. lipidology

Review

Molecular Interactions at Lipid Droplet-Mitochondria
Membrane Contact Sites in Mammalian Cells

Matthias Eckhardt

check for
updates

Academic Editor: Nicola Ferri

Received: 20 May 2025
Revised: 31 August 2025
Accepted: 2 September 2025
Published: 5 September 2025

Citation: Eckhardt, M. Molecular
Interactions at Lipid Droplet—
Mitochondria Membrane Contact
Sites in Mammalian Cells. Lipidology
2025, 2,16. https://doi.org/10.3390/
lipidology2030016

Copyright: © 2025 by the author.
Licensee MDP], Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license

(https:/ /creativecommons.org/
licenses /by /4.0/).

Institute of Biochemistry and Molecular Biology, University of Bonn, Nussallee 11, 53115 Bonn, Germany;
eckhardt@uni-bonn.de

Abstract

Lipid droplets are the neutral lipid storage compartments of eukaryotic cells. Mitochondria
are the main source for ATP, which is generated through oxidative phosphorylation. Thus,
both organelles play essential roles in fatty acid metabolism and energy homeostasis. There-
fore, functional and physical interaction of lipid droplets with mitochondria is of special
importance as essential processes, such as lipolysis, triacylglycerol synthesis, thermogenesis
or the protection against oxidative stress, and lipotoxicity, depend on cooperation of these
two organelles. Physical interaction of LDs with mitochondria is mediated by specific
molecular complexes at inter-organelle membrane contact sites. Substantial progress has
been achieved during the last decade in understanding the formation and the structural
components of lipid droplet-mitochondria contact sites. This review gives a brief overview
of the different molecular complexes that have been identified in different mammalian cell
types under different conditions and their regulation.

Keywords: fatty acid metabolism; lipid droplets; lipid droplet-mitochondrial contact site;
membrane contact site; mitochondria; perilipins

1. Introduction

Lipid droplets (LDs) are the eukaryotic storage compartments for neutral lipids, such
as triacylglycerol (TAG), cholesterol ester (CE), fat-soluble vitamins, and lipophilic tox-
icants [1-3]. LDs are, however, not “passive” containers of lipids but have important
regulatory roles such as sequestering free fatty acids (to combat lipotoxicity) or the con-
trolled release of lipids as fuel for oxidative metabolism, as substrate for membrane lipids,
or as (precursors of) signaling molecules [4]. Mitochondria are the organelles that en-
able eukaryotes to synthesize ATP through oxidative phosphorylation (OXPHOS), which
is carried out through the Krebs cycle (tricarboxylic acid cycle) and using respiratory
(electron transport) chain and ATP synthase, which is the predominant source of ATP in
most cells. Besides their essential role in substrate oxidation and ATP synthesis, mitochon-
dria fulfill various other important functions, such as thermogenesis (in brown adipocytes)
and regulation of the intrinsic apoptotic pathway, and they are involved in many biosyn-
thetic pathways (for recent reviews see, e.g., [5-7]). The functional interaction of LDs with
mitochondria is particularly important in TAG and fatty acid metabolism (Figure 1A). The
preferred fuel for OXPHOS in many cells is fatty acids (especially at low glucose). They
are delivered as free fatty acids bound to albumin and are released from lipoproteins by
lipoprotein lipase or from cytoplasmic LDs. In the latter case, a close proximity of LDs and
mitochondria is expected to enable an efficient FA transfer. In return, TAG synthesis during
LD formation or LD growth requires ATP, which is usually supplied by mitochondria.
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This may again be improved by close contacts between LDs and mitochondria. Because of
their oxidative metabolism, mitochondria are also the major site of reactive oxygen species
(ROS) generation through incomplete reduction of oxygen, forming superoxide anions and
peroxide [8]. LDs can protect against oxidative stress by sequestering polyunsaturated FAs
(PUFAs) to prevent their peroxidation or trapping peroxidation products [9].
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Figure 1. LD-mitochondrial interaction and the formation of LDs. (A) Important processes that
functionally link LD and mitochondria. (B) LDs are formed at mitochondrial-associated membranes
(MAM) of endoplasmic reticulum (ER). The phospholipid transfer proteins ORP-5 and ORP-8 regulate
LD formation by recruiting seipin oligomers to phosphatidic acid (PA)-enriched domains in MAMs.
Additionally, ORP5 is required for phosphatidylinositol 4-phosphate (PI4P) and phosphatidylserine
(PS) transfer/exchange between ER and the nascent LD. (C) Formation of new LDs at the ER starts
with TAG synthesis, forming a TAG lens within the ER membrane and causing assembly of a
seipin—-LDAF1 complex that drives the formation of a new LD bud. After budding, LDs continue
to grow through local TAG synthesis (at the LD surface) or through fusion. AGPAT, acyl-glycerol-
3-phosphate acyltransferase; CIDE, cell death-inducing DNA fragmentation factor x-like effector;
CYTOLD, cytosol-to-LD targeting (or transport pathway); DAG, diacylglycerol; DGAT, diacylglycerol
acyltransferase; ER, endoplasmic reticulum; ERTOLD, ER-to-LD targeting (or transport pathway);
FA, fatty acid; FAO, fatty acid -oxidation; G3P, glycerol-3-phosphate; GPAT, glycerol-3-phosphate
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acyltransferase; LD, lipid droplet; LDAF1, lipid droplet assembly factor 1; LPA, lysophosphatidic acid;
MAM, mitochondrial associated (ER) membrane; ORP5/8, oxysterol-binding protein-related protein
family member 5/8; OXPHOS, oxidative phosphorylation; PAP, phosphatidic acid phosphatase;
PUFA, polyunsaturated fatty acid; ox.-PUFA, oxidized PUFA; ROS, reactive oxygen species; TAG,
triacylglycerol; TAG-(ox.)PUFA, TAG containing PUFA and/or oxidized PUFA.

Since the main topic of this article is the molecular interactions at LD-mitochondria
membrane contact sites, focusing on molecular complexes that have been identified most
recently, the reader is referred to several previously published reviews on LD-mitochondria
interactions that discuss other aspects in more detail and in a comprehensive manner [10-21].

