance and hepatosteatosis in mice, Nat. Commun. 8 (2017)
14859.

[19] A.J. Hoy, C.R. Bruce, S.M. Turpin, A.J. Morris, M.A. Febbraio, M.J. Watt, Adipose
triglyceride lipase-null mice are resistant to high-fat diet-induced insulin re-
sistance despite reduced energy expenditure and ectopic lipid accumulation,
Endocrinology 152 (1) (2011) 48–58.

[20] J. Iglesias, J. Lamontagne, H. Erb, S. Gezzar, S. Zhao, E. Joly, V.L. Truong,
K. Skorey, S. Crane, S.R. Madiraju, M. Prentki, Simplified assays of lipolysis en-
zymes for drug discovery and specificity assessment of known inhibitors, J. Lipid
Res. 57 (1) (2016) 131–141.

[21] I.K. Cerk, B. Salzburger, A. Boeszoermenyi, C. Heier, C. Pillip, M. Romauch,
M. Schweiger, I. Cornaciu, A. Lass, R. Zimmermann, R. Zechner, M. Oberer, A
peptide derived from G0/G1 switch gene 2 acts as noncompetitive inhibitor of
adipose triglyceride lipase, J. Biol. Chem. 289 (47) (2014) 32559–32570.

[22] N. Mayer, M. Schweiger, M.C. Melcher, C. Fledelius, R. Zechner, R. Zimmermann,
R. Breinbauer, Structure-activity studies in the development of a hydrazone based
inhibitor of adipose-triglyceride lipase (ATGL), Bioorg. Med. Chem. 23 (12) (2015)
2904–2916.

[23] B.L. Heckmann, X. Zhang, X. Xie, A. Saarinen, X. Lu, X. Yang, J. Liu, Defective
adipose lipolysis and altered global energy metabolism in mice with adipose
overexpression of the lipolytic inhibitor G0/G1 switch gene 2 (G0S2), J. Biol.
Chem. 289 (4) (2014) 1905–1916.

[24] J. Jin, S. Huang, L. Wang, Y. Leng, W. Lu, Design and synthesis of Atglistatin
derivatives as adipose triglyceride lipase inhibitors, Chem. Biol. Drug Des. 90 (6)
(2017) 1122–1133.

[25] K. Ziegler-Skylakakis, S. Nill, J.F. Pan, U. Andrae, S-oxygenation of thiourea re-
sults in the formation of genotoxic products, Environ. Mol. Mutagen. 31 (4) (1998)
362–373.

[26] B.N. Reid, G.P. Ables, O.A. Otlivanchik, G. Schoiswohl, R. Zechner, W.S. Blaner,
I.J. Goldberg, R.F. Schwabe, S.C. Chua Jr., L.S. Huang, Hepatic overexpression of
hormone-sensitive lipase and adipose triglyceride lipase promotes fatty acid oxi-
dation, stimulates direct release of free fatty acids, and ameliorates steatosis, J.
Biol. Chem. 283 (19) (2008) 13087–13099.

[27] E.A. Rondini, L. Mladenovic-Lucas, W.R. Roush, G.T. Halvorsen, A.E. Green,
J.G. Granneman, Novel pharmacological probes reveal ABHD5 as a locus of li-
polysis control in white and brown adipocytes, J. Pharmacol. Exp. Ther. 363 (3)
(2017) 367–376.

[28] M. Karahashi, M. Hoshina, T. Yamazaki, T. Sakamoto, A. Mitsumoto,
Y. Kawashima, N. Kudo, Fibrates reduce triacylglycerol content by upregulating
adipose triglyceride lipase in the liver of rats, J. Pharmacol. Sci. 123 (4) (2013)
356–370.

[29] J. Osuga, S. Ishibashi, T. Oka, H. Yagyu, R. Tozawa, A. Fujimoto, F. Shionoiri,
N. Yahagi, F.B. Kraemer, O. Tsutsumi, N. Yamada, Targeted disruption of hor-
mone-sensitive lipase results in male sterility and adipocyte hypertrophy, but not
in obesity, Proc. Natl. Acad. Sci. U.S.A. 97 (2) (2000) 787–792.

[30] G. Haemmerle, R. Zimmermann, M. Hayn, C. Theussl, G. Waeg, E. Wagner,
W. Sattler, T.M. Magin, E.F. Wagner, R. Zechner, Hormone-sensitive lipase defi-
ciency in mice causes diglyceride accumulation in adipose tissue, muscle, and
testis, J. Biol. Chem. 277 (7) (2002) 4806–4815.

