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Lipid Droplets and the Management of Cellular 
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Lipid droplets are cytosolic fat storage organelles present in most eukaryotic cells. Long regarded merely 
as inert fat reservoirs, they are now emerging as major regulators of cellular metabolism. They act as 
hubs that coordinate the pathways of lipid uptake, distribution, storage, and use in the cell. Recent studies 
have revealed that they are also essential components of the cellular stress response. One of the hallmark 
characteristics of lipid droplets is their capacity to buffer excess lipids and to finely tune their subsequent 
release based on specific cellular requirements. This simple feature of lipid droplet biology, buffering 
and delayed release of lipids, forms the basis for their pleiotropic roles in the cellular stress response. 
In stressed cells, lipid droplets maintain energy and redox homeostasis and protect against lipotoxicity 
by sequestering toxic lipids into their neutral lipid core. Their mobility and dynamic interactions with 
mitochondria enable an efficient delivery of fatty acids for optimal energy production. Lipid droplets 
are also involved in the maintenance of membrane and organelle homeostasis by regulating membrane 
composition, preventing lipid peroxidation and removing damaged proteins and lipids. Finally, they also 
engage in a symbiotic relationship with autophagy and act as reservoirs of bioactive lipids that regulate 
inflammation and immunity. Thus, lipid droplets are central managers of lipid metabolism that function as 
safeguards against various types of cellular stress.

Copyright © 2019 435

*To whom all correspondence should be addressed: Toni Petan, Department of Molecular and Biomedical Sciences, Jožef Stefan 
Institute, Jamova cesta 39, SI-1000 Ljubljana, Slovenia; Tel: +386 1 477 3713, Fax: +386 1 477 3984, Email: toni.petan@ijs.si.

†Abbreviations: AMPK, AMP-activated protein kinase; ATGL, adipose triglyceride lipase; CE, cholesterol ester; COX, cyclooxy-
genase; DGAT, diacylglycerol acyltransferase; ER, endoplasmic reticulum; FA, fatty acid; HSC, hepatic stellate cell; HSL, hormone 
sensitive lipase; LOX, lipoxygenase; LAL, lysosomal acid lipase; MAGL, monoacylglycerol lipase; mTORC1, mammalian target of 
rapamycin complex 1; MEF, mouse embryonic fibroblast; PLIN, perilipin; PC, phosphatidylcholine; PPAR, peroxisome-proliferator 
activated receptor; PUFA, polyunsaturated fatty acid; RA, retinoic acid; RE, retinyl-ester; TAG, triacylglycerol; UPR, unfolded protein 
response.

Keywords: lipid droplets, fatty acids, nutrient stress, oxidative stress, autophagy, lipophagy, lipotoxicity, mitochondria, β-oxidation, 
lipid mediators, eicosanoids

Author Contributions: T.P. conceptualized the study. E.J. and T.P. wrote the manuscript and designed the figures.

INTRODUCTION

Cells rely on lipids to provide an efficient means of 
fuel storage and energy production. Lipids are also the 
major building blocks of cellular membranes and are 

precursors for hundreds of signaling molecules. Most 
eukaryotic cells have the capacity to store lipids in the 
form of lipid droplets. Being only recently recognized as 
dynamic, independent organelles rather than inert fat de-
pots, lipid droplets are now emerging as central regulators 
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of lipid uptake, metabolism, trafficking, and signaling in 
the cell. However, their roles extend well beyond lipid 
metabolism and an increasing number of studies suggest 
that they play vital roles in the cellular stress response 
[1-4].

Lipid droplets are dynamically synthesized and bro-
ken down in response to cellular needs and environmental 
signals [5]. Their biogenesis is induced in cells exposed 
to excess amounts of lipids, to nutrient and oxidative 
stress, and to various other conditions characterized by 
energetic and redox imbalances [2]. Intriguingly, lipid 
droplet biogenesis also occurs in response to complete 
nutrient deprivation, suggesting that the expense of their 
synthesis must be worthwhile for the cell and is in fact es-
sential for its response to stress. Indeed, emerging studies 
reveal that lipid droplets perform numerous tasks crucial 
for the protection of cellular integrity and function during 
stress: they sequester potentially toxic lipids and proteins, 
maintain energy and redox balance, preserve membrane 
and organelle homeostasis, modulate autophagy, and pro-
vide lipids acting as signaling mediators [1,2,4]. Many of 
these functions are engaged simultaneously and in coop-
eration with other organelles and we are only beginning 
to understand their interplay. One of the major properties 
of lipid droplets is their ability to buffer excess lipids, 
thereby providing immediate protection from lipotox-
icity, and to release them later, gradually and according 
to cellular needs (Figure 1). This property is particularly 
important for cells exposed to rapidly changing condi-
tions of stress and it is, for example, exploited by cancer 
cells during alternating periods of feeding/starvation or 
hypoxia/reoxygenation [6-10]. This simple aspect of lipid 
droplet biology – buffering and delayed release of lipids 
– is indispensable for most of their pleiotropic roles in the 
cellular stress response.

In this article, we discuss emerging functions of lipid 
droplets in the management of cellular stress. We focus 
on how lipid droplet turnover and associated mechanisms 
are engaged during nutrient stress to maintain cellular 
homeostasis.

LIPID DROPLET BIOGENESIS AND 
BREAKDOWN IN STRESSED CELLS

Lipid droplets are unique among organelles with their 
central hydrophobic core of neutral lipids surrounded by 
a single layer of phospholipids and proteins (Figure 2A). 
They are derived from the endoplasmic reticulum (ER†), 
whereby triacylglycerols (TAGs) are synthesized between 
the two leaflets of the ER membrane by sequential addi-
tion of fatty acids (FAs) to a glycerol backbone (Figure 
2B) [11]. Diacylglycerol acyltransferases (DGATs) 1 and 
2 catalyze the last and committed step in the TAG bio-
synthesis pathway. When sufficient neutral lipids accu-

mulate, nascent lipid droplets bud from the ER membrane 
and are released into the cytosol [4,12,13]. Lipid droplets 
are broken down by two major mechanisms: lipolysis and 
lipophagy (Figure 2C) [14-16]. Lipolysis enables a high-
ly regulated release of FAs from TAGs by the sequential 
action of adipose triglyceride lipase (ATGL), hormone 
sensitive lipase (HSL) and monoacylglycerol lipase 
(MAGL) [17-19]. Lipophagy is a recently discovered se-
lective form of autophagy, whereby parts or whole lipid 
droplets are engulfed within autophagosomal membranes 
and fused with lysosomes for degradation by hydrolytic 
enzymes. At the organismal level, lipid droplet break-
down in adipocytes is hormonally regulated and provides 
FAs for mitochondrial energy production in non-adipose 
tissues during fasting and exercise [17,18,20]. However, 
lipid droplets in non-adipose tissues also undergo cycles 
of biogenesis and breakdown in response to nutrient and 
other cues from the environment. Their composition, 
number, size and distribution within cells is dynamical-
ly changing depending on the physiological state of the 
cell [21]. We are only beginning to understand how lipid 
droplet structure and dynamics define the multitude of 
their functions.