2. Biogenesis of Lipid Droplets

LDs differ from other organelles by being surrounded by a single phospholipid mono-
layer instead of a bilayer, and are extremely heterogeneous with respect to their size,
ranging in diameter from about 30 nm to more than 100 pm (in univacuolar white adipose
tissue) [22-24]. LDs not only differ with respect to their size but also their lipid compo-
sition and associated proteins; these differences can be found not only between different
cell types and tissues but also within the same cell [25-28] and are strongly influenced
by cellular/energy stress, metabolic demands, starvation, or infections [29-31]. LDs are
formed at the ER in most cell types (Figure 1B), apparently in the immediate vicinity of
mitochondria-associated ER membranes (MAMs) [32]. Therefore, the ER membrane protein
seipin is recruited by the oxysterol binding protein (OSBP)-related proteins 5 and 8 (ORP5
and ORP8) to MAMs, and the lipid droplet assembly factor 1 (LDAF1) forms oligomers
that drive the formation of LDs by stimulating TAG accumulation between the two mono-
layers of the ER membrane and finally budding off nascent LDs [3,32-38] (Figure 1C).
After budding, LDs can further grow through homotypic fusion, which requires the cell
death-inducing DFF45-like effector (CIDE) proteins [39], or through local TAG synthesis, as
at least a subset of LDs contain enzymes of TAG biosynthesis [40,41]. Two major pathways
are available to transfer new LD proteins to their destination [2,42]: (a) proteins are trans-
lated at cytosolic ribosomes and then transferred to LDs, e.g., perilipins (with the notable
exception of perilipin 1 (PLIN1)) (so called CYTOLD targeting) or (b) they are translated
at the rough ER and transferred to the LDs (ERTOLD targeting, seipin-dependent) at an
early phase of LD budding (when a membrane bridge between ER and LDs is still present).
There is also a late ERTOLD targeting that proceeds independent of seipin [2].

Degradation of lipids/TAGs stored in LDs can occur via two main routes (Figure 2):
(a) lipolysis by LD-associated adipocyte triacylglycerol lipase (ATGL), hormone-sensitive
lipase (HSL), and monoacylglycerol lipase (MGL) or (b) autophagy (lipophagy) through
the formation of autophagosomes [43,44]. It is also possible that the two processes occur
in succession: first partial lipolysis and then lipophagy of the residual LDs. Different
pathways are involved in the regulation of LD metabolism. These include regulation
of LD-mitochondrial contact formation and activity as discussed in the following. LD
metabolism is also regulated by selective degradation of LD proteins (e.g., perilipins)
through LAMP2A-dependent chaperone-mediated autophagy (CMA), which allows for
regulation of lipolysis [45]. Starvation induces CMA-mediated degradation of PLIN2 and
PLIN3, which, in concert with upregulation of ATGL and activation of macrolipophagy,
stimulates cytosolic and lysosomal lipolysis [45].
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Figure 2. Degradation of LDs can occur by lipolysis or lipophagy. Ester bonds of lipids (in TAGs

- lysosome

or CEs) stored in LDs are hydrolyzed by lipases (ATGL, adipocyte triglyceride lipase; HSL, hor-
mone sensitive lipase; MGL, monoacylglycerol lipase) attached to cytosolic LDs (lipolysis) or after
autophagy by lysosomal acid lipase (LAL). FAs are activated by acyl-CoA synthetases and can be
subjected to fatty acid oxidation (FAO) in mitochondria, or, if long chain (>C22), in peroxisomes
(and after shortening are transferred to mitochondria for further 3-oxidation).

3. Mitochondrial Heterogeneity and LD-Associated Mitochondria

At the morphological level, mitochondria differ in their size (regulated by fusion and
fission), cristae structure, and contacts to other organelles, all of which are dynamically
regulated [46—48]. This mitochondrial heterogeneity can be observed when different tissues
or cell types are compared, though it can also be observed within a given cell [49,50].
Structural heterogeneity and differential subcellular localization of mitochondria indicate
differences at the functional level. In white adipose tissue (WAT), mitochondria fuse to
form thin and elongated mitochondria, while, in brown adipose tissue (BAT), mitochondria
are fragmented and oval-shaped with a larger number of cristae [51]; low temperatures
induce cristae formation in BAT mitochondria [52]. Mitochondria from hepatocytes are
typically more rounded and short [53]. In skeletal muscle, morphologically distinct mito-
chondrial populations can be distinguished depending on their subcellular localization:
intermyofibrillar mitochondria (IFM) are elongated (and branched), whereas subsarcolem-
mal mitochondria (SSM) are shorter and round-shaped [54,55]. IFM have higher electron
transport chain complex I, II, and IV and ATP synthase activity when compared to SSM [54].
In addition to the variability in the overall morphology of mitochondria, their cristae struc-
tures can differ considerably. In cardiomyocytes, SSM contain mainly lamelliform cristae,
whereas the majority of IFM are tubular [56].

Evidence for physical association of mitochondria with LDs has been provided by
electron microscopy of skeletal muscle, BAT cardiomyocytes, or tumor cells, e.g., lung
adenocarcinoma [57-61], and by co-fractionation of mitochondria with LDs upon density
gradient centrifugation [62-64]. Mitochondria from BAT have been separated into cytosolic
mitochondria (CM) and peridroplet mitochondria (PDM), depending on their association
with LDs after low-speed centrifugation [62]. The functional differences of these two types
of LDs are underscored by significant differences of their proteomes [65]. Cui et al. [63]
distinguished two types of LD-mitochondria associations in brown adipocytes, depending
on their stable or dynamic contact with the LDs. Mitochondria in the former complex are
resistant to ultracentrifugation and have been named LD-anchored mitochondria (LDAM).
Although the term PDM initially referred to mitochondria isolated from the LD (fat layer)
fraction after density centrifugation, it is currently also used for mitochondria in close
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contact with LDs as revealed by electron microscopy [66], where it may not be obvious
whether the two organelles form stable of dynamic contacts. It should also be noted that
mitochondria linked to single small LDs can be present in the CM fraction [67].