[31] F.B. Kraemer, W.J. Shen, Hormone-sensitive lipase: control of intracellular tri-(di-)
acylglycerol and cholesteryl ester hydrolysis, J. Lipid Res. 43 (10) (2002)
1585–1594.

[32] D. Langin, A. Dicker, G. Tavernier, J. Hoffstedt, A. Mairal, M. Ryden, E. Arner,
A. Sicard, C.M. Jenkins, N. Viguerie, V. van Harmelen, R.W. Gross, C. Holm,
P. Arner, Adipocyte lipases and defect of lipolysis in human obesity, Diabetes 54
(11) (2005) 3190–3197.

[33] J.S. Albert, L.M. Yerges-Armstrong, R.B. Horenstein, T.I. Pollin, U.T. Sreenivasan,
S. Chai, W.S. Blaner, S. Snitker, J.R. O’Connell, D.W. Gong, R.J. Breyer 3rd.,
A.S. Ryan, J.C. McLenithan, A.R. Shuldiner, C. Sztalryd, C.M. Damcott, Null

A.D. Quiroga, R. Lehner Biochemical Pharmacology 155 (2018) 233–241

239

http://refhub.elsevier.com/S0006-2952(18)30273-9/h0005
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0005
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0005
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0010
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0010
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0015
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0015
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0015
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0015
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0020
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0020
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0020
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0020
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0020
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0025
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0025
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0025
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0025
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0030
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0030
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0030
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0035
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0035
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0035
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0040
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0040
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0040
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0040
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0045
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0045
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0045
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0050
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0050
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0050
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0050
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0050
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0055
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0055
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0055
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0060
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0060
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0060
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0060
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0060
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0065
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0065
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0065
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0065
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0070
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0070
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0070
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0075
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0075
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0075
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0075
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0075
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0080
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0080
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0080
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0080
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0080
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0085
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0085
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0085
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0085
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0090
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0090
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0090
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0090
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0090
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0090
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0095
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0095
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0095
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0095
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0100
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0100
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0100
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0100
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0105
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0105
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0105
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0105
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0110
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0110
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0110
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0110
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0115
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0115
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0115
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0115
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0120
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0120
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0120
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0125
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0125
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0125
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0130
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0130
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0130
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0130
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0130
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0135
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0135
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0135
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0135
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0140
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0140
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0140
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0140
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0145
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0145
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0145
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0145
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0150
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0150
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0150
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0150
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0155
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0155
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0155
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0160
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0160
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0160
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0160
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0165
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0165
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0165


mutation in hormone-sensitive lipase gene and risk of type 2 diabetes, N. Engl. J.
Med. 370 (24) (2014) 2307–2315.

[34] R. Zimmermann, G. Haemmerle, E.M. Wagner, J.G. Strauss, D. Kratky, R. Zechner,
Decreased fatty acid esterification compensates for the reduced lipolytic activity in
hormone-sensitive lipase-deficient white adipose tissue, J. Lipid Res. 44 (11)
(2003) 2089–2099.

[35] M. Wang, C. Fotsch, Small-molecule compounds that modulate lipolysis in adipose
tissue: targeting strategies and molecular classes, Chem. Biol. 13 (10) (2006)
1019–1027.

[36] S. Ebdrup, H.H. Refsgaard, C. Fledelius, P. Jacobsen, Synthesis and structure-ac-
tivity relationship for a novel class of potent and selective carbamate-based in-
hibitors of hormone selective lipase with acute in vivo antilipolytic effects, J. Med.
Chem. 50 (22) (2007) 5449–5456.

[37] T.H. Claus, D.B. Lowe, Y. Liang, A.I. Salhanick, C.K. Lubeski, L. Yang, L. Lemoine,
J. Zhu, K.B. Clairmont, Specific inhibition of hormone-sensitive lipase improves
lipid profile while reducing plasma glucose, J. Pharmacol. Exp. Ther. 315 (3)
(2005) 1396–1402.

[38] E.P. Mottillo, X.J. Shen, J.G. Granneman, Role of hormone-sensitive lipase in beta-
adrenergic remodeling of white adipose tissue, Am. J. Physiol. Endocrinol. Metab.
293 (5) (2007) E1188–E1197.