Enhanced lipid droplet accumulation has been 
observed in various types of cells exposed to complete 
or partial nutrient restriction [22-26]. Lipid droplet 
biogenesis in starved cells is essential for buffering au-
tophagy-derived lipids, for protection of mitochondria 
from lipotoxic damage and for storing lipids for future 
consumption [25-28]. Lipid droplets also finely regulate 
the distribution and consumption of lipids during stress 
in order to maintain energy and redox homeostasis. As 
discussed in more detail below, starvation-induced dis-
persion of lipid droplets, their extensive contacts with 
the network of fused mitochondria and ATGL-mediated 
lipolysis likely provide the optimal means of FA transfer 
from lipid droplets to mitochondria [25,27]. In various 
cells and tissues, including adipocytes, hepatocytes and 
muscle cells, the delivery of FAs from lipid droplets to 
mitochondria and its coordination with mitochondrial 
and oxidative gene expression depends on ATGL activ-
ity [18,20,25,29]. In cells exposed to oxidative stress, 
lipid droplets accumulate in order to protect membranes 
from peroxidation reactions, maintain membrane satura-
tion and organelle homeostasis, and enable a long-term 
supply of lipids for energy production and cell survival 
[6,7,30,31]. By stimulating FA oxidation and increasing 
NADPH levels in stressed cells, which is required for the 
maintenance of the glutathione-dependent antioxidant 
system, lipid droplet-derived FAs simultaneously provide 
energy and protect from oxidative stress [6,32,33]. As 
discussed in more detail below, it is therefore not surpris-
ing that dysregulated lipolysis may result in lipotoxicity 
and cell dysfunction. Thus, lipid droplets are dynamic 
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organelles that are essential for the cellular response to 
metabolic stress.

LIPID DROPLETS RESPOND TO NUTRIENT 
AND ENERGY IMBALANCES IN STRESSED 
CELLS

During evolution, cells have developed mechanisms 
of metabolite sensing in order to cope with the unreliable 
supply of sugars, amino acids and lipids from the envi-
ronment [34]. The metabolite-sensing machinery facili-
tates the coordination of mechanisms that govern nutrient 
preference, uptake, distribution, recycling, and storage in 
order to maintain cellular homeostasis. AMP-activated 
protein kinase (AMPK) and mammalian target of rapa-
mycin complex 1 (mTORC1) are highly conserved and 
fundamental reciprocal regulators of cellular metabolism 
[34-37]. AMPK is activated by nutrient and oxidative 
stress, genotoxins and xenobiotics [37]. It senses minute 

changes in the intracellular AMP:ATP ratio and responds 
to low energy states by suppressing anabolic processes, 
including de novo FA, cholesterol, and TAG synthesis 
[37-39], while stimulating ATP production through the 
activation of glycolysis, mitochondrial biogenesis, and 
FA oxidation [32]. Besides responding to levels of ade-
nine nucleotides, recent reports have shown that AMPK 
activation may also occur at the lysosomal membrane, 
where an AMPK-activation complex senses glucose lev-
els independently of the cellular energy status [35,40]. 
The mTORC1 kinase also localizes to lysosomes, where 
it is activated by nutrient abundance to promote anabolic 
cell growth pathways. By regulating the sterol regulatory 
element-binding protein (SREBP) transcription factors 
it stimulates FA, cholesterol, and glycerolipid synthesis, 
whereas it inhibits lipid catabolism by repressing the 
activity of the transcription factor EB (TFEB) [41-43]. 
mTORC1 is negatively regulated by AMPK, amino 
acid, or glucose starvation and is a strong suppressor of 

Figure 1. Lipid droplet buffering and delayed release of lipids. Various conditions of cellular stress are charac-
terized by lipid overload, arising from an excess of exogenous (e.g. increased uptake of lipids from the circulation) or 
endogenous lipids (e.g. starvation-induced autophagic breakdown of membranous organelles). Lipid droplets have the 
capacity to sequester excess lipids, thereby preventing their lipotoxicity, and to release them gradually based on cellular 
needs to preserve energy, redox, membrane, and organelle homeostasis through various mechanisms. This essential 
property of lipid droplets – buffering and delayed release of lipids – is particularly important for cells exposed to rapidly 
changing conditions of nutrient and oxidative stress.
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from fermentation to respiration also includes a rapid 
burst of lipid droplet biogenesis in order to redirect lipid 
precursors away from membrane synthesis and preserve 
them to enable cell survival during the ensuing starvation 
[3,46,47]. The shift in lipid metabolism is also dependent 
on the activation of phosphatidate phosphatase 1 (Pah1), 
which is necessary for TAG synthesis in the stationary 
phase and is indirectly regulated by TORC1 [48,49]. And 
how are lipid droplets consumed during starvation? Yeast 
cells undergoing sudden glucose restriction consume lip-
id droplets through microautophagy, i.e. microlipophagy, 
which is triggered by Snf1/AMPK activation, in order to 
survive during prolonged nutrient stress [47]. Intriguing-
ly, yeast cells exposed to gradual glucose reduction, ami-
no acid starvation, or TORC1 inhibition cannot activate 
microlipophagy and do not survive in the long-term, like-
ly because they fail to maintain Snf1/AMPK activation 
[47].

autophagy [35,40,44]. Autophagy/lipophagy may be di-
rectly regulated by AMPK via a “dual safe” mechanism, 
involving not only mTORC1 inhibition, but also direct 
phosphorylation of the Unc-51 like autophagy activating 
kinase 1 (ULK1) [45].

Different types and severities of nutrient restriction 
may distinctly affect cellular sensing mechanisms thereby 
resulting in specific cellular responses. Emerging studies 
have shown that lipid droplet metabolism is affected 
by the sensing and regulatory networks of AMPK and 
mTOR. In growing yeast cells, lipid precursors are main-
ly used for membrane synthesis. Following rapid expo-
nential growth, nutrients such as glucose or amino acids 
are eventually exhausted, which leads to a metabolic shift 
towards mitochondrial oxidative metabolism. This is fa-
cilitated by the activation of Snf1 (the yeast homologue of 
AMPK), which senses glucose depletion and derepresses 
oxidative gene expression [40]. Intriguingly, the switch 

Figure 2. Lipid droplet structure, biogenesis, and breakdown. (A) Lipid droplets are composed of a central hydro-
phobic core of neutral lipids, mostly composed of triacylglycerols (TAGs) and sterol esters, surrounded by a monolayer 
of phospholipid molecules, wherein numerous proteins are embedded. (B) TAG synthesis occurs in the endoplasmic 
reticulum membrane by sequential addition of fatty acids (FAs) (in their activated acyl-CoA form) to a glycerol-3-phos-
phate (G3P) backbone, yielding lysophosphatidic acid (LPA), phosphatidic acid (PA), and diacylglycerol (DAG). These 
reactions are catalyzed by several acyltransferase enzymes, including glycerol-3-phosphate acyltransferases (GPATs), 
acylglycerol-3-phosphate acyltransferases (AGPATs), and phosphatidic acid phosphatases (lipins). The last and com-
mitted step in the TAG synthesis cascade is catalyzed by the diacyglycerol acyltransferase enzymes (DGATs). (C) 
Lipid droplet breakdown occurs through lipolysis or lipophagy. TAG lipolysis is carried out by the sequential action of 
adipose triglyceride lipase (ATGL), hormone sensitive lipase (HSL), and monoacylglycerol lipase (MAGL). Lipophagy 
is a selective form of autophagy wherein lipid droplets are engulfed within autophagosomal membranes and delivered 
to lysosomes for degradation by acid lipolysis. Lysosomal TAG lipolysis is catalyzed by lysosomal acid lipase (LAL).
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AMPK has a pro- or anti-lipolytic function, or has no ef-
fect on lipolysis [16]. This suggests a marked tissue- and 
cell type-specific function of AMPK-mediated regulation 
of lipid droplet breakdown.

