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A B S T R A C T

Excessive accumulation of triacylglycerol is the common denominator of a wide range of clinical pathologies of
liver diseases, termed non-alcoholic fatty liver disease. Such excessive triacylglycerol deposition in the liver is
also referred to as hepatic steatosis. Although liver steatosis often resolves over time, it eventually progresses to
steatohepatitis, liver fibrosis and cirrhosis, with associated complications, including liver failure, hepatocellular
carcinoma and ultimately death of affected individuals. From the disease etiology it is obvious that a tight
regulation between lipid uptake, triacylglycerol synthesis, hydrolysis, secretion and fatty acid oxidation is re-
quired to prevent triacylglycerol deposition in the liver. In addition to triacylglycerol, also a tight control of
other neutral lipid ester classes, i.e. cholesteryl esters and retinyl esters, is crucial for the maintenance of a
healthy liver. Excessive cholesteryl ester accumulation is a hallmark of cholesteryl ester storage disease or
Wolman disease, which is associated with premature death. The loss of hepatic vitamin A stores (retinyl ester
stores of hepatic stellate cells) is incidental to the onset of liver fibrosis. Importantly, this more advanced stage of
liver disease usually does not resolve but progresses to life threatening stages, i.e. liver cirrhosis and cancer.
Therefore, understanding the enzymes and pathways that mobilize hepatic neutral lipid esters is crucial for the
development of strategies and therapies to ameliorate pathophysiological conditions associated with derange-
ments of hepatic neutral lipid ester stores, including liver steatosis, steatohepatitis, and fibrosis. This review
highlights the physiological roles of enzymes governing the mobilization of neutral lipid esters at different sites
in liver cells, including cytosolic lipid droplets, endoplasmic reticulum, and lysosomes. This article is part of a
Special Issue entitled Molecular Basis of Disease: Animal models in liver disease.

1. Brief overview on liver cell types in neutral lipid storage and
mobilization

The liver consists of several cell types, which are differentially in-
volved in the uptake, storage and mobilization of neutral lipids. The
vast majority of liver cells are parenchymal cells or termed hepatocytes.
These cells account for around 80% of total liver volume [1]. They are
known to perform most of the liver's manifold functions in amino acid,
carbohydrate, lipid and xenobiotic turnover [2]. In terms of neutral
lipid homeostasis, hepatocytes play a pivotal role in the uptake of
neutral lipid-rich chylomicron remnants [3], the storage of neutral

lipids in cytosolic lipid droplets (LDs), and the mobilization and se-
cretion of neutral lipids via the hydrolysis of cellular neutral lipid esters
and the assembly and release of lipoprotein particles [3,4].

Besides hepatocytes, the liver harbors a variety of other cell types,
which are collectively termed as non-parenchymal cells. They consist of
endothelial cells (including cholangiocytes), Kupffer cells, and hepatic
stellate cells (HSCs). In total, non-parenchymal cells account for around
6% of the liver volume [1], the rest (~14%) being the extracellular/
vascular space. Endothelial cells do not exert a prominent role in neu-
tral lipid turnover, since they do not take up and store large amounts of
neutral lipids [5]. On a cellular basis, Kupffer cells show a higher
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uptake of chylomicron remnants than hepatocytes [5]. However, since
they are much less in number, they do not contribute much to total
hepatic neutral lipid uptake [3]. Together, Kupffer cells and endothelial
cells contribute to around 1/3 of chylomicron remnant uptake [6]. For
Kupffer cells it has been hypothesized that they may contribute to the
clearance of rather atherogenic lipoprotein particles [3] and thus may
be more important in the development of liver pathologies [7].

The third cell type belonging to the group of non-parenchymal cells,
HSCs, are known to play a prominent and specific role in hepatic
neutral lipid storage [8]. They are essential for the maintenance of vi-
tamin A homeostasis [9]. These cells account for around 2% of the liver
volume [10]. Initially, they have been termed perisinoidal cells, inter-
stitial cells, lipocytes or fat-storing cells, to refer to their occurrence and
their prominent role in fat (in particular vitamin A) storage. HSCs store
large quantities of neutral lipid esters. These neutral lipid ester stores
are comprised of comparable amounts of triacylglycerol (TAG), cho-
lesteryl ester (CE), and retinyl ester (RE) [11–13]. Merely HSCs and not
parenchymal cells contain large amounts of REs [8]. To date the phy-
siological role of the TAG and CE stores of HSCs in hepatic neutral lipid
turnover is not understood. The role of the vitamin A store of HSCs,
however, is essential for the maintenance of constant plasma retinol
concentration and the retinol supply of peripheral tissues. In total, HSCs
harbor the largest vitamin A reserves of all tissues, which account for
around 80% of the body's total vitamin A content [14]. In times of
insufficient nutritional vitamin A supply, these stores are mobilized for
the maintenance of constant plasma retinol levels [15,16]. The mobi-
lization of hepatic vitamin A stores for whole body vitamin A supply has
also been demonstrated in genetic mouse models. Mice with a genetic
disruption of the Lecithin:retinol acyl transferase gene (LRAT-ko), the
essential acyltransferase for RE synthesis in HSCs) lack hepatic vitamin
A stores [17,18]. Mice with a genetic disruption of the gene encoding
Retinol-binding protein 4 (the specific retinol transport protein in the
circulation) exert largely reduced circulating retinol (~10-times lower)
and are defective in mobilizing hepatic vitamin A stores [19,20]. Both
mouse models depend on a constant dietary supply with retinol and
when fed a vitamin A deficient diet they quickly develop symptoms of
vitamin A-deficiency, such as impaired vision [18,21]. Furthermore,
HSCs exert a prominent role in the pathology of liver disease [22,23].
Upon advanced liver injury, when liver steatosis turns into a fibrotic
state, HSCs get activated and lose their neutral lipid ester content and
transform into myofibroblast-like cells. This activation, however, is
independent of the vitamin A store of these cells, since also Lrat
knockout mice, lacking hepatic vitamin A stores, develop liver fibrosis
after chemically induced liver injury [17].

2. Overview on neutral lipids of the liver

Neutral lipids are a group of lipid classes, which are all together
uncharged and hydrophobic in nature. Historically they have been
analyzed by one-dimensional thin layer chromatography using silica
plates and a hydrophobic solvent system (e.g. hexane: diethyl ether:
acetic acid, 80: 20: 1) [24,25]. In the order of separation of hepatic lipid
extracts (from furthermost to least), the following neutral lipid classes
can be visualized on silica plates: hydrocarbons, CEs, TAGs, free fatty
acids (FFAs), cholesterol, 1,3- and 1,2-diacylglycerols (DAGs), and
monoacylglycerols (MAGs). Acidification of the solvent system for ex-
traction and separation is necessary to protonate FFAs, which turns
them into non-charged, hydrophobic lipids – at basic pH, FFAs would
exist deprotonated as charged lipids.

The major neutral lipid esters classes of most tissues are TAGs and
CEs, with FFAs esterified to the backbones of glycerol and cholesterol,
respectively [26]. The liver also contains significant amounts of REs,
with retinol as backbone for FA esterification. From the glycerides with
free alcohol groups and the non-esterified neutral lipids, free choles-
terol is more abundant, while FFAs, DAGs, and MAGs are less abundant
or barely detectable. This is expected since FFAs, DAGs, and MAGs are

intermediates of anabolic and catabolic reactions and thus do not ac-
cumulate to a large extent.

Within cells, FFAs and cholesterol are transported through binding
proteins such as fatty acid and oxysterol-binding proteins, respectively,
and shuttle between different organelles [27,28]. FFAs and cholesterol
integrate into bio-membranes, while this is not the case for neutral lipid
esters, since they are so hydrophobic in nature. That's why neutral lipid
esters only exist densely backed in the hydrophobic core of lipoproteins
or LDs. These LDs constitute inert depots for bioactive lipids, such as
FFAs, cholesterol and retinol, which are liberated on demand and en-
sure body's requirements. The liver is known to have a high capacity to
take up, store and release large amounts of neutral lipids. This process is
highly dependent on the metabolic state. Upon fasting, the liver takes
up large amounts of FFAs from the circulation, which are packed into
lipoproteins and secreted in form of very low-density lipoprotein
(VLDL) particles. Whereas, in the postprandial state, the liver clears
large portions of chylomicron remnants from the circulation.

In general, neutral lipid esters function as storage molecules for
FFAs, cholesterol, retinol, and glycerol. FFAs serve several functions:
They are (i) energy substrates in mitochondrial beta-oxidation and
subsequent oxidative phosphorylation, (ii) building blocks for lipid
synthesis and protein modifications, and (iii) signaling molecules,
acting as ligands for nuclear receptors thereby transactivating gene
expression. Cholesterol integrates into biomembranes, thereby affecting
membrane fluidity and function. Cholesterol is also the precursor for
the biosynthesis of various steroid hormones as well as bile acids.
Retinol is the precursor for the biosynthesis of 9-cis retinal and all-trans
as well as 9-cis retinoic acid. 9-cis retinal is the hν acceptor of the visual
cycle, thereby facilitating vision. All-trans and 9-cis retinoic acid are
ligands of the ligand-activated nuclear receptors, the retinoic acid re-
ceptors and retinoid X receptors, respectively, thereby regulating gene
expression. After phosphorylation, glycerol can undergo re-esterifica-
tion, thereby serving as backbone for the name giving glycero-lipids,
including phospholipids, neutral lipids, and glyco-phospholipids. In
addition, glycerol-3-phosphate also serves as energy substrate: It may
enter glycolysis or gluconeogenesis, depending on the metabolic state.

