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Abstract

Lipids in cell membranes and subcellular compartments play essential roles in numerous cellular processes, such as energy
production, cell signaling and inflammation. A specific organelle lipidome is characterized by lipid synthesis and metabo-
lism, intracellular trafficking, and lipid homeostasis in the organelle. Over the years, considerable effort has been directed
to the identification of the lipid fingerprints of cellular organelles. However, these fingerprints are not fully characterized
due to the large variety and structural complexity of lipids and the great variability in the abundance of different lipid spe-
cies. The process becomes even more challenging when considering that the lipidome differs in health and disease contexts.
This review summarizes the information available on the lipid composition of mammalian cell organelles, particularly the
lipidome of the nucleus, mitochondrion, endoplasmic reticulum, Golgi apparatus, plasma membrane and organelles in the
endocytic pathway. The lipid compositions of extracellular vesicles and lamellar bodies are also described. In addition,
several examples of subcellular lipidome dynamics under physiological and pathological conditions are presented. Finally,
challenges in mapping organelle lipidomes are discussed.
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LPC Lysophosphatidylcholine

LPE Lysophosphatidylethanolamine

LPG Lysophosphatidylglycerol

LPI Lysophosphatidylinositol

LPS Lysophosphatidylserine

MG Monoacylglycerol

MS Mass spectrometry
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MVB Multivesicular bodies

NPC1 Niemann-Pick type C1

OH-Cer Hydroxylated ceramide

OH-HexCer Hydroxylated hexosylceramide

PA Phosphatidic acid

PC Phosphatidylcholine

PE Phosphatidylethanolamine

PG Phosphatidylglycerol

PI Phosphatidylinositol

PI3P Phosphatidylinositol 3-phosphate

PI(3,5) P,, phosphatidylinositol 3,5-bisphosphate

PI(3.4,5) P;, phosphatidylinositol
(3,4,5)-trisphosphate

PI4P Phosphatidylinositol 4-phosphate

PI1(4,5) P,, phosphatidylinositol 4,5-bisphosphate

PLA, Phospholipase 2

PS Phosphatidylserine

PUFA Polyunsaturated fatty acids

QIT Quadrupole ion trap

ROS Reactive oxygen species

SFA Saturated fatty acids

SM Sphingomyelin

TG Triacylglycerol

TLC Thin layer chromatography

TOF Time of flight

Introduction

Over the years, increasing attention has been directed to the
composition, organization and function of lipids in mamma-
lian cell membranes and internal compartments. Although
cell compartmentalization has been traditionally thought to
be the main purpose of lipids, it is clear now that lipids
exhibit functions in addition to those related to their struc-
tures. Indeed, lipids are involved in processes ranging from
energy production, defensive antioxidative responses and
cell signaling [1-4] to epigenetic control, temperature regu-
lation and inflammation [5, 6]. Unsurprisingly, it has been
estimated that more than 1000 different lipids compose the
lipidome of a single mammalian cell [7-9]. The elucidation
of the functions of individual lipid species is a challenging
scientific goal due to the large variety of lipids and because
the role of a particular lipid molecule is intrinsically con-
nected to the cooperative nature and specific properties of
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lipid assemblies, such as bilayers. The functions of these
highly dynamic structures have been largely defined by their
specific lipid compositions and dynamic functional changes
in response to signaling events, changes in metabolic flux,
and microenvironmental conditions. Hence, lipids play
pleiotropic roles but also a multitude of context-dependent
specific roles.

To address the increasing amount of data generated by
the lipid research community, the LIPID MAPS consortium
has been working on uniformizing both the classification and
categorization of lipids [10-12]. The Consortium defines
lipids as ‘hydrophobic or amphipathic small molecules
that may originate entirely or in part by carbanion-based
condensations of ketoacyl thioesters and/or by carbocation-
based condensations of isoprene units. Depending on their
structure and properties, lipids are distributed into 8 distinct
categories: fatty acyls, glycerolipids, glycerophospholipids,
sphingolipids, sterol lipids, prenol lipids, saccharolipids
and polyketides (Fig. 1). A complete description of each
of these classes is beyond the scope of this review and can
be found elsewhere [10—13]. In general, mammalian cell
lipids comprise mainly glycerophospholipids (Fig. 2), glyc-
erolipids, sphingolipids and sterol lipids, with other classes
represented to a lesser degree [14]. However, the specific
lipid composition depends on each particular membrane/
organelle. Clearly, lipid synthesis and metabolism, as well
as intracellular trafficking, characterize lipid homeostasis
and, thus, the specific organelle lipidome. Notably, lipids
are asymmetrically distributed in the outer and inner leaflet
of cellular membranes.

Fatty acyls Glycerolipids
Palmitic acid =

DG(16:0/18:1/0:0)

Glycerophospholipids Sphingolipids
A A A o MA/\M/W
I \/\/\/\/\/\/W
POPC Cer(d18:1/16:0)
Sterol lipids Saccharolipids
Cholesterol 1 . ’ﬁ \ (\
olestero : ; | Pt
‘. F° o7 o7~
i
‘O UDP-GIcNAc
Prenol lipids Polyketides

YOU UUN O)w ,
Retinol b | Trichostatin

Fig. 1 Schematic representation of the main lipid classes, including
one example per class, as characterized by the LIPID MAPS consor-
tium
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Fig. 2 Basic structure of glyc-
erophospholipids. Those with
either ester or ether versions,
as well as the most common
headgroups, are presented
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In addition to the intracellular variation in lipid profiles,
the lipidome of mammalian cells deviates significantly
across different tissues [15—-17]. In mice, lipidome has
been previously shown to be more similar among tissues
with related functions, e.g., liver and kidney, spleen and
thymus, or cardiac and skeletal muscle [16]. In all tissues,
glycerophospholipids constitute the most abundant class
(phosphatidylcholine (PC) > phosphatidylethanolamine
(PE) > phosphatidylinositol (PI) > phosphatidylserine (PS)),
although the fingerprint of specific glycerophospholipid spe-
cies differs, as does that among lipid classes [18, 19]. In rat
models, sphingolipids and sterol lipids are most abundant
in the kidney, followed by the liver and heart, while glyc-
erolipids are present in higher amounts in adipose tissue,
followed by the kidney and liver [19]. However, more stud-
ies are needed to understand whether this abundance pat-
tern applies to other mammals. The content of ether lipids
(Fig. 2), glycerophospholipids in which the acyl chain at
the sn-1 position of the glycerol backbone is attached by an
ether bond, is highest in the rat brain and heart, followed by
skeletal muscle, adipose tissue, the kidney and the liver [18].
In regard to the fatty acyl chains, polyunsaturated chains
have been shown to be enriched in neuronal membranes [20,
21]. Similarly, Hunt and coworkers concluded that PC mol-
ecules in the liver were highly unsaturated, and lungs were
enriched in highly saturated PC species [22, 23]. Overall,
despite great accomplishments over the years, the lipid fin-
gerprint of each organelle/cell/tissue is still far from being
fully characterized and remains challenging, especially when
we consider the differences in human lipidomes in health
and disease context. There have only been a few compara-
tive studies that have provided information on the amount
of lipids in distinct organelles; therefore, future quantitative
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comparative lipidomic investigations are required to gain a
better understanding of subcellular lipidomes.

In this review, we present the information available about
the lipid composition of cellular organelles in mammalian
cells. In particular, the lipidome of the nucleus, mitochon-
drion, endoplasmic reticulum, Golgi apparatus, plasma
membrane and organelles in the endocytic pathway are
described. In addition, we also include information about
cell-derived extracellular vesicles and lamellar bodies,
which are lysosome-related organelles found in some spe-
cialized cells. Preparation of pure organelles is essential to
obtain reliable information about their respective lipidomes,
and meeting this criterion is considered a main challenge
to studies aiming to profile the specific molecular profiles
of organelles and is discussed in this review. Finally, as the
cellular lipidome is extremely dynamic and because the lipid
composition changes in response to various factors, several
examples of lipidome dynamics under physiological and
pathological are described.

Lipid composition and organelle function,
dynamics and integrity

Most lipids are synthesized in the endoplasmic reticulum,
and distal organelles such as the plasma membrane have
very limited capacity to produce the lipids that form them
[24, 25]. Notably, the endoplasmic reticulum produces struc-
tural phospholipids, cholesterol (Chol) and ceramide (Cer),
the building blocks of more complex sphingolipids (Fig. 3)
[24]. The subsequent modification and sorting of each lipid
species to distant organelles are mainly realized in the secre-
tory pathway, specifically within the Golgi apparatus. Lipid
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Fig.3 Schematic representation
of different sphingolipids. a
Ceramide is the building block
of more complex sphingolipids.
b Sphingomyelin is one of the n
most common sphingolipids in
mammalian cells. ¢ Examples of
ganglioside headgroups. Gan- (0]
gliosides are glycosphingolipids
with a ceramide backbone and
headgroups with different sugar H OH
unit combinations. Blue circle:
glucose; yellow circle: galac-
tose; yellow square: N-acetylga-

: ) NH H
lactosamine; and red diamond: i

N-acetylneuraminic acid 0

(a) Ceramide

Sphingosine H OH

(b) Sphingomyelin

transport from the endoplasmic reticulum to the Golgi and
other organelles, such as the plasma membrane, lysosomes
and lipid droplets is mediated by both vesicular and nonve-
sicular transport mechanisms [26, 27]. The latter include
direct contact of different organelles with the reticular mem-
brane and the transfer of lipids at specific locations called
membrane contact sites [28, 29]. Interestingly, the endoplas-
mic reticulum and the plasma membrane are the organelles
that present the most difference in terms of lipid composi-
tion, with the Golgi presenting an ‘intermediate’ lipidome.
In fact, although the nuclear envelope, lipid droplets and
the cis-Golgi compartment share lipidomic features with the
endoplasmic reticulum, the lipidome in the trans-Golgi net-
work and the organelles in the endocytic pathway are more
similar to the of the plasma membrane [4, 30]. These simi-
larities and have contributed to the idea that eukaryotic cells
are fundamentally organized into two membrane territories
with different lipid compositions and distinct membrane-
recycling systems with primary involvement of either the
endoplasmic reticulum or plasma membrane [30-32]. In
addition to this spatial organization of the cellular lipidome,
all these lipid synthesis processes that are orchestrated in a
timely manner in a cell, depend on the cell cycle, external
stimuli, circadian rhythm and, overall, the life cycle of the
organism [33-35].

Why is the cellular lipid composition important, and
how does it affect organelle function? First, lipid com-
position determines the biophysical properties of lipid
assemblies. For example, membrane phospholipid satura-
tion depends on the relative amounts of saturated, mono-
unsaturated, and polyunsaturated fatty acyl chains. The
mobility, rigidity and size of these chains determine the
bilayer fluidity and bending properties [36] (Fig. 4a),
thus influencing several membrane-associated processes
within a cell; these include, among others, membrane—pro-
tein interactions and protein function, the speed of signal
propagation (ligands, products and substrates) in the two-
dimensional plane of a membrane, and various membrane
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Fig.4 Lipid composition affects organelle function, dynamics and
integrity. a The composition of fatty acyl chains and polar head-
groups in membrane phospholipids determine biophysical membrane
properties, such as packing, bending and fluidity. b Lipids control
protein binding to organelles. The composition of the hydropho-
bic lipid droplet core determines the affinity of amphipathic helix-
containing proteins for the organelle (not to membrane bilayers) or
to subsets of cellular lipid droplets with a specific oil composition.
¢ Phospholipase A, (PLA,) enzyme releases polyunsaturated fatty
acids (PUFAs) from membrane phospholipids. PUFAs are converted
into bioactive lipid mediators, such as eicosanoids, via various oxyge-
nase enzymes, including lipoxygenases (LOXs) and cyclooxygenases
(COXs). d The proportion of saturated fatty acids (SFAs), monoun-
saturated fatty acids (MUFAs) and PUFAs in membrane phospho-
lipids is crucial to membrane and organelle function and integrity.
Excess SFAs may cause endoplasmic reticulum stress, and excess
PUFAs can be oxidized into toxic lipid peroxides that can cause fer-
roptotic cell death. Both stress-producing processes are mitigated by
MUFAs
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fusion and fission processes that are required for orga-
nelle synthesis and growth, tubular dynamics and vesicular
transport [17, 30, 37]. The sterol content levels determines
the rigidity of the plasma membrane (as well as its 2D
diffusion) and directly affects the formation of raft-like
domains, which act as transient platforms for the assem-
bly of protein complexes involved in signal transduction
and other processes [38]. Second, specific lipids local-
ized at certain subcellular locations function as signaling
molecules that activate enzymatic or signaling processes
or as anchors for the attachment of proteins to specific
membranes/organelles. Notably, in addition to polar lipids,
neutral lipids can control protein binding and activity. For
example, the composition of neutral lipids in the hydro-
phobic core of lipid droplets determines the affinity of
the droplet for amphipathic helix-containing proteins to
lipid droplets [39, 40] (Fig. 4b). Third, some lipids can
be biochemically converted into soluble signaling mol-
ecules that act in the extracellular milieu. For example,
membrane-resident polyunsaturated fatty acids released
from phospholipids by phospholipase A, are converted
by oxygenases into a large family of bioactive signaling
molecules [41] (Fig. 4c). Finally, we are only beginning to
understand how lipid modifications, such as oxidation [42,

Plasma membrane

- Enriched in Chol, SM, GSL,
and saturated lipids.
-Presence of raft domains.
-High Chol/PL molar ratio.
-Specific Pls: PI(4,5)P..