LIPID DROPLETS ARE CELLULAR 
MANAGERS OF LIPOTOXICITY

Lipotoxicity is a condition that occurs when cellular 
mechanisms fail to overcome cell damage caused by lip-
ids [59]. It is often a consequence of imbalances between 
lipid uptake, storage and utilization. Cellular mechanisms 
of protection against lipotoxicity act on the principle of 
eliminating damaged or surplus lipids by transfer into 
inert storage pools, breakdown through oxidation or 
expulsion from the cell. Due to their central role in coor-
dinating lipid uptake, storage, trafficking, and oxidation, 
lipid droplets are particularly well-suited among organ-
elles to prevent, respond to and alleviate lipotoxic insults. 
A hallmark feature of lipid droplet biology is their ability 
to take up large amounts of lipids and release them grad-
ually when needed in response to cellular requirements 
(Figure 1). Importantly, they do not act solely as simple 
buffers that minimize cellular lipid fluctuations, but also 
regulate the multitude of pathways that control the fate of 
stored lipids, thereby affecting all aspects of cellular ho-
meostasis. Lipid droplets protect cells and tissues against 
lipotoxicity by mitigating the overload of both exogenous 
and endogenous lipids [2,4]. They reduce the lipotoxicity 
of “free,” non-esterified lipids by storing them in their less 
hazardous, esterified forms within the neutral lipid core 
[9,26,60-62]. FAs, diacylglycerols (DAGs), cholesterol 
and ceramides are stored within lipid droplets in the form 
of TAGs, cholesterol esters (CEs) and acylceramides, 
respectively. Cells require lipid droplets for protection 
against lipotoxicity in a variety of stressful conditions, in-
cluding during lipid overload, e.g. exposure to exogenous 
FAs [9,61,63-65], hypoxia and oxidative stress [9,30,31], 
high autophagic flux [26,66] and dysfunctional lipolysis 
[67,68].

Intriguingly, the protective role of lipid droplets 
extends also to neighboring cells and tissues, and this 
cell non-autonomous function of lipid droplets is critical 
for proper maintenance of tissue homeostasis and stress 
responses [4,65,69,70]. This phenomenon is not limited 
to adipose tissue, which is specialized for the protection 
of cells and tissues from lipotoxicity both locally and at 
the organismal level, but is also important, for example, 
during neuronal development, whereby glial lipid drop-
lets protect neighboring neuroblasts from lipotoxicity 
[30,69,71]. A cell-to-cell heterogeneity in the capacity for 
storing lipids has also been observed within subpopula-
tions of cells, whereby a subset of cells accumulates more 
lipid droplets to reduce the risk for lipotoxic damage for 

The mTORC1 kinase may regulate lipid droplet 
turnover during stress through autophagy-dependent 
and autophagy-independent mechanisms. In Drosophila, 
hypoxia-induced TORC1 inhibition leads to autopha-
gy-independent lipid droplet growth and lipid storage in 
the fat body, which is required for tolerance to hypoxia 
[50]. In mammalian cells, acute and complete nutrient 
restriction promotes lipid droplet biogenesis [24]. Exper-
iments in starved mouse embryonic fibroblasts (MEFs) 
have revealed that amino acid depletion, but not glucose 
or serum limitation, drives lipid droplet biogenesis [26], 
which depends on mTORC1 inactivation-induced auto-
phagy [26]. Interestingly, AMPK activation succeeded 
mTORC1 inhibition and was not required for autophagy 
initiation, indicating that it might instead be important 
for sustaining autophagic flux and oxidative metabolism 
during prolonged starvation [26]. Intriguingly, even in 
conditions of nutrient sufficiency AMPK may contribute 
to basal autophagy by activating the ULK1 kinase [51]. 
Given that lipophagy is activated in milder and prolonged 
conditions of serum restriction and in the presence of 
glucose and amino acids [9,25,52], it is not surprising 
that AMPK stimulates lipophagy through mTORC1-in-
dependent activation of ULK1 [51,53]. Thus, it seems 
that the intricate interplay between mTORC1 and AMPK 
signaling that regulates autophagy/lipophagy and lipid 
droplet metabolism depends on the type of nutrients be-
ing restricted, the severity and length of stress and the 
physiological context.

Interestingly, lipolysis and lipophagy are also tran-
scriptionally regulated by common pathways down-
stream of AMPK and mTORC1 in response to changes in 
nutrient and energy levels [16,34]. AMPK and mTORC1 
signal transduction pathways converge at the TFEB, 
peroxisome proliferator-activated receptor γ co-activa-
tor 1α (PGC1α)-PPARα-retinoid receptor X (RXR) and 
forkhead box protein O (FOXO) transcription factors that 
activate the transcription of ATGL and lysosomal acid li-
pase (LAL), thus promoting both neutral and acid lipoly-
sis [16]. By promoting catabolism and elevating NAD+ 
levels, AMPK also indirectly activates the deacetylase 
sirtuin 1 (SIRT1) and its targets PGC1α and FOXO. On 
the contrary, starvation-induced mTORC1 inhibition 
leads to translocation of TFEB into the nucleus, there-
by increasing the expression of genes that are involved 
in lysosomal biogenesis and function, autophagy and 
lysosomal exocytosis [54]. AMPK also regulates the ex-
pression and activation of PLIN3, which promotes lipid 
droplet dispersion during starvation, and the autophagic 
degradation of PLIN2, which regulates the binding of 
cytosolic lipases to the lipid droplet surface [55-58]. At 
the tissue/organismal level, the role of AMPK in regulat-
ing mammalian lipid droplet breakdown is still not clear, 
with numerous contradictory reports suggesting that 
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Energy production during glucose restriction de-
pends on FA oxidation that primarily occurs in mito-
chondria in mammals, and in peroxisomes in yeast and 
plants [87]. Recent studies suggest that for an efficient 
delivery of FAs from lipid droplets to mitochondria a 
close proximity of both organelles is required, which 
could minimize the exposure of FAs to the cytosol and 
prevent lipotoxicity [25,26]. Indeed, lipid droplets form 
contacts with mitochondria and other organelles includ-
ing the ER, Golgi, lysosomes, and peroxisomes [4,88,89]. 
The architecture of lipid droplet–organelle contact sites is 
mostly unknown, but recent studies suggest that they may 
include both protein complexes that function as tethers 
between the organelles and membrane bridges that con-
nect the outer phospholipid monolayers of the opposing 
membranes [90]. The ability to form membrane bridges 
at organelle contact sites is unique to lipid droplets, due to 
the monolayer structure of their phospholipid coat, which 
may form continuous structures with the outer leaflet 
of bilayer membranes of other organelles. It may be 
envisaged that, in contrast to protein tethers, membrane 
bridges enable direct and efficient transfer of lipids and 
proteins between the two organelles. Notably, the trans-
port between lipid droplets and mitochondria is probably 
bidirectional and not limited to FA transfer for the pur-
pose of energy production [90]. For example, FA transfer 
in the reverse direction may protect mitochondria from 
lipotoxicity, and mitochondria may also contribute to 
phospholipid and TAG synthesis for lipid droplet growth 
[89,90]. Indeed, it has been recently shown in brown 
adipocytes that a subset of “peridroplet” mitochondria, 
which display elevated Krebs cycle activity but low FA 
oxidation capacity, in fact support lipid droplet biogenesis 
by providing ATP for the synthesis of TAG [91]. Benador 
et al. [92] have suggested that cells contain two major 
populations of mitochondria that enable the simultaneous 
occurrence of lipid synthesis and breakdown: peridroplet 
mitochondria, that promote lipid droplet biogenesis and 
protect from lipotoxicity, and non-lipid droplet-bound 
cytoplasmic mitochondria that specialize in FA oxidation 
and energy production.

