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Abstract

Fatty acids (FAs) are stored safely in the form of triacylglycerol (TAG) in lipid droplet (LD)
organelles by professional storage cells called adipocytes. These lipids are mobilized during
adipocyte lipolysis, the fundamental process of hydrolyzing TAG to FAs for internal or systemic
energy use. Our understanding of adipocyte lipolysis has greatly increased over the past 50 years
from a basic enzymatic process to a dynamic regulatory one, involving the assembly and
disassembly of protein complexes on the surface of LDs. These dynamic interactions are regulated
by hormonal signals such as catecholamines and insulin which have opposing effects on lipolysis.
Upon stimulation, patatin-like phospholipase domain containing 2 (PNPLA2)/adipocyte
triglyceride lipase (ATGL), the rate limiting enzyme for TAG hydrolysis, is activated by the
interaction with its co-activator, alpha/beta hydrolase domain-containing protein 5 (ABHD5),
which is normally bound to perilipin 1 (PLIN1). Recently identified negative regulators of
lipolysis include GO/G1 switch gene 2 (G0S2) and PNPLAS3 which interact with PNPLA2 and
ABHDS5, respectively. This review focuses on the dynamic protein-protein interactions involved in
lipolysis and discusses some of the emerging concepts in the control of lipolysis that include
allosteric regulation and protein turnover. Furthermore, recent research demonstrates that many of
the proteins involved in adipocyte lipolysis are multifunctional enzymes and that lipolysis can
mediate homeostatic metabolic signals at both the cellular and whole-body level to promote inter-
organ communication. Finally, adipocyte lipolysis is involved in various diseases such as cancer,
type 2 diabetes and fatty liver disease, and targeting adipocyte lipolysis is of therapeutic interest.

Introduction

The main function of the adipocyte is to act as a buffer for the storage of excess fatty acids
(FAs) as inert triacylglycerols (TAGSs) in organelles termed lipid droplets (LDs) (1). When
energy demand is increased, TAGs are subsequently broken down into their constituent FAs
and glycerol through the highly active and dynamic biochemical process of lipolysis. Once
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released, FAs have a variety of fates including oxidation for energy in the form of ATP, re-
esterification back into TAGs (2), and also functioning as signaling molecules (3-5). In
brown adipose tissue (BAT), a thermogenic organ, FAs can function as both fuel and
allosteric activators of non-shivering thermogenesis (6, 7). While FAs are essential metabolic
substrates used for cellular energy, in excess, FAs can have deleterious effects through the
buildup of toxic lipid metabolites (8) in a condition known as lipotoxicity (9). This excessive
spillover of FAs from adipocytes into non-adipose tissues results in numerous abhorrent
processes such as inflammation (10), insulin resistance (11), and apoptosis (9). As a result,
adipocyte lipolysis requires exquisite regulation at the physiological level by hormones that
have opposing effects. On the surface of the LD, dynamic protein-protein interactions
control the trafficking, activation, and inhibition of the lipases involved in lipolysis (12-16).

The canonical pathway of adipocyte lipolysis is catalyzed by three main lipases: patatin-like
phospholipase domain containing-2 (PNPLAZ2)/adipocyte triglyceride lipase (ATGL) (17),
hormone sensitive lipase (HSL) (18), and monoacylglycerol lipase (MGL) (19). ATGL will
be referred to by its official gene symbol PNPLAZ2 throughout the rest of this review to note
its similarity with other PNPLA paralogs. These three lipases work in concert to degrade
TAGs sequentially, resulting in the release of three FAs and glycerol backbone. However,
recent work suggests that lipolysis may not be linear, as many of the protein players involved
in adipocyte lipolysis are multifunctional enzymes able to catalyze reactions in both
directions (20-22), resulting in the re-esterification and recycling of FAs (23), thereby
challenging the current model.

Our understanding of adipose tissue has greatly increased in the past 20 years, from an inert
depot that stores excess energy to a dynamic organ involved in regulating whole-body
energy homeostasis (24), and an active area of interest has been to understand the
mechanisms that regulate adipocyte lipolysis. Recent advances in the understanding of
adipocyte lipolysis regulation include allosteric control by FA metabolites (16) and
regulation of protein levels by active mechanisms that mark proteins for degradation (13).
Under normal physiology, these mechanisms of regulation coordinate to control FA efflux
from the adipocyte.

Dysregulated lipolysis has been implicated in a wide variety of diseases such as obesity, type
2 diabetes (T2D), fatty liver disease (FLD), and cancer (1, 25). Furthermore, human and
rodent genetic studies corroborate the concept that pathways of lipid mobilization in
adipocytes are of therapeutic interest (26, 27). This review will focus on the regulation of
adipocyte lipolysis by dynamic protein-protein interactions, hormones, allosteric
mechanisms and protein turnover. In addition, the concept that lipolytic proteins are
multifunctional enzymes and a signaling function for lipolysis will be reviewed. Finally,
implications for the dysregulation of lipolysis and how this process is involved in various
metabolic disorders and whether activation or inhibition of lipolysis is suitable for treatment
of metabolic diseases and will be discussed.
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Molecular players and dynamic protein-protein interactions

PNPLA2 is activated by co-regulator alpha/beta hydrolase domain-containing protein 5

PNPLAZ, the rate limiting enzyme for TAG hydrolysis was initially identified independently
in 2004 by the groups of Gross (21), Zechner (17) and Sul (28), with subsequent work from
the Zechner group demonstrating PNPLAZ2 as the rate limiting step in TAG hydrolysis in
vivo (29). In the basal state PNPLA2 has weak hydrolytic activity which is greatly increased
by the co-lipase alpha/beta hydrolase domain-containing protein 5 (ABHDD5, also known as
CGI-58) by greater than 20-fold (30). Indeed, knockdown of ABHD5 reduces both basal and
stimulate lipolysis in adipocytes (31) (Figure 1). ABHD5 was first described as the causative
gene in Chanarin-Dorfman syndrome (CDS), a disease marked by neutral lipid storage and
ichthyosis (32, 33). Interestingly, ABHD5 mutations causative in CDS do not co-localize to
LDs and are unable to stimulate PNPLAZ2 lipolytic activity (30), demonstrating an important
function for the interaction in the etiology of CDS and lipid storage. The exact mechanism
by which ABHD?5 increases PNPLAZ2 activity is not completely understood; however,
ABHD?5 lacks an active serine found in other ABHD family members (33), in which
possibilities might include promoting access to the TAG core through remodeling of the
phospholipid monolayer, or removal of reaction products. Recent comparative evolutionary
analysis of ABHD5 and closely related paralog ABHD4 identified critical surface residues
of R299 and G328 that are required for lipase activation of PNPLA2, which can be
dissociated from translocation of PNPLA2 (34).

Perilipin 1, a lipid droplet scaffold protein that coordinates interactions with ABHD5 and

HSL

Perilipin 1 (PLIN1), initially discovered by the group of Constantine Londos, is the major
adipocyte perilipin/ADRP/TIP47 (PAT) protein (35) that functions as a scaffold to organized
protein-protein interactions on the surface of LDs (36). In the basal state, ABHD5 is bound
to PLIN1 (14, 37), which upon hormonal stimulation (described in detail below) releases
ABHDS to interact with PNPLA2 (Figure 1). HSL, first cloned by Holm in 1988 (38), is the
main diacylglycerol (DAG) lipase in adipocytes. Mice that lack HSL show only a minor
defect in lipolysis, are cold tolerant, and demonstrate a dramatic accumulation of DAGs in
adipose tissue (39-41). HSL translocates from the cytosol to LDs (42) in response to
hormonal stimulation which requires PLIN1 (15) through direct interaction (43, 44) (Figure
1). However, rather than functioning as a barrier to HSL in the hydrolysis of TAG (45),
PLIN1 seems to mark a domain of lipolytic attack for HSL (46); a model recently confirmed
by super-resolution microscopy (47). The recent discovery of pharmacological ABHD5
ligands that disrupt the interaction between ABHDS5 and PLIN1 (48) demonstrate that the
dissociation of ABHDS5 is sufficient to stimulate adipocyte lipolysis and that these protein
interactions can be targeted pharmacologically (34, 48, 49).