Endosomes
-Specific PI: PI3P.

MBVs/LEs
-Specific lipid: BMP.

-Specific PI: PI(3,5)P,.
-ILVs enriched in Chol.

Exosomes
-High Chol/PL ratio.

-Enriched in Chol, SM, GSL, PS,
PC, Pl and saturated fatty acids
compared to cells.

Lysosomes
-Low PS level.
-Specific lipid: BMP.

Lamellar bodies
-Specific lipid:
Glucosylceramide w-O-acylglucosylceramide.
-In the limiting membrane the glucosyl moiety
of this lipid faces the organelle's interior.

Fig.5 Main lipid-related characteristics of cellular compartments in
mammalian cells. The figure outlines the main lipid-related character-
istic of the nucleus, endoplasmic reticulum, Golgi apparatus, plasma
membrane, organelles of the endosomal pathway, mitochondria, lipid
droplets, lamellar bodies and exosomes. Figure created with BioRen-
der.com. BMP bis(monoacylglyceryl)phosphate. Chol, cholesterol,
CL cardiolipin, GSL glycosphingolipids, PC phosphatidylcholine,

43], impair membrane and organelle function and trigger
both specific and general cellular responses that contribute
to membrane and cellular integrity maintenance (Fig. 4d)
[44—46].

Lipid composition of subcellular
compartments

The plasma membrane contains the highest abundance of
lipids, followed by the endoplasmic reticulum, mitochon-
dria, nuclei and microsomes, while the cytoplasm accounts
for the lowest levels of lipid molecules [47, 48]. Although
several similarities have been found between the lipidomes
of different subcellular compartments (e.g., PC is the most
abundant phospholipid in many organelles, see the sections
below), the number of individual lipid species and some-
times even the abundance of lipid classes vary considerably.
The subcellular organelles covered in this review along with
their characteristic lipids are shown in Fig. 5.

In the sections below, we provide an overview of the sub-
cellular fractionation protocols often used to separate cel-
lular organelles and their lipid constituents.

Nucleus

-Formed by a double bilayer
membrane, nucleolus, nuclear
matrix and chromatin having
different lipidomes.

Endoplasmic reticulum
-Principal site of lipid synthesis.
-Low Chol level, high enrichment
of PC and dolichol.

Lipid droplets
-Formed by a lipid
monolayer containing
esterified lipids such as
TGs, sterol esters, and
acylceramide.

Golgi apparatus
-Function in lipid processing
and transport.

-Specific Pls: PI4P.

Mitochondria

- Formed by a double bilayer membrane
having a different lipid composition.

- Specific lipid: CL, ubiquinones.
-Enriched in PG and PE.

-Low PS levels.

PE phosphatidylethanolamine, PG phosphatidylglycerol, PI phos-
phatidylinositol, PI3P phosphatidylinositol 3-phosphate, PI(3,5)P2
phosphatidylinositol 3,5-bisphosphate, PI4P phosphatidylinositol
4-phosphate, PI(4,5)P2 phosphatidylinositol 4,5-bisphosphate, PL
phospholipids, PS phosphatidylserine, SM sphingomyelin, 7G tria-
cylglycerol. The figure is based on the information and the references
included in the paper
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Subcellular fractionation — an essential step
in mapping subcellular lipidomes

The tools for studying lipids include various research meth-
ods, with mass spectrometry (MS)-based lipidomics among
the most popular tool used in recent years for lipid profiling
[49]. These tools allow the analysis of lipid classes, their
localization, determination of lipid structure and quantita-
tion [37, 50]. This lipid analysis usually starts with subcel-
lular fractionation (Fig. 6) and lipid extraction, followed by
lipid species separation, detection, and identification.

To understand the involvement of the subcellular lipi-
dome in cellular processes in complex samples, such
as tissues, the lipids first need to be mechanically and
enzymatically but gently processed to obtain single-cell
suspensions. When necessary, different cell types can be
separated into distinct cell fractions (e.g., by fluorescence-
activated cell sorting), such that each sample is composed
of a specific cell type of interest. Cell suspensions are sub-
sequently homogenized on ice. In the classical approach,
organelle separation for lipid analysis is performed via dif-
ferential or density gradient centrifugation protocols simi-
lar to those used for protein-oriented research [51]. Since
the nucleus is the heaviest organelle in the cell, nuclear
fraction together in cell debris is usually the first fraction
to be collected using low-speed centrifugation (Fig. 6)
[52—-54]. The specificity of the final product, however,
strongly depends on the lysis protocol and/or purification
of the nuclei. The type of cell lysis procedure (depending
on the cells) as well as the use of Triton X-100 might influ-
ence the degree of nuclear fraction contamination with
other cellular components, especially the endoplasmic

Eig. 6 Scherpatic representa- TISSUE
tion of a typical subcellular S
fractionation protocol with 7% K
tissues and cell cultures. The cell
approximate centrifugation
force (g) used for fractionation
of subcellular compartments

o@e,)/.
sorting %e

Homogenize

reticulum. Interestingly, Triton X-100 has is also used to
separate nuclear matrix lipids from the nuclear envelope
pool [7]. Additional centrifugation can help eliminate
cell debris that initially coprecipitates with nuclei. After
nuclear separation, the application of a higher centrifugal
force (e.g., 8000xg) produces mitochondrion- and mito-
chondria-associated membrane pellets, while the plasma
membrane, endosomes/lysosomes, endoplasmic reticu-
lum and Golgi apparatus are among the organelles that
remain in the supernatant [48]. The plasma membrane and
associated membranes are the next fraction to be pelleted
when the remaining supernatant is subjected to high-speed
centrifugation, e.g., 25,000xg. The use of gradient cen-
trifugation is a critical step for separating mitochondria
from mitochondria-associated membranes or the plasma
membrane from plasma membrane-associated fractions.
A comparison of different methodologies for mitochon-
dria isolation demonstrated that the purest mitochondria
samples are obtained via differential centrifugation fol-
lowed by ultracentrifugation in a density gradient, while
lower purities are obtained with magnetic bead-assisted
isolation or differential centrifugation alone [55]. Ultra-
centrifugation of the final supernatant at or higher than
100,000 X g results in the separation of cytoplasm from
the organelles remaining in the sample. Due to their low
density, lipid droplets float on top of the aqueous gradi-
ent after ultracentrifugation. The lipid droplet fraction can
be collected at this stage and washed via centrifugation
at 20,000xg several times to remove contaminant mem-
branes and proteins, and thus, the desired purity is reached
[56]. The ultracentrifugation speed can be modified to
isolate lipid droplets of specific sizes, i.e., lower speed

RCF (g)

x 102 x 103 x 104 x10°

via differential and density
gradient centrifugation is shown
at the top of the figure. For
extracellular vesicles, sequential
centrifugation is used. Notably,
EVs can be isolated from tissue.
CYT cytoplasm, ER endoplas-
mic reticulum, EV extracellular
vesicle, GA Golgi apparatus,
MAM mitochondrion-associated
membrane, MITO mitochondria,
NUC nucleus, PAM plasma
membrane-associated mem-
branes, PM plasma membrane
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ultracentrifugation (e.g., 10.000xg) is sufficient for the
isolation of large lipid droplets, such as those present in
the liver and white and brown adipose tissue [57, 58]. The
endoplasmic reticulum fraction is usually isolated using a
discontinuous sucrose gradient. By loading the superna-
tant onto a three-layered sucrose gradient, the endoplasmic
reticulum fraction is separated by high rotational speed
centrifugation, higher than 100,000xg [59]. To obtain the
Golgi apparatus-enriched fraction, density gradient sepa-
ration at ultrahigh speed is required [60—63]. The purity
of the fractions is analyzed by measuring the levels of
marker proteins and/or lipids known to be enriched in the
organelle of interest [37].

The separation of the organelles in the endocytic path-
way is challenging due to their similar sizes and/or densi-
ties. However, several strategies have been used to increase
yield [64, 65]. For example, Tharkeshwar et al. isolated
multivesicular bodies (MVBs)/lysosomes and the plasma
membrane using superparamagnetic iron oxide nanopar-
ticles, and then the lipidome of these organelles was ana-
lyzed via liquid chromatography with tandem mass spec-
trometry (LC—MS/MS) [64].

Extracellular vesicles are released by cells. They are
formed via two main mechanisms: direct budding from the
plasma membrane (ectosomes/microvesicles) or fusion of
the limiting membrane of MVBs with the plasma mem-
brane (exosomes). In fact, exosomes correspond to the
intraluminal vesicles of MVBs that fuse with the plasma
membrane. These two types of extracellular vesicles are
often been separated by sequential centrifugation on the
basis of their different sizes (Fig. 6) [66-71]. However,
their sizes have recently been shown to overlap more than
previously thought, and they can be co-pelleted to some
extent. Several studies have identified proteins that are
enriched in specific populations of extracellular vesicles
and their levels can be measured to characterize the purity
of a sample [66, 72, 73]. In addition, a combination of dif-
ferent strategies, such as immunoaffinity purification uti-
lizing antibodies specific for markers abundant in fractions
of interest, may be employed to increase the validity of
organelle lipidome study results. These processes include,
for example, immunoaffinity purification of the endoplas-
mic reticulum [74], Golgi [75] or plasma membrane [76].

Following subcellular fractionation and lipid isola-
tion from subcellular compartments, gas chromatography
coupled to mass spectrometry (GC—MS) or LC—MS and
shotgun lipidomic analysis are among the most popular
methods used for lipid analysis in the past decade [49]. To
characterize the lipid composition of cellular organelles
completely, MS and other advanced methods need to be
used [37]. The methods used for the lipidome profiling of
subcellular compartments are given in Table 1. However,

a detailed discussion of these methods is beyond the scope
of this review and can be found elsewhere [49, 77-80].

Lipid composition of the nucleus

In the mammalian nucleus, lipids are not only constituents
of nuclear envelope membranes but are also present in the
nucleolus, nuclear matrix and chromatin [7-9]. They have
even been shown to organize (within the nucleoplasm) into
structures called nuclear lipid microdomains [7]. In gen-
eral, nuclear lipids play both structural and functional roles,
depending on their specific location. They contribute to the
maintenance of some of the fundamental structural features
of nuclei. For example, nuclear lipids regulate the fluidity of
both the nuclear envelope and nuclear matrix (PC/SM/Chol
ratio) and function as anchorage points for chromatin (e.g.,
PS, facilitating the renucleation of the nuclear envelope
after cell division) [24, 81-83]. Moreover, nuclear lipids are
involved in the regulation of DNA replication, transcription
and gene expression, and they also function as platforms in
signal transduction pathways related to hormone and vitamin
signaling [8, 24, 84, 85]. Notably, the nucleus carries some
of the enzymatic machinery required for autonomous lipid
metabolism [86, 87]. Several enzymes involved in sphin-
golipid metabolism, for example, can be found in the eukar-
yotic nucleus; these enzymes include sphingosine kinase,
sphingomyelinase and sphingomyelin (SM) synthase, among
others [24, 84, 87]. Although nuclear lipids seem to be vital
for proper cell maintenance and health, studies on the mam-
malian nuclear lipidome are rare, and few have reported on
the same lipid pools [88]. This death of information may
be, at least in part, attributed to the efficiency of nucleus
isolation and purification, which are essential for subsequent
profiling of lipids. Unfortunately, information on the final
characterization of purified nuclei is frequently missing
in the reported studies, making it virtually impossible to
directly compare the lipidomic results. Nevertheless, some
features of the mammalian nuclear lipidome have been com-
monly reported in most studies [9, 33, 84, 87, 89-91]. Glyc-
erophospholipids compose the bulk of nuclear membranes,
with PC constituting 30-50% of the all nuclear lipids and
PE constituting ~20%. Other nuclear glycerophospholipids
include PI, phosphoinositides (such as phosphatidylinositol
4,5-bisphosphate, PI(4,5)P,) and PS, phosphatidylglycerol
(PG) and lysophospholipids. SM is the main sphingolipid,
but Cer, a-series gangliosides (GM; and GD,a) and other
minor sphingolipid species have also been detected (see fig-
ure Fig. 3 for a schematic representation of these structures)
[7, 8, 84]. The nuclear lipidome also includes Chol (with
its hydroxyl and oxygenated derivatives), dolichol and ether
lipids [24, 47, 92]. Interestingly, TG seems to be more abun-
dant in the nuclear compartment than in other organelles,
possibly due to the lipid metabolism that has recently been
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characterized in the inner nuclear membrane and the subse-
quent formation of nuclear lipid droplets [86, 89, 93].