[39] A. Girousse, G. Tavernier, C. Valle, C. Moro, N. Mejhert, A.L. Dinel, M. Houssier,
B. Roussel, A. Besse-Patin, M. Combes, L. Mir, L. Monbrun, V. Bezaire, B. Prunet-
Marcassus, A. Waget, I. Vila, S. Caspar-Bauguil, K. Louche, M.A. Marques,
A. Mairal, M.L. Renoud, J. Galitzky, C. Holm, E. Mouisel, C. Thalamas, N. Viguerie,
T. Sulpice, R. Burcelin, P. Arner, D. Langin, Partial inhibition of adipose tissue
lipolysis improves glucose metabolism and insulin sensitivity without alteration of
fat mass, PLoS Biol. 11 (2) (2013) e1001485.

[40] T. Ogiyama, M. Yamaguchi, N. Kurikawa, S. Honzumi, K. Terayama, N. Nagaoka,
Y. Yamamoto, T. Kimura, D. Sugiyama, S.I. Inoue, Design, synthesis, and phar-
macological evaluation of a novel series of hormone sensitive lipase inhibitor,
Bioorg. Med. Chem. 25 (17) (2017) 4817–4828.

[41] T. Ogiyama, M. Yamaguchi, N. Kurikawa, S. Honzumi, Y. Yamamoto, D. Sugiyama,
H. Takakusa, S.I. Inoue, Identification of a novel hormone sensitive lipase inhibitor
with a reduced potential of reactive metabolites formation, Bioorg. Med. Chem. 25
(7) (2017) 2234–2243.

[42] T. Ogiyama, M. Yamaguchi, N. Kurikawa, S. Honzumi, Y. Yamamoto, D. Sugiyama,
S. Inoue, Identification of a novel boronic acid as a potent, selective, and orally
active hormone sensitive lipase inhibitor, Bioorg. Med. Chem. 24 (16) (2016)
3801–3807.

[43] S. Ebdrup, P. Jacobsen, A.D. Farrington, P. Vedso, Structure-activity relationship
for aryl and heteroaryl boronic acid inhibitors of hormone-sensitive lipase, Bioorg.
Med. Chem. 13 (6) (2005) 2305–2312.

[44] Y. Gao, D.V. Vasilyev, M.B. Goncalves, F.V. Howell, C. Hobbs, M. Reisenberg,
R. Shen, M.Y. Zhang, B.W. Strassle, P. Lu, L. Mark, M.J. Piesla, K. Deng,
E.V. Kouranova, R.H. Ring, G.T. Whiteside, B. Bates, F.S. Walsh, G. Williams,
M.N. Pangalos, T.A. Samad, P. Doherty, Loss of retrograde endocannabinoid sig-
naling and reduced adult neurogenesis in diacylglycerol lipase knock-out mice, J.
Neurosci 30 (6) (2010) 2017–2024.

[45] K.L. Hsu, K. Tsuboi, A. Adibekian, H. Pugh, K. Masuda, B.F. Cravatt, DAGLbeta
inhibition perturbs a lipid network involved in macrophage inflammatory re-
sponses, Nat. Chem. Biol. 8 (12) (2012) 999–1007.

[46] D.K. Nomura, J.E. Casida, Lipases and their inhibitors in health and disease, Chem.
Biol. Interact. 259 (Pt B) (2016) 211–222.

[47] M. Karlsson, J.A. Contreras, U. Hellman, H. Tornqvist, C. Holm, cDNA cloning,
tissue distribution, and identification of the catalytic triad of monoglyceride li-
pase. Evolutionary relationship to esterases, lysophospholipases, and haloperox-
idases, J. Biol. Chem. 272 (43) (1997) 27218–27223.

[48] T.P. Dinh, D. Carpenter, F.M. Leslie, T.F. Freund, I. Katona, S.L. Sensi, S. Kathuria,
D. Piomelli, Brain monoglyceride lipase participating in endocannabinoid in-
activation, Proc. Natl. Acad. Sci. U.S.A. 99 (16) (2002) 10819–10824.

[49] D.K. Nomura, B.E. Morrison, J.L. Blankman, J.Z. Long, S.G. Kinsey,
M.C. Marcondes, A.M. Ward, Y.K. Hahn, A.H. Lichtman, B. Conti, B.F. Cravatt,
Endocannabinoid hydrolysis generates brain prostaglandins that promote neu-
roinflammation, Science 334 (6057) (2011) 809–813.

[50] G.F. Grabner, R. Zimmermann, R. Schicho, U. Taschler, Monoglyceride lipase as a
drug target: at the crossroads of arachidonic acid metabolism and en-
docannabinoid signaling, Pharmacol. Ther. 175 (2017) 35–46.