GO0/G1 switch gene 2 a PNPLA2 inhibitor

GO/G1 switch gene 2 (G0S2) was first identified based on its differential expression from the
transition of GO to G1 phase (50), however a definitive function in cell cycle has not been
demonstrated. The initial indication that GOS2 was involved in lipolysis was from studies
showing that G0OS2 mRNA expression is highest in WAT and BAT, upregulated during
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adipocyte differentiation (51), and a peroxisome proliferator-activated receptor (PPAR)
target gene. Subsequent work from the group of Jun Lui in 2010 identified G0S2 as a bona-
fide binding partner of PNPLA2, capable of inhibiting its TAG hydrolase activity (52)
(Figure 1). This interaction was mapped at the hydrophobic domain of G0S2 and the patatin-
like domain of PNPLAZ2, whereby overexpression of GOS2 diminished adipocyte lipolysis,
and deletion increased both basal and stimulated lipolysis (52). Interestingly, the mechanism
by which G0S2 inhibits lipolysis is independent of ABHDS5 and occurs in a non-competitive
manner (52, 53). The domain of GOS2 which inhibits PNPLA2 comprises amino acids K20-
Ab52 and does not inhibit the function of other PNPLA family members PNPLAG6 and 7, or
HSL, MGL, and lipoprotein lipase (54); however, more closely related paralogs of PNPLA2
such as PNPLA3 and PNPLAS5 were not examined. Hypoxia-inducible lipid droplet-
associated protein (HILPDA)/Hypoxia inducible protein 2 (HID2), a hypoxia-inducible
factor-1 target (55) and a structurally similar protein to G0S2, also inhibits PNPLAZ2 activity
(56, 57). However, in contrast to its effect on suppressing hepatocyte lipolysis (58), HILPDA
does not regulate lipolysis in adipose tissue (59, 60).

PNPLA3 a novel ABHD5 interacting partner

PNPLAZ3 is an additional member of the PNPLA family of lipases, shares the greatest
homology with PNPLAZ2, and arose in vertebrates by a gene duplication (61). Interestingly,
the expression of PNPLA2 and PNPLAS3 oppose one another, with expression of PNPLA2
highest during conditions that promote TAG hydrolysis such as fasting, while the expression
of PNPLAZ3 is highest during conditions that promote TAG synthesis such as feeding (62,
63). This regulation of expression strongly suggests that PNPLA2 and PNPLA3 have
opposing functions in TAG metabolism. Importantly, a mutation in PNPLA3 (rs738409),
1148M, is the single greatest genetic risk factor for the development of FLD (64-67),
however its precise function in neutral lipid metabolism is controversial (68, 69).
Interestingly, the expression of rodent PNPLAZ3 is highest in BAT (62, 63), and recent work
demonstrates a role in regulating adipocyte lipolysis. Our group demonstrated that PNPLA3
is a novel binding partner of ABHDS5 in BAT, functioning to compete with PNPLA2 for
binding to ABHD?5, thereby inhibiting adipocyte lipolysis (70). Additionally, the mechanism
by which PNPLA3 inhibited lipolysis involved the re-esterification of mobilized FAs (Figure
1). Of note, ABHDS5 can bind multiple PNPLA family members (37, 70-72), suggesting that
it functions as scaffold for forming various enzymatic assemblies, or metabolons, to mediate
a wide array of metabolic processes. The opposing expression of PNPLA3 and PNPLA2
(73) likely explains how efficient lipolysis can occur during fasting; however, the 1148M
variant evades degradation and accumulates on LDs (74). Importantly, the disease causing
1148M variant was a gain of function for the interaction with ABHD5 and inhibition of
lipolysis, and could promote TAG accumulation in an ABHD5-dependent manner (70).
Similarly, PNPLA3 1148M promotes hepatosteatosis through ABHD5-dependent inhibition
of PNPLAZ2 (75), suggesting that small molecules that target the PNPLA3 1148M/ABHD5
interaction could be potential therapeutics for FLD and diabetes.
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The molecular players of lipolysis are multifunctional enzymes

Many of the protein players in lipolysis possess additional enzymatic functions which
imparts added complexity to the regulation of lipolysis. HSL can catalyze multiple
substrates, with studies showing that it can function as a TAG, DAG, retinyl, and cholesterol
esterase (39, 76, 77). PNPLAZ2 has retinyl esterase activity, which is activated by ABHDS5 in
hepatic stellate cells (78); however, this function has not been examined in adipocytes. Both
purified PNPLA2 and PNPLA3 have transacylase activity, able to transfer an acyl donor
group to monoacylglycerol (MAG) or DAG (21). Work from Grant Mitchell and Jiang Wei
Wu demonstrated a physiological significance to the transacylase function of PNPLA2,
where PNPLA2 could synthesize TAGs from DAGs (23). In the genetic absence of HSL, this
transacylase activity of PNPLA2 promoted more efficient lipolysis by acylating DAG to
generate MAG substrate for MGL (23). PNPLA3 can remodel the phospholipid monolayer
in LDs (79) by transferring polyunsaturated FAs from TAG to phospholipids via
transacylation, or possibly through TAG hydrolase activity (80) and can promote FA re-
esterification during lipolysis possibly through lysophosphatidic acid acyltransferase
(LPAAT) or transacylase activity (70). LPAAT activity of ABHD5 has been reported (22,
81); however, whether this is due to intrinsic activity or through a binding partner remains to
be verified (82). The Lui group identified an intrinsic LPAAT function in GOS2 which could
promote TAG accumulation independent of PNPLAZ2 inhibition in hepatocytes (20);
however, further work will be required to determine a similar role in adipose tissue. Overall,
the molecular players involved in adipocyte lipolysis have multiple activities that are likely
to be determined by subcellular location, availability of substrates and proximity to binding
partners and coupled enzymes.

Hormonal regulation of adipocyte lipolysis

Catecholamines

The regulation of TAG stores is exquisitely regulated at the hormonal level by circulating
factors that have opposing effects on adipocyte lipolysis (Figure 2). Nor-epinephrine, a
major catecholamine that promotes adipocyte lipolysis (83, 84), is released in response to
cold stimulation from terminal neurons that innervate fat cells (83) to mediate non-shivering
thermogenesis (85-87) through the activation of p-adrenergic receptors (B-ARs). f1, p2, and
B3-ARs, which are coupled to G, lead to activation of adenylyl cyclase, increasing levels of
the second messenger cyclic AMP (cAMP) to promote Protein kinase A (PKA) activation
(83) (Figure 2). PKA phosphorylation of PLIN1 releases ABHD?5 to fully activate PNPLA2
(12, 16) and phosphorylation of HSL promotes HSL translocation from the cytosol to LDs
(88, 89) to interact with PLIN1(15, 88, 90, 91) and increases its hydrolase activity for TAGs
and DAGs (92) (Figure 2). Indeed, PLIN1 phosphorylation is required for PKA-dependent
lipolysis (44, 93) by promoting the release of ABHDS5 and interaction with PNPLA2 in
response to PKA (12, 16) and for proper LD recruitment and activation of HSL (44).
However, the requirement for HSL phosphorylation has recently been challenged as studies
by the Granneman group elegantly show that direct activation of PNPLA2 in the absence of
PKA stimulation is sensitive to HSL inhibition, suggesting that PNPLA2-mediated
generation of DAG is sufficient to promote HSL activity (49). In addition, PKA can also
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phosphorylate PLIN5 on S155 to also promote release of ABHDS5 and activation of PNPLA2
(94). The role of protein phosphorylation and other kinases in the regulation of lipolysis has
been reviewed in depth elsewhere (36, 95).