For the reasons described above, the lipidome of the
mammalian cell nucleus still has not been fully described,
and differences among the pools of nuclear lipids are largely
uncharacterized. For example, Cascianelli et al. concluded
that nuclear lipid microdomains have a distinct lipid compo-
sition compared with that of nuclear membranes, especially
regarding the proportions of PC, SM and Chol, which are
1.5/0.6/1 in the latter and 1/1/1 in the former [7].

Overall, although the main mammalian nuclear lipidome
has previously been described, future studies will help to
clarify and uniformize existing data, identify specific lipid
species and characterize different lipid pools since they play
fundamental roles in maintaining nuclear architecture and
function.

Lipid composition of the plasma membrane

The plasma membrane plays an essential role as a barrier
between the cytoplasm and the extracellular milieu, as well
as in energy storage, maintenance, transport, signal trans-
duction and extracellular communication [24, 94, 95]. The
mammalian plasma membrane consists mainly of glycer-
ophospholipids, including PC, PE and PS, as well as SM,
ganglioside and approximately 20-50% sterol [95]. P1 is pre-
sent in small quantities and is involved in cell signaling [50].
Moreover, PI(4,5)P2’ a phosphorylated PI, is enriched at the
plasma membrane compared to its level in the membranes of
other organelles. Plasma membrane lipids are important cell
signaling messengers and are involved in cell proliferation,
survival and migration, apoptosis, inflammation, insulin
activation, angiogenesis, regulation and the organization of
integrins [50, 96].

Several studies have been performed to determine the
lipid profile of the plasma membrane. For example, isola-
tion and gradient centrifugation of cell organelles, includ-
ing the plasma membrane, followed by LC—MS analysis,
have resulted in the identification of various lipid species,
including glycerophospholipids, sphingolipids and sterols
[48]. Although cell lines derived from different origins share
similar lipid profiles, the lipidome of the plasma membrane
varies slightly between cell types [97]. For example, human
embryonic kidney cells and Madin-Darby canine kidney
epithelial cells harbor greater amounts of PS in the plasma
membrane, while the amount of sphingolipids is lower in
the plasma membrane of rat basophilic leukemia cells com-
pared to other cells studied to date, e.g., mesenchymal stem
cells (MSCs) and immortalized human mammary epithelial
(HMLE) cells [97]. Similarly, the cell membrane of HMLE
cells does not contain significant amounts of PUFA-con-
taining lipids, while the plasma membrane in MSCs carries
high levels of fully saturated and PUFA-containing lipids

[97]. The outer leaflet of the plasma membrane is composed
mostly of PC, SM and glycolipid, while the inner leaflet
contains PE and PS. Moreover, due to membrane lipid flip-
flop, Chol is unevenly distributed between the two leaflets,
with the outer leaflet containing more Chol in mammalian
cells, that is thus packed more tightly than it is in the inner
leaflet [95]. Similar findings on different distributions of
Chol in the outer and inner leaflets of the plasma membrane
have been reported in another study [98]. Chol in the inner
leaflet is presumed to be involved in various cell functions,
including signal transduction through its interaction with
cytosolic proteins [98]. Furthermore, the plasma membrane
is characterized by relatively ordered membrane nanodo-
mains, so-called lipid rafts, in the plane of the membrane
formed by interactions between certain lipids such as choles-
terol, relatively saturated lipids and glycosylated lipids, that
recruit other lipids and proteins and have specific functions
[38, 99-101]. The cell cycle, changes in lipid metabolism
over time, variations in sample preparation, and other fac-
tors influence the biophysical and lipidomic properties of
the plasma membrane and are all potential causes of plasma
lipidome variability. The observed cell-specific variations in
the plasma membrane lipidome, although minor, highlight
the need for further studies to understand the impact of these
variances on cell function and encourage further research
into the still-unknown functions of the plasma lipidome.

Changes in the lipid profile of plasma membranes might
lead to irregular signaling that causes the development of
various symptoms characteristic of certain disorders. Some
examples are given later.

Lipid composition of mitochondria

Mitochondria are essential for sustaining cellular energy
production and cell metabolism. They play vital roles in the
production of ATP and as a source of building blocks for
biosynthetic pathways, regulation of intracellular calcium,
production and scavenging of intracellular reactive oxygen
species (ROS) and regulation of apoptosis. Mitochondria
are composed of two membranes that change in response
to different factors, such as aging and apoptosis, thus alter-
ing normal redox metabolism and various physiological and
pathological processes [102—-104]. Mitochondrial lipids,
especially those with high PUFA content, such as cardiolipin
(CL), are prone to ROS-induced damage that affects lipid
composition and mitochondrial function. The effects of dif-
ferent factors on lipidome remodeling are discussed later.
The mitochondrial lipidome of liver cells is predomi-
nantly composed of phospholipids, with less than 15%
comprising free fatty acids (FFAs), acyl glycerols and Chol
[105]. Interestingly, brain mitochondria carry a much higher
amount of Chol, which comprises more than 20% of the total
lipid content [106]. Mitochondria have a higher abundance
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of PGs and ether-linked phospholipids than other subcellular
compartments and contain majority of the cellular ubiqui-
nones [47]. CL is primarily present in mitochondria and
mitochondria-associated membranes [48]. In addition, the
most abundant phospholipid species reported in macrophage
mitochondria are PC(36:2), PC(36:1), PC(38:0), PE(38:4),
PE(36:1), PE(38:3), and PG(36:2) [47]. Moreover, some
lipids, such as phosphatidic acid (PA) and PI, are present
at higher amounts in mitochondria-associated membranes
compared to mitochondria themselves, a distribution that is
opposite that of PE [48].

A previous study identified ceramide glucosyltransferase,
glucosylceramide galactosyltransferase and sialyltransferase
in mitochondria-associated membranes and showed that
these enzymes were instrumental in in the synthesis of gan-
gliosides GM,, GD; and GM, (Fig. 3). This finding suggests
that at least a portion of glycosphingolipids in mitochondria
originate from mitochondria-associated membranes [107].

The levels of lipids in different classes in the mitochon-
drial lipidome vary depending on the tissue of origin. Hence,
CL, lysophosphatidylethanolamine (LPE) and PG are pre-
sent at higher abundance in skeletal mitochondria than in
the liver [108]. CLs carrying 18:2 acyl chains are the most
abundant CLs in both skeletal muscle and liver mitochon-
dria, although their presence is higher in skeletal muscle,
with CL(18:2), being the most abundant. Moreover, among
the CLs present in skeletal muscle mitochondria, those
containing 20:0 and 22:6 acyl chains constitute the largest
group, while the level of CLs with 18:1, 20:4 and 22:2 acyl
chains are higher in liver mitochondria [108]. Interestingly,
the same study reported PG with 22:6 acyl chains are almost
exclusively found in liver mitochondria. Moreover, although
the absolute levels of the main phospholipid classes in mito-
chondria (PC and PE) appear to be the same among organs,
PC and PE plasmalogens are present in higher amounts in
skeletal muscle mitochondria than in the liver [108].

A detailed qualitative analysis of fatty acyl levels in rat
liver mitochondria led to the identification of only 7 types
of FFAs belonging to branched fatty acid chains, namely,
acylcarnitines, octadecanoids and acylamide species. The
same study reported a large variety of glycerophospholipids,
sphingolipids and glycerolipids in the mitochondrial lipi-
dome and only 3 different prenols [109].

Lipid composition of the endoplasmic reticulum

The endoplasmic reticulum is a continuous and dynamic
membrane system that is considered to be a major site for
the production and modification of many proteins and lipids
[4, 110]. Most membrane proteins are targeted and trans-
located to the endoplasmic reticulum, which acts as the
point of entry to other endomembrane compartments [111].
The endoplasmic reticulum is crucial to the biosynthesis

@ Springer

of structural phospholipids and Chol. The most abundant
membrane lipids, PC and PE, as well as the least abundant
lipid, PI, are produced in the endoplasmic reticulum [112].
These phospholipids are also the main lipid components of
the endoplasmic reticulum, with PC being the most abun-
dant (approximately 54%), followed by PE (approximately
20%) and PI (11%) [24]. Although Chol is produced in the
endoplasmic reticulum, the abundance of Chol in this orga-
nelle is less than 8% because it is transferred to the plasma
membrane immediately after synthesis [24]. Additionally,
the endoplasmic reticulum carries minor lipids, including
diacylglycerol (DG), cytidine diphospho-DG, PA, lysophos-
pholipid, and dolichol [4, 25]. The reticulum plays an impor-
tant role in the production of nonstructural lipids, such as
TGs and cholesteryl esters [113]. Cer, the hydrophobic
backbone of sphingolipids, originates from the endoplasmic
reticulum [114] along with galactosylceramide [115], the
major constituent of myelin. The lipids that are synthetized
in the endoplasmic reticulum are distributed throughout
the cell via secretory pathways and/or specialized domains,
such as organelle contact sites. TG is transferred to lipid
droplets that are formed on the reticulum membrane and
subsequently associate with other organelles through mem-
brane contact sites [112]. Membrane contact sites between
the endoplasmic reticulum and other organelles, including
the Golgi complex, mitochondria and the plasma membrane,
have been recently observed [116]. These findings have led
to the conclusion that the endoplasmic reticulum is physi-
cally and functionally connected to other organelles, compli-
cating the study of separate subcellular fractions.
Venugopal et al. investigated subcellular lipid localization
during steroidogenesis using steroidogenic MA-10 mouse
tumor Leydig cells [48]. The authors aimed to determine the
reorganization of membrane lipids at the subcellular level
during steroidogenesis. They analyzed lipid species in orga-
nelles, including plasma membrane-associated membranes
(plasma membrane, endoplasmic reticulum, and mitochon-
dria) and mitochondrion-associated membrane (endoplas-
mic reticulum and mitochondria) microdomains. Venugo-
pal et al. measured and compared 221 lipid species in cells
treated with dibutyryl cyclic adenosine monophosphate with
or without the steroidogenesis inhibitor cycloheximide and
untreated control cells. They measured glycerophospholipid
(PC, PE, PS, PI, PA, and CL), sphingolipid (SM, Cer), and
neutral lipid cholesteryl ester levels to elucidate the roles
of these lipids in steroidogenesis and membrane reorgani-
zation. They found that the endoplasmic reticulum exhib-
ited increased levels of PA after hormonal stimulation, and
this effect was attenuated by cycloheximide treatment. The
authors also reported a significant decrease in PE and PS
content in the endoplasmic reticulum, but the levels of these
lipids were increased in the plasma membrane-associated
membranes following hormonal stimulation, suggesting
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lateral movement of these lipid species. The data suggest
that plasma membrane-associated membranes and mito-
chondrion-associated membrane microdomains are crucial
in the process of lipid trafficking and that these membranes
undergo dynamic reorganization during hormone-induced
steroidogenesis.

Veyrat—Durebex and colleagues combined metabolomic
and lipidomic approaches to identify metabolites and lipids
involved in endoplasmic reticulum-mitochondrion metabo-
lism [117]. They detected lipids belonging to 12 different
lipid classes: PC, PE, PG, PI, PS, lysophospholipid, SM, CL,
Cer, DG, ganglioside, and TG. PC and PE accounted for 60%
of the total concentration of detected lipids and were present
in both the endoplasmic reticulum and mitochondria. Their
abundance was followed by that of SM, TG and Cer.

Lipid composition of the Golgi apparatus

The Golgi apparatus is a cellular organelle that plays a key
role in processing lipid cargo synthesized in the endoplas-
mic reticulum and its subsequent sorting in vesicles at the
trans-Golgi network [118]. The Golgi apparatus is composed
of aligned stacks of cisternae that are highly polarized, ena-
bling cargo to be received at the cis-Golgi site and guided
to the trans-Golgi, where it is exported. The distribution
of enzymes, resident proteins and lipid composition in the
Golgi apparatus differs throughout, from the cis-Golgi to the
trans-Golgi. Similarly, the luminal pH, is gradually changed,
from pH 6.7-6.0, which is essential for cargo processing
[118, 119].

Glycosphingolipids [120-122], phosphatidylinositol
4-phosphate (PI4P) [123] and DGs [124] are primary and
secondary messengers related to signaling involving the
Golgi. PI4P turnover at the Golgi complex is regulated by
sphingolipid metabolic flux, revealing a two-way relation-
ship between sphingolipids and phosphoinositide metabo-
lism in this organelle [125]. In vitro studies based on HeLa
cells and by confocal microscopy revealed the colocalization
of the cis-Golgi protein marker G95 and a PI4P marker.