3. General concept of lipid droplet formation

Irrespective of the cell type, cells store neutral lipids by forming a
hydrophobic neutral lipid-containing core, which is surrounded by a
phospholipid monolayer. These cellular structures are called LDs and
are nowadays understood as cellular organelles. LDs typically reside in
the cytosol of cells in close proximity to membranes of the endoplasmic
reticulum (ER), in proximity to the perinuclear space. In liver, LDs have
been isolated from the lumen of the ER, demonstrating that LDs also
reside within the lumen of the ER [29]. The formation process of nas-
cent cytosolic LDs is known to occur at the ER. Irrespective of the exact
mechanism how nascent LDs are formed at the ER (for review see [30]),
neutral lipids are fed into a phospholipid monolayer, which stays at-
tached to the outer leaflet of the ER membranes. While the nascent lipid
droplet grows, LDs bud into the cytosol. In hepatocytes, a portion of ER-
associated TAG is also utilized for VLDL assembly and for the formation
of microsome-associated luminal LDs [31]. Interestingly, LDs usually
stay attached to the ER membrane and thereby can exchange phos-
pholipids but also proteins. Eventually LDs may entirely detach from
the ER membrane. The phospholipid monolayer of LDs contains a
number of embedded proteins, which exert different functions. One
group of proteins exerts shielding functions and protects neutral lipids
from enzymatic degradation. These proteins belong to the PAT domain
containing proteins, the perilipin protein family [32]. Other proteins
localize to LDs, which exhibit lipid modifying activity and act in ana-
bolic or catabolic reactions. The one type of proteins, which promotes
anabolic reactions, exhibits acyl-transferase activity and drives the
growth of LDs. Members of this proteins are diacylglycerol-acyl-
transferases 1 and 2 (DGAT1/2), which are required for the formation
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of TAGs [33]. DGAT2 but not DGAT1 localizes to LDs, while both DGAT
enzymes localize to ER membranes [34]. In addition to TAG synthesis,
DGAT1 also catalyzes the synthesis of REs [35]. In contrast to DGAT2,
other acyltransferases, such as acyl-CoA:cholesterol acyltransferase 1
and 2 (ACAT1/2) and LRAT, which catalyze the synthesis of CEs and
REs, respectively, do not localize directly to the LDs but remain at-
tached to ER membranes.

4. Proteins involved in hepatic neutral lipid mobilization

4.1. The classical ATGL-HSL-MGL axis of TAG catabolism

Upon requirement, neutral lipid ester stores are mobilized by the
action of lipid ester hydrolases, generally termed lipases. Since cen-
turies the liver is known to contain catalytic activities for TAG, CE and
RE hydrolysis [36]. However, the identity of proteins, which are re-
sponsible for the mobilization of neutral lipid esters, are less clear. In
the last decade, the breakdown of TAG has been intensively in-
vestigated (in particular in the adipose tissue (for a recent reviews see
[37,38]). It is now well established that the TAG breakdown is a three-
step process (Fig. 1), which involves three different enzymes that act in
a cascade, releasing in each step one FA from the glycerol backbone
[39]. Adipose triglyceride lipase (ATGL, annotated as Patatin-like
phospholipase domain containing 2, also termed Desnutrin [40] or
Phospholipase A2ζ [41], performs the first and rate-limiting step in
TAG hydrolysis, generating FFAs and DAGs. The second step is per-
formed by Hormone-sensitive lipase (HSL), generating FFAs and MAGs.
The third step is performed by Monoglyceride lipase (MGL), generating
FFAs and glycerol. All three enzymes are considered rate-limiting for
their designated steps. This is evident from genetically modified mice,
globally lacking either ATGL, HSL, or MGL. Atgl-, Hsl-, and Mgl
knockout mice accumulate TAG, DAG, and MAG, respectively, in many
tissues [42–44]. ATGL and MGL exhibit substrate specificity for the
designated steps in TAG hydrolysis [45,46]. This is not the case for HSL.
HSL is also capable of degrading TAG and MAG, although its relative
specific activity for DAG hydrolysis is in the order of one magnitude
higher, and thus HSL is a much better DAG hydrolase [47]. In fact, the
limiting role of HSL for DAG and not for TAG or MAG catabolism is
evident from Hsl knockout mice, which exhibit DAG accumulation in
multiple tissues, including white adipose tissue (WAT), testis and
muscle tissues [43]. Interestingly, however, Hsl knockout mice do not
accumulate DAG in the liver, which suggests that not HSL but other
enzymes are more important in hepatic DAG catabolism.

4.2. Other enzymes in hepatic TAG catabolism

In addition to the classical ATGL-HSL-MGL axis in TAG hydrolysis,
other intracellular proteins have been shown to contribute to hepatic
TAG catabolism in genetic mouse models: These enzymes include
Adiponutrin/Patatin-like phospholipase domain containing 3
(PNPLA3), Carboxylesterase 1 and 3 (Ces1 and Ces3), and Lysosomal
acid lipase (LAL). PNPLA3 localizes to cytosolic LDs [48,49] and may
therefore contribute to the breakdown of TAG of cytosolic LDs. Ces1

and Ces3, also termed Esterase-x and Triglyceride hydrolase (TGH),
respectively, localize to the ER and to cytosolic LDs [50,51]. ER loca-
lization of carboxylesterases is not very surprising since most members
of the carboxylesterase superfamily encode a C-terminal ER-retention
signal (HVEL) [52], which retains them in the lumen of the ER. Thus,
Ces1 and Ces3 may interact with luminal LDs and in that may affect
channeling of lipids for storage or for VLDL assembly and secretion. LAL
is known to reside in the lysosomes and to be required for the break-
down of endocytosed neutral lipids, including TAG, CE, and RE [53].
Apart from the endocytic pathway, LAL has also a prominent role in
lipophagy, a specific type of autophagy, where the lipase hydrolyzes
various lipid species under acidic conditions, after fusion of cytosolic
LDs with autophagosomes. This process is upregulated upon fasting
[54].

4.3. Proteins involved in the hydrolysis of CE and RE

Several of the aforementioned proteins have also been found to
exhibit CE and RE hydrolase activities:

For CE hydrolysis, HSL, Ces3, and LAL have been demonstrated in
mouse models to interfere with hepatic CE homeostasis [55–57]. In-
terestingly, these three enzymes localize to three different cellular
compartments. HSL resides in the cytoplasm und translocates upon
Protein kinase A activation and subsequent phosphorylation onto cy-
tosolic LDs. Ces3 localizes to the ER and LDs. Because of its ER retention
signal Ces3 is likely to act in the lumen of the ER, hydrolyzing luminal
CEs (e.g. CE within luminal LDs), thereby counteracting esterification
and storage of CEs. As a consequence, Ces3 activity in the ER promotes
secretion of CEs via VLDL synthesis and export [58]. The role of LAL in
hepatic CE catabolism is evident from humans carrying mutations in the
LAL alleles. Patients with loss of function mutations, where LAL entirely
lacks catalytic activity, suffer from Wolman disease and die prema-
turely [59]. Humans with mutated LAL, which retains residual catalytic
activity, present cholesterol ester storage disease [60]. Both diseases
have in common that affected individuals exhibit massive accumulation
of CE in various tissues, most prominently in the liver [61]. Because of
the disease severity, LAL apparently is the rate-limiting enzyme in CE
catabolism of endocytosed chylomicron remnants within lysosomes.

For RE hydrolysis, ATGL, PNPLA3, HSL, and LAL have been re-
ported to exhibit catalytic activity against REs and have been in-
vestigated in mouse models (see below). ATGL, PNPLA3, and HSL act
on cytosolic LDs and are expressed in hepatocytes and hepatic stellate
cells [11,62,63]. LAL has been reported to be involved in the hydrolysis
of lysosomal REs of hepatocytes [53]. In addition, LAL also plays an
important role in RE breakdown of hepatic stellate cells [64]. Upon
activation of hepatic stellate cells, LAL may be involved in the hydro-
lysis of cytosolic LDs of hepatic stellate cells, in the process of lipophagy
[65]. Genetic knockout mouse models for all four genes (Atgl, Pnpla3,
Hsl, and Lal) suggest that none of these enzymes is rate-limiting for
hepatic RE mobilization, since none of the mutant mouse models shows
hepatic REs accumulation. Furthermore, several members of the large
carboxylesterase family have been shown to exhibit RE hydrolase ac-
tivity [66]. Yet, only esterase 22 has been shown in cell experiments to
affect cellular RE content. Since esterase 22 localizes to the ER, it was
hypothesized that it may counteract LRAT driven RE deposition in cy-
tosolic LDs, thereby promoting retinol secretion [67]. However, the role
of any of the carboxylesterases in RE metabolism has so far not been
investigated in mouse models.

Fig. 2 depicts the hepatic uptake of FAs supplied by adipose tissue
lipolysis, the mobilization of FAs by proposed lipases at different or-
ganelles, and the utilization of FAs for ATP production as well as for the
synthesis and release of VLDL. Enzymes, which have been demonstrated
in mouse models to interfere with neutral lipid mobilization, are in-
dicated.