Physiological activation of brown fat B3-AR through cold stress, (96-98) or direct
pharmacological activation (99) rapidly activates non-shivering thermogenesis. This occurs
through the action of mobilized FAs that function as allosteric activators of uncoupling
protein 1 (UCP1), the molecular mechanism for heat generation in brown fat (6, 100).
Activation of UCP1, a proton channel in the inner mitochondrial membrane of brown
adipocytes, produces a leak in the mitochondrial membrane and uncouples ATP synthesis
from respiration, thereby dissipating energy as heat (6, 100). However, the role of BAT
PNPLAZ in maintaining thermogenesis has been recently challenged with tissue-specific
gene knockout (KO) models. Work from the group of Renate Schreiber and Rudy Zechner
demonstrated that PNPLAZ2 in BAT is not required for cold-induced thermogenesis,
suggesting that other BAT lipases such as HSL or Carboxylesterase 3 (Ces3) (101) may
suffice. However, upon deletion of PNPLA2 from WAT and BAT, mice were cold sensitive
under fasting conditions, suggesting that WAT-derived FAs additionally function to support
BAT thermogenesis (102). Furthermore, PNPLAZ in the heart is required to maintain the
supply of FAs for cardiac function during thermogenesis, as PNPLA2 cardiac-specific
deficient mice are cold intolerant (102). Similarly, mice that lack ABHDS5 in BAT have
normal cold-induced thermogenesis and are not cold-sensitive, but deletion of ABHDS5 in
both WAT and BAT imparts cold sensitivity in the fasted state (103). Recent evidence also
suggests that in response to cold-exposure, WAT derived FAs are metabolized in the liver to
acyl-carnitines which then circulate to fuel BAT-mediated thermogenesis (104). Overall,
these data suggest that additional lipases may support BAT function, and that a whole-body
response involving WAT, liver, and heart is required to mediate thermogenesis, especially
under conditions such as fasting. Although, fatty acid oxidation (FAO) in BAT is necessary
for maintaining thermogenesis (105, 106). Further evidence for the importance of systemic
lipolysis is the fact that PNPLA2 in adipocytes is required to maintain acute exercise
performance, however PNPLA2 in skeletal muscle is dispensable (107).

Natriuretic Peptides

Atrial Natriuretic Peptide (ANP) and B-type natriuretic peptide (BNP), the main natriuresis
hormones, are synthesized in cardiac tissue in response to stretching that occurs with
increases in blood volume and function to decrease extracellular fluid volume and increase
renal sodium excretion (108). As part of this response, ANP stimulates lipolysis in
adipocytes through the natriuretic peptide receptor-A (NPR-A) (109) and cyclic GMP
(cGMP)/Protein kinase G (PKG) pathway to phosphorylate HSL and PLIN1 (110) (Figure
2). ANP-mediated lipolysis may be important in fueling cardiac tissue during increased
function required during pressure overload and heart failure; however, in excess could
predispose the heart to further complications (111). The effects of ANP on lipolysis are
more relevant to primates than rodents, as rodents express over 100 times the level of the
clearance receptor NP clearance receptor (NPCR), which mitigates the effect of ANP on
lipolysis (112, 113). In humans, direct ANP infusion at maximal dose increases lipolysis
greater than 10-fold (114) and can decreases blood pressure, and increases post-prandial
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lipid oxidation and energy expenditure (111), suggesting therapeutic benefits of ANP
treatment are possible in man. Similar to B3-AR activation, ANP treatment promotes BAT-
thermogenesis, browning of white fat and reduces body fat in rodents, while increasing
respiration in human fat cell cultures (113). These beneficial effects of ANP require action
on adipose tissue but not muscle (115).

Insulin, a major negative regulator of adipocyte lipolysis, binds the insulin receptor (IR) and
through the docking protein insulin receptor substrate 1 (IRS1) and IRS2 (116), activates the
lipid kinase phosphatidylinositol 3-kinase (P13-K), increasing production of PIP3 which
stimulates the serine threonine kinase AKT/Protein kinase B (117) (Figure 2). Once active,
AKT is thought to phosphorylate numerous proteins including phosphodiesterase 3 B
(PDE3B), which leads to the hydrolysis of cAMP, and dampening of catabolic signals that
promote adipocyte lipolysis (118, 119). Although, this model has recently been challenged.
Mouse brown adipocyte that lack PDE3B lose the ability of insulin to suppress lipolysis;
however, this does not require phosphorylation of PDE3B on S273 by AKT2 (117).
Surprisingly, deletion of AKT2 only partly impairs the ability of insulin to suppress lipolysis
(120). These data suggest the existence of additional mechanisms by which insulin
suppresses lipolysis (117). In contrast, insulin-stimulated glucose uptake in adipocytes
require AKT2, the predominant isoform in key insulin sensitive tissues (120). These
differential effects of insulin on glucose uptake vs. lipolysis can be explained by selective
insulin signaling/resistance that occurs in adipocytes (121). More recently, ABHD15,
initially identified as a 47 KDa AKT substrate, has been shown to mediate the effects of
insulin on lipolysis (122, 123) by stabilizing PDE3B (124, 125). Mice deficient in ABHD15
are unresponsive to the effects of insulin on lipolysis (122, 123). Moreover, the effects of
ABHD15 on glucose uptake are somewhat unclear as Xia et al. found a defect in glucose
uptake in WAT (122) in the absence of ABHD15, but Stockli et al. failed to find the same
effect (123), discrepancies which may be explained by technical differences between the
studies. In all, the exact mechanisms by which insulin suppresses adipocyte lipolysis are
currently not completely understood.

Adipocyte lipolysis is controlled by intracellular intermediary lipid

metabolites

In addition to the regulation of lipolysis by hormonal extracellular signals such as insulin
and catecholamines, lipolysis is also controlled by intracellular mechanisms that involve
intermediary lipid metabolites. Jepson et al. showed that oleoyl-CoA and oleic acid could
inhibit HSL activity at 0.1 uM and 0.5 uM, respectively (126). Similarly, PNPLAZ2 is also
inhibited by long-chain acyl-CoAs in a non-competitive manner with an IC50 for oleoyl-
CoA of 33 uM (127). This inhibitory effect was directly through the N-terminal patatin-like
domain and did not affect the interaction with ABHD5. ABHDS5 ligands that release ABHD5
from PLIN1 or PLIN5 independent of PKA activation, led to the discovery of long-chain
acyl-CoA (LC-CoA) as an endogenous allosteric regulator of ABHD5 that promotes the
interaction with PLIN1/5 (48). These data suggest that ABHD5 senses LC-CoA to impart a
negative feedback mechanism on lipolysis by its sequestration with PLIN1, demonstrating
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that ABHD?5 integrates both extracellular (i.e. hormonal) and intracellular signals (48).
Similarly, the interaction between ABHD5 and PNPLAS is nutritionally regulated by oleoyl-
CoA (70). Overall, these studies demonstrate that lipolysis is regulated by intermediary
metabolites of FAs and that ABHDS is an intracellular receptor and transducer of metabolic
signals (Figure 1).