Cer is produced de novo in the endoplasmic reticulum
and, when transported to cis-Golgi, may be converted to
glucosylceramide. PI4P mediates the transfer of glucosyl-
ceramide to the trans-Golgi network, where it is converted to
SM or glycosphingolipid [126, 127]. Glycosphingolipids are
synthesized de novo in the Golgi apparatus and in the endo-
plasmic reticulum and then transported to the outer leaflet of
the plasma membrane, where they play a key role in numer-
ous signaling processes [128]. Glycosylation in the Golgi
apparatus is essential for glycosphingolipid biosynthesis.
The synthesis of glucosylceramide takes place on the cyto-
solic surface of the Golgi, and a floppase must be transported
to the Golgi lumen [126] to convert glucosylceramide into a
glycosphingolipid. The synthesis of glucosylceramide in the

Golgi apparatus has been shown to be a process independ-
ent of the Cer transfer protein [127]. Other lipids along with
different sensors and effectors are transported within the
Golgi apparatus to trans-Golgi membranes [50]. The lipid
composition of the Golgi inner membrane differs from that
of the trans-Golgi network. For example, in the trans-Golgi
network, some of the Golgi PC is replaced by newly syn-
thetized glycosphingolipids, accompanied by an enrichment
in Chol due to the preferential interaction of this lipid with
sphingolipids [129, 130], facilitating Golgi vesicle budding
[50]. After separating the membrane and the interior content
fractions of the Golgi, Howell and Palade concluded that PC
is the most abundant phospholipid in both the membrane and
interior of the Golgi, while PS and PE are more abundant
in the membrane fraction [131]. In contrast, the majority of
Golgi TGs is found in the content fraction. Moreover, Chol
is heterogeneously distributed throughout the Golgi appara-
tus, with the highest amount at the trans-Golgi [132]. Fur-
thermore, the GM3, GD3 and GT3, precursors of more com-
plex gangliosides of the a-, b- and c-series, are synthesized
in the proximal Golgi, although in different compartments.
GM; and GD; have been identified in the cis/medial Golgi,
while the specific synthesis of GTj is located in the trans
Golgi compartment [133].

Lipid composition of lipid droplets

Lipid droplets are structurally unique among organelles with
a dense hydrophobic core comprising neutral lipids and
enveloped with a phospholipid monolayer [134]. Although
they have long been regarded as passive energy repositories,
in the last decade, the dynamic functions of lipid droplets
have been revealed, as they have been found to be immersed
in all aspects of cellular function [1, 135]. Lipid droplets
are formed in the endoplasmic reticulum, where the size
of a nascent neutral lipid lens composed of newly synthe-
sized TGs and sterol esters increases between the two leaf-
lets of the endoplasmic reticulum membrane [136]. These
nascent lipid droplets bud from the reticulum membrane
and are released into the cytosol, where their size further
increases or decreases and where they contact other orga-
nelles [137-140].

One of the essential biological functions of lipid drop-
lets involves their dynamic responses to changes in cellular
nutrient requirements, which fluctuate, and environmental-
induced signaling to coordinate lipid metabolism and thus
meet the energy demands for membrane biosynthesis, cell
growth and survival [138, 141]. Lipid droplets are continu-
ously formed and broken down in a cell, functioning simul-
taneously as sinks that protect membranes and organelles
from lipid overload and as sources of lipids for essential
processes, such as those needed for balancing membrane
saturation levels and fatty acids needed for mitochondrial
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energy production [142-144]. In stressed cells, lipid droplet
size, subcellular location, and lipid and protein composition
can rapidly change [145]. For example, low calorie intake
has been reported to result in the enrichment of hepatocyte
lipid droplets with TGs containing long-chain PUFAs, while
hepatocyte lipid droplets from mice fed a high-fat diet con-
tained fewer unsaturated TGs [146]. Lipid droplets provide
lipids that may directly function as signaling molecules,
such as fatty acids, or as biosynthetic precursors for other
bioactive lipid mediators, such as eicosanoids, retinoic acid,
endocannabinoids, and Cer [147-149]. Remarkably, lipid
droplets sequester and release various proteins, thereby
affecting protein turnover, signaling pathways and gene
transcription [45, 150]. Lipid droplets may store lipophilic
drugs and control drug efficacy by altering their subcellular
distribution [151].

The neutral lipid droplet core primarily stores lipids in
their esterified storage forms; e.g., fatty acids are stored as
TGs, sterols are stored in the form of sterol esters, retinoic
acid is stored as a retinyl ester, and Cer is stored as an acyl-
Cer [147, 152, 153]. Lipid droplets may also harbor vary-
ing amounts of lipid intermediates produced during neutral
lipid biosynthesis and breakdown, most notably DG but also
lysophosphatidic acid and PA. Lipid droplets can also store
significant amounts of ether lipids [154]. In alignment with
tissue-specific functions and storage requirements, lipid
droplets in different cells and tissues may exhibit significant
differences in the relative proportions of these major lipid
species. Lipid droplets in adipocytes are predominantly com-
posed of TGs, whereas lipid droplets in steroidogenic cells
or macrophage foam cells carry mostly cholesteryl esters
[155-157]. On the other hand, hepatic stellate cells, which
are specialized in the storage of retinol (vitamin A), harbor
LDs that are enriched with retinyl esters [158, 159]. The
surface monolayer of mammalian cell lipid droplets includes
electroneutral phospholipid species as well as some sterols.
It is primarily composed of PC, followed by PE and PI, and
significant amounts of corresponding lysophospholipid spe-
cies may also be found [154].

Lipid droplets play major roles as regulators of fatty
acid trafficking, metabolism and signaling. Consistent with
these functions, the fatty acyl chain composition of neu-
tral lipids stored within lipid droplets differs between cell
types and is dynamically altered during cell state transitions.
For instance, channeling of SFAs into TGs may reduce TG
availability for conversion into Cer, thus limiting both pal-
mitate- and Cer-induced lipotoxicity and inflammatory sign-
aling [160-162]. In addition, the esterification and release
of Cer from lipid droplets modulates the activation of Cer-
induced signaling pathways in a cell [153]. Lipid droplets in
hypoxic kidney cancer cells release unsaturated fatty acids
that replace saturated acyl chains in cell membranes, pre-
venting endoplasmic reticulum stress [142].
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Lipid droplets may function as sinks for PUFAs, which
limit the availability of PUFAs needed as pro-inflammatory
lipid mediators, preventing inflammation [163—-166]. How-
ever, when cells undergo PUFA overload that exceeds the
storage capacity of lipid droplets, the lipolytic release of
PUFAs from lipid droplets induces oxidative stress and cell
damage, which can lead to ferroptotic cell death [166—169].
Finally, the presence of oxidized lipids in lipid droplets
may alter their function and disrupt other cellular processes
[164-166]. For example, oxidized and truncated TGs alter
dendritic cell function by covalently immobilizing the chap-
erone proteins required for antigen presentation to the lipid
droplet surface [45]. Additionally, peroxidized lipids have
been found in lipid droplets of Drosophila glial cells, and
they have been associated with mitochondrial dysfunction
and neurodegeneration [170]. Lipid droplets are thus emerg-
ing as active regulators of lipid trafficking, which affects
a wide range of cellular processes, but much remains to
be learned about the lipid droplet lipidome, its dynamic
changes and functions.

Lipid composition of the organelles
in the endosomal pathway

Through the endocytic pathway, extracellular material
is taken up by cells, sorted and transported via vesicles
to their destination [171]. Endocytosis takes place at the
plasma membrane, the lipid composition of which was dis-
cussed above. In addition, the endocytic pathway involves
three main organelles: endosomes, late endosomes/MVBs
and lysosomes. The luminal pH of these organelles becomes
gradually increasingly acidic, reaching a value of 4.5-5 in
lysosomes [172]. Several differences in the lipid composition
of these organelles have been identified [173, 174], includ-
ing distinct membrane components of MVBs [175, 176],
which include the MVB limiting membrane and intraluminal
vesicles (ILVs) formed by invaginations of this membrane.
The amount of Chol varies in the organelles of the endo-
cytic pathway. The plasma membrane contains the highest
Chol-to-phospholipid ratio, which is approximately equal to
one, in cells [4]. Using immunoelectron microscopy, Mobius
et al. found that MVBs, particularly ILVs, contained high
amounts of Chol, with lower levels in recycling endosomes
and lysosomes, where Chol is largely absent [176].
Phospholipids constitute a large fraction of the total lipids
in cellular membranes. Leventis and Grinstein summarized
the percentage of the phospholipid classes PC, PE, PI and
PS in terms of their percentage in the total phospholipid
composition in different cellular compartments, including
the plasma membrane, early endosomes and late endosomes
[177]. PC was the most abundant phospholipid (42-49%),
followed by PE (18-25%). The most remarkable difference
between these compartments was the level of PS, which was
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12% in the plasma membrane, 8.5% in early endosomes and
2.5-3.9% in late endosomes. In addition, higher amounts of
PI were found in early and late endosomes than were found
in the plasma membrane. The phospholipid composition of
rat liver lysosomes and the plasma membrane has also been
summarized [178]. In this study, PC was also shown to be
the most abundant phospholipid (~40% of total phospho-
lipids), followed by PE (~20% of total phospholipids). The
main difference between these compartments was that the
SM and PS percentages were higher in the plasma mem-
brane [178]. However, as mentioned by the authors of these
papers, these results are based on subcellular fractionation
(Fig. 6), which can lead to data distortion caused by the pos-
sible isolation of impure fractions and disruption of lipids
during assay procedures [177, 178].

Some phosphoinositides, which are derivatives of PI
that are phosphorylated at one, two or three positions of
the inositol ring, are enriched in the organelles of the endo-
cytic pathway due to the functions of specific lipid kinases
and phosphatases. Therefore, these lipids are often used to
identify these compartments; for example, PI(4,5)P, and
phosphatidylinositol (3,4,5)-trisphosphate (P1(3,4,5)P;) are
often enriched on the plasma membrane, phosphatidylino-
sitol 3-phosphate (PI3P) is enriched on the membranes of
early endosomes, and phosphatidylinositol 3,5-bisphosphate
(PI(3,5)P,) is enriched in MVBs [179-181]. Moreover,
phosphoinositides are involved in different cellular processes
involving these organelles by recruiting proteins with spe-
cific binding domains to the cellular compartment where
these lipids are located; for example, PI3P recruits proteins
containing FYVE and PX domains to endosomes [182, 183].

Interestingly, in the cells of mammals and other higher
eukaryotes, MBVs and lysosomes contain an atypical ani-
onic phospholipid called bis(monoacylglyceryl)phosphate
(BMP), also known as lysobisphosphatidic acid. This lipid
is found in large amounts in these organelles (15-20mol%
of all phospholipids), mainly in ILVs, but are absent at other
cellular locations [184—186]. In fact, ILVs may consist of at
least two different populations, with one population with PC
and the with BMP as the main phospholipid [175]. A main
function of BMP lipid is control of the endosomal levels of
Chol and sphingolipids, and it has also been shown to play
a role, together with the Alix protein, in the formation of
ILVs [185, 186].

Overall, we have acquired an understanding of the lipid
classes and how they differ in the organelles of the endocytic
pathway, but few studies have sought to identify the spe-
cific lipid species that comprise these organelles. As previ-
ously mentioned, these organelles are difficult to separate,
which makes the preparation of pure samples for lipidomic
analysis difficult. However, some strategies have been used
to increase the purity of samples [64, 65]. For example,
Tharkeshwar et al. isolated MVBs/lysosomes and plasma

membranes using superparamagnetic iron oxide nanoparti-
cles. Then, the lipid composition of these organelles in HeLLa
wild-type and Niemann-Pick type C1 (NPC1)-deficient cells
was analyzed by LC—MS/MS [64]. In this study, 17 lipid
classes and 551 lipid species were quantified. MBVs/lys-
osomes were found to be composed of approximately 60%
glycerophospholipids (PC, PE, PI, PS, PG, ether-linked PC/
PE (PC O-/PE O-), PA and DG; 4.6% sphingolipids (Cer,
hexosylceramide (HexCer) and SM); 7.5% storage lipids
(TGs and Chol esters); and 28% Chol. The proportion of
these lipids in the plasma membrane were approximately
62%, 4%, 0.5% and 32%, respectively. Differences in the
amounts of individual lipid species between these two com-
partments were not specifically analyzed, but several differ-
ences were found in the lipid species of MVBs/lysosomes
when control cells and NPC1-deficient cells were compared.
In addition, an MS/MS lipidomic analysis of lysosome-
enriched liver fractions in wild-type and granulin mutant
mice was performed and the lipidomes were compared
[187]. Approximately 500 lipid species were identified,
and the proportions of TG, PS, PE and DG were compared,
but the lysosomal lipid composition of the lysosomal frac-
tions from the wild-type mouse liver was not individually
analyzed.

In conclusion, there is still much to learn about the lipid
species in the organelles of the endocytic pathway, and hope-
fully, future lipidomic studies will reveal the full lipid com-
position of these organelles.

Lipid composition of extracellular vesicles

Extracellular vesicles are vesicles that are released by cells
into the extracellular environment [188-191]. Living cells
release two main populations of vesicles known as exosomes
and microvesicles, which are named based on the mecha-
nism underlying their release: exosomes correspond to the
ILVs of the MVBs that fuse with the plasma membrane, and
microvesicles bud directly from the plasma membrane. The
sizes of exosomes and microvesicles overlap to some extent,
with exosomes in the smaller range (~30-150 nm in diam-
eter; ILVs have a mean diameter of approximately 50 nm
in mammalian cells [192]) compared to that of microves-
icles (~50-1000 nm in diameter) [193, 194]. It can then
be expected that the lipid composition of exosomes and
microvesicles resembles the composition of ILVs and the
plasma membrane, respectively.