[51] C. Granchi, I. Caligiuri, F. Minutolo, F. Rizzolio, T. Tuccinardi, A patent review of
Monoacylglycerol Lipase (MAGL) inhibitors (2013–2017), Expert. Opin. Ther. Pat.
27 (12) (2017) 1341–1351.

[52] J.Z. Long, W. Li, L. Booker, J.J. Burston, S.G. Kinsey, J.E. Schlosburg, F.J. Pavon,
A.M. Serrano, D.E. Selley, L.H. Parsons, A.H. Lichtman, B.F. Cravatt, Selective
blockade of 2-arachidonoylglycerol hydrolysis produces cannabinoid behavioral
effects, Nat. Chem. Biol. 5 (1) (2009) 37–44.

[53] M.J. Niphakis, A.B. Cognetta 3rd, J.W. Chang, M.W. Buczynski, L.H. Parsons,
F. Byrne, J.J. Burston, V. Chapman, B.F. Cravatt, Evaluation of NHS carbamates as
a potent and selective class of endocannabinoid hydrolase inhibitors, ACS Chem.
Neurosci. 4 (9) (2013) 1322–1332.

[54] J.E. Schlosburg, J.L. Blankman, J.Z. Long, D.K. Nomura, B. Pan, S.G. Kinsey,
P.T. Nguyen, D. Ramesh, L. Booker, J.J. Burston, E.A. Thomas, D.E. Selley,
L.J. Sim-Selley, Q.S. Liu, A.H. Lichtman, B.F. Cravatt, Chronic monoacylglycerol
lipase blockade causes functional antagonism of the endocannabinoid system, Nat.
Neurosci. 13 (9) (2010) 1113–1119.

[55] D. Osei-Hyiaman, J. Liu, L. Zhou, G. Godlewski, J. Harvey-White, W.I. Jeong,
S. Batkai, G. Marsicano, B. Lutz, C. Buettner, G. Kunos, Hepatic CB1 receptor is
required for development of diet-induced steatosis, dyslipidemia, and insulin and

leptin resistance in mice, J. Clin. Invest. 118 (9) (2008) 3160–3169.
[56] A. Samat, B. Tomlinson, S. Taheri, G.N. Thomas, Rimonabant for the treatment of

obesity, Recent Pat. Cardiovasc. Drug Discov. 3 (3) (2008) 187–193.
[57] L.F. Van Gaal, A.M. Rissanen, A.J. Scheen, O. Ziegler, S. Rossner, Effects of the

cannabinoid-1 receptor blocker rimonabant on weight reduction and cardiovas-
cular risk factors in overweight patients: 1-year experience from the RIO-Europe
study, Lancet 365 (9468) (2005) 1389–1397.

[58] A. Busquets-Garcia, E. Puighermanal, A. Pastor, R. de la Torre, R. Maldonado,
A. Ozaita, Differential role of anandamide and 2-arachidonoylglycerol in memory
and anxiety-like responses, Biol. Psychiatry 70 (5) (2011) 479–486.

[59] C. Granchi, I. Caligiuri, E. Bertelli, G. Poli, F. Rizzolio, M. Macchia, A. Martinelli,
F. Minutolo, T. Tuccinardi, Development of terphenyl-2-methyloxazol-5(4H)-one
derivatives as selective reversible MAGL inhibitors, J. Enzyme Inhib. Med. Chem.
32 (1) (2017) 1240–1252.

[60] C.M. Jenkins, D.J. Mancuso, W. Yan, H.F. Sims, B. Gibson, R.W. Gross,
Identification, cloning, expression, and purification of three novel human calcium-
independent phospholipase A2 family members possessing triacylglycerol lipase
and acylglycerol transacylase activities, J. Biol. Chem. 279 (47) (2004)
48968–48975.

[61] Y. Huang, S. He, J.Z. Li, Y.K. Seo, T.F. Osborne, J.C. Cohen, H.H. Hobbs, A feed-
forward loop amplifies nutritional regulation of PNPLA3, Proc. Natl. Acad. Sci.
U.S.A. 107 (17) (2010) 7892–7897.

[62] M.K. Basantani, M.T. Sitnick, L. Cai, D.S. Brenner, N.P. Gardner, J.Z. Li,
G. Schoiswohl, K. Yang, M. Kumari, R.W. Gross, R. Zechner, E.E. Kershaw, Pnpla3/
adiponutrin deficiency in mice does not contribute to fatty liver disease or me-
tabolic syndrome, J. Lipid Res. 52 (2) (2011) 318–329.