PDM from BAT and liver are usually larger and have higher Krebs cycle activity and
oxidative phosphorylation rates (higher I+III super complex activity, cytochrome c oxidase,
and ATP synthase activity) compared to CM [62,68]. In contrast, FA oxidation (FAO) is
lower in PDM compared to CM in BAT [62,69]. This association between mitochondria
fragmentation and a higher FAO rate is corroborated by the observation that stimulating
mitochondria fusion through mitofusin 2 (MFN2) overexpression reduces FAO, whereas
increased fragmentation of mitochondria (MFN2-knock out) increases FAO of long-chain
acyl-CoA, i.e., acyl-CoAs that are imported and carnitine-dependent [70]. In line with
this, mitochondria fragmentation results in lower sensitivity towards malonyl-CoA [70],
which may be explained by the fact that increased membrane curvature reduces binding of
malonyl-CoA to (and inhibition of) carnitine palmitoyltransferase 1 (CPT1) [71].

In contrast to PDM from BAT, hepatocyte LD-associated mitochondria/PDM (isolated
from mouse liver) exhibit high FAO activity (two- to three-fold higher compared to CM),
because of their higher level of phosphorylated (inactive) acetyl-CoA carboxylase 2 (ACC2)
and higher CPT1 activity. In contrast, CM have a much higher oxidative capacity and ATP
levels with increased activities of super complexes I+III and II+III [64]. Importantly, the
FAO capacity was impaired in PDM isolated from a non-alcoholic fatty liver disease rat
model [64]. Thus, whether LD-mitochondria contacts foster lipolysis (by facilitating FA
transfer) or lipogenesis (e.g., by optimizing ATP supply) depends on the tissue/cell type
and metabolic situation (Table 1). These differences in metabolic interaction depend on the
specific protein interaction at the LD surface and changes in the composition and structure
of the MCS with mitochondria (but also other organelles, such as ER and peroxisomes).

Table 1. Conditions affecting LD-mitochondria contacts in different tissues and cell lines and their
effect on lipolysis and FAO.

LD-Mitochondrial  Effect on Fatty Acid

Treatment/Condition Tissue/Cell Type/Species Contacts Metabolism References
low temperature BAT (mouse) reduced more FAO [62]
PLINS overexpression cardiomyocytes (mouse) increased leizslsi};?i}(‘/)sis gg}
starvation cardiomyocytes (mouse) increased less FAO [59]
palmitate cardiomyocytes (rat) reduced less lipolysis [73]
palmitate cardiomyocytes (mouse) reduced less lipolysis [74]
ethanol cardiomyocytes (human) reduced less FAO [75]

starvation fibroblasts (mouse) increased more FAO [76,77]

exercise (on high fat diet) liver (mouse) reduced more FAO in PDM [78]
PLINS5 overexpression AML12 cells (mouse liver) increased le?zslsi’%(i}ésis {;5}
Col4a3-knock out podocytes (mouse) reduced more lipolysis [79]

endurance exercise

skeletal muscle (human) increased more FAO [57]
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4. LD-Mitochondria MCS and Their Role in FA Metabolism

Inter-organelle MCS are structures between different (or the same type of) organelles in
close proximity, i.e., at a distance below 30 nm [80], with a specific set of proteins mediating
this interaction. According to a proposed scheme, these proteins can be classified into four
groups [81]: (a) tethering proteins or spacers (“structural proteins”); (b) proteins mediating
the physiological function of the MCS, like lipid transfer or ion flux (“functional proteins”);
(c) proteins organizing the MCS by recruiting or repelling specific proteins to/from the MCS
(“sorter/recruitment proteins”); and (d) proteins that regulate activity of functional proteins
in the MCS, e.g., through phosphorylation (“regulator proteins”). These functional classes
are not mutually exclusive and most proteins in LD-mitochondrial MCS appear to be
members of more than one of these functional groups. Several protein-protein interactions
between LD- and mitochondria-localized proteins at the MCS have been identified in recent
years (Table 2). Different methods are used to monitor physical interactions of organelles or
those in close proximity to them (the two are not always clearly distinguished), such as high-
resolution fluorescence microscopy, electron microscopy (including cryo-EM), fluorescence
resonance energy transfer (FRET), bimolecular fluorescence complementation, dimerization-
dependent fluorescent proteins, or proximity biotinylation (for review see [82,83]). Mass
spectrometric identification of co-purified proteins or proximity-dependently biotinylated
proteins using BiolD, split-BiolD, or related approaches has been used to identify new
proteins at membrane contact sites. Methods that have been used specifically to study
LD-mitochondria interaction include mass spectrometry of co-precipitated proteins [74,84,85],
screening of candidate genes using short hairpin RNA mediated knock-down [86], and
proximity-proteomics using split BiolD [87,88].

Table 2. Protein—protein interactions identified in LD-mitochondria MCS.

LD Protein M1tochor}dr1a1 Cell Type/Cell Line References
Protein
PLIN1 MEFN2 brown adipocytes [60]
PLIN2 p531 hepatocytes (HepG2 cells) [89]
hepatocytes (Huh? cells),
PLINZ CPTI mammary adenocarcinoma (LM3 cells) [50]
FATP4 myoblasts (C2C12 cells),

PLIN5 MFN2 epithelial cells (U20S cells) [76]

PLIN5 RABSA(GTP) skeletal muscle [79]

HSC70/ : [78]

PLIN2 (PLIN3) MEN2 cardiomyocytes [45]

SNAP23/

VAMP4/ ACSL1 hepatocytes [80]
PLIN2

Phospholipids MIGA2 white adipocytes [91]

VPS13D 2/ VPS13D 2/ [92]

TSG101 MIRO (?) HEK293 cells [93]

ESYT1/ESYT2/VAPB 3 hepatocytes (HepG2 cells) [81]

HelLa cells
SARS-CoV2-ORF6 SAMM50/MTX1/MTX2 HEK293 cells [77]

! Depending on aflatoxin B1. 2 VPS13D binds to both LDs and mitochondria. 3 Tripartite contact between LD,
mitochondria, and ER.
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Miner at al. [84,94] introduced contact-fluorescence probes (contact-FP) the exhibit
dimerization-dependent fluorescence and fused them to LD and mitochondrial targeting
sequences, respectively. This approach allows qualitative and quantitative examination
of LD-mitochondria contact formation in living cells. At higher expression levels, these
probes can also induce membrane contact formation [94], which indicates that careful
adjustment of expression levels are needed; but they may also be very useful tool to study
organelle interactions.