Protein turnover in the regulation of adipocyte lipolysis

The degradation of proteins is an essential cellular function necessary for protein quality
control and maintaining protein composition of organelles. The two major pathways for the
degradation of proteins involve the selective elimination through the ubiquitin-proteasome
system (UPS) and removal through chaperone-mediated autophagy (CMA) (128). In the
UPS, proteins are selectively marked by ubiquitination, the covalent addition of ubiquitin
(Ub) molecules to lysine residues, which signals and targets the protein for proteolytic
degradation by the 26S proteasome. The role of the UPS in the regulation of LD proteins
will be reviewed, (Figure 1) and a more in-depth review on the regulation of the LD
proteome can be found by Bersuker et al. (129).

The evasion of proteasomal degradation by LD proteins likely represents an active process in
regulating expression levels. For example, many lipolytic proteins such as PLIN1 (13, 130),
PNPLAZ2 (131, 132) and G0S2 (133) are stabilized by condition that promote LD biogenesis,
such as oleic acid supplementation, where association with the phospholipid monolayer is
thought to mask motifs that signal degradation. While oleic acid supplementation stabilizes
PNPLAZ3, this occurs independent of LD formation (134). Interestingly, PNPLA3 1148M is
not properly targeted by the UPS which likely promotes the disease-causing variant to
accumulate on LDs (135) where it can disrupt protein-protein interactions critical for TAG
hydrolysis (70, 75). It is currently unclear how the 1148M variant evades ubiquitination,
however targeting the UPS pathway (74, 136), or preventing LD accumulation of PNPLA3
could be potential therapeutics for FLD.

Protein-protein interactions are an additional mechanism that promote LD protein stability.
Work from David Savage’s group showed that PLIN1 mutations from patients with
lipodystrophies, which lack the C-terminus, fail to stabilize ABHD5 on LDs, resulting in
greater basal lipolysis (137) and likely explains why these patients are unable to sequester
FAs into TAGs. Furthermore, the binding of ABHD5 to PLIN1 (138) and binding of G0S2
to PNPLAZ2 prevents their ubiquitination and degradation by the proteasome (133). Mice that
lack ABHDS fail to localize PNPLA3 to LDs, suggesting that this interaction is important
for stabilizing and targeting PNPLA3 to LDs (75). The exact mechanisms by which LD
proteins are targeted for proteasomal degradation remain unclear. However, UBXDS, a
protein in the ER-associated degradation (ERAD) pathway, can bind PNPLAZ2, preventing
the interaction with ABHDS5, thereby segregating PNPLAZ2 to valosin-containing protein
(VCP)/p97 segragrase that promotes extraction and subsequent Ub-dependent degradation
(132) (Figure 1). Additionally, Mysterin, an AAA+ ATPase/ubiquitin ligase was recently
identified as a resident LD protein (139). Interestingly, the expression of Mysterin was
shown to promote LD growth, an effect which was attributed to its ability to eliminate
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PNPLA2 from LDs (139). It will be important to know the exact mechanism by which
Mysterin eliminates PNPLA2 and if it targets other PNPLA family members.

Adipocyte Lipolysis in metabolic signhaling

Adipocyte Lipolysis in cellular signaling

In addition to its metabolic role in providing substrates, lipolysis can also function in
signaling to regulate cellular metabolism (Figure 3). Work from Hei Sook Sul’s lab
demonstrated that PNPLAZ in adipocytes was required to maintain a BAT phenotype
through the regulation of PPARa, a nuclear transcription factor (140). The deletion of
PNPLAZ in adipocytes resulted in reduced PPARa activity and expression of target genes,
including lower UCP1 protein levels and when exposed to cold, mice were cold sensitive
(140). Similarly, pharmacological inhibition of HSL and knockdown of PNPLA2 reduced
the expression of known PPAR target genes in which LDs were shown to be a source of
PPARa and PPARS ligands that could be generated within minutes of stimulating lipolysis
(3). Additionally, our recent work demonstrates in real-time imaging assays that FAs can
traffic from LDs to the nucleus to modulate gene expression in brown adipocytes (141).
Furthermore, HSL seems to be important in generating PPAR-y ligands (76), a fact which
may explain why mice with deletion of adipocyte HSL and patients that lack HSL are
lipodystrophic (142). These FAs mobilized by lipolysis are thought to be delivered by fatty
acid binding proteins (FABPs), molecular lipid shuttles, which interact with ABHD5 (143),
HSL (144) and PPARs (145, 146). The hydrolysis of retinyl esters by HSL in WAT may also
generate signals such as ligands for Retinoid X receptors (77). Overall, these studies
demonstrate that lipolysis signals a homeostatic response by providing ligands to nuclear
receptors to regulate gene expression and thereby modulate cellular metabolism (Figure 3).

Adipocyte lipolysis in inter-organ crosstalk

In addition to serving a role in signaling at the cellular level, adipose tissue lipolysis can also
communicate metabolic and nutritional status with other tissues to regulate whole body
energy homeostasis (Figure 4). Adipose tissue derived FAs modulate PPARa and cyclic
AMP-responsive element-binding protein H (CREBH) transcriptional activity in the liver,
two important transcription factors that regulate genes in FAO and endoplasmic reticulum
(ER) stress, respectively (147-149). These adipocyte-derived FAs promote the expression of
G0S2, the hormone fibroblast growth factor 21 (FGF21) (149) and genes involved in FAO
(150), and regulate liver FAO and very low-density lipoprotein (VLDL) secretion (150). In
addition, in adipose tissue, lipolysis and lipogenesis are coupled as chronic stimulation of
lipolysis activates lipogenesis to match adipose tissue catabolism with anabolism (151).
PNPLA2-mediated WAT lipolysis triggers insulin secretion to promote delivery of TAG-rich
lipoproteins to BAT to replenish fuel for thermogenesis (152). The mechanisms by which
released FAs promote insulin secretion is likely through the sensing of FAs by GPR40
receptor found on the surface of beta cells (153). Lipolysis can be locally sensed in white fat
by afferent nerves to trigger a neural circuit from WAT to BAT that acutely induces BAT
thermogenesis, mediated by representative FAs eicosopentanoic acid and arachidonic acid
(154). Fatty Acid ester of Hydroxyl Fatty Acid (FAHFAS) are adipocyte derived lipokines
that can improve insulin sensitivity by suppressing endogenous glucose production in liver
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through Ga protein coupled receptors and enhance insulin action in adipocytes (155). These
FAHFAS can be stored as TAGs (156) and mobilized during cold exposure by PNPLA2 to
promote de-novo lipogenesis and FA-esterification in an insulin-independent manner (157),
possibly explaining the coupling of lipolysis to lipogenesis in adipocytes (151). 12,13-
diHOME, was identified as a lipolysis-derived BAT lipokine that could act in an autocrine—
paracrine manner to promote FA transport into brown adipocytes through translocation of
the FA transporters FATP1 and CD36 (158).