[63] A. Caimari, P. Oliver, A. Palou, Regulation of adiponutrin expression by feeding
conditions in rats is altered in the obese state, Obesity (Silver Spring) 15 (3) (2007)
591–599.

[64] S. He, C. McPhaul, J.Z. Li, R. Garuti, L. Kinch, N.V. Grishin, J.C. Cohen,
H.H. Hobbs, A sequence variation (I148M) in PNPLA3 associated with nonalco-
holic fatty liver disease disrupts triglyceride hydrolysis, J. Biol. Chem. 285 (9)
(2010) 6706–6715.

[65] S. Romeo, J. Kozlitina, C. Xing, A. Pertsemlidis, D. Cox, L.A. Pennacchio,
E. Boerwinkle, J.C. Cohen, H.H. Hobbs, Genetic variation in PNPLA3 confers
susceptibility to nonalcoholic fatty liver disease, Nat. Genet. 40 (12) (2008)
1461–1465.

[66] W. Chen, B. Chang, L. Li, L. Chan, Patatin-like phospholipase domain-containing
3/adiponutrin deficiency in mice is not associated with fatty liver disease,
Hepatology 52 (3) (2010) 1134–1142.

[67] E. Smagris, S. BasuRay, J. Li, Y. Huang, K.M. Lai, J. Gromada, J.C. Cohen,
H.H. Hobbs, Pnpla3I148M knockin mice accumulate PNPLA3 on lipid droplets and
develop hepatic steatosis, Hepatology 61 (1) (2015) 108–118.

[68] P. Pingitore, P. Dongiovanni, B.M. Motta, M. Meroni, S.M. Lepore, R.M. Mancina,
S. Pelusi, C. Russo, A. Caddeo, G. Rossi, T. Montalcini, A. Pujia, O. Wiklund,
L. Valenti, S. Romeo, PNPLA3 overexpression results in reduction of proteins
predisposing to fibrosis, Hum. Mol. Genet. 25 (23) (2016) 5212–5222.

[69] A.D. Quiroga, L. Li, M. Trotzmuller, R. Nelson, S.D. Proctor, H. Kofeler, R. Lehner,
Deficiency of carboxylesterase 1/esterase-x results in obesity, hepatic steatosis,
and hyperlipidemia, Hepatology 56 (6) (2012) 2188–2198.

[70] J. Lian, E. Wei, S.P. Wang, A.D. Quiroga, L. Li, A. Di Pardo, J. van der Veen,
S. Sipione, G.A. Mitchell, R. Lehner, Liver specific inactivation of carboxylesterase
3/triacylglycerol hydrolase decreases blood lipids without causing severe steatosis
in mice, Hepatology 56 (6) (2012) 2154–2162.

[71] E. Wei, Y. Ben Ali, J. Lyon, H. Wang, R. Nelson, V.W. Dolinsky, J.R. Dyck,
G. Mitchell, G.S. Korbutt, R. Lehner, Loss of TGH/Ces3 in mice decreases blood
lipids, improves glucose tolerance, and increases energy expenditure, Cell Metab.
11 (3) (2010) 183–193.

[72] Y. Li, M. Zalzala, K. Jadhav, Y. Xu, T. Kasumov, L. Yin, Y. Zhang, Carboxylesterase
2 prevents liver steatosis by modulating lipolysis, endoplasmic reticulum stress,
and lipogenesis and is regulated by hepatocyte nuclear factor 4 alpha in mice,
Hepatology 63 (6) (2016) 1860–1874.

[73] D. Gilham, S. Ho, M. Rasouli, P. Martres, D.E. Vance, R. Lehner, Inhibitors of
hepatic microsomal triacylglycerol hydrolase decrease very low density lipopro-
tein secretion, FASEB J. 17 (12) (2003) 1685–1687.

[74] M.A. Ruby, J. Massart, D.M. Hunerdosse, M. Schonke, J.C. Correia, S.M. Louie,
J.L. Ruas, E. Naslund, D.K. Nomura, J.R. Zierath, Human Carboxylesterase 2
Reverses Obesity-Induced Diacylglycerol Accumulation and Glucose Intolerance,
Cell Rep. 18 (3) (2017) 636–646.

[75] J. Lian, W. Bahitham, R. Panigrahi, R. Nelson, L. Li, R. Watts, A. Thiesen,
M.J. Lemieux, R. Lehner, Genetic variation in human carboxylesterase CES1
confers resistance to hepatic steatosis, BBA 1863 (7) (2018) 688–699.