For the regulation of FA and TAG metabolism, LD-mitochondria contacts are obvi-
ously important and are implicated in both lipolysis and lipogenesis. Contacts may improve
FA transfer to mitochondria but can also improve the ATP supply for LD-associated acyl-
CoA synthetases to drive TAG synthesis, which is also important to reduce lipotoxicity.
Starvation of cells results in a strong stimulation of FA transfer from LDs to mitochondria
(as shown, e.g., using fluorescently labelled fatty acid derivatives), accompanied by an
increase in the number of contacts between LDs and mitochondria [76,95], which suggests
that these contacts are required for efficient FA transfer. Interaction of LDs and mitochon-
dria is additionally influenced by motility of the organelles. During starvation, LDs and
mitochondria move towards the cell periphery (along de-tyrosinylated microtubules) and
the LDs become more dispersed, which improves their interaction with mitochondria and
increases the FAO in mitochondria [95].

4.1. LD-Mitochondria MCS with Involvement of Perilipins

Perilipins (PLIN1 to PLINS in mammals) are abundant LD proteins that play essen-
tial roles in the regulation of LD metabolism and also, in part, LD formation [10,96-99]
(Table 3). Therefore, perilipins are also obvious candidates to mediate tethering of other
organelles to LDs. This hypothesis has been confirmed for at least some of them (PLIN1,
PLIN2, PLIN5). Perilipins are not only tethering proteins but also usually also have a role
as “sorter/recruitment proteins” and/or “functional proteins”. PLINS is highly expressed
in tissues with high oxidative capacity, such as BAT, skeletal, heart muscle, and liver [100].
In skeletal muscle, there is a clear positive correlation between the PLIN5 expression level
and oxidative capacity [72,101]. A specific role of PLIN5 in LD-mitochondria contacts was
suggested by the observation that PLIN5-mediated LD-mitochondria contacts depend on its
carboxyl-terminal domain that is missing in other perilipins [59,102]. PLINS5 interacts with
fatty acid transport protein 4 (FATP4; solute carrier family 27 member 4, SLC27A4) (Figure 3A)
that is localized to the outer mitochondrial membrane (OMM) [84]; this protein is an acyl-CoA
synthetase (also named acyl-CoA synthetase long chain family member 4, ACSVL4). In
addition, PLIN5 binds mitochondrial MFN2; however, only binding to FATP4 depends on
the unique carboxyl-terminal domain of PLIN5 [84]. PLIN5 overexpression causes significant
translocation of mitochondria to the LD surface [59,66] and reduces lipolysis and FAO in
skeletal muscle cells [59,72,101]. This decreased FAO activity of PDM in highly oxidative
tissues expressing higher levels of PLIN5 suggests that, here, PLINS is primarily required
to reduce oxidative stress/lipotoxicity by helping to sequester FAs in LDs [96]. However,
when lipolysis is activated (though 3-adrenergic signaling), PLIN5 overexpression stimulates
FAO [101] (Figure 3A). This switch from the “lipolytic barrier” function of PLIN5 to FAO stim-
ulation is regulated by PKA-dependent phosphorylation of PLIN5 at serine-155 [84,102,103].
This phosphorylation of PLIN5 changes its interaction with ATGL and, as a consequence,
o/ B-hydrolase domain-containing protein 5 (ABHD5/CGI-58) can efficiently activate ATGL,
stimulating lipolysis and FA transfer. Furthermore, PKA-phosphorylated PLIN5 binds mo-
nounsaturated FAs (MUFAs) and mediates their transfer to the nucleus, where MUFAs act as
allosteric activators of sirtuin 1 (SIRT1) to promote peroxisome proliferator-activated receptor
v coactivator 1o (PGClo)-/ peroxisome proliferator-activated receptor o (PPAR-x)-dependent
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Figure 3. Molecular interactions at LD-mitochondrial contact sites involving perilipins and their
regulation during stimulation of lipolysis. A general primary tethering factor in the OMM that
binds all perilipins is the mitochondrial protein mitofusin-2 (MFN2). (A) The acyl-CoA synthetase
ACSVL4 (FATP4) acts as an additional tethering factor, binding PLIN5, an abundant perilipin in
highly oxidative tissues such as BAT and (skeletal and heart) muscle. PLIN5 forms a lipolytic barrier
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by inhibiting the interaction of ATGL with its activator CGI58 (ABHDY); this activity of PLING is
blocked upon phosphorylation by PKA or AMPK (starvation and energy stress), while its tethering
function remains. Thus, lipolysis and efficient FA transfer are enabled. In addition, AMPK-dependent
activation of RAB8A leads to its binding to the OMM, where it acts as a binding partner of PLINS.
Phosphorylated PLIN5 can also act as a transcriptional regulator, stimulating expression of genes
involved in biogenesis of mitochondria, oxidative metabolism, and thermogenesis in BAT (e.g., UCP1).
(B) PLINT1 is an important tethering factor and lipolytic barrier in adipose tissue through its binding to
MFN2. PKA-dependent phosphorylation of PLIN1 blocks its lipolytic barrier function and increases
its binding to MFN2. (C) The function of the ubiquitously expressed PLIN2 is regulated via different
pathways. Phosphorylation by p38 MAP kinase (MAPK) under nutrient starvation causes a functional
shift of liver-type phosphofructokinase (PFKL) that becomes a PLIN2 kinase; phosphorylated PLIN2
binds CPT1A in the OMM, improving tethering and FA transfer to mitochondria. In addition, low
glucose induces complex formation of the SNARE proteins VAMP4 and SNAP23 with PLIN2 at
LDs; this complex can associate with ACSL1 in the OMM and may therefore improve binding of the
two organelles, as well as likely making activation of released FA by ACSL1 more efficient. While
ACSL1 is constitutively associated with OMM in tissues such as adipose tissues, skeletal tissues,
and heart muscle, it is relocalized by upregulated TBK1 from ER to mitochondria upon starvation in
liver. Activation of AMPK or CHK«2 under energy stress and starvation leads to phosphorylation of
PLIN2. As a consequence, the lipolytic barrier function of PLIN2 is reduced by its HSC70-dependent
removal from LDs and chaperone-mediated autophagic degradation in lysosomes (this also applies
to PLIN3).