Extracellular vesicles (EVs) are secreted by a variety of cells, including adipocytes (159),
and increasing evidence suggests that they may mediate paracrine/endocrine effects (160,
161). EVs can be secreted in response to adipocyte lipolysis where they could mediate
signaling events. FABP4 secretion through EVs was increased in response to lipolytic
stimulation which could be blocked with pharmacological inhibition of PNPLA2 and HSL
(162). The secretion of FABP4 involved unconventional pathways of EV secretion that
might involve exosome-like vesicles (163), autophagic vesicles (164) and endosomal/
secretory lysosomes (165). Once secreted, FABP4 can mediate various metabolic responses
(163, 166). Further work is required to understand additional EV-derived signals that are
released by adipose tissue in response to lipolysis and the mechanisms of release. Overall,
these studies highlight the role of adipocyte lipolysis in inter-organ crosstalk through the
release of lipid signals and EVs to regulate whole body tissue homeostasis (Figure 4).

Adipocyte Lipolysis in Obesity and Insulin Resistance

Adipose tissue buffers the deleterious effects of FAs by storing them as TAGs in LDs (167).
However, when the limit for storage of TAGs is reached or adipocyte lipolysis is
dysregulated, FAs can accumulate in ectopic tissues such as skeletal muscle and the liver
leading to insulin insensitivity and T2D (11). This is best illustrated in the two clinical
conditions of lipodystrophy and obesity. In lipodystrophy, patients lack adipose tissue due to
genetic mutations in the ability to properly form functional adipocytes or to store FAs as
TAGs (168). In obesity, the capacity for adipocytes to store TAGs is reached (1). In both
conditions, FA spillover leads to ectopic lipid accumulation in peripheral tissues and overt
T2D (11, 168). The concept of adipose tissue as a buffer is also illustrated in genetic (169)
and pharmacological models (170) that enhance TAG storage in adipocytes which improves
adipocyte function, thereby limiting lipotoxicity and improving metabolic disorders.

In obesity, increased plasma FAs are attributed to a higher basal rate of adipocyte lipolysis
compared to lean subjects (171, 172). However, this difference is abolished when tissue
mass is taken into consideration (173), and no difference in basal lipolysis is observed when
adjusted for adipocyte size in vitro (174). Obesity is characterized by a chronic low-grade
inflammatory state with increased secretion of inflammatory cytokines including TNFa
(175). The majority of TNFa is secreted by resident macrophages in adipose tissue (176)
and affects adipocyte lipolysis through multiple mechanisms. TNFa can promote insulin
resistance in adipocytes (177), and FAs can activate JNK to promote the additional release of
pro-inflammatory cytokines from macrophages (178) and adipocytes (179), inciting a
vicious cycle. TNFa increases phosphorylation of PLIN1 and decreases expression of both
PLIN1 and G0S2 (180-182) thereby promoting greater basal lipolysis and release of FAs
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into plasma. IL-6, which is also increased in obesity (176, 183) can stimulate lipolysis (184)
and cause hyperglycemia and hepatic insulin resistance in rats (183) and requires intact INK
signaling in macrophages (183) to promote diet-induced insulin resistance (185).

In T2D patients, insulin-mediated inhibition of lipolysis is thought to be impaired, thereby
increasing plasma FA levels and ectopic accumulation of TAGs in key insulin sensitive
tissues leading to insulin resistance (186). This concept of adipocyte lipolysis driving insulin
resistance is supported by adipocyte specific ATGL KO (187) and HSL KO mice (150), in
which plasma FAs are reduced and whole body insulin sensitivity is increased. Nonetheless,
the interpretation of these studies is complicated by the fact that these models are
constitutive genetic deletions, and due to the lack of FA mobilization from adipocytes, these
mice are completely reliant on glucose as a fuel source. Interestingly, in chronically insulin
treated 3T3-L1 cells and fat explants from insulin resistant mice, only insulin-stimulated
glucose uptake is decreased while insulin suppression of lipolysis is intact (121), effects
which are explained by selective insulin resistance in adipocytes. Isolated adipocytes from
T2D patients have greater lipolysis (188); however, this is controversial in vivo (189). In a
recent study, adipocytes isolated from T2D patients have no deficits in the signaling
cascades of lipolysis. Instead, re-esterification of FAs is reduced by 25% in T2D adipocytes
leading to increased FA levels (190), suggesting the primary defect may be in sequestration
of FAs and not lipolysis per se.

The mechanisms of FA-induced insulin resistance have been intensively studied and have
been attributed to two metabolites of FAs - DAGs and ceramides. Both accumulate in
insulin-resistant animals and humans (191-193). DAGs are generated de novo from fatty
acyl-CoA while ceramides are generated de novo from palmitate (8). DAG-mediated
activation of protein kinase C theta (PKC 6) leads to phosphorylation of IRS residue S307.
Subsequently, insulin-stimulated tyrosine phosphorylation is decreased leading to impaired
glucose transport and resistance (194). Knockout of mitochondrial acyl-CoA:glycerol-sn-3-
phosphate acyltransferase 1 (mtGPAT1), a major hepatic glycerol-3-phosphate
acyltransferase, decreased de novo DAG generation protecting mice from hepatic insulin
resistance (195). Furthermore, DAG generated by PNPLAZ2 preferentially produces 1,3-
DAG which cannot activate PKC (196), suggesting that the de novo generation of DAGs
leads to insulin resistance. Like DAG, ceramides can also impact insulin signaling through
PKC, specifically PKC zeta (C). Ceramide activation of PKC( leads to phosphorylation of
PKB/AKT preventing PKB/AKT trafficking to the cellular membrane and insulin
stimulation (197). Specifically, the generation of ceramides by dihydroceramide desaturase 1
(DES1) in adipocytes seems to impart some of the lipotoxic effects such as impaired glucose
utilization, insulin resistance and hepatic steatosis (198). Contrary to the spillover
hypothesis, ceramides initially decrease adipose tissue lipolysis, where de-novo ceramide
synthesis may be a counter-regulatory response to limit FA spillover (198). It remains to be
understood the exact mechanisms by which adipocyte-generated ceramides promote
lipotoxicity; however, one possibility is that adipocyte derived ceramides might circulate to
impair insulin resistance in peripheral tissues.

In addition to impairing insulin signaling, adipocyte derived FAs can also impact
gluconeogenesis in the liver, where a hallmark of T2D is the loss of the inverse relationship
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between gluconeogenesis and lipogenesis. Insulin normally suppresses gluconeogenesis
while promoting lipogenesis, however, under insulin resistant states such as T2D, hepatic
lipogenesis remains insulin sensitive and suppression of gluconeogenesis is insulin resistant,
leading to a metabolic state called “selective hepatic insulin resistance” (199). Recent
studies have shown that insulin-mediated suppression of hepatic gluconeogenesis occurs
indirectly through the ability of insulin to suppress adipocyte lipolysis and the flux into liver
pyruvate carboxylase, the rate-limiting enzyme in gluconeogenesis (183, 200). In T2D, FA
spillover from adipocytes increases hepatic acetyl-CoA, an allosteric regulator of pyruvate
carboxylase activity, resulting in greater gluconeogenesis in the liver (183, 200). This effect
was alleviated with both genetic and pharmacological inhibition of adipocyte lipolysis,
which decreased hepatic acetyl-CoA levels and gluconeogenesis, thereby normalizing
plasma glucose in mice fed with high fat diet (HFD) (183). Overall, multiple mechanisms
including inflammation and reduced FA re-esterification likely explain the impaired
buffering capacity in adipocytes during obesity that leads to the spillover of FAs, buildup of
toxic lipid metabolites and allosteric regulators that suppress insulin action and increased
hepatic glucose output, respectively (Figure 5).