Changes in mitochondrial structure and lipid drop-
let distribution are necessary for efficient FA trafficking 
during starvation [25,27]. In nutrient replete conditions, 
lipid droplets form clusters and are clumped around the 
nucleus [27]. On the contrary, in starved cells they adopt 
a dispersed distribution within the cell, which promotes 
their recruitment to mitochondria. Lipid droplets relocate 
from the cell center to the periphery by moving on dety-
rosinated microtubules. Activation of the energy sensor 
AMPK is essential for lipid droplet mobility along the 
microtubule network and stimulates their consumption 
during starvation [27]. Moreover, mitochondrial fusion 
is necessary for efficient β-oxidation in starved cells, be-

the whole population, but also to supply stored lipids to 
neighboring cells when needed [72]. At the organismal 
level, lipid droplet biogenesis in different tissues im-
proves insulin sensitivity [73], reduces accumulation of 
DAG and ceramide [74], and buffers postprandial surges 
of FAs in order to reduce their lipotoxicity [70]. Dysfunc-
tional lipid droplet turnover may interrupt the ability of 
cells and tissues to fight against lipotoxic damage and 
can lead to persistent cellular stress, which is a hallmark 
of many diseases, including obesity, cardiovascular dis-
eases, metabolic syndrome, diabetes, inflammation, and 
cancer [2,73,75,76]. The manipulation of lipid droplet 
turnover thus represents an attractive target for reducing 
the detrimental consequences of lipotoxicity.

Lipolytic lipid droplet breakdown fuels and regulates 
mitochondrial oxidative metabolism and is essential for 
cell survival during nutrient deprivation in various cells 
[8,9,20,24,25,77]. However, upregulated lipolysis is a 
hallmark of cellular states and diseases associated with 
lipid overload. Elevated lipolysis may cause cell damage 
by increasing the pool of free FAs in the cytosol, altering 
cell signaling pathways affecting oxidative metabolism, 
ER homeostasis, and stimulating β-oxidation and reactive 
oxygen species (ROS) production [78,79]. Under these 
conditions, inhibition of ATGL-mediated lipolysis pro-
tects cells and tissues from lipotoxicity, oxidative stress, 
insulin resistance, and ER stress [9,67,68,80-83]. The 
lipid droplet coating protein perilipin 5 (PLIN5) plays a 
critical role in the regulation of lipolysis and lipotoxicity. 
It inhibits ATGL and provides a “lipolytic barrier” that 
suppresses uncontrolled TAG lipolysis, thereby reducing 
lipotoxic injury and insulin resistance in oxidative tis-
sues (Figure 3) [67,80-82]. It controls the tight coupling 
between lipolysis and the metabolic demand for FAs, 
thus preventing ceramide accumulation and reducing 
oxidative stress, which may be induced by excessive FA 
oxidation and peroxidation [80,84,85]. The coordination 
of lipid droplet lipolysis and mitochondrial metabolism is 
thus critical for the removal of toxic FA species and the 
prevention of lipotoxicity. On the contrary, ATGL defi-
ciency in macrophages leads to TAG accumulation and 
apoptotic cell death, suggesting that lipolysis may also 
play a protective role against lipotoxicity in some cases 
[86]. Therefore, the precise regulation of ATGL activity 
is critical for the balance between the protective effects of 
lipolysis on energy and redox homeostasis, and lipotoxic 
cell damage.

LIPID DROPLETS INTERACT WITH OTHER 
ORGANELLES TO MAINTAIN CELLULAR 
HOMEOSTASIS

Lipid Droplets Interact with Mitochondria to 
Optimize Lipid Transfer and Energy Production
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lipid droplets to mitochondria. The lipid droplet-coating 
protein PLIN5 regulates FA flux from lipid droplets to 
mitochondria [67] and provides a physical link between 
the organelles (Figure 3) [91,95]. In accordance, overex-
pression of PLIN5 has been shown to promote clustering 
of mitochondria around lipid droplets [95,96]. Interest-
ingly, in adipocytes, Mfn2 binds to PLIN1 to facilitate 
the interaction between mitochondria and lipid droplets 
(Figure 3) [94]. Clearly, the protein composition, struc-
ture and dynamics of lipid droplet–mitochondria contact 
sites remain to be elucidated in future studies.

Lipid Droplets Associate with Peroxisomes to 
Support Lipid Metabolism

Lipid droplets also associate with peroxisomes 
[88,97,98]. In yeast, lipid droplets form stable interac-
tions with peroxisomes and are enriched with peroxiso-
mal β-oxidation enzymes, suggesting a coupling of lipid 

cause it ensures efficient FA intake and uniform distribu-
tion of FAs within the network of tubulated mitochondria 
[25]. Mitochondrial fusion in mammals is controlled by 
mitofusins (Mfn) 1 and 2, GTPase enzymes that control 
the fusion of the outer mitochondrial membrane [93]. 
Mfn2 deficiency in murine brown adipose tissue leads to 
lipid droplet accumulation and mitochondrial dysfunc-
tion [94]. In accordance, defects in mitochondrial fusion 
dynamics reduce β-oxidation and mitochondrial respira-
tion, while promoting lipid droplet accumulation and FA 
efflux from cells [25]. ATGL activity, but not lipophagy, 
is essential for supplying mitochondria with lipid drop-
let-derived FAs in acutely starved MEFs [25], but it is not 
clear how the transfer of FAs is executed at the molecular 
level.