Lipids are essential molecular components of extracel-
lular vesicles. They affect membrane physical properties
[17, 25] and may play roles in maintaining the stability of
vesicles in the extracellular environment. The lipid composi-
tion of extracellular vesicles has been a subject of interest
for many years. In addition to the abovementioned chal-
lenges in the separation of different extracellular vesicles
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populations, little is known about how different preanalytical
variables affect the lipid composition of extracellular vesi-
cles in biofluids, and some of these factors may be relevant
to their effective isolation [195]. Most of the lipidomics
studies have so far focused on extracellular vesicles pelleted
by 100,000xg centrifugation. This fraction is expected to
contain mainly exosomes and will be referred here as such.

The lipid composition of exosomes in seminal fluid and
released by reticulocytes was investigated in the late 1980s
[196, 197]. Extracellular vesicles in human seminal fluid
(prostasomes) exhibited a very high Chol/phospholipid ratio
[196]. Similarly, exosomes released by B-lymphocytes were
enriched in Chol and sphingolipids [198]. Over the years,
several MS lipidomic studies have reported the identity of
several hundred lipid species in more than 20 lipid classes
[199-202]. Regardless of the method used for lipid analysis,
several studies have shown the enrichment of Chol, SM, gly-
cosphingolipid (GSL), PS, PC and PI in exosomes from cells
also enriched with these lipids; in contrast, the content of PE
was found to be similar in the cells and exosomes isolated
from their supernatants [70]. It has also been shown that
exosomes contain relatively more saturated and less mono-
unsaturated fatty acids than the cells from which they are
released [201, 202]. Exosomes from seminal fluid exhibit
a high degree of fatty acid saturation [203]. Recently, lipi-
domic analyses of extracellular vesicles in blood and urine
have been performed [204, 205], which has supported the
use of lipid species in extracellular vesicles as noninva-
sive biomarkers for identifying several diseases. The lipid
composition of urinary extracellular vesicles pelleted at
100,000xg indicated a very high level of Chol; all the PE
species identified were PE ethers; and PS 18:0/18:1 were the
lipid species found at high levels after Chol [204].

Only a few studies have compared the lipid composition
of different extracellular vesicle populations released from
the same cell line [206, 207]. The lipid composition of sev-
eral populations of extracellular vesicles released by plate-
lets was found to vary, with the exosome-enriched fraction
containing the highest content of Chol and SM [207]. The
enrichment of these lipids in exosomes suggests that they
have a higher lipid order than other extracellular vesicles
populations, a supposition that has been supported by several
studies [208, 209].

As mentioned in the previous section, the anionic phos-
pholipid BMP is abundant in MVBs/late endosomes and
are found in ILVs [175, 176, 185]. Therefore, whether this
lipid is found in exosomes has been a research topic. If this
is the case, then BMP can be used as a marker to differen-
tiate exosomes from vesicles formed at the plasma mem-
brane. Some studies have reported that BMP is not present
in exosomes [176, 198, 210]. However, a prior study identi-
fied this lipid in vesicles attached to follicular dendritic cells
[211]. In addition, several species of BMP have recently
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been identified by MS in vesicles released by cultured corti-
cal neurons (although the absolute levels of BMP were not
reported [212]), in urinary extracellular vesicles and in vesi-
cles released by HEK293 kidney cells [213]. Furthermore,
phosphoinositides, known to be enriched in the plasma
membrane and in MVBs, also show the potential to be useful
to differentiate exosomes from microvesicles. Interestingly,
methods are currently available to detect the presence of
different phosphoinositides in extracellular vesicles [214].
In conclusion, lipidome analyses of extracellular vesicle-
shave provided useful information to understand the lipid
composition of ILVs and the plasma membrane.

Lipid composition of epidermal lamellar bodies

Epidermal lamellar bodies are secretory organelles belong-
ing to a class of lysosome-related organelles that are exclu-
sive to epithelial cells, including alveolar cells in the lungs
and skin and oral keratinocytes. They play important physi-
ological functions, such as breathing and epidermal barrier
formation. Here, we focus on the lamellar bodies in the skin.

The epidermal barriers is composed of the outermost
layer of the skin epidermis—the stratum corneum [215].
Keratinocytes gradually differentiate and form stratified lay-
ers, simultaneously producing proteins and lipids. While the
keratinocyte proteins polymerize inside the cells, forming an
envelope, the lipids are secreted through lamellar bodies to
create a hydrophobic barrier comprising protein-lipid com-
posites [216]. The lipid composition of the stratum corneum
consists mainly of equimolar concentrations of Cer, Chol,
and FFA, with the lipid mass consisting of approximately
50% Cer, 25% Chol, 15% FFA and a small percentage of
phospholipids [217-219].

Lamellar bodies are unique membrane-bound organelles
composed of one or several tightly packed bilayer mem-
branes (reviewed in [220]). They are round or oval with a
diameter of approximately 200-300 nm and originate by
budding off from the trans-Golgi tubuloreticular membrane
system of the outermost epidermal granular cells [221, 222].

Several groups have isolated lamellar bodies-enriched
fractions based on their low buoyancy, low density, or small
size [223, 224]. Based on these studies, it was shown that
lamellar bodies contain, in addition to lipids, enzymes
involved in lipid metabolism, chymotryptic enzymes (kal-
likreins), protease inhibitors, cathepsins, and antimicrobial
peptides, which are all essential for the formation of various
skin barriers [225-228].

A direct lipid analysis of lamellar bodies-enriched frac-
tions from rodent and pig epidermis showed that lamel-
lar bodies contain Chol, phospholipid, glucosylceramide,
and SM [229, 230]. The glucosylceramides in lamellar
bodies are structurally heterogeneous, the most unique
of which is linoleate-rich w—0O-acyl-glucosylceramide,
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which has been implicated in the assembly of lamellar
bodies [231]. This w—O-acyl-glucosylceramide consists
of 28- to 34-carbon w-hydroxy acids with amide links to
sphingosine and dihydrosphingosine bases, with glucose
beta-glycosidic attachments to a primary hydroxyl group
of a long chain base and linoleic acid ester links to the
w-hydroxyl group. The w—0O-acyl-glucosylceramide con-
tains 74-75% ester-linked linoleate, making it a major
linoleic acid carrier in viable epidermis, the layer of the
skin underlying the stratum corneum. Approximately 80%
of w—0O-acyl-glucosylceramide has been estimated to be
associated with the limiting membrane of lamellar bod-
ies, while approximately 20% has been found in internal
lamellae [232].

In addition to its composition, the lamellar body mem-
brane, another feature distinguishes lamellar bodies from
other organelles. In most biological membranes (e.g.,
plasma membrane and membranes of biological vesicles),
glycolipids are synthesized with glucose attached to the
outer surface, but in the lamellar bodies, the glucosyl
moiety of acyl-glucosyl Cers in the limiting membrane is
located on the inner side of the membrane [220].

At the boundary between the uppermost granular cells
and the stratum corneum, lamellar bodies fuse with the
plasma membrane, and the contents of the lamellar bodies
are released into the intercellular space.

While enzymatically modified w—O-acyl-Cers in the
limiting membrane of lamellar bodies replace the lipids in
the plasma membrane, forming a cornified lipid envelope,
and the extruded contents are metabolized in the intercel-
lular space by enzymes that are cosecreted from lamellar
bodies. At this time, beta-glucocerebrosidase converts glu-
cosylceramides into Cer, acidic sphingomyelinase converts
them into sphingomyelin, and phospholipases convert
phospholipids into FFAs and glycerols [233].

Although the formation, structure, and secretion of
lamellar bodies in epidermal keratinocytes have been the
most extensively studied, lamellar bodies have also been
reported in other epithelial cells (reviewed in [234]). In
the keratinized oral epithelia, gingiva, and hard palate,
lipids are packaged in lamellar bodies similar to those in
the skin epidermis; however, the volume and density of
the lamellar bodies in these tissues are lower than those
in the epidermis. The Cer profile of the oral stratum
corneum is similar to that of the skin stratum corneum,
with the exception that although linoleate is the major
(70-80%) ester-linked fatty acid in epidermal Cer, in pala-
tal Cer, linoleate constitutes only 8.8% of the ester-linked
fatty acids [235]. Because the oral stratum corneum con-
tains fewer lipids than the epidermal stratum corneum
and because these lipids are organized more loosely, the
permeability of the oral epithelium is higher than that of
the skin [236].

In summary, the lamellar bodies deliver lipids and other
components that are essential for the formation of various
epidermal barriers.

Lipidome dynamics under physiological
and pathological conditions

The cellular lipidome is highly dynamic, and the lipid com-
position changes in response to various factors under both
physiological and pathological conditions. Altered lipid
metabolism, ongoing inflammation, and oxidative stress are
among the conditions that can cause cellular lipidome altera-
tions. Moreover, subcellular lipidome dynamics have been
associated with both physiological (aging) and pathologi-
cal conditions, leading to a wide spectrum of neurological
disorders with different etiologies. To date, changes in the
lipid profile of organelles have been reported in many dis-
orders, including cancer, metabolic and inflammatory dis-
eases, aging, and neurodegenerative disorders. In this sec-
tion, we provide a few examples illustrating the lipidome
alterations in health and disease contexts. Understanding
lipidome remodeling under both physiological and patho-
logical conditions might aid in finding biomarkers and iden-
tifying potential therapeutic targets for diverse pathological
conditions.

Lipidome dynamics under physiological conditions

The organelle lipidome commonly changes during vari-
ous physiological processes. Herein, examples of lipidome
dynamics in steroidogenesis, thermoregulation, and inflam-
matory cells are presented.

During steroidogenesis induced in vitro, the lipidome
undergoes dynamic remodeling. Although the total PC abun-
dance remains unchanged, the levels of specific PCs differ.
For example, the levels of PC(28:0) and PC(32:1) increase,
while the level of PC(34:0) profoundly decreases during
steroidogenesis in mitochondria, mitochondrion-associated
membranes and plasma membrane-associated membranes,
and the opposite changes have been reported for the afore-
mentioned PC pieces in plasma membranes [48]. In contrast,
steroidogenesis induced in vitro leads to elevated the levels
of CL and Cer in mitochondria and the plasma membrane,
as well as in their respective associated membranes, and the
PA level is elevated in the endoplasmic reticulum [48].

A study on Mongolian gerbils pointed to suggested an
important role for mitochondrial membrane lipidome remod-
eling with respect to mitochondrial respiration during acute
thermoregulation [242]. The brown adipose tissue mitochon-
drial membrane phospholipidome was found to be prone
to changes during acute thermoregulation. The most sig-
nificant changes were recorded for PS(30:0), PS(40:2), and
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lysophosphatidylglycerol LPG(16:0) in brown adipose tissue
mitochondria and for LPE(24:1) and PC(44:4) in muscle
mitochondria [242]. In addition, the amount of n-6 FFA was
higher in mitochondrial membranes at high temperatures,
which may be attributable to an increase in a specific spe-
cies, FFA(18:2). In contrast, the levels of FFA(21:5) and
FFA(22:5, n-3) were reduced at high temperature [242].
Finally, lipidome perturbations in subcellular compart-
ments is induced after inflammatory cell activation, such as
after the activation of macrophages induced by lipopolysac-
charide and mediated via Toll-like receptor 4 [47]. The lev-
els of Chol precursors and Cer were increased in all fractions
of macrophage-like RAW264.7 cells. However, unsaturated
ether-linked PE decreased only in the endoplasmic reticulum
and could be associated with the release of arachidonic acid
from the endoplasmic reticulum after cell activation [47].

Lipidome dynamics during aging
and neuropathology development

Lipids are highly susceptible to excessive ROS, which may
cause oxidative damage. Lipid peroxidation and its implica-
tion in physiology [104, 250] and the development and pro-
gression of major stress-associated diseases have been well
documented [251, 252]. Among lipids, plasmalogens, a class
of glycerophospholipids (Fig. 2), terminate lipid peroxida-
tion and thus are sometimes termed endogenous antioxidants
[253]. The development of sensitive methods for performing
lipidome analysis has led to the identification of associated
changes with plasmalogens under pathological conditions.
The mitochondrion-endoplasmic reticulum lipidome as well
as the whole-cell lipidome of amyotrophic lateral sclerosis
fibroblasts exhibit changes in the level of docosahexaenoic
acid 22:6(n-3) in phospholipids. Moreover, plasmalogens
containing FFA(22:6) are major phospholipids useful for
discriminating between amyotrophic lateral sclerosis and
control samples [241]. Additionally, amyotrophic lateral
sclerosis fibroblasts exhibit changes in the sphingolipid
composition of the mitochondrion-endoplasmic reticulum
lipidome [241].