Fig. 1. Sequential hydrolysis of triacylglycerol. The degradation of triacylgly-
cerol (TAG) is a three-step process, catalyzed by Adipose triglyceride lipase
(ATGL), Hormone-sensitive lipase (HSL), and Monoglyceride lipase (MGL),
forming diacylglycerol (DAG) and monoacylglycerol (MAG) as intermediates,
releasing in each step one fatty acid (FA) and in the last step glycerol (G).
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5. Targeting ATGL and pharmacological inhibition of ATGL

The role of lipolysis in hepatic TAG homeostasis remained enigmatic
until the discovery of ATGL as a novel neutral TAG lipase [45]. The
generation of ATGL-deficient mice demonstrated ATGL's dominant role
in TAG hydrolysis, since these mice exhibited TAG accumulation in
cytosolic LDs of many organs and tissues, including the liver [42].
Several follow up studies, where ATGL expression was down regulated
or increased in mice via injection of recombinant adenovirus, suggested
a role for ATGL in liver TAG catabolism and the supply of FAs as oxi-
dative fuel [68,69]. The critical role of ATGL in hepatic TAG home-
ostasis was evident from the liver-specific deletion of Atgl, which pro-
voked progressive macrovesicular and microvesicular hepatic steatosis
[70], accompanied by massive hepatic TAG accumulation in mice fed
either a chow or a high fat diet (HFD). Impaired lipolysis in these mice
was linked to decreased FA oxidation, which may further promote he-
patic TAG deposition. LDs were also present within cholangiocytes,
implicating that ATGL is required for lipolysis in these cells. The ob-
servation that TAG accumulation was relatively mild in hepatic tissue of
mice globally lacking ATGL [42] as compared to hepatic ATGL-defi-
ciency [70] suggests that impaired adipose tissue FA mobilization and
consequently reduced FA flux to the liver prevented severe hepatic TAG

accumulation in mice globally lacking ATGL. Particularly interesting,
severe hepatic steatosis caused by hepatic ATGL-deficiency was benign
and not associated with liver fibrosis and inflammation. Furthermore,
impaired hepatic lipolysis did not significantly interfere with VLDL
secretion and hepatic insulin sensitivity. These findings suggest that i),
lipoprotein TAG incorporation does not depend on the release of FAs
from cytosolic LDs and that ii), hepatic TAG accumulation per se is not
the main trigger in the development of hepatic insulin resistance, at
least in ATGL-mutant mice. Although speculative, impaired TAG cata-
bolism together with reduced FA oxidation (FAO) may lower levels of
FFAs in mice with hepatic Atgl-disruption, thereby counteracting the
detrimental consequences of increased cellular FFA levels, also referred
to as lipotoxicity [71]. In line with such an assumption, the study by
Fuchs et al. [72] demonstrated that the global lack of ATGL protected
mice from tunicamycin-induced ER stress and hepatic inflammation
despite hepatic TAG accumulation. This study also showed that the
ratio of palmitic acid versus oleic acid was lower in the hepatic TAG
pool of ATGL-deficient mice. As saturated FAs can trigger ER stress in
hepatocyte cell lines [73], the authors hypothesized that the decrease in
the relative amount of palmitic acid may counteract the development of
ER stress in mice globally lacking ATGL. However, a study by the same
laboratory reported that hepatic inflammation increased in ATGL-

Fig. 2. Enzymes involved in hepatic neutral lipid ester mobilization. The liver takes up neutral lipid esters (triacylglycerol, TAG; cholesteryl ester, CE; retinyl ester,
RE) via the endocytosis of chylomicron remnants (Chylo) or fatty acids (FA), which are released from adipose tissue lipolysis into the circulation. Intracellularly,
Chylo-associated neutral lipid esters are degraded by the action of lysosomal acid lipase (LAL), releasing FAs, glycerol (G), cholesterol (CHOL), and retinol (ROH). At
the cytosolic lipid droplets (LD), TAGs are hydrolyzed by concerted action of Adipose triglyceride lipase (ATGL), Hormone-sensitive lipase (HSL), and Monoglyceride
lipase (MGL), forming the intermediates diacylglycerol (DAG) and monoacylglycerol (MAG), releasing FA and G. Carboxylesterase 3/Triglyceride hydrolase (Ces3/
TGH) and Patatin-like phospholipase domain containing 3 (PNPLA3) may contribute to TAG hydrolysis of cytosolic LD. ATGL, HSL, and PNPLA3 also exhibit
hydrolytic activity towards RE. HSL also hydrolyses CE. At the ER, Ces3/TGH and presumably Carboxylesterase 1/Esterase-x (Ces1/Es-x) hydrolyze TAG, while Ces3/
TGH presumably also hydrolyzes CE. Released FA can be used as building blocks and/or for mitochondrial FA oxidation and ATP production. FAs in the cytosol as
well as of the ER affect VLDL synthesis and secretion.

G. Haemmerle, A. Lass BBA - Molecular Basis of Disease 1865 (2019) 879–894

882



deficient mice, kept either on a methionine-choline-deficient (MCD)
diet to induce NASH or upon injection of lipopolysaccharide to induce
acute hepatic inflammation [74]. Interestingly, dietary supplementa-
tion with the peroxisome proliferator-activated receptor alpha (PPARα)
agonist fenofibrate mitigates hepatic inflammation in both, MCD fed or
lipopolysaccharide-injected ATGL-deficient mice. These findings im-
plicate that impaired PPARα signaling, which was shown to exacerbate
hepatic inflammation in the MCD mouse model [75], may promote
hepatic inflammation in the absence of ATGL.

Together these data indicate that hepatic steatosis in ATGL-deficient
mice can be a precondition that enhances hepatic inflammation under
specific conditions of hepatic stress. Yet, these studies were performed
in mice globally lacking ATGL and do not allow to delineate whether
the observed changes in hepatic inflammation originate from the lack of
ATGL in the liver and/or adipose tissue. In line with this question, we
could show that impaired adipose tissue lipolysis due to deletion of
ATGL or its co-activator CGI-58 solely in adipose tissue profoundly
interferes with hepatic PPARα signaling, encompassing a robust de-
crease in Fibroblast growth factor 21 (FGF21) expression and reduced
ER stress on HFD [76]. Besides its established role as a TAG hydrolase,
the study by Taschler et al. [62] demonstrated that REs are also a
substrate for ATGL and importantly, inhibition of ATGL enzyme activity
increased RE content in HSCs. Moreover, ATGL also efficiently hydro-
lyzed RE in parallel to TAG, implicating that both TAG and RE can
compete for ATGL binding. However, RE levels were unchanged in mice
globally lacking ATGL indicating that other enzymes participate in
hepatic RE catabolism. Nevertheless, the stimulation of lipolysis in
HSCs is linked to the activation and proliferation of HSCs, which is
considered to contribute to hepatic fibrosis development [22]. How-
ever, feeding mice globally lacking ATGL with a MCD diet led to in-
creased collagen 1 alpha expression, rather indicative for induction of
HSC activation than protection of disease progression (from liver
steatosis to fibrosis) [74]. Accordingly, it would be interesting to ex-
amine whether liver-specific ATGL deletion or overexpression affects
hepatic fibrosis progression in mice on MCD diet or upon chemical
induction of liver fibrosis likely via changes in HSC metabolism.

Increased circulating and/or intracellular FFAs levels are tightly
linked to numerous metabolic disorders including NAFLD. The dis-
covery of ATGL as an essential TAG lipase in many if not all cell types
offers a promising pharmacological target to interfere with whole body
and organ-specific FA homeostasis. This strategy was followed in a
collaboration with the lab of R. Breinbauer at the University of
Technology, Graz and our lab, where a small-molecule ATGL inhibitor
(designated as “Atglistatin”) was developed and demonstrated to spe-
cifically and efficiently inhibit ATGL lipolysis in vitro and in vivo [77].
Intriguingly, dietary administration of Atglistatin protected mice from
HFD-induced hepatic steatosis and insulin resistance [78]. Moreover,
NAFLD score (number of inflammatory cells and areas as well as the
degree of liver cell ballooning) was strongly reduced in Atglistatin
treated mice, which was accompanied by lower plasma alanine-ami-
notransferase levels and decreased expression of inflammatory and fi-
brosis marker genes. The administration of Atglistatin resulted in si-
milar distribution of the inhibitor in white adipose and liver tissue. The
substantial decline in hepatic TAG levels was unexpected, as liver-
specific ATGL ablation provokes massive TAG accumulation. The pro-
tection from hepatic TAG accumulation may be the consequence of
ATGL inhibition in adipose tissue causing impaired TAG mobilization
and reduced FFA flux to the liver. It is also conceivable that inhibition
of ATGL activity in the liver can be compensated by the induction of
other TAG hydrolyzing enzymes and/or lipophagy, which awaits fur-
ther clarification. Nevertheless and as aforementioned, decrease hepatic
TAG levels, as observed in HFD fed mice specifically lacking ATGL in
the adipose tissues [76], strongly indicates that Atglistatin treatment
protects from NAFLD via inhibition of adipose lipolysis. Notably, At-
glistatin administration does not affect cardiac lipid homeostasis and
energy metabolism, which is a hallmark of ATGL-deficient mice,

elucidating the administration of Atglistatin as a promising strategy to
counteract NAFLD development in humans.

Together, genetically engineered mice lacking ATGL either in the
liver or in adipose tissue as well as mice treated with Atglistatin are
interesting animal models to study pathways that induce or protect
from NAFLD development and eventually the progression to NASH.