Several proteins have been shown to regulate the 
interaction between lipid droplets and mitochondria, in-
cluding members of the PLIN family [94,95], however, it 
is still not clear how they contribute to FA transport from 

Figure 3. Perilipin 5 regulates lipid droplet and mitochondrial metabolism through metabolic and signaling 
actions. The lipid droplet coating protein perilipin 5 (PLIN5) plays a critical role in the regulation of lipolysis and mito-
chondrial metabolism. At least three mechanisms of its action have been implicated in the cellular stress response. 1) 
In conditions of lipid overload, PLIN5 limits the activity of adipose triglyceride lipase (ATGL) and its co-activator lipid 
droplet-binding protein CGI-58 and provides a “lipolytic barrier” that suppresses uncontrolled triacylglycerol (TAG) lip-
olysis, thereby reducing lipotoxic injury and insulin resistance. 2) During nutrient starvation, PLIN5 facilitates fatty acid 
(FA) flux from lipid droplets to mitochondria and provides a physical link between the organelles. Their close proximity 
enables a more efficient FA transfer and supports energy and redox homeostasis. Its homologue PLIN1, which is spe-
cifically expressed in adipocytes, has been shown to directly interact with the mitochondrial protein mitofusin 2 (Mfn2), 
a mediator of mitochondrial fusion and mitochondria–lipid droplet interactions. 3) Catecholamine- or fasting-stimulated 
lipolysis leads to protein kinase A-dependent translocation and enrichment of PLIN5 in the nucleus, whereby it forms 
transcriptional complexes with sirtuin 1 (SIRT1) and peroxisome proliferator-activated receptor γ co-activator 1α (PG-
C1α), leading to the transcription of target genes involved in mitochondrial biogenesis and oxidative metabolism.
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during stress, may stimulate the translocation of the lipid 
droplet-associated protein PLIN5 to the nucleus, where it 
physically interacts with PGC-1α/SIRT1 complexes and 
regulates the transcription of genes that mediate mito-
chondrial oxidative metabolism (Figure 3) [104]. Thus, 
besides regulating lipase activity and mitochondria-lipid 
droplet interactions [67,81,85,91,95], PLIN5 also direct-
ly affects the transcription of genes essential for efficient 
coupling of lipolysis with oxidative metabolism. Intrigu-
ingly, bacterial lipid droplets bind directly to DNA using 
the microorganism lipid droplet small (MLDS) protein, 
thereby regulating MLDS gene transcription and cell sur-
vival under low nitrogen conditions [102]. Finally, lipid 
droplets are also modulators of chromatin assembly and 
organization. During early embryonic development of 
Drosophila, lipid droplets store excess maternal histones 
to ensure a sufficient supply for rapid nuclear division in 
the embryo [105]. The sequestration of excess histones 
also protects embryos from DNA damage [106,107] 
and, surprisingly, histone-bound LDs also protect the fly 
against bacterial infections [108]. These findings have 
begun to reveal many as yet unknown roles of cytosolic 
lipid droplets in the regulation of nuclear function that are 
involved in various aspects of the cellular stress response.

Recently, it has been reported that lipid droplets are 
also present in the nucleus [109-111]. Nuclear lipid drop-
lets have been found in yeast and mammalian cells, and 
they are particularly abundant in hepatocytes [112,113]. 
Although it was initially not clear whether these are in fact 
cytoplasmic lipid droplets trapped in the nucleus [110], 
it has been confirmed recently that nuclear lipid droplets 
are formed through distinct mechanisms in the nucleus. 
These include budding from the inner nuclear membrane 
(INM) or from the lumen of the type I nucleoplasmic re-
ticulum [112,114]. Studies in yeast have recently shown 
that nuclear lipid droplets bud from the INM and remain 
attached to it through seipin-mediated membrane bridges 
[112]. The latter suggest a dynamic relationship between 
the two structures, likely enabling bidirectional lipid and 
protein exchange depending on requirements for mem-
brane synthesis vs storage, protection from lipotoxicity, 
or regulation of gene expression [4,112]. In hepatocytes, 
lipid droplets grow within the nucleus and their biogen-
esis depends on interactions with promyelocytic leuke-
mia nuclear bodies, which are involved in regulation of 
transcription [113]. A recent study reported that hepatic 
nuclear lipid droplets derive from a precursor of very low 
density lipoprotein (VLDL), that arise from the lumen of 
the type I nucleoplasmic reticulum, and turn into nucleo-
plasmic lipid droplets by disintegration of the surround-
ing INM [114].

During nutrient stress caused by lipid overload, cells 
are faced with a great demand for additional phospha-
tidylcholine (PC), the main phospholipid constituent 

droplet lipolysis and peroxisomal FA oxidation [98]. The 
latter is essential for the breakdown of very-long chain 
and branched chain FAs [4,87] and for the shortening of 
polyunsaturated fatty acids (PUFAs), eicosanoids, and 
epoxy FAs before their final catabolism by mitochon-
drial oxidation [99]. Furthermore, lipid droplets and 
peroxisomes interact even in the presence of nutrients, 
when peroxisomes are not required for growth, indicat-
ing that lipid droplets may provide membrane lipids for 
peroxisome synthesis [98]. In addition, the organelles 
share a similar ER-mediated pathway for their biogenesis 
[97]. In mammalian cells, lipid droplets associate with 
peroxisomes through a tethering complex formed by 
spastin and ATP binding cassette subfamily D member 
1 (ABCD1), which allows direct channeling of FAs from 
lipid droplets to peroxisomes [100]. Spastin enables lipid 
droplet–peroxisome interactions by attaching to the lipid 
droplet phospholipid monolayer and binding to ABCD1 
in peroxisomes via its peroxisome-interacting region. 
Importantly, spastin also recruits two membrane-shaping 
endosomal sorting complexes required for transport (ES-
CRT)-III proteins, which facilitate FA trafficking, most 
likely by inducing morphological changes in the lipid 
droplet membrane. Moreover, the tethering complex is 
necessary for the removal of peroxidized lipids from lipid 
droplets, which suggests a novel role for the lipid droplet–
peroxisome relationship in protecting cells against lipo-
toxicity and oxidative stress. Thus, contact sites between 
lipid droplets and mitochondria/peroxisomes enable 
bidirectional communication and effective lipid transfer, 
which contributes to energy production, maintenance of 
organelle integrity and prevention of lipotoxicity.