Table 3. Family of mammalian perilipins (PLIN1-5). Perilipins have various functions and their
activity is regulated by phosphorylation through different protein kinases.

Perilipin Expression Function Regulated by Kinases References

lipolysis,

PLIN1 WAT, BAT LD fusion PKA [106]

PLIN2 ubiquitous lipophagy, AMPK, CHK 2, PFKL [90,107,108]
lipolysis

.. LD formation,

PLIN3 ubiquitous ) . AMPK, CHKx2 [107,109]
lipolysis

PLIN4 WAT, skeletal muscle, liver LD formation unkown [100]

PLIN5 BAT, skeletal /heart muscle, liver lipolysis AMPK, PKA [84,103]

The PLINS interaction partner MFN2 [84] is a dynamin-like GTPase (although with
only low GTPase activity), localized to the OMM as well as the ER, and plays important roles
in mitochondprial fusion (together with the related mitofusin 1 (MFN1)), ER-mitochondrial
contacts, and mitophagy [110-115]. Lack of MEN2 in BAT results in an increased number of
LDs and impaired function of mitochondria [84]. Increasing the MFN2 levels in hepatocytes
increased the number of PDM (with higher CPT1 and FAO capacity compared to CM)
together with stimulation of mitochondria fusion [116]. Whether the larger size of PDM,
when compared to CM, is only the consequence of the dual function of MFN2 as a mediator
of mitochondprial fusion and as a tethering factor for LDs is currently not clear.

Interaction of PLINS with MFN2 does not depend on its unique carboxyl-terminal
domain; it was therefore not unexpected that (in BAT) MFN2 can also bind to PLIN1
(Figure 3B). PLINT1 is the characteristic perilipin of adipocytes (WAT and BAT) (Table 3) and
is an integral membrane protein, incorporated during LD formation, in contrast to the other
perilipins that follow the CYTOLD route [28]. Interaction of PLIN1 with MFN2 is strongly
increased upon (3-adrenergic signaling in brown adipocytes [60]. PKA-dependent phospho-
rylation of PLIN1 is well known to enable the release of CGI-58, the activator of ATGL, as
well as docking of hormone-sensitive lipase (HSL), thereby stimulating lipolysis [117-119].
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In addition to FATP4/ACSLA4, other acyl-CoA synthetases may be involved in
LD-mitochondrial contacts as well. In hepatocytes, acyl-CoA synthetase long-chain fam-
ily member 1 (ACSL1) was shown to interact with synaptosome-associated protein 23
(SNAP23) and vesicle-associated membrane protein 4 (VAMP4) on LDs upon glucose depri-
vation [87] (Figure 3C). Localization of SNAP23 to LDs is mediated by its binding partner
PLIN2 [120]. Because SNAP23 is also a component of the SNARE complex mediating
GLUT glucose transporter exocytosis at the plasma membrane, increased PLIN2 levels may
redistribute SNAP23 to LDs, reducing glucose uptake [121], and may thus contribute to the
metabolic switch from glucose oxidation to FAO under starvation. It is, however, not clear
whether PLIN2, SNAP23, VAMP4, and mitochondrial ACSL1 form a tethering complex in
addition to forming a functional complex that facilitates FA import. Upon fasting, FAO in
hepatocytes is stimulated by upregulation of ACSL1 expression and a shift of its subcellular
localization from ER to mitochondria [122]. This is regulated by the TANK-binding kinase 1
(TBK1), which has reduced kinase activity during fasting and is responsible (in its inactive
form) for moving ACSL1 to the OMM. Here, ACSL1 also interacts with CPT1 [87], possibly
enabling efficient acyl-CoA synthesis and mitochondrial FA import. Obesity increases
activity of TBK1 kinase through phosphorylation, which reduces its affinity for ACSL1,
causing its relocalization to the ER and thus reducing mitochondrial FAO and increasing
TAG synthesis [122]. In highly oxidative non-hepatic tissues (skeletal muscle, heart, BAT,
and WAT), ACSL1 is mainly localized to the OMM and its localization is regulated by other
mechanisms, e.g., in BAT, sortilin mediates its redistribution to lysosomal degradation,
reducing FAO and thermogenesis [123].

Metabolic adaptation under starvation that directly affects LD-mitochondrial contacts
can also be regulated by other mechanisms. In liver, fasting activates p38 mitogen-activated
protein kinase (MAPK) that phosphorylates liver-type phosphofructokinase (PFKL)
(Figure 3C). This inhibits its activity towards fructose-6-phosphate and instead favors
its association with LD, where it acts as a protein kinase that phosphorylates PLIN2 (at
serine 159) [90]. Phosphorylated PLIN2 binds to CPT1, and this interaction correlates with
a significant increase in LD-bound mitochondria and stimulates lipolysis and FAO [90]. In
human hepatocellular carcinoma cells, higher levels of phosphorylated PLIN2 correlate
with increased malignancy [90].

Cardiomyocytes in mice on a high fat diet accumulate TAGs in LDs and reduce
FA transfer to mitochondria, which correlates with decreased MFN2 levels and less
LD-mitochondria contacts [74]. This phenotype can be rescued by MFN2 overexpression.
Because PLIN1 is undetectable in heart [74], in contrast to BAT, an alternative interact-
ing partner is required, which was identified as heat shock protein family A member 8
(HSPA8/HSC70) [90] (Figure 3C). Possibly, HSC70 is bound to LDs through its interaction
with PLIN2 or PLIN3, both of which are expressed in heart muscle [78] and are known to
bind HSC70 [124]. In line with its proposed role, HSPA8/HSC70 deficiency results in fewer
LD-mitochondrial contacts together with lipid accumulation in LDs and less dispersed
LDs [110]. PLIN2 (or PLIN3) in a complex with HSC70 can be (serine) phosphorylated by
AMPK [45] and (tyrosine) phosphorylated by choline kinase «2 (CHK«2) [107], which both
stimulate lipolysis by activating degradation of PLIN2 (also PLIN3) through lysosome-
associated membrane protein 2A (LAMP2A)-dependent chaperone-mediated autophagy
(CMA) [45,107].