[76] J. Lian, R. Nelson, R. Lehner, Carboxylesterases in lipid metabolism: from mouse
to human, Protein Cell 9 (2) (2018) 178–195.

[77] S.C. Laizure, V. Herring, Z. Hu, K. Witbrodt, R.B. Parker, The role of human car-
boxylesterases in drug metabolism: have we overlooked their importance?
Pharmacotherapy 33 (2) (2013) 210–222.

[78] T. Fukami, T. Yokoi, The emerging role of human esterases, Drug Metab.
Pharmacokinet. 27 (5) (2012) 466–477.

[79] M.J. Hatfield, R.A. Umans, J.L. Hyatt, C.C. Edwards, M. Wierdl, L. Tsurkan,
M.R. Taylor, P.M. Potter, Carboxylesterases: General detoxifying enzymes, Chem.
Biol. Interact. 259 (Pt B) (2016) 327–331.

[80] G.F. Gibbons, K. Islam, R.J. Pease, Mobilisation of triacylglycerol stores, BBA 1483
(1) (2000) 37–57.

[81] J. Lian, E. Wei, J. Groenendyk, S.K. Das, M. Hermansson, L. Li, R. Watts,
A. Thiesen, G.Y. Oudit, M. Michalak, R. Lehner, Ces3/TGH deficiency attenuates

A.D. Quiroga, R. Lehner Biochemical Pharmacology 155 (2018) 233–241

240

http://refhub.elsevier.com/S0006-2952(18)30273-9/h0165
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0165
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0170
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0170
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0170
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0170
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0175
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0175
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0175
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0180
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0180
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0180
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0180
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0185
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0185
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0185
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0185
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0190
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0190
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0190
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0195
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0195
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0195
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0195
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0195
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0195
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0195
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0200
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0200
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0200
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0200
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0205
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0205
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0205
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0205
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0210
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0210
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0210
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0210
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0215
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0215
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0215
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0220
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0220
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0220
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0220
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0220
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0220
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0225
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0225
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0225
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0230
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0230
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0235
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0235
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0235
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0235
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0240
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0240
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0240
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0245
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0245
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0245
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0245
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0250
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0250
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0250
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0255
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0255
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0255
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0260
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0260
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0260
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0260
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0265
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0265
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0265
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0265
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0270
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0270
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0270
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0270
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0270
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0275
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0275
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0275
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0275
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0280
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0280
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0285
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0285
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0285
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0285
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0290
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0290
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0290
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0295
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0295
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0295
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0295
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0300
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0300
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0300
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0300
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0300
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0305
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0305
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0305
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0310
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0310
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0310
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0310
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0315
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0315
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0315
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0320
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0320
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0320
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0320
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0325
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0325
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0325
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0325
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0330
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0330
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0330
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0335
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0335
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0335
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0340
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0340
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0340
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0340
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0345
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0345
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0345
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0350
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0350
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0350
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0350
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0355
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0355
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0355
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0355
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0360
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0360
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0360
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0360
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0365
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0365
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0365
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0370
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0370
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0370
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0370
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0375
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0375
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0375
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0380
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0380
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0385
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0385
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0385
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0390
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0390
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0395
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0395
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0395
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0400
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0400
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0405
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0405


steatohepatitis, Sci. Rep. 6 (2016) 25747.
[82] R. Lehner, R. Verger, Purification and characterization of a porcine liver micro-

somal triacylglycerol hydrolase, Biochemistry 36 (7) (1997) 1861–1868.
[83] E. Wei, W. Gao, R. Lehner, Attenuation of adipocyte triacylglycerol hydrolase

activity decreases basal fatty acid efflux, J. Biol. Chem. 282 (11) (2007)
8027–8035.

[84] R.J. Binder, M.J. Hatfield, L. Chi, P.M. Potter, Facile synthesis of 1,2-dione-con-
taining abietane analogues for the generation of human carboxylesterase in-
hibitors, Eur. J. Med. Chem. 149 (2018) 79–89.

[85] M.J. Hatfield, J. Chen, E.M. Fratt, L. Chi, J.C. Bollinger, R.J. Binder, J. Bowling,
J.L. Hyatt, J. Scarborough, C. Jeffries, P.M. Potter, Selective inhibitors of human
liver carboxylesterase based on a beta-lapachone scaffold: novel reagents for re-
action profiling, J. Med. Chem. 60 (4) (2017) 1568–1579.