Lipid Droplets Regulate Nuclear Function
Interactions between lipid droplets and the nucleus 

are an emerging and exciting field of research, currently 
being addressed mostly from two major perspectives: the 
involvement of cytosolic lipid droplets in the regulation 
of nuclear function and the existence of nuclear lipid 
droplets and their poorly explained origins and function 
[101]. Cytosolic lipid droplets are often found in close 
proximity to the nucleus and affect its function via dif-
ferent mechanisms [101]. They are involved in protein 
exchange with the nucleus, chromatin assembly, and 
regulation of gene transcription [102-107]. These modu-
latory functions of lipid droplets are typically associated 
with the cellular response to stress. For example, the lipid 
droplet-associated fat-specific protein 27 (Fsp27) seques-
ters the transcriptional factor nuclear factor of activated 
T cells 5 (NFAT5) on cytosolic lipid droplets and away 
from the nucleus, thus directly affecting the execution 
of an osmoprotective gene expression program that 
depends on NFAT5 [103]. Furthermore, catecholamine 
signaling, which is responsible for activation of lipolysis 
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has been observed as a general downstream effect of ER 
stress, including that induced by pharmacological agents, 
lipid overload, starvation, and impaired lipid biosynthetic 
pathways (Figure 4) [68,83,120,122,123]. Conversely, 
dysfunctional lipid droplet turnover also contributes to 
the induction of ER stress [68,122,124], suggesting a 
complex and bidirectional relationship between lipid 
droplets and ER stress. Emerging evidence has revealed 
that lipid droplets protect against ER stress by removing 
misfolded proteins, rebalancing ER lipid homeostasis 
and by regulating other stress response mechanisms, such 
as autophagy [68,122-127]. It has been shown that lipid 
droplets act as buffers that not only sequester excess free 
FAs but also unfolded or misfolded proteins in order to 
alleviate ER stress (Figure 4) [68,127,128]. The storage 
of calcium in the ER is affected by ER stress, which leads 
to the release of calcium in the cytosol and cell death 
[118,126]. However, it has been suggested that lipid drop-
lets protect from cell death by sequestering calcium and 
preventing cytosolic calcium overload [129]. Interesting-
ly, ER stress also promotes the formation of nucleoplas-
mic lipid droplets, which act in a feed-back mechanism 
that activates the synthesis of PC to alleviate ER stress 
[114]. Although the mechanisms linking lipid droplets 
and ER stress are not yet clear, changes in lipid droplet 
turnover seem to be tightly associated with ER stress. 
Through their ability to buffer toxic lipids and proteins, 
and by regulating lipid flux to membranes and organelles, 
lipid droplets may be essential for protein quality control 
as well as membrane synthesis, composition, and dynam-
ics. Depending on the particular conditions and cell type, 
they may act both to prevent the onset of ER stress and 
to restore ER homeostasis upon UPR activation. Finally, 
the role of lipid droplets in the regulation of ER stress has 
been implicated in several pathologies, including insulin 
resistance, dyslipidemia, hepatic steatosis, heart failure, 
and inflammation [68,83,130].

Pharmacological inducers of ER stress, including 
tunicamycin, brefeldin A, and thapsigargin, promote lipid 
droplet biogenesis in yeast [120] and mammalian cells 
[121]. Interestingly, although lipid droplet accumulation 
correlates with the level of ER stress in yeast cells, it is 
not essential for their survival [120]. In cardiomyocytes, 
treatments with exogenous palmitate, which is poorly 
incorporated into TAGs [61,131,132], upregulates the 
expression of genes associated with ER stress and causes 
lipotoxicity, but does not induce lipid droplet biogenesis 
[68]. When lipid droplet biogenesis was augmented by 
increasing the expression of peroxisome proliferator-ac-
tivated receptor γ (PPARγ), palmitate-induced ER stress 
was mitigated, suggesting that sequestration of palmitate 
into neutral lipid stores reduces ER stress. However, 
inhibition of TAG synthesis by DGAT1 knockdown in 
cultured rat hepatocytes exposed to exogenous FAs did 

of the lipid droplet monolayer membrane. PC acts as a 
surfactant that prevents lipid droplet coalescence and 
its availability is essential for lipid droplet growth and 
expansion [115]. In Drosophila, local PC synthesis on 
the lipid droplet surface is mediated by the rate-limiting 
enzyme in the PC synthesis pathway CTP:phosphocho-
line cytidylyltransferase alfa (CCTα) [115]. In this case, 
the coordination of membrane PC synthesis with lipid 
droplet expansion is mediated by the reversible translo-
cation of CCTα from the nucleus to growing cytosolic 
lipid droplets [115]. However, in other cell types CCTα is 
mostly localized to the nucleus, suggesting the presence 
of other coupling mechanisms [4,116]. Interestingly, new 
evidence suggests that hepatocyte nuclear lipid droplets 
are involved in the regulation of phospholipid synthesis 
[114]. They recruit and activate CCTα to promote PC 
synthesis, which is additionally modulated by competi-
tive binding of PLIN3 to the nuclear lipid droplet surface. 
The nuclear regulation of PC synthesis is important for 
the maintenance of membrane homeostasis in response 
to ER stress [114]. The important discovery of nuclear 
lipid droplets elicits new questions about their functions 
in cell biology. It is worth speculating that they are pre-
dominantly involved in the regulation of gene expression, 
since they are located in the nucleus, but they may also 
exhibit similar roles to those established for cytosolic 
lipid droplets.

LIPID DROPLETS MAINTAIN MEMBRANE 
AND ER HOMEOSTASIS

Cell integrity and function depend on the preserva-
tion of membrane and ER homeostasis. The ER is com-
posed of a network of membrane cisternae and tubules 
that extends throughout the cell. It comprises the largest 
pool of lipids in the cell and forms membrane contact 
sites with all other organelles [117]. It has a pivotal role 
in the synthesis, storage, and secretion of proteins and 
lipids, and is important for calcium dynamics. Various 
pathophysiological events that interrupt protein folding 
processes, calcium uptake, or alter ER lipid composition 
may cause ER stress. Cells cope with ER stress by trig-
gering the unfolded protein response (UPR) in order to 
restore ER homeostasis. The UPR is an adaptive mech-
anism whose activation leads to reduced protein transla-
tion, increased transcription of genes involved in the ER 
stress response, and elevated ER-associated protein deg-
radation (ERAD). If any of these mechanisms fail or ER 
stress is prolonged, the UPR shifts from being an adap-
tive to a pro-apoptotic mechanism [1,4,118,119]. It is not 
surprising that lipid droplets, as organelles arising from 
and intricately associated with the ER, respond to distur-
bances in ER homeostasis. ER stress promotes lipid drop-
let formation [120,121] and lipid droplet accumulation 
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neutral lipases [137] and may contribute to lipotoxicity 
because of the persistently elevated FA efflux. Conversely, 
physiological conditions like fasting or intense exercise 
increase adipose tissue lipolysis to supply other tissues 
with FAs, but the large amounts of lipolytically released 
FAs could lead to ER stress and lipotoxicity even in the 
adipocytes themselves [122]. Therefore, a seemingly 
futile cycle of lipolysis followed by ATP-consuming 
FA re-esterification into TAGs occurs simultaneously in 
adipocytes in order to reduce ER stress. This is indica-
tive of a cell-autonomous protective role of lipid droplet 
biogenesis against ER stress induced by high levels of 
lipolysis. In line with this, stimulation of ATGL-mediated 
lipolysis leads to ER stress even in cells treated with the 
otherwise beneficial, ER stress-reducing FA, oleate [68]. 
Similarly, facilitating autophagy-related 14 (ATG14)-me-
diated lipophagy results in accumulation of free FAs, ER 
stress, and apoptotic cell death [124]. On the contrary, the 
absence of ATGL reduces FA saturation levels in the liver 
and protects mice against tunicamycin-induced hepatic 