Adipocyte Lipolysis in Fatty Liver Disease

FLD is a full spectrum disease ranging from excessive accumulation of TAGs in the liver to
an advanced stage of disease that additionally includes inflammation known as non-
alcoholic steatohepatitis (NASH) and is associated with both obesity and insulin resistance
(201). In the liver, there is a delicate balance between FA uptake from peripheral tissues,
storage into TAGs, and efflux of TAGs through VVLDL particles. Disruption of any of these
processes can lead to perturbation of TAG homeostasis and the development of FLD
(reviewed in (202). Metabolic tracer studies in humans demonstrate that adipose tissue
derived FAs account for the majority of hepatic TAGs in FLD patients, suggesting that
dysregulation of adipocyte lipolysis is a major mechanism of diet-induced FLD (203)
(Figure 5). Adipocyte specific KO of ABHD5 decreased lipolysis, resulting in reduced FA
flux to the liver, and protection against HFD induced hepatic steatosis (149), suggesting that
suppressing adipocyte lipolysis could be protective against FLD. Nevertheless, as discussed
above, adipocyte derived FAs can reprogram liver metabolism through counterregulatory
responses that activate PPARa and CREBH (149).

Inhibiting adipocyte lipolysis may seem an attractive therapeutic option for FLD; however,
loss of function mutations in HSL cause FLD in humans (142) and partial lipodystrophy
with age (204, 205). To study the mechanism by which deletion of HSL leads to the
development of FLD and lipodystrophy, Xia et al. developed tissue specific KOs of HSL in
adipocytes and liver. Interestingly, adipocyte deletion of HSL causes FLD by 8 months of
age, while hepatocyte KO of HSL does not (150). In addition, the absence of HSL in
adipocytes also causes lipodystrophy with decreased expression of lipogenic genes in
adipocytes and reduced expression of PPARa target genes and FAQ in the liver (150). Taken
together, these data demonstrate that HSL-mediated adipocyte lipolysis is required to
maintain proper functioning adipose tissue and to activate PPARa in the liver, thereby
preventing the accumulation of hepatic TAGs and the development of FLD.
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Adipocyte Lipolysis in Cancer

Crosstalk between adipocytes and cancer cells in the tumor microenvironment can create a
metabolic symbiosis driving cancer growth and metastasis. Coupled with glucose, FAs are
also vital for cancer cells for synthesis of membrane lipids (206), energy through FAO (207),
and produce pro-tumorigenic lipid signaling molecules such as LPA (208). As a result,
cancer cells upregulate de novo synthesis of FAs, and elevated levels of fatty acid synthase
(FAS) correlate negatively with cancer prognosis (209). Besides synthesizing FAs, it has
become clear that cancer cells can also use exogenous FAs for fuel as well.

Emerging studies have shown that intracellular lipolysis is critical for fueling cancer cells
and promoting their survival. When co-cultured with adipocytes, breast and ovarian cancer
cells increase TAG storage, suggesting lipid transfer from adipocytes to cancer cells promote
growth and aggressiveness (25, 210). PNPLAZ2 is upregulated in breast cancer cells co-
cultured with adipocytes, enhancing intracellular lipolytic activity of cancer cells (210, 211).
In vivo, PNPLAZ2 is expressed in breast cancer cells and not in normal breast epithelial cells,
and PNPLAZ2 expression is correlated with poor prognosis (211). Moreover, silencing of
PNPLAZ2 dramatically reduces breast cancer cell invasiveness (210, 211). Prostate cancer
cells co-cultured with adipocytes increase expression of IL1- to stimulate adipocyte
lipolysis in a vicious positive feedback loop that decreases prostate cancer cell sensitivity to
docetaxel and upregulates prostaglandin E2 (PGE2) synthesis in adipocytes, a prostate
cancer pro-survival signal (212). Taken together, PNPLA2-mediated intracellular lipolysis
promotes crosstalk between cancer cells and adipocytes and subsequently promotes tumor
progression and aggressiveness.

The exact mechanisms of communication between adipocytes and tumor cells are not
completely understood. FABPs, have high affinity for FAs, bile, and retinoids (213) and have
been shown to play a role in transporting FAs between adipocytes and cancer cells in which
pharmacological inhibition of FABP4 reduces TAG content in ovarian cells and
aggressiveness. Furthermore, FABP4 KO mice have decreased tumor burden and metastasis
compared to WT mice when injected with ovarian cancer cells (25), suggesting FABP4 may
be an attractive target for cancer.

Besides FABPs, secreted EVs have been implicated in tumor-fat cell communication.
Tumors have long been known to promote an energy wasting state known at cachexia, which
involves muscle and fat loss. Injection of Lewis lung carcinoma (LLC) or B16 melanoma
cells promoted tumor growth and loss of WAT and muscle (214). Cancer-associated cachexia
(CAC) was blocked in PNPLA2-deficient mice and to a lesser extent in HSL-deficient mice,
demonstrating that lipolysis is essential for CAC (214). The exact signals that induce CAC
are not entirely known, however, co-culture of lung cancer-derived EVs can promote
adipocyte lipolysis through the delivery of IL-6 (215). Similarly, EVs derived from cancer
patients with pancreatic cancer and immortalized pancreatic cancer cell lines can promote
adipocyte lipolysis. These effects were inhibited by adrenomedullin receptor (ADMR)
blockade, suggesting EV-derived adrenomedullin mediates these effects (216). In addition,
coculture of breast cancer cells with adipocytes can promote EV-mediated lipolysis (217).
Adipocyte EVs can transfer both FAs and proteins involved in FAO to melanoma cells,
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thereby increasing aggressiveness (218) and promoting metastasis in melanoma and prostate
cancer cells (219). In concert with increased lipolysis, increased FAO has also been shown to
drive cancer growth and aggressiveness in breast cancer cells co-cultured with adipocytes
(211). Blocking EV production in vivo can prevent CAC in mice bearing LLC tumors (220).
In a model of LLC CAC, tumor-derived parathyroid-hormone-related protein (PTHrP) could
promote an energy wasting state by reprogramming a thermogenic state in adipose tissue,
which involved the upregulation of lipolytic enzymes (221).

Therapeutic interventions that target adipocyte lipolysis

Targeting adipocyte lipolysis for reducing obesity and improving insulin resistance has been
of therapeutic interest for decades now (222); however, treatments that directly target this
pathway are currently not in clinical use. While seemingly straightforward, the argument for
stimulating or inhibiting lipolysis can be made (Table 1). One potential means of targeting
adipocyte lipolysis is through the pharmacological activation of f3-ARs. In mice, p3-AR
receptors mediate cold-induced thermogenesis (223) and pharmacological activation of $3-
ARs acutely stimulate lipolysis leading to two-fold increase in energy expenditure, a
dramatic ten-fold increase in insulin levels, and 40-50% reduction in food intake (98).
Similarly, chronic treatment with 3-AR agonists have been shown to decrease adiposity and
improve insulin resistance in obese rodents (224, 225).