4.2. LD-Mitochondria MCS Apparently Independent of Perilipins

Additional factors besides perilipins and their interaction partners may be involved in
tethering and efficient FA transfer from LDs to mitochondria under nutrient deprivation. A
possible candidate in this context is acyl-CoA:diacylglycerol acyltransferase 2 (DGAT2),
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which synthesizes TAGs at the ER. Upon induction of LD formation by oleic acid, DGAT2
partially localizes to mitochondria that are at MAMSs or close to LDs [125]; however, a
LD-specific binding partner has not been identified. RAB1B GTPase is able to relocalize
DGAT?2 from ER to LD [126]. Because DGAT?2 forms homodimers [127], it was proposed
that this dimerization could recruit mitochondria to LDs [62]; but whether dimerization
can occur between DGAT2 enzymes in two opposing membranes is not known. However,
LD-localized DGAT?2 is also able to interact with FATP1/ACSVL5 (fatty acid transporter
member 1, SLC27A1, acyl-CoA synthetase very long chain family member 5) in the ER [128].
Because FATP1 can also localize to mitochondria [129], it could potentially be an interaction
partner of LD-associated DGAT2 at LD-mitochondria MCS.

Proteins of the vacuolar protein sorting 13 (VPS13) family are phosphoglycerolipid
transfer proteins that act at MCS between different organelles [130,131]. The VPS13 ho-
molog D (VPS13D) has been found at LD-mitochondria MCS, where it is involved in lipid
transfer between the two organelles [92]. VPS13D binds via its C-terminal two amphipathic
helices to LDs and an N-terminal domain (residues 404-913) is required for its interaction
with mitochondria [92]. VPS13 proteins have rod-like structures that link opposing mem-
branes and mediate lipid movement between them through a hydrophobic cavity [131].
Association of VPS13D with LD-mitochondria contact sites increased significantly upon
starvation and stimulates FA transfer to mitochondria. At the LD surface, VPS13D interacts
with the ESCRT-I protein TSG101 via its VPS13 adapter-binding (VAB) domain, which
induces protrusions from the LDs towards mitochondria (Figure 4A). The corresponding
increase in the surface/volume ratio may thereby promote lipolysis; in parallel, it may also
facilitate the extraction of phospholipids from the LD monolayer. VPS13D may be recruited
to the OMM by mitochondrial Rho GTPase (MIRO), which is known to recruit VPS13D to
ER-mitochondria contact sites [93]. Because MIRO is also part of the MICOS complex that
regulates cristae formation [132,133], it may be possible that the LD protrusions are very
close to the mitochondrial cristae, which could further facilitate FA transfer and thus stimu-
late FAQO. Similarly to this role of ESCRT-I proteins, it has been found that the ESCRT-III
proteins IST1 and CHMP1B play a role in FA transfer from LDs to peroxisomes by forming
protrusions from the LDs [134]. Another VPS13 family member, VPS13A, can also bind
to LDs and mitochondria [133]. VPS13A deficiency results in an elevated number and
reduced motility of LDs [135]. However, in contrast to VPS13D, binding sites for LDs and
mitochondria are both found at the carboxyl-terminus and overlap. Thus, in contrast to
VPS13D-dependent contacts, a direct linkage of LD and mitochondria by the same VPS13A
may not be possible.

In white adipocytes, mitoguardin-2 (MIGA2) is another transmembrane protein of
the OMM that is involved in LD-mitochondrial contacts [91] (Figure 4B). MIGA2 binds
with its central phosphorylated FFAT (diphenylalanine in an acidic tract) motif to VAPA or
VAPB in the ER [91] and stimulates transfer of phosphoglycerolipids, with a preference for
phosphatidylserine [35]. In contrast to VAPA /B proteins in the ER, LD proteins have not
yet been identified as a MIGA2 binding partner; it was proposed that MIGA?2 interacts with
the phospholipid monolayer of LDs via its amphiphilic C-terminal helices [91]. MIGA2
is an important factor in adipocyte differentiation and promotes de novo lipogenesis
in adipocytes and TAG storage in LDs. Because MIGA2 can transfer free FAs besides
phosphoglycerolipids [136], its lipogenic activity may involve transfer of FA to LDs (to serve
as substrates for LD-associated acyl-CoA synthetases) as well as transfer of phospholipids
to increase the surface of LDs. Accordingly, MIGA2-deficient cells have smaller and reduced
numbers of LDs and MIGA2-deficient mice exhibit reduced body fat [91]. To what extent
MIGAZ2 is required for tethering mitochondria to LDs and their functional interaction in
non-adipose tissues are unclear at present.
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Two types of LD-mitochondria-ER tripartite contacts

Mitochondrion

ﬁ:‘.

LD

Mitochondrion

Mitochondrion

LD

Figure 4. Protein complexes at LD-mitochondria contact sites that apparently do not depend on
perilipins and possible LD-mitochondria—ER tripartite structures. (A) Under starvation, protrusions
of the LD are formed by ESCRT-I proteins and linked via TSG101 to VPS13D. The hydrophobic cavity
of VPS13D most likely enables efficient FA transfer from LDs to mitochondria. The mitochondrial
GTPase MIRO may recruit VPS13D to the OMM [120,121]. (B) The mitochondrial membrane protein
MIGA?2 can interact with both ER and LDs. Binding to LDs is most likely mediated by direct contact of
the lipid binding domain of MIGA2 with the phospholipid monolayer (whereas interaction with the
ER depends on VAPB). In addition to its tethering function, MIGA2 may also transfer phospholipids
between LDs and ER [35]. cc, coiled coil domain; FFAT, ER membrane targeting motif. (C) In principle,
two types of tripartite structures are possible: ER sandwiched between LDs and mitochondria (left)
and ER surrounding LDs and mitochondria that are in contact (right). (D) A complex of ESYT1,
ESYT2, and VAPB, possibly together with additional binding partners, may exist at tripartite contacts
and facilitate FA transfer. ESYT1 and ESYT2 form heterodimers attached to VAPB in the ER membrane
and also bind to LDs and mitochondria; a further (currently unknown) binding partner at the OMM
has been proposed [81]. Whether lipases and acyl-CoA synthetases (ACS) are also present in this
complex is not known.