Aging and Parkin loss mediate brain mitochondrial lipi-
dome remodeling, which affects several cellular functions
[243]. Aging is accompanied by increases in the levels of
hydroxylated hexosylceramide (OH-HexCer) and PE and a
reduction in PC and Cer in mitochondrial membranes. The
age-induced increase in hydroxylated Cer (OH-Cer), HexCer
and CL levels and the decrease in LPE, PI, PS and lysophos-
phatidylcholine (LPC) levels in mitochondrial membranes
are specific to parkin loss [243]. The levels of specific lipids
in mitochondria are significantly reduced during aging,
namely, Cer(74:8), HexCer(40:1), HexCer(42:1), and Hex-
Cer(44:2), while the levels of Cer(72:6), OH-HexCer(41:1),
OH-HexCer(42:2), OH-HexCer(43:2) are increased; these
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changes may be attributable, at least in part, by aging-related
oxidative stress [243].

Alterations in the plasma membrane lipidome have been
observed in patients with autism spectrum disorder [254]. A
study showed that certain processes, including the response
to oxidative stress, influence PS level in the plasma mem-
brane, causing morphological alterations in red blood cells.
Decreased levels of PUFAs have been observed in children
with autism spectrum disorder compared with children with
normal development [239, 254, 255]. Notably, glutamate
excitotoxicity in autism spectrum disorder might be associ-
ated with changes in lipid rafts in the plasma membrane,
particularly alterations in the sphingolipid and Chol com-
position [254].

A study published by Bolognesi and colleagues identified
several phospholipid fatty acids in human neuroblastoma
cell membranes and reported alterations to their levels after
palmitic acid supplementation [240]. Hyperactivation and
alterations in several signaling pathways leads to changes in
the plasma membrane lipidome of in cancer cells; for exam-
ple, the desaturation rate of palmitic to palmitoleic acid by
stearoyl-CoA desaturase is increased. These lipid composi-
tion alterations imply a potential association between cancer
and membrane biosynthesis [256]. MIN6 B-cells exposed to
palmitate exhibited a small increase in the levels of the Cer
species C18:0, C20:0, and C22:0 and a significant decrease
in the level of the SM species C25:1 and C26:1 [257]. The
same study showed that chronic palmitate exposure reduced
SM and Chol content in the endoplasmic reticulum and dis-
rupted its lipid rafts, supporting the hypothesis suggesting
that disruption in endoplasmic reticulum-to-Golgi apparatus
trafficking leads to protein overload and induces endoplas-
mic reticulum stress.

Lipidome dynamics in cancer cells

Neoplastic cells exhibit altered lipid metabolism, impacting
the membrane lipidome, which allows these cells to with-
stand immune system responses. Studies on normal colon
cells and four colon cancer cell types revealed distinct
lipidomic signatures in both the membrane lipidome and
their extracellular vesicles between the healthy and cancer
cells [258]. All cancer cells showed an altered profile in
glycerophospholipids containing ethanolamine, diacyl-PC,
diacyl-PE or PE plasmalogen [258]. Moreover, a study on
melanoma revealed that melanoma cells with low metastatic
potential are enriched in PIs with saturated and short fatty
acid tails compared to those with high metastatic potential,
while the membranes of melanoma cell-derived exosomes
contained higher amounts of LPC, PA and SM compared to
the cells from which they originated [259]. Furthermore, a
distinct tumor subtype-specific lipidome signature has also
reported for breast cancer cells [260].
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Although this section describes only a few examples, it
is clear that changes in the lipidomic landscape of cancer
cell membranes and tumor cell-derived extracellular vesi-
cles may lead to the discovery of promising biomarkers
for designing novel therapeutic and diagnostic techniques.

Final remarks

The variability in the lipid profile between different cell
types and/or the distribution of lipid species within sub-
cellular organelles is poorly understood. To date, only a
few comparative studies have provided information on the
amount of lipids in different organelles, and therefore, to
gain a better understanding of the subcellular lipidome,
future quantitative comparative lipidomic studies are
essential. In addition, changes in the cellular and orga-
nelle lipid profile over time or in response to either physi-
ological or pathological stimuli make this task even more
challenging. Another extremely complex issue for which
new solutions are urgently needed is related to the anno-
tation of lipids and the management of data pertaining to
the curation of lipid structures in subcellular organelles.
MS is an indispensable tool for lipidomic analysis and it
should be performed with sample that have been efficiently
extracted and separated. Obtaining pure lipid samples spe-
cific to each organelle is a prerequisite for accurate map-
ping of subcellular lipidomes, and the extraction methods
available today need to be improved to enhance the purity
of different subcellular fractions. In addition, without the
ability to separate the most abundant lipid species, it is
challenging to provide accurate identification of lipids or
quantification data on lipids in low abundance. The resolu-
tion of this problem largely depends on instrument capa-
bilities and sensitivities, highlighting the need for further
development of MS, which may increase the understand-
ing of lipidome variabilities and perturbations in health
and disease and in elucidating the cellular functions of
different lipid species.

Acknowledgements We would like to acknowledge the COST Action
19105-Pan-European Network in Lipidomics and EpiLipidom-
ics (EpiLipidNET), The South-Eastern Norwegian Regional Health
Authority, The Norwegian Cancer Society, The Norsk Fond for Klin-
isk Kjemi (UNIFOR), The Research Council of Norway, Slovenian
Research Agency (ARRS), European Union’s Horizon 2020 Research
and Innovation Programme (Marie Sklodowska-Curie) and FCT Sci-
entific Employment Stimulus Programme.

Author contributions Conceptualization, MJ; Study design, MJS, AL,
TP, DK, IP, MNP, MK, MJ; writing—original draft preparation, MJS,
AL, TP, DK, IP, MNP, MK, MJ; writing—review and editing, MJS,
AL, TP, DK, IP, MNP, MK, MJ; visualization, MJS, TP, MJ; supervi-
sion, MJS, AL, MJ. All authors have read and approved the final ver-
sion of the manuscript.

Funding This publication is based upon work from COST Action
19105-Pan-European Network in Lipidomics and EpiLipidomics
(EpiLipidNET) supported by COST (European Cooperation in Science
and Technology). Open access was supported by the CA 19105. This
work was supported by The South-Eastern Norwegian Regional Health
Authority, The Norwegian Cancer Society, The Norsk Fond for Klinisk
Kjemi (UNIFOR) and The Research Council of Norway. This work
was also supported by the Slovenian Research Agency (ARRS) Pro-
gramme grant P1-0207 and the ARRS Project grant J7-1818 to T.P.
M.J.S. acknowledges individual support awarded by the European
Union’s Horizon 2020 Research and Innovation Programme (Marie
Sklodowska-Curie grant agreement No 892321) and FCT Scientific
Employment Stimulus (CEECIND/00098/2018).

Availability of data and materials No new data were created in this
study. No data availability.

Declarations

Conflict of interest The authors have no relevant financial or nonfinan-
cial interests to disclose.

Ethics approval and consent to participate Not applicable.

Consent for publication Not applicable.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Welte MA, Gould AP (2017) Lipid droplet functions beyond
energy storage. Biochim Biophys Acta 1862:1260. https://doi.
org/10.1016/J.BBALIP.2017.07.006

2. Santos AL, Preta G (2018) Lipids in the cell: organisation regu-
lates function. Cell Mol Life Sci 75:1909-1927. https://doi.org/
10.1007/s00018-018-2765-4

3. Muro E, Atilla-Gokcumen GE, Eggert US (2014) Lipids in cell
biology: how can we understand them better? Mol Biol Cell
25:1819. https://doi.org/10.1091/MBC.E13-09-0516

4. van Meer G, Voelker DR, Feigenson GW et al (2008) Membrane
lipids: where they are and how they behave. Nat Rev Mol Cell
Biol 9:112-124. https://doi.org/10.1038/nrm2330

5. Balogh G, Péter M, Glatz A et al (2013) Key role of lipids in heat
stress management. FEBS Lett 587:1970-1980. https://doi.org/
10.1016/J.FEBSLET.2013.05.016

6. Chiurchiu V, Leuti A, Maccarrone M (2018) Bioactive lipids and
chronic inflammation: managing the fire within. Front Immunol
9:38. https://doi.org/10.3389/fimmu.2018.00038

7. Cascianelli G, Villani M, Tosti M et al (2008) Lipid microdo-
mains in cell nucleus. Mol Biol Cell 19:5289-5295. https://doi.
org/10.1091/mbc.e08-05-0517

@ Springer


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/J.BBALIP.2017.07.006
https://doi.org/10.1016/J.BBALIP.2017.07.006
https://doi.org/10.1007/s00018-018-2765-4
https://doi.org/10.1007/s00018-018-2765-4
https://doi.org/10.1091/MBC.E13-09-0516
https://doi.org/10.1038/nrm2330
https://doi.org/10.1016/J.FEBSLET.2013.05.016
https://doi.org/10.1016/J.FEBSLET.2013.05.016
https://doi.org/10.3389/fimmu.2018.00038
https://doi.org/10.1091/mbc.e08-05-0517
https://doi.org/10.1091/mbc.e08-05-0517

237

Page 20 of 27

M. J. Sarmento et al.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Garcia-Gil M, Albi E (2017) Nuclear Lipids in the Nervous
System: What they do in Health and Disease. Neurochem Res
42:321-336. https://doi.org/10.1007/S11064-016-2085-8

Albi E, Magni MPV (2004) The role of intranuclear lipids. Biol
Cell 96:657-667. https://doi.org/10.1016/].BIOLCEL.2004.05.
004

Fahy E, Subramaniam S, Brown HA et al (2005) A comprehen-
sive classification system for lipids. J Lipid Res 46:839-861.
https://doi.org/10.1194/jlr.E400004-JLR200

Fahy E, Subramaniam S, Murphy RC et al (2009) Update of the
LIPID MAPS comprehensive classification system for lipids.
J Lipid Res 50:S9-S14. https://doi.org/10.1194/JLR.R8000
95-JLR200

Liebisch G, Fahy E, Aoki J et al (2020) Update on LIPID MAPS
classification, nomenclature, and shorthand notation for MS-
derived lipid structures. J Lipid Res 61:1539. https://doi.org/10.
1194/JLR.S120001025

Fahy E, Cotter D, Sud M, Subramaniam S (2011) Lipid clas-
sification, structures and tools. Biochim Biophys Acta Mol Cell
Biol Lipids 1811:637-647. https://doi.org/10.1016/j.bbalip.2011.
06.009

Jackson CL, Walch L, Verbavatz JM (2016) Lipids and their
trafficking: an integral part of cellular organization. Dev Cell
39:139-153. https://doi.org/10.1016/j.devcel.2016.09.030
Levental I, Veatch SL (2016) The Continuing Mystery of Lipid
Rafts. J Mol Biol 428:4749-4764. https://doi.org/10.1016/j.jmb.
2016.08.022

Jain M, Ngoy S, Sheth SA et al (2014) A systematic survey of
lipids across mouse tissues. Am J Physiol Metab 306:E854—
EB868. https://doi.org/10.1152/ajpendo.00371.2013

Harayama T, Riezman H (2018) Understanding the diversity of
membrane lipid composition. Nat Rev Mol Cell Biol 19:281-
296. https://doi.org/10.1038/nrm.2017.138

Xu L, Schmitt MV, Ruan H et al (2020) Systematic analysis of
the whole-body tissue distribution and fatty acid compositions
of membrane lipids in CD1 and NMRI mice and wistar rats. Int
J Anal Chem 2020:1-12. https://doi.org/10.1155/2020/8819437
Pradas I, Huynh K, Cabré R et al (2018) Lipidomics reveals a
tissue-specific fingerprint. Front Physiol 9:1165. https://doi.org/
10.3389/fphys.2018.01165

Innis SM (2007) Dietary (n-3) fatty acids and brain develop-
mentl. J Nutr 137:855-859. https://doi.org/10.1093/jn/137.4.855
Tulodziecka K, Diaz-Rohrer BB, Farley MM et al (2016) Remod-
eling of the postsynaptic plasma membrane during neural devel-
opment. Mol Biol Cell 27:3480-3489. https://doi.org/10.1091/
mbc.e16-06-0420

Hunt AN, Burdge GC, Postle AD (1996) Phospholipid composi-
tion of neonatal guinea pig liver and plasma: effect of postnatal
food restriction. Lipids 31:489-495. https://doi.org/10.1007/
BF02522642

Hunt AN, Kelly FJ, Postle AD (1991) Developmental variation
in whole human lung phosphatidylcholine molecular species: a
comparison with guinea pig and rat. Early Hum Dev 25:157-171.
https://doi.org/10.1016/0378-3782(91)90112-G

Casares D, Escriba PV, Rossellé6 CA (2019) Membrane lipid
composition: effect on membrane and organelle structure, func-
tion and compartmentalization and therapeutic avenues. Int ] Mol
Sci 20:2167. https://doi.org/10.3390/ijms20092167

Holthuis JCM, Menon AK (2014) Lipid landscapes and pipelines
in membrane homeostasis. Nature 510:48-57. https://doi.org/10.
1038/nature13474

Jackson CL (2009) Mechanisms of transport through the Golgi
complex. J Cell Sci 122:443-452. https://doi.org/10.1242/JCS.
032581