With such immense success in rodents, p3-AR agonists have not yet translated into
treatments for human obesity and diabetes. In humans, B3 receptors are mostly expressed in
the bladder, with minimal expression in other tissues (226). Clinical trials show no effect of
3 agonists on activating lipolysis and increasing energy expenditure (227, 228). The failure
of these agonists for approval of obesity and diabetes was attributed to poor bioavailability
and cross reactivity with the other  receptors (229). More recently, a newer generation 3-
AR agonist, Mirabegron, which is approved for incontinence, showed increased BAT activity
in healthy patients; however, the dose required was four times that recommended and was
associated with adverse cardiac side effects (230). A potential drawback of such a therapy is
that the beneficial effects of $3-AR require BAT (96-98), which may be a paucity in humans
(231). Indeed, much of the cold-induced thermogenic response is humans is mediated by
muscle (232). A potential alleviation to the lack of p3-AR action in humans would be to
stimulate lipolysis downstream of receptor activation. Work from the Granneman group
identified ABHDD5 ligands that could stimulate lipolysis by bypassing receptor activation
through the dissociation of ABHD5 from PLIN1 (48). However, such a treatment would
require coupling to FAO (106) and metabolic homeostatic mechanisms such as FA signaling
(3) to prove successful. Alternatively, Adenosine, A,a and Ajg receptors stimulate lipolysis
in human brown adipocytes which may represent a novel mechanism of BAT regulation in
humans (233). Importantly, adenosine increased blood flow to BAT in healthy lean human
subjects (234); however the levels of energy consumption attained in BAT are likely to have
minimal effects on whole-body energy expenditure (231).

By taking advantage of the increased 14C atmospheric levels during the Cold War and 14C
incorporation into lipid, the group of Peter Arner and Kristy Spalding were able to calculate
lipid age and turnover, demonstrating that lipolysis is defective during aging (235). Over 13
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years, average lipid age, that is the average amount of time lipids spent in WAT, increased by
0.6 years irrespective of weight change and age, suggesting decreased lipid turnover (235).
In individuals that underwent bariatric surgery, lipid age increased in patients with weight
regain, while lipid age decreased in individuals with stable weight (235). The mechanism of
decreased lipid turnover with aging may be due to decreased sympathetic tone (236).
Alternatively, in a cohort of 87 obese women, resistance to both catecholamine and ANP-
mediated lipolysis was observed (237). Overall these data suggest increasing lipolysis is a
viable therapeutic option in maintaining weight-loss following bariatric surgery.

Adipocyte overexpression of PNPLA2 protected mice from weight gain on chow and HFD,
decreased adipocyte size and increased FAQO and turnover of TAG (238), supporting the
cause for stimulating lipolysis therapeutically. One of the caveats of stimulating lipolysis is
the fate of FAs that are released. If excess FAs are deposited in ectopic tissues, this could
lead to lipotoxic effects of FAs. Interestingly, overexpression of PNPLA2 does not increase
serum FAs or promote the ectopic deposition of TAGs. Instead, this increased UCP1
expression, energy expenditure and thermogenesis (238). This suggests that pharmacological
agents that can stimulate PNPLA2-mediated lipolysis may be beneficial for obesity and
insulin resistance.

On the other hand, genetic deletion of PNPLA2 has been shown to improve metabolic
disease as well. Mice which lack PNPLA2 are highly insulin sensitive and resistant to HFD-
induced insulin resistance (239). Surprisingly, deletion of PNPLA2 does not result in
obesity, likely due to counter-regulatory mechanisms such as reductions in food intake and
reduced PPARYy signaling in adipose tissue (239). Adipocyte specific deletion of PNPLA2
also decreases lipids in serum and improves hepatic insulin sensitivity through decreased
TAG accumulation, immune cell infiltration and inflammation in the liver (187). These mice
are also protected against HFD-induced increase in hepatic glucose production (183).
However, a potential negative finding due to the lack of PNPLA2 was greater inflammation
and immune cell infiltration in adipose tissue which could impair adipocyte function (187).
Complementary studies demonstrate that pharmacological inhibition of PNPLA2, with
ATGListatin (240), prevents HFD-induced weight gain due to a decrease in food
consumption (27). A concern would be the development of FLD, since liver specific
PNPLA2 KO mice develop FLD; however (241), mice treated with ATGL.istatin had 50%
decrease in hepatic TAG content attributed to decrease FA flux to the liver and increased
insulin sensitivity (27). These data suggest that ATGL.istatin can selectively inhibit adipocyte
lipolysis without altering liver TAG levels, however due to poor efficacy of ATGLIistatin on
human PNPLAZ2 (27), this has not been tested in the clinic.

In summary, these findings support both the stimulation and inhibition of adipocyte lipolysis
for therapeutic benefit, which will need to be specifically tailored to the disease state in
question (Table 1). Stimulating lipolysis would prevent stagnant lipid pools due to reduced
lipid turnover observed in aging (235). Indeed, promoting lipid turnover is an energy
consuming process where lipolysis is coupled to de novo synthesis (151), while blocking
turnover impairs adipocyte function (187). However, excess FAs in circulation would likely
result in the development of FLD and T2D, therefore stimulated lipolysis would need to be
coupled to FAO and ATP demand or energy wasting processes (6). Alternatively, stimulating
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FA re-esterification would be beneficial by preventing ER stress, mitochondrial damage and
the lipotoxic effects of FAs (242, 243). Additionally, FA re-esterification consumes ATP to
activate AMPK (244), which could improve adipocyte function (245). Furthermore,
treatments that target the interaction between PNPLA3 and ABHDS5 (70) or the degradation
of PNPLAS3 (74) could be of therapeutic benefit to patients that carry the PNPLA3 1148M
variant. In conclusion, our understanding of adipocyte lipolysis has greatly increased over
the past 50 years, and further work should uncover additional layers of regulation that can be
targeted.
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FA Fatty Acid

TAG Triacylglycerol

LD Lipid Droplet

BAT Brown Adipose Tissue

PNPLA Phospholipase domain containing

ATGL Adipocyte triglyceride lipase

HSL Hormone Sensitive Lipase

MGL Monoacylglycerol Lipase

T2D Type 2 Diabetes

FLD Fatty Liver Disease

ABHD5 alpha/beta hydrolase domain-containing protein 5
CDS Chanarin-Dorfman Syndrome

PLIN1 Perilipin 1

PAT perilipin/ADRP/TIP47

DAG Diacylglycerol

G0s2 G0/G1 switch gene 2

PPAR peroxisome proliferator-activated receptor
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HILPDA Hypoxia-inducible lipid droplet-associated protein
HID2 Hypoxia inducible protein 2

MAG Monoacylglycerol

LPAAT lysophosphatidic acid acyltransferase
B-ARs - adrenergic receptors

cAMP cyclic AMP

UCP1 uncoupling protein 1

KO knockout

Ces3 Carboxylesterase 3

FAO fatty acid oxidation

ANP Atrial Natriuretic Peptide

BNP B-type Natriuretic Peptide

PKG Protein Kinase G

NPCR NP Clearance Receptor

NPR-A natriuretic peptide receptor-A
cGMP cyclic GMP

WAT white adipose tissue

IRS insulin receptor substrate

PI3-K phosphatidylinositol 3-kinase
PDE3B phosphodiesterase 3 B

LC-CoA long-chain acyl-CoA

UPS ubiquitin- proteasome system

CMA chaperone-mediated autophagy
ERAD ER-associated degradation

VCP valosin-containing protein

LPA lysophosphatidic acid

SIRT1 Sirtuinl

FABP Fatty acid binding protein

CREBH CAMP responsive element binding protein H
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Figure 1. Mechanismsthat regulate adipocyte lipolysis on the surface of lipid droplets.
Anti-lipolytic mechanisms of regulation include the binding of ABHD5 to PLIN1 which is