4.3. Tripartite Contacts Between LD, Mitochondria and ER

Tripartite contacts between LDs, MT, and ER (or MAM-LD contact sites) [11,32,137]
can be divided into: (a) Mito—-ER-LD structures where ER is sandwiched between mito-
chondria and LDs and (b) ER-Mito-LD structures with a direct contact between MT and
LDs with ER wrapped partially around the MT and LDs [65] (Figure 4C). The latter appears
to be more common. The preferential generation of LDs at MAMs [32] suggests presence
of such tripartite structures during LD formation. Tripartite contacts, however, may also
be important in the context of FA transfer from LDs to mitochondria or TAG formation at
LD-mitochondria contacts to promote the concurrent necessary phospholipid transfer to or
from the ER.
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ORPS5 and ORPS are present at ER-mitochondria contact sites and interact with the
phospholipid transfer protein tyrosine phosphatase-interacting protein 51 (PTPIP51) in
the OMM [138]. ORP5 regulates LD biogenesis by recruiting seipin to MAM-LD contact
sites (see Figure 1B). Because ORP5 and ORPS8 are known phosphoglycerolipid transfer
proteins at ER—plasma membrane and ER-mitochondria contact sites [139-142], they may
also enable transfer of phospholipids from the ER to LDs.

A reasonable candidate that may form tripartite contacts with mature LDs is the
mitochondrial MIGAZ2 that can interact with both VAPA /B proteins in the ER and phospho-
lipids of the LD membrane [93,132] (Figure 4B). In such contacts, MIGA2 could potentially
transfer phospholipids between LDs and ER [35], which would be important for LD growth
(and formation) as well as (in the opposite direction) during lipolysis. However, this
hypothesis has not yet been tested experimentally. VPS13A can also link LDs as well as
mitochondria to the ER [125] and could thus potentially also be a component of tripartite
contacts. Calsyntenin-3 (CLSTN3#) links ER and LDs by simultaneously binding via a
transmembrane helix to ER and via hydrophobic domains to LDs [143]. More recently,
it was reported that, in the ketogenic metabolic state, CLSTN3f induced by PPAR« in
hepatocytes stimulates functional interaction of LDs with mitochondria (stimulation of
lipolysis and FAO) [144]. However, if this is mediated through a tripartite contact is not
yet clear.

Evidence for a tripartite contact where one protein complex interconnects all three
organelles is rare. Such a specific structure is suggested by a recent study by Bezawork-
Geleta et al. [88], which shows that, at the “triple” contact site between LDs, mitochon-
dria, and ER, extended synaptotagmin 1 (ESYT1), ESYT2, and VAPB most likely form a
heterotrimeric complex that facilitate the transfer of FAs from LDs to mitochondria (FAO
was significantly reduced in ESYT1/ESYT2 and VAPB knock-out cells) (Figure 4D). This
complex seems to be important to reduce lipotoxicity. However, LDs in proximity to
mitochondria were not reduced in ESYT1-/ESYT2-deficient cells. The complex is thus
dispensable for tethering but required for efficient FA transfer. Interestingly, in the absence
of any of the three components (ESYT1, ESYT2, or VAPB) of this tripartite complex, a
strong up-regulation of VPS13D, TSG101, and ESCRT-III was observed, which suggests a
possible partial compensation by the above mentioned VPS13D-dependent FA transfer to
mitochondria and/or the ESCRT-III-dependent FA transfer to peroxisomes [88].

5. LD-Mitochondria Interactions and Oxidative Stress

As a consequence of their metabolic function, mitochondria are the major source
of reactive oxygen species (ROS) in eukaryotic cells [145]. Interaction of mitochondria
with LDs plays an important role in combating ROS and oxidative stress (see Figure 1A).
LDs help to mitigate ROS by sequestering excess lipids that might otherwise promote
oxidative stress [15]. LDs can sequester polyunsaturated FAs (PUFA) to protect them
from peroxidation reactions [146-148]. However, less is known about regulation of
LD-mitochondria contact and specific roles of the different tethering factors in this context.
The anti-oxidant role of LDs does not necessarily mean that physical contacts between LDs
and mitochondria are required; functional interaction between LDs and mitochondria is
even possible if they are not localized in the same cell, e.g., an increase in ROS in neurons
causes transfer of peroxidized lipids to glial cells that store them in LDs and degrade these
toxic lipids [149].

Oxidative stress increases the expression of PLINS in hepatocyte cell line HepG2 and
this correlates with an increased number of LD-mitochondria contacts [150], in line with
the known tethering function of PLIN5 [84]. However, through activation of the PI3K
and PKB-GSK3§ pathways, PLIN5 overexpression also leads to higher gene expression of
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anti-oxidant genes [150-152]. Thus, it is not clear to what extent the anti-oxidative function
of PLIN5 is mediated by increasing contacts with mitochondria. In cardiomyocytes, PLIN5
overexpression increases TAG storage in LDs independent of its C-terminal domain, which
is required for its interaction with mitochondria [153]. This may suggest that trapping
of PUFA in LDs to reduce oxidative stress does not require PLIN5-dependent tethering
of mitochondria.

6. LD-Mitochondria Contacts in Virus Replication and in the Presence
of Toxins

LDs are involved in genome replication and/or virion morphogenesis of various
viruses, which often requires functional interaction of LDs with the ER or other or-
ganelles [154-159]. A direct role of viral proteins in mediating LD-mitochondrial contacts
was found for coronavirus SARS-CoV-2 [85]. In addition to its interaction with ER proteins
BAP31 and USEL], the ORF6 protein of SARS-CoV-2 also inserts into the LD surface, where
it also binds to ATGL, which abrogates PLIN2 binding to (and inhibition of) ATGL and,
at the same time, promotes binding of CGI-58 to ATGL to stimulate lipolysis. In addition,
ORF6 stimulates LD biogenesis (through its interaction with DGAT1 and DGAT?2 at the
ER) and links LDs to mitochondria, by binding to the SAMMS50, MTX1, and MTX2 proteins
of the SAM complex. This most likely facilitates FA transfer to mitochondria and FAO.
Both LD biogenesis and ATP production through FAO appear to be important for efficient
SARS-CoV-2 replication [85].

The mycotoxin aflatoxin B1 (AFB1) causes hepatic lipotoxicity and lipid accumulation
in LDs [89,160,161]. AFB1 causes a relocalization of p53 to the OMM, where it mediates
formation of LD-mitochondria contacts through binding to PLIN2 [161]. This reduces
PLIN2-associated lipophagy.