@ Springer

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Patterson GH, Hirschberg K, Polishchuk RS et al (2008) Trans-
port through the Golgi apparatus by rapid partitioning within a
two-phase membrane system. Cell 133:1055-1067. https://doi.
org/10.1016/J.CELL.2008.04.044

Holthuis JCM, Levine TP (2005) Lipid traffic: floppy drives and
a superhighway. Nat Rev Mol Cell Biol 63(6):209-220. https://
doi.org/10.1038/nrm1591

Phillips MJ, Voeltz GK (2016) Structure and function of ER
membrane contact sites with other organelles. Nat Rev Mol Cell
Biol 17:69-82. https://doi.org/10.1038/nrm.2015.8

Bigay J, Antonny B (2012) Curvature, lipid packing, and elec-
trostatics of membrane organelles: defining cellular territories in
determining specificity. Dev Cell 23:886—895. https://doi.org/10.
1016/j.devcel.2012.10.009

Lippincott-Schwartz J, Phair RD (2010) Lipids and cholesterol
as regulators of traffic in the endomembrane system. Annu Rev
Biophys 39:559-578. https://doi.org/10.1146/annurev.biophys.
093008.131357

Saraste J, Goud B (2007) Functional symmetry of endomem-
branes. Mol Biol Cell 18:1430-1436. https://doi.org/10.1091/
mbc.E06-10-0933

Aviram R, Manella G, Kopelman N et al (2016) Lipidomics
analyses reveal temporal and spatial lipid organization and
uncover daily oscillations in intracellular organelles. Mol Cell
62:636-648. https://doi.org/10.1016/j.molcel.2016.04.002
Naudi A, Cabré R, Jové M, Ayala V, Gonzalo H, Portero-Otin M,
Ferrer I, Pamplona R (2015) Lipidomics of human brain aging
and Alzheimer’s disease pathology. Int Rev Neurobiol 122:133—
189. https://doi.org/10.1016/BS.IRN.2015.05.008

Jové M, Naudi A, Gambini J et al (2017) A stress-resistant lipi-
domic signature confers extreme longevity to humans. Journals
Gerontol Ser A Biol Sci Med Sci 72:30-37. https://doi.org/10.
1093/gerona/glw048

Antonny B, Vanni S, Shindou H, Ferreira T (2015) From zero to
six double bonds: phospholipid unsaturation and organelle func-
tion. Trends Cell Biol 25:427-436. https://doi.org/10.1016/j.tcb.
2015.03.004

Klose C, Surma MA, Simons K (2013) Organellar lipidomics-
background and perspectives. Curr Opin Cell Biol 25:406-413.
https://doi.org/10.1016/j.ceb.2013.03.005

Simons K, Ikonen E (1997) Functional rafts in cell membranes.
Nature 387:569-572. https://doi.org/10.1038/42408

Chorlay A, Thiam AR (2020) Neutral lipids regulate amphipathic
helix affinity for model lipid droplets. J Cell Biol. https://doi.org/
10.1083/jcb.201907099

Hsieh K, Lee YK, Londos C et al (2012) Perilipin family mem-
bers preferentially sequester to either triacylglycerol-specific or
cholesteryl-ester-specific intracellular lipid storage droplets. J
Cell Sci 125:4067—-4076. https://doi.org/10.1242/jcs.104943
Dennis EA, Norris PC (2015) Eicosanoid storm in infection and
inflammation. Nat Rev Immunol 15:511-523. https://doi.org/10.
1038/nri3859

Hajeyah AA, Griffiths WJ, Wang Y et al (2020) The biosynthesis
of enzymatically oxidized lipids. Front Endocrinol (Lausanne)
11:591819. https://doi.org/10.3389/fendo.2020.591819
Bochkov V, Gesslbauer B, Mauerhofer C et al (2017) Pleiotropic
effects of oxidized phospholipids. Free Radic Biol Med 111:6—
24. https://doi.org/10.1016/j.freeradbiomed.2016.12.034

Dixon SJ, Stockwell BR (2019) The hallmarks of ferroptosis.
Annu Rev Cancer Biol 3:35-54. https://doi.org/10.1146/annur
ev-cancerbio-030518-055844

Veglia F, Tyurin VA, Mohammadyani D et al (2017) Lipid bod-
ies containing oxidatively truncated lipids block antigen cross-
presentation by dendritic cells in cancer. Nat Commun 8:2122.
https://doi.org/10.1038/s41467-017-02186-9


https://doi.org/10.1007/S11064-016-2085-8
https://doi.org/10.1016/J.BIOLCEL.2004.05.004
https://doi.org/10.1016/J.BIOLCEL.2004.05.004
https://doi.org/10.1194/jlr.E400004-JLR200
https://doi.org/10.1194/JLR.R800095-JLR200
https://doi.org/10.1194/JLR.R800095-JLR200
https://doi.org/10.1194/JLR.S120001025
https://doi.org/10.1194/JLR.S120001025
https://doi.org/10.1016/j.bbalip.2011.06.009
https://doi.org/10.1016/j.bbalip.2011.06.009
https://doi.org/10.1016/j.devcel.2016.09.030
https://doi.org/10.1016/j.jmb.2016.08.022
https://doi.org/10.1016/j.jmb.2016.08.022
https://doi.org/10.1152/ajpendo.00371.2013
https://doi.org/10.1038/nrm.2017.138
https://doi.org/10.1155/2020/8819437
https://doi.org/10.3389/fphys.2018.01165
https://doi.org/10.3389/fphys.2018.01165
https://doi.org/10.1093/jn/137.4.855
https://doi.org/10.1091/mbc.e16-06-0420
https://doi.org/10.1091/mbc.e16-06-0420
https://doi.org/10.1007/BF02522642
https://doi.org/10.1007/BF02522642
https://doi.org/10.1016/0378-3782(91)90112-G
https://doi.org/10.3390/ijms20092167
https://doi.org/10.1038/nature13474
https://doi.org/10.1038/nature13474
https://doi.org/10.1242/JCS.032581
https://doi.org/10.1242/JCS.032581
https://doi.org/10.1016/J.CELL.2008.04.044
https://doi.org/10.1016/J.CELL.2008.04.044
https://doi.org/10.1038/nrm1591
https://doi.org/10.1038/nrm1591
https://doi.org/10.1038/nrm.2015.8
https://doi.org/10.1016/j.devcel.2012.10.009
https://doi.org/10.1016/j.devcel.2012.10.009
https://doi.org/10.1146/annurev.biophys.093008.131357
https://doi.org/10.1146/annurev.biophys.093008.131357
https://doi.org/10.1091/mbc.E06-10-0933
https://doi.org/10.1091/mbc.E06-10-0933
https://doi.org/10.1016/j.molcel.2016.04.002
https://doi.org/10.1016/BS.IRN.2015.05.008
https://doi.org/10.1093/gerona/glw048
https://doi.org/10.1093/gerona/glw048
https://doi.org/10.1016/j.tcb.2015.03.004
https://doi.org/10.1016/j.tcb.2015.03.004
https://doi.org/10.1016/j.ceb.2013.03.005
https://doi.org/10.1038/42408
https://doi.org/10.1083/jcb.201907099
https://doi.org/10.1083/jcb.201907099
https://doi.org/10.1242/jcs.104943
https://doi.org/10.1038/nri3859
https://doi.org/10.1038/nri3859
https://doi.org/10.3389/fendo.2020.591819
https://doi.org/10.1016/j.freeradbiomed.2016.12.034
https://doi.org/10.1146/annurev-cancerbio-030518-055844
https://doi.org/10.1146/annurev-cancerbio-030518-055844
https://doi.org/10.1038/s41467-017-02186-9

The expanding organelle lipidomes: current knowledge and challenges

Page 210f27 237

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Magtanong L, Ko P-J, To M et al (2019) Exogenous monoun-
saturated fatty acids promote a ferroptosis-resistant cell state.
Cell Chem Biol 26:420-432.€9. https://doi.org/10.1016/j.chemb
i0l.2018.11.016

Andreyev AY, Fahy E, Guan Z et al (2010) Subcellular orga-
nelle lipidomics in TLR-4-activated macrophages. J Lipid Res
51:2785-2797. https://doi.org/10.1194/jlr.M008748

Venugopal S, Galano M, Chan R et al (2021) Dynamic remod-
eling of membranes and their lipids during acute hormone-
induced steroidogenesis in ma-10 mouse leydig tumor cells. Int
J Mol Sci 22:1-25. https://doi.org/10.3390/ijms22052554

Yang K, Han X (2016) Lipidomics: techniques, applications, and
outcomes related to biomedical sciences. Trends Biochem Sci
41:954-969. https://doi.org/10.1016/j.tibs.2016.08.010

Van Meer G, De Kroon AIPM (2011) Lipid map of the mamma-
lian cell. J Cell Sci 124:5-8. https://doi.org/10.1242/jcs.071233
Takamori S, Holt M, Stenius K et al (2006) Molecular anatomy
of a trafficking organelle. Cell 127:831-846. https://doi.org/10.
1016/j.cell.2006.10.030

de Araijo MEG, Huber LA (2007) Subcellular fractionation.
Methods Mol Biol 357:73-85. https://doi.org/10.1385/1-
59745-214-9:73

Castle JD (2004) Purification of organelles from mammalian
cells. Curr Protoc Protein Sci 37:4.2.1-4.2.57. https://doi.org/
10.1002/0471140864.ps0402s37

Graham JM (2015) Fractionation of Subcellular Organelles.
Curr Protoc Cell Biol 69:3.1.1-3.1.22. https://doi.org/10.1002/
0471143030.cb0301s69

Kappler L, Li J, Haring H-U et al (2016) Purity matters: a
workflow for the valid high-resolution lipid profiling of mito-
chondria from cell culture samples. Sci Rep. https://doi.org/
10.1038/srep21107

Ding S, Riddoch-Contreras J, Abramov AY et al (2012) Mild
stress of caffeine increased mtDNA content in skeletal muscle
cells: the interplay between Ca2+ transients and nitric oxide.
J Muscle Res Cell Motil 33:327-337. https://doi.org/10.1007/
$10974-012-9318-5

Benador IY, Veliova M, Mahdaviani K et al (2018) Mitochon-
dria bound to lipid droplets have unique bioenergetics, compo-
sition, and dynamics that support lipid droplet expansion. Cell
Metab 27:869-885.€6. https://doi.org/10.1016/j.cmet.2018.03.
003

Talari NK, Mattam U, Meher NK et al (2023) Lipid-droplet
associated mitochondria promote fatty-acid oxidation through
a distinct bioenergetic pattern in male Wistar rats. Nat Commun
14:766. https://doi.org/10.1038/s41467-023-36432-0
Williamson CD, Wong DS, Bozidis P et al (2015) Isolation of
endoplasmic reticulum, mitochondria, and mitochondria-associ-
ated membrane and detergent resistant membrane fractions from
transfected cells and from human cytomegalovirus-infected pri-
mary fibroblasts. Curr Protoc cell Biol 68:3.27.1-3.27.33. https://
doi.org/10.1002/0471143030.cb0327s68

Tang D, Wang Y (2015) Golgi Isolation. Cold Spring Harb Pro-
toc. https://doi.org/10.1101/pdb.prot075911

Tarazon E, Portolés M, Rosellé-Lleti E (2020) Protocol for Isola-
tion of Golgi Vesicles from Human and Animal Hearts by Flota-
tion through a Discontinuous Sucrose Gradient. STAR Protoc
1:100100. https://doi.org/10.1016/j.xpro.2020.100100

Graham JM (2001) Isolation of Golgi membranes from tissues
and cells by differential and density gradient centrifugation. In:
Curr Protoc cell Biol Chapter 3:Unit 3.9. https://doi.org/10.1002/
0471143030.cb0309s10

Hornick CA, Hamilton RL, Spaziani E et al (1985) Isolation and
characterization of multivesicular bodies from rat hepatocytes: an
organelle distinct from secretory vesicles of the Golgi apparatus.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

J Cell Biol 100:1558-1569. https://doi.org/10.1083/jcb.100.5.
1558

Tharkeshwar AK, Trekker J, Vermeire W et al (2017) A novel
approach to analyze lysosomal dysfunctions through subcellular
proteomics and lipidomics: the case of NPC1 deficiency. Sci Rep
7:41408. https://doi.org/10.1038/srep41408

Bilgin M, Nylandsted J, Jaattela M, Maeda K (2017) Quanti-
tative profiling of lysosomal lipidome by shotgun lipidom-
ics. Methods Mol Biol 1594:19-34. https://doi.org/10.1007/
978-1-4939-6934-0_2

Jeppesen DK, Fenix AM, Franklin JL et al (2019) Reassessment
of exosome composition. Cell 177:428-445.¢18. https://doi.org/
10.1016/j.cell.2019.02.029

Sédar BW, Kittel A, Paléczi K et al (2016) Low-density lipopro-
tein mimics blood plasma-derived exosomes and microvesicles
during isolation and detection. Sci Rep 6:24316. https://doi.org/
10.1038/srep24316