[86] M.J. Hatfield, P.M. Potter, Carboxylesterase inhibitors, Expert Opin. Ther. Pat. 21
(8) (2011) 1159–1171.

[87] D.D. Wang, L.W. Zou, Q. Jin, J. Hou, G.B. Ge, L. Yang, Recent progress in the
discovery of natural inhibitors against human carboxylesterases, Fitoterapia 117
(2017) 84–95.

[88] J.A. Crow, K.L. Herring, S. Xie, A. Borazjani, P.M. Potter, M.K. Ross, Inhibition of
carboxylesterase activity of THP1 monocytes/macrophages and recombinant
human carboxylesterase 1 by oxysterols and fatty acids, Biochim. Biophys. Acta
1801 (1) (2010) 31–41.

[89] L.C. Mangum, X. Hou, A. Borazjani, J.H. Lee, M.K. Ross, J.A. Crow, Silencing
carboxylesterase 1 in human THP-1 macrophages perturbs genes regulated by
PPARgamma/RXR and RAR/RXR: down-regulation of CYP27A1-LXRalpha sig-
naling, Biochem. J. 475 (3) (2018) 621–642.

[90] M. Shimizu, T. Fukami, M. Nakajima, T. Yokoi, Screening of specific inhibitors for
human carboxylesterases or arylacetamide deacetylase, Drug Metab. Dispos. 42
(7) (2014) 1103–1109.

[91] E. Dominguez, A. Galmozzi, J.W. Chang, K.L. Hsu, J. Pawlak, W. Li, C. Godio,
J. Thomas, D. Partida, S. Niessen, P.E. O'Brien, A.P. Russell, M.J. Watt,
D.K. Nomura, B.F. Cravatt, E. Saez, Integrated phenotypic and activity-based
profiling links Ces3 to obesity and diabetes, Nat. Chem. Biol. 10 (2) (2014)
113–121.

[92] K.W. Ko, B. Erickson, R. Lehner, Es-x/Ces1 prevents triacylglycerol accumulation
in McArdle-RH7777 hepatocytes, BBA 1791 (12) (2009) 1133–1143.

[93] M.R. Probst, M. Beer, D. Beer, P. Jeno, U.A. Meyer, R. Gasser, Human liver ar-
ylacetamide deacetylase. Molecular cloning of a novel esterase involved in the
metabolic activation of arylamine carcinogens with high sequence similarity to
hormone-sensitive lipase, J. Biol. Chem. 269 (34) (1994) 21650–21656.

[94] V. Lo, B. Erickson, M. Thomason-Hughes, K.W. Ko, V.W. Dolinsky, R. Nelson,
R. Lehner, Arylacetamide deacetylase attenuates fatty-acid-induced triacylglycerol
accumulation in rat hepatoma cells, J. Lipid Res. 51 (2) (2010) 368–377.

[95] R. Tiwari, R. Koffel, R. Schneiter, An acetylation/deacetylation cycle controls the

export of sterols and steroids from S. cerevisiae, EMBO J. 26 (24) (2007)
5109–5119.

[96] R. Zechner, F. Madeo, D. Kratky, Cytosolic lipolysis and lipophagy: two sides of the
same coin, Nat. Rev. Mol. Cell Biol. 18 (11) (2017) 671–684.

[97] Y. Zhang, X. Cheng, L. Aleksunes, C.D. Klaassen, Transcription factor-mediated
regulation of carboxylesterase enzymes in livers of mice, Drug Metab. Dispos. 40
(6) (2012) 1191–1197.

[98] R. Singh, S. Kaushik, Y. Wang, Y. Xiang, I. Novak, M. Komatsu, K. Tanaka,
A.M. Cuervo, M.J. Czaja, Autophagy regulates lipid metabolism, Nature 458
(7242) (2009) 1131–1135.

[99] R.J. Schulze, A. Sathyanarayan, D.G. Mashek, Breaking fat: the regulation and
mechanisms of lipophagy, Biochim. Biophys. Acta 1862 (10 (Pt B)) (2017)
1178–1187.

[100] R.J. Schulze, K. Drizyte, C.A. Casey, M.A. McNiven, Hepatic lipophagy: new in-
sights into autophagic catabolism of lipid droplets in the liver, Hepatol. Commun.
1 (5) (2017) 359–369.

[101] K. Liu, M.J. Czaja, Regulation of lipid stores and metabolism by lipophagy, Cell
Death Differ. 20 (1) (2013) 3–11.