regulated allosterically by ABHD5-sensing of long-chain acyl-CoA (LC-CoA). PNPLA2
hydrolytic activity can be inhibited by the interaction with GOS2 which is independent of its
interaction with ABHD?5. In addition, PNPLA3 can compete with PNPLAZ2 for binding to
ABHD?5, thereby sequestering ABHDS5 away from PNPLA2. PNPLAS3 can also function to
sequester fatty acids (FAs) through lysophosphatidic acid acyltransferase or transacylase
activity. LC-CoAs also allosterically regulate the interaction between PNPLA3 and ABHDS5.
UBDX8 can bind PNPLAZ2 to promote its segregation from the lipid droplet (LD) by VCP,
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followed by ubiquitination (Ub) and elimination by the proteasome (26S). In the basal state
HSL is found mostly in the cytosol. Stimulatory signals lead to the phosphorylation (P) of
PLIN1 to release ABHD5 which can bind PNPLAZ2, and phosphorylation of HSL promotes
its trafficking to LDs and interaction with PLINZ. This leads to the sequential hydrolysis of
TAG by PNPLAZ2, hydrolysis of DAG by HSL and hydrolysis of MAG by MGL to three FAs
and glycerol. The elimination of G0S2 and PNPLAS3 by the ubiquitin-proteasome system
(UPS), through currently unknown mechanisms, would be pro-lipolytic.
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Figure 2. Hormonal control of adipocytelipolysis.
Activation of the seven transmembrane B-adrenergic receptors (B-AR) on adipocytes by

norepinephrine (NE), leads to Gs-dependent activation of adenylyl cyclase (AC) to increase
intracellular levels of cyclic-AMP (CAMP). cAMP activates protein kinase A (PKA) to
phosphorylate (P) PLINZ1, which release ABHD?5 to fully activate PNPLA2 TAG hydrolase
activity and release a fatty acid (FA). PKA also phosphorylates HSL to promote its
translocation to PLIN1 and increase its DAG hydrolase activity to release a FA and produce
MAG. MAG is hydrolyzed by MGL to release a final FA and glycerol. Lipolysis can also be
stimulated by natriuretic peptide (NP) which signals through the NP receptor-A (NPR-A) to
increase guanylyl cyclase (GC)/cyclic-GMP (cGMP) and activation of protein kinase G
(PKG). PKG can also phosphorylate HSL and PLINZ1. Insulin, the main anti-lipolytic
hormone (red lines), signals through the insulin receptor (IR) and insulin receptor substrate 1
and 2 (IRS1/2) to increase activity of phosphoinositide 3-kinase (PI3K) and levels of PIP3.
PIP3 activates the kinase AKT, which through currently unknown mechanisms (?), activates
phosphodiesterase 3B (PDE3B) to hydrolyze cAMP to AMP. ABHD15, an AKT
phosphorylation substrate, is required for the anti-lipolytic action of insulin and can bind to
and stabilize PDE3B. Dotted line indicates movement of proteins, while the dashed red line
notes currently unclear pathway of regulation.
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Figure 3. Adipocyte lipolysis producesintracellular signalsin the homeostatic regulation of lipid
metabolism.

Fatty acids (FA) released by the sequential action of adipocyte lipases and regulators (see
text and Figure 2) in response to activation of p-adrenergic receptors (f-ARs) can function
as ligands for the nuclear receptor peroxisome proliferator-activated receptors (PPARS).
These FAs are thought to traffic to the nucleus by fatty acid binding protein 4 (FABP4)
which can interact with ABHDD5, sequester FAs, and delivery them to PPARs in the nucleus.
In brown adipocytes, the mobilization of FAs can produce ligands for PPARa which traffic
to the nucleus within minutes of stimulating lipolysis. This leads to a transcriptional
program which upregulates the machinery involved in fatty acid oxidation (FAO) and
thermogenesis (UCP1) to match supply with oxidation. In brown adipocytes, FAs are also
allosteric regulator of UCP1, the molecular mechanism for heat production. In addition,
lipolysis can produce PPARy ligands which are important for adipocyte differentiation and
maintenance of an adipocyte phenotype necessary for sequestration of FAs and preventing
lipotoxicity.
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Figure 4. Adipocyte lipolysis promotesinter-organ crosstalk to regulate whole-body ener gy
homeostasis.

Fatty acids (FAs) released by adipocyte lipolysis can function as PPARa ligands in the liver
to upregulate a transcriptional program involved in increasing fatty acid oxidation (FAQO) and
VLDL secretion. Furthermore, fatty acid ester of hydroxyl fatty acids (FAHFAS) released by
adipocytes can act through a Gaj-coupled receptor to suppress hepatic gluconeogenesis.
These FAHFAs can also have autocrine effects by upregulating of de novo lipogenesis
(DNL) and FA-esterification in adipocytes. FAs released by white adipocytes can activate
GRP40 on B-cells in the pancreas to elicit insulin secretion which acts on brown adipose
tissue (BAT) to promote greater FA uptake required for FAO. 12,13-diHOME, secreted from
brown adipocytes can function in an autocrine manner to similarly promote further uptake
and utilization of FAs. FAs released by white adipose tissue can be sensed by afferent nerves
which feedback to the brain to increase sympathetic outflow to BAT through the sympathetic
nervous system (SNS). Adipocytes can also secrete extracellular vesicles (EVS) in response
to lipolysis that can further mediate tissue-tissue communication.
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Figure 5. Adipocyte lipolysisisimplicated in disease such as diabetes, fatty liver disease and
cancer.

In diseased states, excessive fatty acids (FAS) activate signaling in surrounding cells to
further increase lipolysis in adipocytes, forming a vicious, positive feedback loop. In obesity,
adipocytes lose their ability to safely buffer FAs as TAGs, leading to the spillover of FAs
which act upon macrophages through JNK signaling to release inflammatory cytokines
TNFa and IL-6. Both cytokines function on adipocytes to further increase lipolysis. TNFa
decreases PLIN1 and G0S2, inhibitors of PNPLAZ2, and IL-6 acts through JAK/STAT
pathway to increase lipolysis. Under normal physiology, insulin functions to suppress
lipolysis, however, in type 2 diabetes (T2D), the failure of insulin to suppress FA release
from adipocytes (dashed line) results in excessive FA flux to the liver. FAs in the liver can
form DAG and ceramides which act on PKC to decrease insulin sensitivity. Hepatic acetyl-
CoA, generated from adipocyte FAs, allosterically upregulates pyruvate carboxylase (PC) to
increase gluconeogenesis in the liver. Lastly, cancer cells secrete EVs and cytokine IL-18
increasing lipolysis of adipocytes in the tumor environment. Tumor-derived parathyroid-
hormone-related protein (PTHrP) can promote the upregulation of lipolytic enzymes to
promote cancer associated cachexia. Cancer cells use FAs generated from lipolysis as fuel to
increase growth and invasiveness.
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Summary of Therapeutic Targeting of Lipolysis in Diseased States
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Disease Net Change Therapeutic Strategy References
on Lipolysis Targeting
Obesity Increased Stimulate Increase BAT lipolysis and FA oxidation 98,222-225,235
Inhibit Promote storage of FAs into TAGs thereby preventing  11,27,169,170-172
spillover
Fatty Liver Disease Increased Inhibit Prevent FA spillover into liver 27,149,203,241
Type 2 Diabetes Increased/Unaffected Stimulate Increase energy expenditure and insulin levels 98, 224, 225
Inhibit Prevent buildup of DAGs and ceramides 27,183,187,200,239
Prevent adipocyte derived FAs from activating 183,200
gluconeogenesis
Improve adipose tissue inflammation 175, 177-183, 185
Re-esterification  Consume ATP and increase futile cycling of FAs and 151, 190
sequestration in adipocytes
Cancer Increased Inhibit Prevent cancer cells from using FAs as fuel 27,233-235
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