not enhance palmitate lipotoxicity or abolish the ability 
of oleate to reduce palmitate-induced ER stress [133]. 
Similarly, rather than promoting the flux of palmitate into 
TAG, oleate protects myeloid cells from palmitate-in-
duced ER stress by counteracting its incorporation into 
phospholipids and reducing membrane saturation [134]. 
In accordance, the protective effect of monounsaturated 
FAs against ferroptosis, an iron- and lipid peroxida-
tion-dependent form of cell death, was not dependent on 
lipid droplet formation, but on the displacement of easily 
oxidizable PUFAs from membrane phospholipids and the 
concomitant suppression of membrane lipid peroxidation 
[135]. Thus, the protective effects of monounsaturated 
FAs against ER stress and lipotoxicity are not always 
associated with lipid droplet metabolism. Future studies 
will help elucidate the currently obscure links between 
lipid droplets, ER stress, FA lipotoxicity, and ferroptosis 
[136].

In adipocytes, ER stress stimulates lipolysis by acti-
vating signaling pathways involved in the regulation of 

Figure 4. Lipid droplet formation is induced by ER stress to maintain lipid, protein and calcium homeostasis. 
ER stress may be triggered by various conditions, including the accumulation of misfolded proteins, excess or damaged 
lipids and calcium imbalance. Cells respond to ER stress by activating the unfolded protein response (UPR) in order 
to restore homeostasis and enable cell survival, but its prolonged activation may lead to cell death. In mammals, the 
UPR activation is regulated by three distinct transmembrane proteins: inositol-requiring enzyme 1 (IRE1), PKR (dou-
ble-stranded-RNA-dependent protein kinase)-like endoplasmic reticulum kinase (PERK), and activating transcription 
factor 6α (ATF6α). These proteins are activated by dissociating from the ER chaperone imunoglobulin heavy-chain-
binding protein BiP/GRP78, which binds to misfolded proteins. ER stress promotes the formation of lipid droplets that 
bud from the ER membrane. Lipid droplets act as buffers, which sequester misfolded proteins and excess lipids in order 
to alleviate ER stress. Lipid droplets may also sequester free Ca2+ and protect from cytosolic Ca2+ overload, which has 
been associated with ER stress. Lipid droplets are thus crucial for the maintenance of lipid, protein and calcium ER 
homeostasis.
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organelles drives lipid droplet formation by providing 
a constant supply of FAs, which are then released by 
ATGL-mediated lipolysis and transferred to mitochon-
dria for energy production [25]. The protective role of 
autophagy-induced lipid droplet biogenesis has also been 
observed in other organisms including yeast [145], algae 
[146], and plants [147]. In white adipose tissue, liver and 
heart, autophagy-driven lipid droplet biogenesis has been 
implicated in the regulation of adipocyte differentiation, 
maintenance of lipid storage, redox homeostasis, and en-
ergy metabolism [148-151]. Thus, autophagy contributes 
to lipid droplet biogenesis under various conditions, and 
it is possible that lipid droplet biogenesis is a general pro-
tective response to high levels of autophagy [26].

Autophagy is also involved in lipid droplet break-
down and control of lipid distribution through a lipid 
droplet-selective form of autophagy called lipophagy 
[52]. In lipophagy, whole or parts of lipid droplets are en-
gulfed within autophagosomal membranes and delivered 
to lysosomes for degradation by acid lipolysis (Figure 
2C). In yeast, lipid droplet contacts with vacuoles lead to 
direct invaginations of the vacuolar membrane and lipid 
droplet breakdown [127]. In mammalian cells, interac-
tions between lipid droplets and lysosomes occur in both 
prolonged and brief kiss-and-run manners [4] and play an 
important role in the regulation of lipid droplet breakdown 
by lipolysis and lipophagy [55]. Lipophagy provides FAs 
for mitochondrial energy production in hepatocytes [52], 
participates in the clearance of toxic ceramides in the 
liver [152], prevents high-fat diet-induced hepatotoxicity 
and, together with mitophagy, protects against ethanol-in-
duced liver injury [153]. Liver homeostasis may thus 
depend on constitutive lipophagy. Lipophagy in other 
tissues is less characterized, but it has been observed in 
adipocytes [144], macrophages [154], enterocytes [155], 
hypothalamic neurons [156], and embryos [157]. These 
studies suggest that lipophagy is involved in food-intake 
control, lipid distribution and protection against ectopic 
lipid accumulation. In yeast, microlipophagy, a special 
form of autophagosome-independent vacuole-mediated 
lipid droplet breakdown, is involved in the management 
of ER stress, protein quality control and energy metabo-
lism [47,127,158]. Taken together, lipid droplet mobili-
zation through autophagy occurs in different cell types 
and has important roles in the protection against cellular 
stress by reducing lipotoxicity, preserving organelle ho-
meostasis, and maintaining energy metabolism.

Finally, lipid droplets may also promote the auto-
phagic process in several ways, including the provision 
of lipids for the formation of autophagosomal membranes 
[159,160], regulation of FA flux and ER homeostasis 
[123], and through signaling-mediated regulation of au-
tophagy [161]. Interestingly, in hepatocytes, ATGL acts 
as a signaling node that promotes autophagy/lipophagy 

ER stress [83]. These results suggest that the excessive 
amounts of free FAs released through elevated lipid drop-
let breakdown are a major cause of ER stress and tissue 
damage in diseases associated with lipid overload.

ERAD is a mechanism for the elimination of unfold-
ed or misfolded proteins from the ER through ubiquiti-
nation and subsequent degradation by the proteasome 
[138]. Genetic impairment of ERAD-mediated protein 
degradation or protein glycosylation pathways in yeast 
leads to lipid droplet accumulation, opening the possibil-
ity that lipid droplets are employed by cells to alleviate 
ER stress associated with protein misfolding [120]. Lipid 
droplets have been proposed to act as “escape hatches” 
for removal of damaged ER proteins [128]. Indeed, their 
role in maintaining protein quality and ER homeostasis 
has been recently demonstrated [127]. Impairment of 
yeast PC synthesis led to ER stress, elevated lipid droplet 
accumulation, and altered the morphology and localiza-
tion of the ER. The ER was aggregated in the perinuclear 
area and co-localized with lipid droplets. In addition, 
chaperone proteins, including heat shock protein 104p, 
were recruited to the aggregated ER. Importantly, ele-
vated levels of polyubiquitinated proteins were found in 
lipid droplet isolates, suggesting that unfolded proteins 
have been transferred from ER aggregates to lipid drop-
lets. Finally, this study suggests that stress-induced lipid 
droplets are engulfed by and degraded in the vacuole via 
a process similar to microlipophagy [127]. Thus, lipid 
droplets likely serve as vehicles for the removal of dam-
aged ER proteins and their delivery to the vacuole inde-
pendently of the ERAD mechanism. In accordance, other 
studies have suggested the existence of ERAD-indepen-
dent vesicle-mediated mechanisms of protein delivery 
and lysosomal elimination [139,140]. Thus, lipid droplets 
may regulate the elimination of damaged proteins from 
the ER by acting as transporters of unfolded or misfolded 
proteins intended for further elimination.