6. Targeting ATGL co-regulators

6.1. Targeting the coactivator CGI-58

The most prominent ATGL co-regulator represents Comparative
gene identification-58 (also designated as Abhydrolase domain con-
taining 5, ABHD5). CGI-58 was initially discovered in a comparative
genomic study as one of 150 human genes harboring homologues in the
proteome of Caenorhabditis elegans [79]. In 2001, Lefèvre and collea-
gues [80] demonstrated a linkage of mutated Cgi-58 alleles to the de-
velopment of neutral lipid storage disease with ichthyosis, also known
as the Chanarin-Dorfman syndrome. The clinical picture of neutral lipid
storage disease with ichthyosis encompasses ichthyosis (a defect in
epidermal skin barrier formation) and typically severe hepatic steatosis.
We could show that CGI-58 acts as a potent activator of ATGL-mediated
TAG hydrolysis and that CGI-58 mutations, as present in neutral lipid
storage disease with ichthyosis patients, fail to stimulate ATGL activity
[81]. Interestingly, the clinical manifestations differ in patients carrying
mutated Atgl alleles, where skin development is normal and severe
(cardio)myopathy is the main clinical picture leading to the designation
neutral lipid storage disease with myopathy [82,83]. In mice, global
Cgi-58 deletion provokes a severe skin barrier defect and the mice die
several hours after birth due to rapid dehydration [84]. Newborn CGI-
58 deficient mice already showed massive TAG accumulation in the
liver demonstrating that CGI-58 plays a central role in hepatic TAG
homeostasis. However, the short life span of the mice hindered to fur-
ther study the role of CGI-58 in hepatic lipid metabolism and steatosis
development. To circumvent early postnatal lethality and to study the
impact of CGI-58-deficiency on hepatic lipid metabolism in adult mice,
an alternative strategy was followed utilizing antisense oligonucleo-
tides (ASO). The injection of ASOs targeting Cgi-58 mRNA expression
resulted in a dual> 90% knockdown of Cgi-58 mRNA expression in
white adipose tissue and liver, respectively [85]. The ASO-mediated
knockdown of Cgi-58 expression provoked an approximate 4-fold in-
crease in hepatic TAG levels on both, on regular chow diet or on HFD.
Unexpectedly, and with regard to the established role of CGI-58 in
stimulating ATGL-mediated TAG breakdown, the ASO-mediated
knockdown of Cgi-58 in adipose tissue (and liver) protected mice from
HFD induced obesity. Moreover, mice showed increased insulin sensi-
tivity despite a significant increase in DAG and ceramide levels in the
liver, which is considered to trigger the development of hepatic insulin
resistance. Hyperinsulinemic-euglycemic-clamp studies corroborate
findings showing sustained insulin sensitivity upon injection of Cgi-58
ASOs in mice on HFD [86]. Increased insulin resistance in control mice
was linked to elevated DAG levels specifically in the membrane fraction
thereby activating Protein kinase Cɛ as an inducer of liver insulin re-
sistance. In contrast, Cgi-58 knockdown led to DAG sequestration
within cytosolic LDs and/or lipid-associated ER rather than in the
membrane, and hence impeding Protein kinase Cɛ translocation to the
plasma membrane and consequently the induction of insulin resistance.
Besides hepatic steatosis and insulin sensitivity, the Cgi-58 knock down
provoked a marked reduction in hepatic TAG and CE secretion rates,
whereas FC secretion was normal. This finding might suggest that im-
paired TAG catabolism due to the ASO-mediated knockdown of Cgi-58
in the liver impairs hepatic lipolysis and FA incorporation into VLDL-
TAG and CE. However, the dual knock down of CGI-58 in adipose tissue
and liver upon ASO injection hinders to delineate the tissue specific role
of CGI-58 in VLDL production as both, changes in adipose and/or he-
patic lipolysis could affect VLDL TAG/CE secretion rates. Reduced
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plasma FA levels in fasted (and fed) ASO treated mice rather suggested
that low adipose tissue FA supply to the liver affects hepatic VLDL
production. In line with this assumption, the liver-specific deletion of
Cgi-58 via Cre-LoxP recombination provoked massive hepatic steatosis
and a 50-fold increase in hepatic TAG levels (compared to a 4-fold in-
crease applying Cgi-58 ASOs), which was well compatible with normal
VLDL secretion. We could demonstrate that ATGL-deficiency protects
mice from HFD-induced obesity via impaired peroxisomal-proliferator
activated receptor gamma (PPARγ)-induced fat synthesis and deposi-
tion in adipose tissue [87] independent of impaired adipose lipolysis,
which is expected to rather increase adipose TAG deposition. Although
speculative, it is conceivable that resistance to HFD-induced obesity of
Cgi-58 ASO injected mice similarly involves impaired PPARγ activation
due to inefficient stimulation of ATGL-mediated TAG hydrolysis in the
absence of its co-activator CGI-58. As aforementioned, and very similar
to humans carrying Cgi-58 mutations, liver-specific Cgi-58 deletion via
Cre-mediated recombination of Cgi-58 floxed alleles provokes severe
macrovesicular and microvesicular steatosis encompassing a>50-fold
increase in liver TAG content even on a normal chow diet [88]. In-
triguingly, and in strong contrast to hepatic ATGL-deficiency [70], the
lack of liver CGI-58 led to progression of NASH, showing increased
inflammation, ER stress and fibrosis. Notably, increased hepatic in-
flammation was also a main characteristic of ASO-mediated Cgi-58
knockdown in the liver [89]. Moreover, liver-specific Cgi-58 deletion
led to an increase in levels of free and esterified cholesterol [88], which
was not observed in mice with hepatic ATGL-deficiency [70]. In line
with the divergent NAFLD outcome of mice with hepatic ATGL- com-
pared to CGI-58-deficiency, the application of CGI-58-specific antisense
oligonucleotides led to an additional pronounced increase in liver TAG
levels of ATGL-deficient mice and the induction of hepatic inflamma-
tion [90]. These studies clearly suggest an ATGL-independent and CGI-
58-specific role in hepatic lipid metabolism. One possible scenario
would be that CGI-58 co-activates and/or recruits other lipid hydro-
lyzing or lipid modifying enzyme(s) and thereby affects neutral lipid
homeostasis. Taken together, mice with hepatic CGI-58 deficiency are
an important and promising model to study NAFLD progression to
NASH. Of note, for Cre-mediated liver-specific deletion of floxed alleles
the preferential Cre expressing system is the Albumin-Cre mouse model
[91]. Hepatic deletion of floxed alleles applying the so-called AlfpCre
mouse has been shown to promote hepatic steatosis indirectly via
changes in hypothalamic growth hormone metabolism [92]. We also
used the AflpCre mouse to delete Cgi-58 in hepatocytes and found that
AlfpCre mice already display mild hepatic steatosis and obesity com-
pared to wildtype controls (unpublished observation).

6.2. Targeting the shielding protein Perilipin 5

Albeit the molecular mechanism how CGI-58 activates the enzy-
matic activity of ATGL is unknown, several studies have demonstrated
that the CGI-58-dependent stimulation of ATGL lipolytic activity is
under regulation of the Perilipins, a family of LD-associated proteins
found in adipose and non-adipose tissues [32,93]. In oxidative organs
including the liver, CGI-58 is recruited by Perilipin 5 (Plin5) at the
surface of LDs and this interaction hinders CGI-58 to stimulate ATGL
activity. The PKA phosphorylation of Plin5 releases CGI-58 to act as
ATGL co-activator thereby increasing TAG hydrolysis [94]. The in vivo
role of Plin5 in the regulation of hepatic lipolysis via Plin5 interaction is
particularly evident in mice lacking Plin5, which show reduced neutral
lipid staining and TAG levels in hepatic tissues of mice on chow or HFD
and upon fasting [95]. The increase in lipolysis and FAO in Plin5-de-
ficient primary hepatocytes implicates that Plin5-deficient mice show
enhanced TAG catabolism most likely due to augmented availability of
non-bound CGI-58 to stimulate ATGL activity. Increased lipolysis in the
liver of Plin5-deficient mice additionally stimulates PPARα-induced
expression of genes from the FAO machinery, thereby increasing FAO
rates and possibly levels of reactive oxygen species, which may trigger

oxidative stress, inflammation and ER stress in these mice [95]. Besides
the consequences of Plin5-deficiency on hepatic lipolysis, this study
also showed increased hepatic Plin5 expression in patients presenting
liver steatosis and in ob/ob mice exhibiting benign liver steatosis. These
findings implicate that Plin5 may exert a protective role towards the
progression of NAFLD to NASH via decelerating lipolysis thereby low-
ering FFA levels to counteract lipotoxicity. In line with such an as-
sumption, transient adenovirus-mediated hepatic Plin5 overexpression
further increased hepatic steatosis in mice on HFD without the induc-
tion of liver injury or insulin resistance [96]. Together, mice lacking
Plin5 are an interesting model to study the impact of increased hepatic
lipolysis on NAFLD development.

6.3. Targeting the inhibitory protein G0S2

The lipolytic activity of ATGL is also under negative regulation by a
small protein designated as G0/G1 switch gene 2 (G0S2). G0S2 is re-
ciprocally expressed in adipose tissue and liver thereby coordinating
adipose TAG catabolism and FA supply to hepatic energy catabolism
[97]. Similar to the function of CGI-58 as an ATGL co-activator, G0S2-
mediated inhibition of ATGL lipolysis depends on the physical inter-
action with ATGL [98]. The critical role of G0S2 in hepatic TAG cata-
bolism is evident in mice globally lacking G0S2, which show a strong
decline in hepatic TAG levels on chow diet [99]. Particularly inter-
esting, these mice were resistant towards HDF-induced hepatic stea-
tosis, paralleled by reduced plasma alanine-aminotransferase and as-
partate-aminotransferase levels compared to controls indicating less
hepatic injury in the absence of G0S2. The siRNA-mediated knockdown
of G0 s2 exclusively in the liver enhanced hepatic lipolysis and reduced
hepatic TAG disposition implicating that the decline in hepatic TAG
levels of mice globally lacking G0S2 originates from the absence of
G0S2 in the liver. In contrast, and in line with this assumption, ade-
novirus-mediated hepatic overexpression of G0S2 increased hepatic
TAG content and reduced hepatic lipolysis via inhibition of ATGL-
mediated TAG catabolism. Notably, hepatic steatosis due to increased
hepatic G0S2 expression improves whole body glucose tolerance and
enhances hepatic glucose uptake [100]. Benign hepatic steatosis via
increased G0S2 expression in the liver and hence inhibition of hepatic
ATGL activity is in accordance with the more moderate NAFLD caused
by hepatic ATGL deletion and in contrast to hepatic CGI-58 deficiency
which provokes NASH.

In summary, ATGL plays a pivotal role in hepatic TAG and energy
catabolism. Remarkably, reduced or increased expression of all cur-
rently known ATGL co-regulators including CGI-58, Plin5 and G0S2
profoundly interferes with hepatic TAG homeostasis. Both, liver-spe-
cific deletion of either ATGL or the ATGL co-activator CGI-58 provoke
severe hepatic steatosis. Particularly interesting, exclusively CGI-58
deficiency in the liver provokes NASH demonstrating an additional and
ATGL-independent role of CGI-58 in liver lipid metabolism, which
triggers the transition from mild NAFLD to NASH. In depth character-
ization of these mouse models will ultimately lead to a better under-
standing on the pathways and factors causing NAFLD and the eventual
progression to NASH.