[102] R. Singh, A.M. Cuervo, Lipophagy: connecting autophagy and lipid metabolism,
Int. J. Cell Biol. 2012 (2012) 282041.

[103] Y. Li, M. Xu, X. Ding, C. Yan, Z. Song, L. Chen, X. Huang, X. Wang, Y. Jian,
G. Tang, C. Tang, Y. Di, S. Mu, X. Liu, K. Liu, T. Li, Y. Wang, L. Miao, W. Guo,
X. Hao, C. Yang, Protein kinase C controls lysosome biogenesis independently of
mTORC1, Nat. Cell Biol. 18 (10) (2016) 1065–1077.

[104] A.I. Rosenbaum, C.C. Cosner, C.J. Mariani, F.R. Maxfield, O. Wiest, P. Helquist,
Thiadiazole carbamates: potent inhibitors of lysosomal acid lipase and potential
Niemann-Pick type C disease therapeutics, J. Med. Chem. 53 (14) (2010)
5281–5289.

[105] S. Schlager, N. Vujic, M. Korbelius, M. Duta-Mare, J. Dorow, C. Leopold, S. Rainer,
M. Wegscheider, H. Reicher, U. Ceglarek, W. Sattler, B. Radovic, D. Kratky,
Lysosomal lipid hydrolysis provides substrates for lipid mediator synthesis in
murine macrophages, Oncotarget 8 (25) (2017) 40037–40051.

[106] A.J. Verhoeven, B.P. Neve, H. Jansen, Secretion and apparent activation of human
hepatic lipase requires proper oligosaccharide processing in the endoplasmic re-
ticulum, Biochem. J. 337 (Pt 1) (1999) 133–140.

[107] B. Erickson, S.P. Selvan, K.W. Ko, K. Kelly, A.D. Quiroga, L. Li, R. Nelson, K. King-
Jones, R.L. Jacobs, R. Lehner, Endoplasmic reticulum-localized hepatic lipase
decreases triacylglycerol storage and VLDL secretion, BBA 1831 (6) (2013)
1113–1123.

[108] B. Staels, H. Jansen, A. van Tol, G. Stahnke, H. Will, G. Verhoeven, J. Auwerx,
Development, food intake, and ethinylestradiol influence hepatic triglyceride li-
pase and LDL-receptor mRNA levels in rats, J. Lipid Res. 31 (7) (1990) 1211–1218.

[109] D.B. Miller, J.D. Spence, Clinical pharmacokinetics of fibric acid derivatives (fi-
brates), Clin. Pharmacokinet. 34 (2) (1998) 155–162.

A.D. Quiroga, R. Lehner Biochemical Pharmacology 155 (2018) 233–241

241

http://refhub.elsevier.com/S0006-2952(18)30273-9/h0405
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0410
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0410
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0415
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0415
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0415
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0420
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0420
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0420
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0425
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0425
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0425
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0425
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0430
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0430
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0435
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0435
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0435
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0440
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0440
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0440
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0440
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0445
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0445
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0445
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0445
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0450
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0450
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0450
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0455
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0455
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0455
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0455
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0455
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0460
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0460
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0465
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0465
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0465
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0465
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0470
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0470
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0470
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0475
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0475
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0475
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0480
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0480
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0485
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0485
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0485
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0490
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0490
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0490
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0495
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0495
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0495
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0500
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0500
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0500
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0505
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0505
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0510
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0510
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0515
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0515
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0515
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0515
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0520
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0520
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0520
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0520
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0525
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0525
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0525
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0525
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0530
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0530
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0530
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0535
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0535
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0535
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0535
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0540
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0540
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0540
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0545
http://refhub.elsevier.com/S0006-2952(18)30273-9/h0545

	Pharmacological intervention of liver triacylglycerol lipolysis: The good, the bad and the ugly
	Introduction
	Pharmacological intervention of cytosolic lipid droplet lipases involved in hepatic TG metabolism
	Adipose triglyceride lipase (ATGL)
	Hormone-sensitive lipase (HSL)
	Diacylglycerol lipase (DAGL)
	Monoacylglycerol lipase (MAGL)
	Patatin-like phospholipase domain containing 3 (PNPLA3)

	Pharmacological intervention of endoplasmic reticulum (ER) lipases
	Carboxylesterases
	Arylacetamide deacetylase (AADAC)

	Lysosomal acid lipase (LAL)
	Hepatic lipase (HL)
	Conclusion
	Acknowledgments
	Conflict of interest statement
	References