LIPID DROPLETS AND AUTOPHAGY WORK 
IN SYMBIOSIS

Autophagy is an evolutionarily conserved process of 
recycling dispensable cytoplasmic material by lysosomal 
degradation. It provides building blocks and metabolic 
substrates for processes essential for cell survival [141-
143]. Strong links have been suggested between autopha-
gy and the maintenance of cellular lipid homeostasis un-
der physiological conditions and during stress [14,144]. 
Both lipid droplet turnover and autophagy are activated 
during stress and emerging evidence points to a complex, 
intertwined relationship between these processes [2].

Autophagy may participate in lipid droplet biogen-
esis in starving cells [25,26,28]. As discussed above, 
in acutely starved MEFs, autophagy of membranous 
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eicosanoids, including PGD2, LTE4, LTB2, and thrombox-
ane B2. Importantly, exudates from ATGL deficient mice 
had reduced amounts of eicosanoids, suggesting that the 
enzyme participates in inflammatory signaling processes 
in vivo [170]. Additionally, it has recently been suggested 
that HSL is involved in the generation of lipid mediators 
in adipocytes [174]. Stimulation of adipocyte lipolysis 
with a non-selective β-adrenergic agonist resulted in el-
evated release of cyclooxygenase (COX)-, lipoxygenase 
(LOX)- and epoxygenase-derived eicosanoids, which 
was reduced by inhibition of HSL. In addition, elevated 
lipolysis led to COX-2 upregulation and infiltration of 
immune cells, suggesting that lipid mediators produced 
by lipolysis provoke an inflammatory response in adipose 
tissue [174]. In summary, lipolytic enzymes contribute to 
the synthesis of pro-inflammatory lipid mediators and 
are thus potential targets for therapeutic interventions in 
inflammatory diseases.

Lipid droplet breakdown may also occur through 
lipophagy and lysosomal degradation. In this case, LAL 
is involved in neutral lipid catabolism and it may con-
tribute to bioactive lipid synthesis. Macrophages deplet-
ed in LAL accumulate neutral lipids within lysosomes, 
predominantly CEs [175]. These are particularly enriched 
with arachidonic and linoleic acids, both precursors of 
pro-inflammatory lipid mediators. Blocking LAL activity 
in macrophages resulted in a reduced release of several 
bioactive species derived from COX-, LOX- and cyto-
chrome P450-mediated biosynthetic pathways, suggest-
ing that lipid hydrolysis by LAL is an important source of 
precursors for bioactive lipid synthesis in macrophages. 
Further studies are required to establish the connection 
between LAL-mediated lipid mediator synthesis and lip-
id droplet breakdown in other immune and non-immune 
cells.

Lipid droplet-derived lipid mediators are also in-
volved in HSC activation. In HSCs, different pools of lip-
id droplets have been observed. Quiescent HSCs mainly 
accumulate RE-rich lipid droplets that are gradually lost 
during cell activation. On the other hand, activated HSCs 
contain two structurally distinct pools of lipid droplets: 
“original,” composed of TAGs and REs, and “new,” tran-
sient lipid droplets that are enriched in TAGs containing 
PUFA acyl chains [163,179]. It has been suggested that 
the loss of REs from lipid droplets during cell activation 
promotes the synthesis of bioactive RA, which mitigates 
HSC activation [173]. Another study has suggested that 
during HSC activation lipid droplet breakdown and re-
modeling contribute to the generation of highly potent 
non-retinoid bioactive lipids, including PUFAs, endocan-
nabinoids, N-acylethanolamides, and ceramides, which 
affect HSC activation and liver metabolism [172]. Thus, 
lipid droplets act as dynamic cellular reserves of bioac-
tive lipids with distinct roles in cell metabolism.

through SIRT1-mediated signaling [161]. By orchestrat-
ing the extracellular and intracellular lipid fluxes neces-
sary for energy production and membrane synthesis, lipid 
droplets may be an essential element of the autophagic 
stress response. In summary, autophagy-mediated lipid 
droplet metabolism is involved in the maintenance of lip-
id homeostasis and cell survival under various conditions 
of stress. On the one hand, autophagy participates in lipid 
droplet biogenesis or breakdown, while on the other, lip-
id droplets may provide lipids and signals for the proper 
execution of autophagy.

LIPID DROPLETS ARE RESERVOIRS OF 
BIOACTIVE LIPIDS

One of the most underappreciated aspects of lipid 
droplet biology is their role as cellular storage pools of 
lipid signaling mediators, i.e. bioactive lipids, and their 
precursors. Broadly speaking, the lipid composition of 
lipid droplets depends on the cell type, metabolic state, 
and environmental conditions. Lipid droplets in adipo-
cytes are predominantly composed of TAGs, those found 
in Leydig cells of the adrenal cortex and macrophage foam 
cells mainly contain CEs, whereas retinyl-ester (RE)-
rich lipid droplets may be found in hepatic stellate cells 
(HSCs) [154,162-164]. The fatty acyl group composition 
of neutral lipids also differs between cells and changes 
according to cell state. For example, PUFA enrichment 
in TAGs has been observed in hepatocytes of fasted mice 
[165], in HSCs during activation [166,167], in glial cells 
exposed to oxidative stress [30], in visceral adipose tissue 
of cancer patients [168], cancer cells exposed to exog-
enous PUFAs [9], and in apoptotic cells [169]. Lipids 
released from lipid droplets may act directly as signaling 
molecules, such as FAs, or serve as precursors for the 
synthesis of other bioactive lipid mediators, including 
eicosanoids, retinoic acid (RA), endocannabinoids, and 
ceramides [19,170-173]. Lipid droplet-mediated sig-
naling has been shown to affect mitochondrial function 
and lipid metabolism [20,164], cell activation [172,173], 
inflammation [170,171,174-176], and may contribute to 
tumorigenesis [176-178].

Lipolysis has been associated with the production 
of inflammatory mediators in several types of immune 
cells. ATGL-mediated lipolysis has been shown to reg-
ulate the generation of pro-inflammatory eicosanoids in 
mastocytes [171] and mouse neutrophils [170]. In human 
activated mastocytes, blocking ATGL-mediated lipolysis 
resulted in lipid droplet accumulation and reduced levels 
of prostaglandin D2 (PGD2) and leukotriene C4 (LTC4), 
suggesting that TAG lipolysis is a source of arachidonic 
acid, a precursor for eicosanoid synthesis [171]. Similar-
ly, pharmacological inhibition of ATGL in murine neutro-
phils led to a significant decrease in the release of several 
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