7. Targeting HSL and MGL

Although HSL catalyzes all three steps of TAG hydrolysis, HSL is
essential for the second step of the lipolytic cascade, the hydrolysis of
DAG to MAG (Fig. 1) [101]. Mice global lacking HSL are characterized
by DAG accumulation in many tissues, but exhibit reduced hepatic TAG
levels (and increased insulin sensitivity), indicating that HSL is not
essential in liver TAG catabolism [102]. This finding is challenged in
humans carrying mutated Hsl alleles, where the lack of HSL protein
provokes systemic insulin resistance and hepatic steatosis [103]. This
discrepancy was resolved by a very recent study where the impact of
adipose- versus liver-specific Hsl deletion on hepatic TAG homeostasis
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was investigated: Global or adipose-specific deletion of Hsl caused age-
dependent hepatic fat accumulation, whereas the lack of HSL specifi-
cally in the liver was compatible with normal hepatic TAG homeostasis
[104]. Moreover, adipose (or systemic) HSL-deficiency caused pro-
gressive lipodystrophy, macrophage infiltration and systemic insulin
resistance in aged mice [104]. These phenotypic changes were ac-
companied by decreased hepatic lipolysis, FAO and VLDL-TG produc-
tion, which altogether affect hepatic TAG homeostasis. Humans lacking
HSL are skinny in appearance and it is conceivable that the metabolic
changes presented in HSL-deficient mice play also a role in the devel-
opment of hepatic steatosis and insulin resistance in humans [103].
Similar to hepatic ATGL ablation, NAFLD caused by the lack of adipose
HSL does not trigger hepatic fibrosis and inflammation, which may
indicate that reduced ATGL lipolysis may play a role in NAFLD devel-
opment in HSL mutant mice. Together, these studies implicate that
hepatic steatosis in patients carrying mutated Hsl alleles rather origi-
nates from lipodystrophy, which then interferes with hepatic lipid and
energy metabolism. Besides the hydrolysis of TAG and DAG, HSL also
acts as a neutral CE hydrolase. As aforementioned, hepatic HSL-defi-
ciency in mice had no impact on hepatic TAG homeostasis [104]. In
contrast, global HSL-deficient mice exhibited CE accumulation on a
high cholesterol diet or on the Leptin-deficient background, paralleled
by reduced CE hydrolase activities in liver preparations indicative for
impaired CE catabolism in the absence of HSL [55]. Moreover, primary
hepatocytes from HSL-deficient mice already exhibited increased CE
levels and incubation with cholesterol rich low-density lipoprotein
further increased CE levels [55] suggesting that HSL participates in
hepatic CE catabolism. Another study showed increased CE levels in the
liver of HSL-deficient mice even on chow and HFD together with in-
creased expression of the cholesterol transporter ABCA1 in liver tissue,
further corroborating a role for HSL in hepatic CE catabolism [105].
The overall increase in plasma cholesterol levels was due to an increase
in HDL and VLDL cholesterol levels implicating that global HSL-defi-
ciency interferes with whole body cholesterol homeostasis. The raise in
plasma cholesterol of HSL-deficient mice may be an adaption to im-
paired hepatic CE catabolism and an increase in liver CE content,
leading to elevated hepatic ABCA1 expression, which could enhance
cholesterol efflux. Whether HSL-deficiency in humans [103] plays a
role in hepatic steatosis development and insulin resistance via im-
paired liver CE catabolism is actually unknown.

As aforementioned (see Fig. 1), MGL performs the third and final
step in TAG hydrolysis. Global MGL deficiency leads to MAG accumu-
lation in many tissues, including the liver [44]. One of the MAGs, 2-
arachidonoyl glycerol, is the most abundant endogenous ligand of
cannabinoid receptors, which is known to promote appetite and to
decrease energy expenditure [106]. However, MGL deficient mice to
not show hyperphagia and decreased locomotor activity since the
cannabinoid receptors are desensitized [44]. Yet, global deficiency of
MGL in mice significantly reduced hepatic VLDL-TAG secretion and
TAG deposition [44], most likely via reduced glycerol shuttling from
adipose tissue to the liver, where glycerol can be re-utilized for FA-
esterification and incorporation into VLDL-TAG. Additionally, Douglass
et al. [107] demonstrated reduced intestinal TAG secretion in MGL
deficient mice which may also impact hepatic TAG. Together, the
beneficial effect of MGL-deficiency on hepatic TAG homeostasis and
insulin sensitivity even on a HFD elucidates MGL as a prominent
pharmacological target to combat NAFLD development and progres-
sion.

In summary, every component of the lipolysis machinery, encom-
passing neutral lipid hydrolases and co-factors, may directly, via he-
patic or indirectly via adipose lipolysis and hepatic FA supply, impact
hepatic lipid metabolism and the development of NAFLD. Several
mouse models are available to study the effect of changes in adipose
tissue lipolysis on NAFLD development, which may mimic changes in
hepatic FA flux of obese patients. Studying the pathway(s) leading to
the progression from benign NAFLD to NASH in mice with hepatic CGI-

58 deficiency compared to hepatic ATGL deficiency (despite massive
hepatic fat accumulation in both mouse models) may increase our un-
derstanding of the factors that trigger the transition to pathological
NAFLD. Finally, various mouse models with impaired lipolysis are
available to test novel therapeutic strategies to counteract NAFLD/
NASH development caused by changes in liver and whole body lipid
and energy catabolism.

8. Targeting PNPLA3

A non-synonymous single nucleotide polymorphism in Pnpla3
(rs738409 C/G, a coding variant that encodes the amino acid sub-
stitution I148M) was found in a genome-wide association study to
strongly correlate with hepatic fat accumulation, susceptibility of a
more aggressive liver disease and a higher risk of developing liver fi-
brosis [108]. This notion brought much attention to PNPLA3, the third
member of the mammalian patatin domain containing protein family,
the closest homologue of the TAG hydrolase ATGL (PNPLA2), and also
termed Calcium-independent phospholipase A2 epsilon (iPLA2ε) or
Adiponutrin [109]. PNPLA3’s expression profile would rather suggest a
predominant role of PNPLA3 in adipose tissue metabolism because of
high mRNA expression in adipose tissue and much lower expression in
the liver [109]. Pnpla3 mRNA expression in white adipose tissue and
liver is upregulated upon food intake, while low upon fasting [109]. For
comparison, ATGL/PNPLA2, the rate-limiting TAG hydrolase in white
adipose tissue is inversely regulated to PNPLA3 and thus down-regu-
lated in white adipose tissue and liver upon feeding but upregulated
upon fasting [109]. Furthermore, PNPLA3 has been shown to localize to
LDs [63]. Thus, it appears plausible that PNPLA3 may function as
neutral lipid modifying enzyme on LDs, likely remodeling LD compo-
sition by hydrolase or acyltransferase activity. In fact, different groups
have demonstrated in in vitro activity assays that PNPLA3 exhibit lipase
activity for artificial TAG substrates [109], for TAG (triolein) [48,110],
for RE [63] and acyltransferase activity for LPA (LPAAT activity) [111].
However, these activities attributed to PNPLA3 have been questioned
by the inconsistent outcome of the aforementioned studies including
lack of RE hydrolase activity [110], insignificant TAG (triolein) hy-
drolase activity [111], and no LPAAT activity [110]. Interestingly, the
I148M mutant of human PNPLA3 was reported to represent a loss-of-
function mutation for TAG and RE hydrolytic activities [48,63], while it
was reported to represent a gain-of-function mutation for LPAAT ac-
tivity [111].

Insights into this conflicting observations around PNPLA3’s enzy-
matic activities, whether PNPLA3 exhibits hydrolytic or acyltransferase
activity and whether I148M represents a loss- or gain-of-function mu-
tation, can be obtained from cell experiments and animal models.
Expression of murine or human PNPLA3, led to increased cellular TAG
content in mammalian cell lines, while this increase in TAG content was
even higher upon expression of the I148M variant (Kumari et al., 2012).
Liver-specific transgenic overexpression of the PNPLA3 mutant I148M,
but not of wild-type PNPLA3, led to increased hepatic TAG content,
recapitulating the liver phenotype of individuals carrying the rs738409
C/G polymorphism [113]. The TAG liver content of liver-specific
transgenic mice expressing the I148M variant of PNPLA3 was further
increased when mice were fed a high sucrose but not a high fat diet.
Furthermore, in-depth analysis of livers of I148M Pnpla3 liver-specific
transgenic mice revealed that LDs were increased in number and size,
and hepatic FA and TAG biosynthesis were elevated [113]. Further-
more, the hepatic TAG pool of PNPLA3 transgenic mice comprised of
increased amounts (% of total), of the FA oleate (C18:1), while levels of
poly-unsaturated FAs, such as FA C20:4 and C22:4/5/6, were decreased
[113]. These changes in FA species composition suggests increased TAG
biosynthesis and remodeling, since FA C18:1 is typically very abundant
in the diet. Furthermore, primary hepatocytes of liver-specific trans-
genic mice expressing the PNPLA3 mutant I148M exhibited reduced
glycerol release, indicative for defective TAG hydrolysis. Interestingly,
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in these transgenic I148M mutant Pnpla3mice, the hepatic levels of LPA
was tentatively decreased (~30%) [113], which would support the
gain-of-function hypothesis that mutant I148M PNPLA3 exhibits in-
creased LPAAT activity [111]. Interestingly, also the “physiological
expression” of the I148M PNPLA3 mutant using a I148M mutant Pnpla3
knock-in mouse model showed increased liver fat content, but only
when mice were fed a high sucrose diet and not when fed chow diet
[114]. Another study, using Pnpla3 knockout mice, showed decreased
LD-associated LPAAT activity in livers, accompanied by decreased LD-
associated PA content [111]. However, two independent studies on
Pnpla3 knockout mice (i.e. loss-of-function model) concluded that
PNPLA3-deficiency does not affect overall body composition, energy
homeostasis, glucose homeostasis, insulin sensitivity, and does not
provoke increased hepatic fat content [115,116], indicating that the
I148M mutation of PNPLA3 is not “simply” a dead mutation, solely
inactivating PNPLA3 function. Thus, the genetic deletion and loss of
PNPLA3 function is not the main mechanism by which human I148M
variant of PNPLA3 provokes fatty liver disease or metabolic disorders.
Given the results from the I148M Pnpla3 transgenic mice that the
overexpression, at least in combination with a high sucrose diet, pro-
vokes fatty liver [113] suggests that the I148M polymorphism represent
a gain-of-function mutation. Alterations in TAG species composition of
transgenic I148M Pnpla3 mutant mice in conjunction with the reported
gain of LPAAT activity of the I148M Pnpla3 mutant would suggest a
physiological role of PNPLA3 in LD synthesis and remodeling. This
hypothesis is seemingly supported by the observation in affected human
subjects, who exhibit in addition to increased liver fat content, smaller
adipocytes in their adipose tissue [117].