7. Conclusions and Perspectives

Several protein complexes of LD-mitochondria MCS that are involved in the formation
of contact sites and/or the functional interaction of the two organelles have been identified
during the last decade. Apparently, perilipins at LDs and MFN2 in the OMM play a general
role in tethering mitochondria to LDs in most (if not all) cells (though the contribution of
the different perilipins depends on the specific cell type). In addition, protein complexes
at LD-mitochondria contact sites that appear to be independent of perilipins have been
identified more recently. It should be noted, however, that it is unclear whether the various
protein complexes identified are separate structures (that may even be present within
different membrane subdomains) or whether they interact and actually exist together
in larger complexes (“supercomplexes”). Along this line, only few selected interacting
proteins have been examined in detail, though reported mass spectrometry screenings
usually list a large number of “candidate” proteins. It would be very informative to examine
whether the other proteins are also present at MCS beside the “top hits” of the screenings.
The complete structure of protein complexes at LD-mitochondria MCS may be examined
using methods such as native gel electrophoresis, chromatography in combination with
mass spectrometry (“complexome profiling” [162]), and chemical cross linking. Such
“supercomplexes” could potentially enable highly efficient functional interactions between
LDs and mitochondria. For example, on the one hand, the ESCRT/VPS13D complex
facilitates FA-transfer from LDs to mitochondria and, on the other hand, perilipins mediate
linkage of LDs to mitochondrial acyl-CoA synthetase and CPT1A (both important for the
FA activation and import into mitochondria). Physical proximity of the two complexes
(or the formation of a “supercomplex”) could likely enable efficient transfer of the FA into
the mitochondrial matrix for FAO.
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While the function and regulation of the LD-mitochondria MCS in lipolysis and FA-
transfer to mitochondria have been examined in a number of studies, much less is known
about the suggested and possible roles of these MCS (or tripartite contact sites that include
the ER) in other processes, such as ATP-transfer from mitochondria to LDs for LD-associated
TAG synthesis, the handling of oxidative stress, the exchange of phospholipid (during
LD generation, lipogenesis, and lipolysis), or metabolic pathways not directly related to
TAG metabolism. As an example of the latter, synthesis of steroid hormones starts in
mitochondria using LD-derived cholesterol and is continued in the ER; LD-mitochondria
contacts or tripartite contacts that include the ER could potentially play a functional role in
this pathway as well.

Another topic to examine in the future in more detail is the molecular pathways involved
in the dynamic regulation of LD-mitochondrial contacts that are currently not fully under-
stood. Genetic approaches, e.g., genome-scale screening using Crispr/Cas9 libraries [163] in
combination with “LD-mitochondprial interaction probes”, e.g., contact-FP [84], or proximity
biotinylation approaches, such as contact-ID [164], are very useful to further explore this and
identify regulatory factors, as well as new components of contact complexes. Such genetic
screens have been used to identify genes involved in mitochondria or LD regulation (see
e.g., references [165,166]), but have not yet been used for identification of genes involved in
regulation of LD-mitochondria MCS. Moreover, integration of data about transcriptional reg-
ulation (transcriptomics), data about lipids in LDs (metabolomics/lipidomics), and analysis
of the protein complexes (proteomics) at LD-mitochondria contact sites will be important to
complete our picture of the structure, dynamics, and regulation of LD-mitochondria MCS.
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Abbreviations

The following abbreviations are used in this manuscript:

ABHD5 «/ B-hydrolase domain-containing protein 5
ACC2 Acetyl-CoA carboxylase 2

ACSL1 Acyl-CoA synthetase long chain family member 1
AMPK AMP-dependent kinase

ATGL Adipocyte triacylglcerol lipase

BAT Brown adipose tissue

CE(s) Cholesterol ester(s)

CGI-58 Comparative gene identification 58

CHKo2 Choline kinase 2

CM Cytosolic mitochondria

CMA Chaperone-mediated autophagy

CPT1/2 Carnitine palmitoyltransferase 1/2

ER Endoplasmic reticulum

ESCRT-1/-IIT Endosomal sorting complex required for transport-I/-III
ESYT1/2 Extended synaptotagmin 1/2

FA(s) Fatty acid(s)

FAO Fatty acid oxidation

FATP4 Fatty acid transport protein 4 (ACSVL4; SLC27A4)
HSC70 Heat shock cognate protein 70

HSL Hormone-sensitive lipase

HSPAS Heat shock protein family A member 8
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IFM Intermyofibrillar mitochondria
MM Inner mitochondrial membrane
LAMP2A Lysosome-associated membrane protein 2A
LD(s) Lipid droplet(s)
MAM(s) Mitochondria-associated ER membrane(s)
MCS(s) Membrane contact site(s)
MIGA2 Mitoguardin 2
MEN1 Mitofusin 1
MEN2 Mitofusin 2
MGL Monoacylglycerol lipase
MIGA2 Mitogardin 2
MIRO Mitochondrial Rho GTPase
OMM Outer mitochondrial membrane
ORF6 Open reading frame 6
ORP5/8 OSBP-related protein 5/8
OSBP Oxysterol binding protein
OXPHOS Oxidative phosphorylation
PDM Peridroplet mitochondria
PFKL Phosphofructokinase, liver type
PGCl«x Peroxisome proliferator-activated receptor y coactivator 1ot
PKA Protein kinase A
PLIN1-5 Perilipin 1 to 5
PPARx Peroxisome proliferator-activated receptor o
PUFA(s) Polyunsaturated fatty acid(s)
ROS Reactive oxygen species
SIRT1 Sirtuin 1
SNAP23 Synaptosome-associated protein 23
SSM Subsarcolemmal mitochondria
StAR Steroidogenic acute regulatory protein
TAG(s) Triacylglycerol(s)
TBK1 TANK-binding kinase 1
TSG101 Tumor susceptibility 101
VAMP4 Vesicle-associated membrane protein 4
VAPA/B VAMP-associated protein A/B
VDAC1/2 Voltage-dependent anion channel 1/2
VPS13 Vacuolar protein sorting 13
VPS13A/D VPS13 homolog A/D
WAT White adipose tissue
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