The observation that PNPLA3, in addition to its potential role as
LPAAT and TAG lipase, may also act as RE hydrolase was made after the
generation of the knockout, transgenic and knock in mouse models.
Thus, in any of these mouse models the mobilization of RE stores has
not been addressed. Yet, two studies [63,112] using primary human
hepatic stellate cells and the human hepatic stellate cell line LX-2 de-
monstrated that expression of wild-type PNPLA3 but not of the I148M
mutant PNPLA3 affects RE homeostasis in HSCs, concluding that the
I148M variant represents a loss-of-function mutation. In line with such
an assumption, humans carrying the I148M PNPLA3 mutation exhibit
decreased plasma retinol levels and increased hepatic RE content
[118,119].

9. Targeting Ces3/TGH

VLDLs are fundamental for the distribution of endogenous TAG
from the liver to peripheral tissues. In liver, VLDLs are synthesized in
hepatocytes and are stuffed with neutral lipids, a large portion being
TAGs [120]. Storages sites of TAGs molecules are LDs, which may re-
side in the cytosol, in close proximity to the ER membranes or in the
lumen of the ER [121]. Interestingly, expression of ATGL and in par-
ticular of HSL, the classical lipases of TAG catabolism, is very low in
liver [45,55,122]. Expression of HSL is higher in the parenchymal than
non-parenchymal cell fractions [55]. Furthermore, overexpression or
ablation of HSL or ATGL in the liver does not affect hepatic VLDL se-
cretion [69,123], suggesting that other lipases, which may reside in the
lumen of the ER, are crucial for VLDL synthesis. One of the best-in-
vestigated luminal carboxylesterases in murine liver is Ces3/TGH (the
human homologue is annotated as CES1 and is also termed neutral
cholesteryl ester hydrolase, NCEH or CEH). Ces3 was initially isolated
from porcine liver microsomes [124]. It was named TGH because of its
in vitro lipase activity against medium- and long-chain TAG [124],
although Ces3 also hydrolyzes CEs [125]. In the mouse, Ces3 is highly
expressed in the liver and to a lesser extent in adipose tissue, heart,
kidney, and small intestine [126]. Already initial studies [127] in the
rat hepatoma cell line McA-RH7777 stably expressing rat Ces3 revealed
that Ces3 promotes VLDL secretion while glycerol release was not
changed. This was indicating that Ces3 rather plays a role in mobilizing

hepatic TAG stores via VLDL secretion than via lipolysis, i.e. the cata-
bolism of TAG from cytosolic LDs. This prominent role of Ces3 in VLDL
secretion was further corroborated by inhibitor studies, where treat-
ment of rat primary hepatocytes with a Ces3 specific inhibitor almost
completely blunted apolipoprotein B-100 and TAG secretion into the
supernatant [128]. Similar to cell experiments also the inducible
transgenic expression of Ces3 in mice led to increased plasma TAG and
apolipoprotein B-100 levels upon fasting [129]. Conversely, ablation of
Ces3 in mice resulted in decreased plasma TAG and apolipoprotein B-
100 and FFA levels in both fasted and fed state [130]. Authors argued
that the decreased plasma FA levels in Ces3 knockout mice may be a
result of decreased lipolysis in the adipose tissue, since Ces3 is also
expressed in adipose tissue and participates in adipose tissue basal li-
polysis [130–132]. However, it was unexpected that despite decreased
VLDL secretion of Ces3 knockout mice, their livers were not steatotic
but hepatic TAG content was even reduced [130]. Furthermore, Ces3
knockout mice exhibited increased respiratory quotient and increased
glucose tolerance and insulin sensitivity, indicative for elevated glucose
utilization because of decreased FA availability [130].

To address the specific role of Ces3 in hepatic TAG and CE home-
ostasis, two liver specific Ces3 knockout mouse models, one on wild-
type background and the other on low-density lipoprotein receptor (Ldlr)
knockout background, respectively, were generated [56,58]. Similarly,
as observed in the global Ces3 knockout mouse model, also the liver
specific Ces3 knockout mouse model on wild-type background ex-
hibited decreased VLDL secretion [58]. Interestingly, in this same study
it was found that male (but not female) mice exhibit increased hepatic
TAG and CE contents, suggesting that TAG and CE may be the phy-
siological substrates of Ces3. This increase in hepatic TAG and CE
contents was accompanied by increased number of smaller cytosolic
LDs [58], indicating that Ces3-deficiency counteracts FA supply for
VLDL-TAG synthesis and thereby promotes the formation of nascent
LDs in the cytosol. In contrast to global Ces3 knockout mice, liver
specific Ces3 knockout mice showed unchanged plasma FA levels upon
feeding or fasting as well as unaltered glucose tolerance and in females
deteriorated insulin sensitivity [58]. Since decreased plasma FA levels
as well as improved glucose tolerance and insulin sensitivity were solely
observed in global Ces3 knockout mice [130], it is conceivable that
reduced adipose TAG catabolism and consequently lower FA release
provokes increased glucose utilization and not impaired VLDL secre-
tion. The second mouse model, Ces3-deficiency on a Ldlr knockout
background, showed unaltered hepatic TAG as well as CE contents,
increased atherosclerotic lesions, and decreased fecal sterol content,
indicating that hepatic Ces3 activity is required for efficient sterol
elimination [56].

The beneficial impact of global Ces3 deficiency on hepatic TAG
homeostasis was further tested on the Phosphatidylethanolamine N-me-
thyltransferase (Pemt) knockout and the Ldlr knockout background,
which are established mouse models resembling NASH and NAFLD.
Notably, Ces3/Pemt as well as Ces3/Ldlr deficient mice on a HFD
feeding exhibited decreased liver inflammation, oxidative stress and
fibrosis as well as decreased NASH, respectively, as compared to lit-
termates [133]. These ameliorations of NAFLD and NASH development
and progression cannot simply be attributed to decreased VLDL secre-
tion and decreased plasma FFA levels but obviously involve a complex
network of metabolic consequences, which are entailed by Ces3-defi-
ciency. Together, the improvement of NAFLD and NASH in Ces3
knockout mice renders the human orthologue CES1 as a therapeutic
target for the treatment of hypertriglyceridemia, insulin resistance, and
of various stages of fatty liver disease.

10. Targeting Ces1/Es-x

Another member of the large carboxylesterase family is murine
Ces1/Es-x (recently annotated as Ces1g) [134]. The human homologue
of murine Ces1/Es-x is thought to be CES1, consisting of three variants
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(CES1A1 to CES1A3). Murine Ces1 shares around 76% protein sequence
identity with murine Ces3/TGH and also contains an N-terminal hy-
drophobic signal peptide, which directs the protein into the microsomal
lumen and a C-terminal HVEL consensus sequence for retaining the
protein in the lumen of the ER [135]. Ces1/Es-x is mainly expressed in
liver and to a much lower degree in kidney and lung [136]. Purified
Ces1/Es-x was demonstrated to hydrolyzes the artificial ester substrate
4-methyl umbelliferyl heptanoate (=hydrophobic short chain monoe-
ster) [51]. Adenoviral overexpression of Ces1/Es-x led to increased TAG
hydrolase activity in cell and liver lysates [137]. Further clues on the
physiological role of Ces1/Es-x in liver derived from expression ex-
periments in rat McArdle-RH7777 hepatocytes [51]. That said, Ces1/
Es-x stably expressing cells contained less TAG but produced increased
amounts of acid soluble metabolites, indicating a repartitioning of FAs
from TAG storage to beta-oxidation [51].

Further insights into the physiological role of Ces1/Es-x in liver lipid
metabolism were obtained from the Ces1/Es-x knockout mouse model
[138]. Ces1/Es-x knockout mice exhibited elevated plasma lipid levels
(including TAG, cholesterol, CE, phospholipids, and FAs), which was
most likely due to increased VLDL secretion [138]. Hepatic TAG de-
position (3-fold increased) led to steatosis, which was accompanied by
obesity. In liver of Ces1/Es-x knockout mice, the expression of the
transcription factors sterol-regulatory element binding protein-1c and 2
was upregulated, which is known to induce lipogenesis and hepatic
TAG deposition [139,140]. Authors speculated that polyunsaturated FA
species such as FA22:6 of the TAG pool might be the preferred substrate
of Ces1/Es-x and thus these polyunsaturated FAs accumulate in TAGs of
Ces1/Es-x deficient mice. This defect in the release of certain poly-
unsaturated FAs might be directly linked to increased sterol-regulatory
element binding protein expression and lipogenesis, since poly-
unsaturated FAs have been shown to suppress sterol-regulatory element
binding protein activity and to enhance its proteosomal degradation
[141,142]. Because of the obese phenotype of Ces1/Es-x knockout mice,
it was not surprising that these mice were hyper-insulinemic and ac-
cordingly less insulin sensitive. Interestingly, the plasma and liver
phenotype (lipid accumulation and defective insulin signaling) of Ces1/
Es-x deficient mice could be reversed by transgenic expression of Ces1/
Es-x exclusively in the liver, pinpointing that Ces1/Es-x is an important
lipid-hydrolyzing enzyme in the liver, thereby affecting hepatic lipid
and energy metabolism.

From the transgenic and knockout mouse models it is obvious that
Ces1/Es-x exerts different functions in hepatic lipid catabolism as
compared to Ces3/TGH, albeit both proteins share high sequence
homology and both reside in the lumen of the ER and apparently hy-
drolyze TAG. Similar to CES3, also Ces1/Es-x is an important hepatic
enzyme playing a dual role in hepatic lipid homeostasis by interfering
with both, VLDL formation and lipogenesis, by mechanisms involving
polyunsaturated FA derived signaling lipids and sterol-regulatory ele-
ment binding protein activation. Furthermore, it has been shown that
Ces1/Es-x is a target gene of the farnesoid X receptor [137]. Accord-
ingly, oxysterols induce the expression of CES1/Es-x, which in turn
releases specific polyunsaturated FAs from TAG stores and/or choles-
terol from CEs. Polyunsaturated FAs and free cholesterol are known to
activate PPAR-alpha and beta-oxidation and to inhibit hepatic sterol-
regulatory element binding protein processing and function, respec-
tively [137,143]. However, to translate the important role of Ces1/Es-x
to human liver lipid homeostasis, a mouse model examining human
CES1 variants would be required. Since the murine Ces1 family com-
prises of eight members, while the human CES1 family comprises of
three members [134], it is unclear if the physiological role of Ces1/Es-x
is conserved in humans.

11. Targeting LAL

Neutral lipid esters of two different sources may undergo acid hy-
drolysis: Neutral lipid esters, which derive from the endocytic pathway

via the endocytosis of neutral lipid ester-rich lipoprotein particles (e.g.
chylomicron remnants), or neutral lipid esters, which derive from cy-
tosolic LDs and are engulfed from autophagosomes and fuse with ly-
sosomes, undergo lysosomal degradation. The latter process is termed
lipophagy (for recent reviews see [144–146]). Either way, the im-
portance of acid hydrolysis of neutral lipid esters in lysosomes is evi-
dent from mutations in the LAL gene. Mutations with functional dis-
ruption of LAL activity are causative for autosomal recessive lysosomal
storage disorders. Patients presenting complete disruption of LAL ac-
tivity develop the more severe form of lysosomal storage disease,
known as Wolman disease (OMIM #278000), and usually die within the
first year [147]. Patients with mutations in LAL, which retain residual
LAL activity (1–12%, [148]), develop cholesteryl ester storage disease
(OMIM #278000) and life until adulthood [149]. General symptoms
include CE and TAG accumulation in many tissues encompassing severe
hepatic CE and TAG accumulation together with a yellowish and greasy
appearance of the liver, hepatosplenomegaly, dyslipidemia/hyperlipi-
demia, and infiltration of lipid-filled Kupffer cells [147,150]. Fasting
plasma dyslipidemia is characterized by increased TAG and LDL-cho-
lesterol content, and accompanied by increased apolipoprotein-B levels,
while HDL-cholesterol content is decreased, indicative for increased
VLDL secretion [59,151]. In Wolman disease, secondary abnormalities
due to chronic diarrhea and malabsorption may lead to a decline of fat
in subcutaneous tissue [152,153].

Similar to affected humans, also Lal knockout mice exhibit massive
CE and TAG accumulation in the liver and many other tissues, hepa-
tosplenomegaly, proliferation of hepatocytes and Kupffer cells, and
reduced survival [57,154,155]. Massive accumulation of CE in the liver
leads to the formation of cholesterol crystals [57], which may disturb
cellular integrity and induce an inflammatory response. Similar to pa-
tients, Lal knockout mice show increased plasma free FAs and LDL
cholesterol levels, while HDL cholesterol level are decreased and total
cholesterol and TAG levels are normal [57]. More recently, LAL has
been shown not only to degrade CE and TAG in lysosomes but also REs
[53]. However, LAL-deficient mice exhibit reduced and not increased
hepatic RE content. This is likely a consequence of defective intestinal
absorption/decreased nutritional availability of vitamin A, since LAL-
deficient mice exhibit lower postprandial circulating RE levels. Fur-
thermore, prolonged, 12 h-fasting of LAL-deficient mice led to reduced
VLDL secretion and lowered plasma TAG levels [156]. Reduced VLDL
secretion after such prolonged fasting may be a result of diminished FA
supply via the circulation because LAL-deficient mice exhibit a lipo-
dystrophy-like phenotype, largely devoid of adipose tissue depots [57].
On the other hand, reduced VLDL secretion upon fasting may also in-
dicate defective lipophagy in these animals, since in the fasted state,
liver lipophagy is thought to significantly contribute to FA supply as
building blocks and as energy substrate [54]. This view is supported by
observations that inhibition of lysosomal activity upon chloroquine
treatment lowers VLDL secretion of hepatocytes and murine liver
[157,158] and that Atg7 knockout mice develop hepatosteatosis [54].
Thus, the obvious defect in CE and TAG mobilization in liver and other
tissues of LAL-deficient mice may suggest defective autophagy as cause
for hepatic steatosis. However, it is difficult to dissociate between the
contribution of i) lipoprotein-particle associated lipid uptake, ii) lipo-
phagy of cytosolic LDs, and iii) impaired whole-body lipid supply as a
consequence of progressive loss of adipose tissue in these mice
[57,156]. Additionally, more recent studies have indicated that the li-
pophagy and lipopolytic pathway are apparently linked together via a
process termed chaperon-mediated autophagy [159]: LD-associated
proteins, such as perilipins or ATGL, carry a canonical KFERQ motif,
which allows the direct interaction with the protein 1A/1B-light chain 3
(LC3), which initiates the formation of autolysosomes and finally li-
pophagy [160,161]. Thus, in view of such interrelation between lipo-
phagy and lipolysis, both processes obviously go hand-in-hand and,
thus, their relative contributions is hard to assess.

Overall, global deletion of LAL in mice results in a phenotype that
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mirrors more closely cholesteryl ester storage disease in humans. To
date it is unclear, why in mice the phenotype of LAL-deficiency is more
moderate. Possible explanations could be that additional lysosomal
activities for neutral lipid ester hydrolysis in mice exist, which can
partially compensate for the loss of LAL activity or differences in lipo-
protein metabolism when considering the different lipoprotein profile
of mice compared to humans with regard to LDL cholesterol levels.
Furthermore, the clearance of TAG and RE of endocytosed particles may
occur rather in the endosome at neutral pH than in the lysosome [162].
That's why the relative accumulation of CE vs TAG and RE is much
higher (40-fold vs 2-fold accumulation of CEs and TAGs, respectively),
while the amount of REs were actually decreased [53]). These differ-
ences in the degree of hepatic CE vs TAG accumulation is also evident
from patients suffering Wolman and cholesteryl ester storage disease,
who show around 50–100-fold increase in CE, while that of TAG is
merely 7 to 10-fold increased [59]. Apart from this discrepancy of very
different magnitude of accumulation of different neutral lipid ester
classes and the overall contribution of lipophagy to whole liver neutral
lipid mobilization, it is also unclear, why large amounts of cholesterol
(crystals) actually accumulate in hepatocytes and Kupffer cells and both
cell types massively proliferate [155]. From textbook knowledge, one
would assume rather a major contribution of hepatocytes to the uptake
of chylomicron remnants, the mobilization of neutral lipids of cytosolic
LDs, and the secretion of neutral lipids via VLDL. One would expect a
defect in lysosomal activity would lead to very pronounced accumula-
tion in hepatocytes rather than in Kupffer cells. Since Kupffer cells are
obviously largely affected, it suggests that at least under such patho-
logical conditions, Kupffer cells significantly participate in the uptake
and turnover of exogenous neutral lipids. Furthermore, it has been
suggested that upon HSC activation, LAL activity (via lipophagy) drives
the loss of cytosolic LD-associated neutral lipid stores [65,163], a
hallmark associated with the development of liver fibrosis. Moreover,
inhibition of LAL activity has been shown to attenuate HSC activation
in cell culture [64]. Yet, the phenotypes of mice and humans, deficient
in LAL activity argue against this view, since LAL-deficient mice exhibit
reduced hepatic RE stores [53] and>50% of cholesteryl ester storage
disease patients have documented evidence of fibrosis [164]. Thus, it
suggests that LAL activity is not essential for hepatic RE mobilization
and HSC activation.

Table 1 summarizes the different mouse models and studies to in-
vestigate the physiological impact of modulating hepatic neutral lipid
ester mobilization.

12. Conclusions

The emerging picture of the genetic mouse models targeting hepatic
lipid mobilization reveals that lipases of different organelles are em-
bedded in a specific metabolic network and if absent it strongly inter-
feres with hepatic lipid homeostasis and lipid-related liver pathologies.
Apparently, the sites of uptake, synthesis and storage of neutral lipid
esters are interconnected, but if defective, the metabolic derangement
can only be partially compensated by shifting the lipid overload (by
mean of e.g. FAs) to other sites for processing.

Genetic mouse models lacking or overexpressing ATGL or ATGL co-
regulators in the adipose tissue have clearly demonstrated the high
impact of adipose lipolysis and adipose tissue derived FAs on hepatic FA
homeostasis. Thus, future studies will clarify whether the pharmaceu-
tical inhibition of adipose tissue lipolysis constitutes a strategy for the
treatment of fatty liver diseases.

Lipases of cytosolic LDs apparently do not directly affect TAG in-
corporation into VLDL, but deliver FAs for energy production and as
ligands for the activation of nuclear receptors (such as PPARs).
Particularly interesting, even severe hepatic steatosis as evident in mice
with hepatic ATGL-deficiency does not detrimentally affect liver func-
tion and is compatible with normal hepatic insulin sensitivity. In strong
contrast, hepatic steatosis caused by hepatic deficiency of the ATGL co-

activator CGI-58 provokes NASH, implicating that additional changes
in hepatic lipid catabolism may involving lipid signaling pathways that
act as a trigger in the progression from benign NAFLD to NASH. To
identify and characterize the molecular pathway behind these di-
vergences will definitely increase our knowledge in understanding the
mechanism(s) in the transition from benign steatosis to hepatic in-
flammation, ER stress and fibrosis as an instigator of severe liver dis-
eases. Conversely, the disruption or overexpression of lipid hydrolases
at the ER profoundly affect VLDL lipid synthesis. The lack of ER-related
hydrolases may thereby promote FA channeling for storage within cy-
tosolic LDs and for energy production by mitochondrial FAO.
Interestingly, the substrates for the lipid hydrolases at the ER, i.e. Ces3/
TGH and Ces1/Es-x, may not be long-chain TAGs and the elucidation of
the nature of the preferred lipid substrates will be of particular interest.
In any case, the Ces3/TGH and Ces1/Es-x mouse models clearly de-
monstrate the important role of ER residing esterases/lipases in de-
termining VLDL secretion rate. Thus, inhibition of ER residing proteins
will interfere with hepatic TAG homeostasis and of therapeutic use for
ameliorating hyperlipidemia.

The molecular mechanisms how PNPLA3 determines hepatic TAG
homeostasis and more detrimental NAFLD in humans (and mice) either
via acting on lipid synthesis or lipid hydrolysis in the liver (and likely in
adipose tissue) is still incompletely understood and a challenge for fu-
ture studies. The lysosomal clearance of lipoprotein associated neutral
lipid esters is, no doubts, the sole gateway for certain neutral lipid es-
ters classes. CE breakdown apparently and largely depends on lyso-
somal activity, while this pathway is much less important for the cat-
abolism of TAG and REs. Whether these neutral lipid esters are
preferentially cleared already in the endosome or alternative lipases
play a role in addition to LAL awaits further investigation. Moreover,
and at least in murine liver, even after prolonged fasting, acid hydro-
lysis of cytosolic LDs via lipophagy does not significantly contribute to
FA supply and in particular to VLDL synthesis and secretion, asking
whether lipophagy participates in VLDL production in humans and in
the context of NAFLD development.

From the phenotype of the described mouse models, it is evident
that the rate-limiting enzyme in liver RE mobilization is unknown or,
alternatively, the mobilization of REs might be a highly redundant
system and may involve several enzymes that can compensate the lack
of each other. Similarly, the principal enzyme in neutral CE breakdown
in the liver awaits to be identified or exerts similar redundancy as in-
dicated for RE mobilization.

The specific role of parenchymal and non-parenchymal cells in
neutral lipid metabolism is incompletely understood. Apparently, at
least under pathological conditions, non-parenchymal cells including
Kupffer cells and HSCs may play a very prominent role in liver disease
progression and resolution.
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Table 1
Summary of genetic mouse models to study hepatic lipid catabolism⁎.

Genetic manipulation Function of gene Changes in serum Changes in liver Global effect/conclusion Ref.

Global ATGL ko TAG, RE
hydrolase

↓ fasting FFA
↓ fasting TAG
↓ fed insulin
= ROH

↑ TAG
= RE
↑ p-HSL

ATGL rate-limiting TAG hydrolase; ATGL ko
improves GTT and ITT; ATGL not rate-limiting
for RE hydrolysis

Haemmerle et al. Science
2006 [42]
Taschler et al. BBA 2015
[62]

Global ATGL ko challenged with
tunica-mycin

TAG hydrolase ↓ ApoB-100 ↑ TAG, ↓ iNos
↓ TNFα
↓ Chop, ↓ ErdJ4

ATGL-ko protects against hepatic ER stress
and inflammation

Fuchs et al. Hepatology
2012 [72]

Global ATGL ko challenged with
methionine-choline-
deficient diet

TAG hydrolase ↑ TNFα
↑ IL6
↓ FGF21

↑ TAG, ↑ TNFα
↑ iNos, ↑ IL6
↑ MCP-1

ATGL-ko increases susceptibility to MCD- and
LPS-induced NASH

Jha et al. 2014 [74]

Liver specific ATGL ko TAG hydrolase = lipids
↑ ALT
↑ ALT/AST

↑TAG ATGL rate-limiting TAG hydrolase in liver,
ATGL-ko in liver induces progressive hepatic
steatosis

Wu et al. Hepatology 2011
[70]

Adipose specific CGI-58 ko ATGL co-
activator

↓ fasting FFA
↓ fasting glycerol
↓ fasting insulin
↓ FGF21

↓ fasting TAG
↓ PPARα signaling
↑ CREBH

hepatic FGF21 and PPARα-regulated gene
expression depends on exogenous FA supply

Jaeger et al. J Hepatol 2015
[76]

Global CGI-58 ko ATGL co-
activator

↑ TAG severe skin defect: specific role of CGI-58 in
skin, independent of ATGL

Radner et al. JBC 2010 [84]

ASO mediated CGI-58
knockdown in WAT and
liver on HFD

ATGL co-
activator

↑ ALT, ↑ AST
↓ fed TAG,
↓ NEFA
↓ VLDL secretion
↓ ketone b.
↓ glucose

↑ TAG, ↑ DAG
↓ NEFA, ↑ PG
↑ ceramide

CGI-58 ko prevents HFD-induced obesity,
hepatic insulin resistance, more prone to
hepatic inflammation, via mechanism distinct
of ATGL

Brown et al. JLR 2010 [85]
Cantley et al. PNAS 2013
[86]
Lord et al. Diabetes 2012
[89]
Lord et al. Cell Rep. 2016
[90]

Liver-specific Cgi-58 ko ATGL co-
activator

= lipids
↓ ketone b.

↑ TAG, ↓ PL
↑ CE, ↑ Chol
hepatomegaly

CGI-58 ko induces steatohepatitis and fibrosis Guo et al. JLR 2013 [88]

Liver-specific Plin5 ko LD shielding
protein

↑ ALT
↑ AST

↓ TAG, ↑ NEFA
↑ MDA, ↑ 4HNE

Plin5 ko induces hepatic lipotoxicity by
increased lipolysis

Wang et al. Hepatology
2014 [95]

Adenoviral overexpression of
Plin5 in liver

LD shielding
protein

= lipids
= ketone b.

↑ TAG, ↑ DAG
↑ CE, liver injury

Plin5 overexpression induces hepatosteatosis
but not insulin resistance

Trevino et al. Mol
Endocrinol 2015 [96]

Global or liver specific G0/S2
ko

ATGL inhibitor ↑ NEFA, ↓ ALT
↓ AST
↑ ketone b.

↓ TAG
↑ glycogen

G0/S2 ko induces resistance to HFD-induced
hepatic steatosis, improves insulin sensitivity

Zhang et al. Diabetes 2014
[99]

Hepatic G0/S2 overexpression ATGL inhibitor ↑ TAG
↓ ketone b.
↑ LDL/VLDL Chol

↑ TAG, ↑ NEFA
↓ glycerol
↑ glucose uptake
hepatomegaly

Improved whole body glucose tolerance;
increased hepatic glucose uptake

Wang et al. PLoS One 2013
[100]

Global HSL ko DAG, TAG, MAG,
CE, RE hydrolase

↓ fasted TAG
↓ fasted NEFA
↓ fasted insulin
↓ adiponectin

↓ TAG, ↑ CE
↓ CE hydrolase
activity

HSL ko increases hepatic insulin sensitivity Voshol et al. Endocrinology
2003 [102]
Sekiya et al. JLR 2008 [55]

(global, liver-) or adipose-
specific Hsl ko

DAG, TAG, MAG,
CE, RE hydrolase

↓ FFA, ↓ TAG
↓ adiponectin
↓ leptin
↓ VLDL secretion

↑ weight
↑ TAG
↓ FAO steatosis

Adipose-specific HSL ko induces
lipodystrophy and fatty liver

Xia et al. PLoS Genet 2017
[104]

Liver specific HSL ko on chow
and HFD

DAG, TAG, MAG,
CE, RE hydrolase

↑ Chol
↑ HDL-Chol
↑ VLDL-Chol
↑ VLDL-TAG
↑ IDL/LDL-TAG

on HFD:
↑ CE
↑ ABCA1
↓ LDL-receptor

HSL is critical for cholesterol homeostasis in
liver

Fernandez et al. Am J
Physiol Endocrinol Metab
2018 [105]

Global MGL ko MAG hydrolase ↓ glycerol
↓ fasting TAG
↓ VLDL secretion

↑ MAG
↑ 2-AG
↓ TAG

MGL ko improves insulin sensitivity and
glucose tolerance

Taschler et al. JBC 2011
[44]

Liver specific PNPLA3I148M

expression
TAG hydrolase
LPAAT

= TAG
= CE
= VLDL secretion

↑TAG
↑ CE

PNPLA3I148M expression in liver recapitulates
hepatic steatosis in humans

Li et al. JCI 2012 [113]

PNPLA3I148M knock-in on high
sucrose vs S47A PNPLA3

TAG hydrolase
LPAAT

= ALT
= AST

↑TAG inactive S47A variant of PNPLA3 similar as
PNPLA3I148M induces NAFLD

Smagris et al. Hepatology
2015 [114]

Global PNPLA3 ko TAG hydrolase
LPAAT

↓ PA activity
↓ PA/LPA ratio

PNPLA3 function as LPAAT and PNPLA3I148M

is a gain of function mutation
Kumari et al. Cell Metab
2012 [111]

Inducible transgenic expression
of Ces3

TAG hydrolase ↑TAG, ↑ Chol
↑ apo B-100

Ces3 induces VLDL secretion, proatherogenic
lipid profile

Wei et al. JLR 2007 [129]

global Ces3 ko TAG hydrolase ↓ Chol, ↓ CE
↓ TAG, ↓ FFA
↓ apo B-100

↓ TAG Improved glucose tolerance and insulin
sensitivity because of decreased WAT lipolysis

Wei et al. Cell Metab 2010
[130]

Liver-specific Ces3 ko TAG hydrolase ↓ Chol
↓ CE
↓ PL
↓ TAG
↓ lipoproteins

↑ TAG
↑ CE in males
↑ number of smaller
LDs
↓ p-HSL

Ces3 ko decreases plasma lipids and induces
hepatic steatosis

Lian et al. Hepatology 2012
[58]

(continued on next page)
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