Théry C, Witwer KW, Aikawa E et al (2018) Minimal informa-
tion for studies of extracellular vesicles 2018 (MISEV2018): a
position statement of the International Society for Extracellular
Vesicles and update of the MISEV2014 guidelines. J Extracell
Vesicles 7:1535750. https://doi.org/10.1080/20013078.2018.
1535750

Erdbriigger U, Blijdorp CJ, Bijnsdorp IV et al (2021) Urinary
extracellular vesicles: a position paper by the Urine Task Force
of the International Society for Extracellular Vesicles. J Extracell
Vesicles 10:€12093. https://doi.org/10.1002/jev2.12093
Skotland T, Sagini K, Sandvig K, Llorente A (2020) An emerg-
ing focus on lipids in extracellular vesicles. Adv Drug Deliv Rev
159:308-321. https://doi.org/10.1016/j.addr.2020.03.002
Skotland T, Sandvig K, Llorente A (2017) Lipids in exosomes:
current knowledge and the way forward. Prog Lipid Res 66:30—
41. https://doi.org/10.1016/j.plipres.2017.03.001

Kowal J, Arras G, Colombo M et al (2016) Proteomic compari-
son defines novel markers to characterize heterogeneous popula-
tions of extracellular vesicle subtypes. Proc Natl Acad SciU S A
113:E968-E977. https://doi.org/10.1073/pnas.1521230113
Lischnig A, Bergqvist M, Ochiya T, Lisser C (2022) Quantita-
tive proteomics identifies proteins enriched in large and small
extracellular vesicles. Mol Cell Proteomics 21:100273. https:/
doi.org/10.1016/j.mcpro.2022.100273

Scrima S, Tiberti M, Campo A et al (2022) Unraveling membrane
properties at the organelle-level with LipidDyn. Comput Struct
Biotechnol J 20:3604-3614. https://doi.org/10.1016/j.csbj.2022.
06.054

Henley JR, McNiven MA (1996) Association of a dynamin-like
protein with the Golgi apparatus in mammalian cells. J Cell Biol
133:761-775. https://doi.org/10.1083/jcb.133.4.761

Lawson EL, Clifton JG, Huang F et al (2006) Use of magnetic
beads with immobilized monoclonal antibodies for isolation of
highly pure plasma membranes. Electrophoresis 27:2747-2758.
https://doi.org/10.1002/elps.200600059

Cajka T, Fiehn O (2014) Comprehensive analysis of lipids in
biological systems by liquid chromatography-mass spectrometry.
TrAC - Trends Anal Chem 61:192-206. https://doi.org/10.1016/j.
trac.2014.04.017

Wang M, Wang C, Han RH, Han X (2016) Novel advances in
shotgun lipidomics for biology and medicine. Prog Lipid Res
61:83-108. https://doi.org/10.1016/j.plipres.2015.12.002
Ziillig T, Trotzmiiller M, Kofeler HC (2020) Lipidomics from
sample preparation to data analysis: a primer. Anal Bioanal Chem
412:2191-2209. https://doi.org/10.1007/s00216-019-02241-y
Wang M, Wang C, Han X (2017) Selection of internal standards
for accurate quantification of complex lipid species in biologi-
cal extracts by electrospray ionization mass spectrometry—what,

@ Springer


https://doi.org/10.1016/j.chembiol.2018.11.016
https://doi.org/10.1016/j.chembiol.2018.11.016
https://doi.org/10.1194/jlr.M008748
https://doi.org/10.3390/ijms22052554
https://doi.org/10.1016/j.tibs.2016.08.010
https://doi.org/10.1242/jcs.071233
https://doi.org/10.1016/j.cell.2006.10.030
https://doi.org/10.1016/j.cell.2006.10.030
https://doi.org/10.1385/1-59745-214-9:73
https://doi.org/10.1385/1-59745-214-9:73
https://doi.org/10.1002/0471140864.ps0402s37
https://doi.org/10.1002/0471140864.ps0402s37
https://doi.org/10.1002/0471143030.cb0301s69
https://doi.org/10.1002/0471143030.cb0301s69
https://doi.org/10.1038/srep21107
https://doi.org/10.1038/srep21107
https://doi.org/10.1007/s10974-012-9318-5
https://doi.org/10.1007/s10974-012-9318-5
https://doi.org/10.1016/j.cmet.2018.03.003
https://doi.org/10.1016/j.cmet.2018.03.003
https://doi.org/10.1038/s41467-023-36432-0
https://doi.org/10.1002/0471143030.cb0327s68
https://doi.org/10.1002/0471143030.cb0327s68
https://doi.org/10.1101/pdb.prot075911
https://doi.org/10.1016/j.xpro.2020.100100
https://doi.org/10.1002/0471143030.cb0309s10
https://doi.org/10.1002/0471143030.cb0309s10
https://doi.org/10.1083/jcb.100.5.1558
https://doi.org/10.1083/jcb.100.5.1558
https://doi.org/10.1038/srep41408
https://doi.org/10.1007/978-1-4939-6934-0_2
https://doi.org/10.1007/978-1-4939-6934-0_2
https://doi.org/10.1016/j.cell.2019.02.029
https://doi.org/10.1016/j.cell.2019.02.029
https://doi.org/10.1038/srep24316
https://doi.org/10.1038/srep24316
https://doi.org/10.1080/20013078.2018.1535750
https://doi.org/10.1080/20013078.2018.1535750
https://doi.org/10.1002/jev2.12093
https://doi.org/10.1016/j.addr.2020.03.002
https://doi.org/10.1016/j.plipres.2017.03.001
https://doi.org/10.1073/pnas.1521230113
https://doi.org/10.1016/j.mcpro.2022.100273
https://doi.org/10.1016/j.mcpro.2022.100273
https://doi.org/10.1016/j.csbj.2022.06.054
https://doi.org/10.1016/j.csbj.2022.06.054
https://doi.org/10.1083/jcb.133.4.761
https://doi.org/10.1002/elps.200600059
https://doi.org/10.1016/j.trac.2014.04.017
https://doi.org/10.1016/j.trac.2014.04.017
https://doi.org/10.1016/j.plipres.2015.12.002
https://doi.org/10.1007/s00216-019-02241-y

237

Page 22 of 27

M. J. Sarmento et al.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

how and why? Mass Spectrom Rev 36:693-714. https://doi.org/
10.1002/mas.21492

Carmela C, Michela C, Elisabetta A (2018) Chromatin Lipid
Microdomains. Int J Pathol Clin Res 4:075. https://doi.org/10.
23937/2469-5807/1510075

Fernandes V, Teles K, Ribeiro C et al (2018) Fat nucleosome:
Role of lipids on chromatin. Prog Lipid Res 70:29-34. https://
doi.org/10.1016/j.plipres.2018.04.003

Prudovsky I, Vary CPH, Markaki Y et al (2012) Phosphatidyl-
serine colocalizes with epichromatin in interphase nuclei and
mitotic chromosomes. Nucleus 3:200-210. https://doi.org/10.
4161/nucl.19662

Farooqui AA, Ong WY, Farooqui T (2010) Lipid mediators in the
nucleus: Their potential contribution to Alzheimer’s disease. Bio-
chim Biophys Acta Mol Cell Biol Lipids 1801:906-916. https://
doi.org/10.1016/J.BBALIP.2010.02.002

Tomassoni ML, Amori D, Magni MV (1999) Changes of nuclear
membrane lipid composition affect RNA nucleocytoplasmic
transport. Biochem Biophys Res Commun 258:476-481. https://
doi.org/10.1006/bbrc.1999.0659

Romanauska A, Kohler A (2018) The inner nuclear membrane
is a metabolically active territory that generates nuclear lipid
droplets. Cell 174:700-715.e18. https://doi.org/10.1016/J.CELL.
2018.05.047

Ledeen RW, Wu G (2008) Nuclear sphingolipids: metabolism
and signaling. J Lipid Res 49:1176-1186. https://doi.org/10.
1194/j1r.R800009-JLR200

Hunt AN (2006) Dynamic lipidomics of the nucleus. J Cell Bio-
chem 97:244-251. https://doi.org/10.1002/JCB.20691
Ramirez-Nuifiez O, Jové M, Torres P et al (2021) Nuclear lipi-
dome is altered in amyotrophic lateral sclerosis: a pilot study. J
Neurochem 158:482—499. https://doi.org/10.1111/jnc.15373
Keenan TW, Berezney R, Crane FL (1972) Lipid composition of
further purified bovine liver nuclear membranes. Lipids 7:212—
215. https://doi.org/10.1007/BF02533066

James JL, Clawson GA, Chan CH, Smuckler EA (1981) Analysis
of the phospholipid of the nuclear envelope and endoplasmic
reticulum of liver cells by high pressure liquid chromatography.
Lipids 16:541-545. https://doi.org/10.1007/BF02535053
Williams SD, Hsu FF, Ford DA (2000) Electrospray ionization
mass spectrometry analyses of nuclear membrane phospholipid
loss after reperfusion of ischemic myocardium. J Lipid Res
41:1585-1595. https://doi.org/10.1016/s0022-2275(20)31991-x
Farese RV, Walther TC (2016) Lipid droplets go nuclear. J Cell
Biol 212:7-8. https://doi.org/10.1083/JCB.201512056

Bevers EM, Comfurius P, Dekkers DWC, Zwaal RFA (1999)
Lipid translocation across the plasma membrane of mammalian
cells. Biochim Biophys Acta Mol Cell Biol Lipids 1439:317—
330. https://doi.org/10.1016/S1388-1981(99)00110-9
Ing6lfsson HI, Melo MN, Van Eerden FJ et al (2014) Lipid organ-
ization of the plasma membrane. ] Am Chem Soc 136:14554—
14559. https://doi.org/10.1021/ja507832¢

Forrester JS, Milne SB, Ivanova PT, Brown HA (2004) Compu-
tational lipidomics: a multiplexed analysis of dynamic changes
in membrane lipid composition during signal transduction. Mol
Pharmacol 65:813-821. https://doi.org/10.1124/mol.65.4.813
Symons JL, Cho KJ, Chang JT et al (2021) Lipidomic atlas
of mammalian cell membranes reveals hierarchical variation
induced by culture conditions, subcellular membranes, and cell
lineages. Soft Matter 17:288-297. https://doi.org/10.1039/d0smO
0404a

Buwaneka P, Ralko A, Liu SL, Cho W (2021) Evaluation of
the available cholesterol concentration in the inner leaflet of the
plasma membrane of mammalian cells. J Lipid Res 62:100084.
https://doi.org/10.1016/J.JLR.2021.100084

@ Springer

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

Rabani V, Davani S, Gambert-Nicot S et al (2016) Comparative
lipidomics and proteomics analysis of platelet lipid rafts using
different detergents. Platelets 27:634—641. https://doi.org/10.
3109/09537104.2016.1174203

Sezgin E, Levental I, Mayor S, Eggeling C (2017) The mystery
of membrane organization: composition, regulation and roles of
lipid rafts. Nat Rev Mol Cell Biol 18:361-374. https://doi.org/
10.1038/nrm.2017.16

Pike LJ (2006) Rafts defined: a report on the Keystone
Symposium on Lipid Rafts and Cell Function. J Lipid Res
47:1597-1598

Ludtmann MHR, Angelova PR, Horrocks MH et al (2018)
a-synuclein oligomers interact with ATP synthase and open the
permeability transition pore in Parkinson’s disease. Nat Commun
9:2293. https://doi.org/10.1038/s41467-018-04422-2

Esteras N, Kopach O, Maiolino M et al (2021) Mitochondrial
ROS control neuronal excitability and cell fate in frontotempo-
ral dementia. Alzheimer’s Dement. https://doi.org/10.1002/alz.
12394

Al-Menhali AS, Banu S, Angelova PR et al (2020) Lipid per-
oxidation is involved in calcium dependent upregulation of
mitochondrial metabolism in skeletal muscle. Biochim Biophys
Acta Gen Subj 1864:129487. https://doi.org/10.1016/j.bbagen.
2019.129487

Benga G, Hodarnau A, Bohm B et al (1978) Human liver
mitochondria: relation of a particular lipid composition to the
mobility of spin-labelled lipids. Eur J Biochem 84:625-633.
https://doi.org/10.1111/.1432-1033.1978.tb12205.x

Kiebish MA, Han X, Seyfried TN (2009) Examination of
the brain mitochondrial lipidome using shotgun lipidom-
ics. Methods Mol Biol 579:3-18. https://doi.org/10.1007/
978-1-60761-322-0_1

Ardail D, Popa I, Bodennec J et al (2003) The mitochondria-
associated endoplasmic-reticulum subcompartment (MAM
fraction) of rat liver contains highly active sphingolipid-spe-
cific glycosyltransferases. Biochem J 371:1013-1019. https://
doi.org/10.1042/BJ20021834

Kappler L, Hoene M, Hu C et al (2019) Linking bioenergetic
function of mitochondria to tissue-specific molecular finger-
prints. Am J Physiol - Endocrinol Metab 317:E374-E387.
https://doi.org/10.1152/ajpendo.00088.2019

Bird SS, Marur VR, Stavrovskaya IG, Kristal BS (2013) Quali-
tative characterization of the rat liver mitochondrial lipidome
using LC-MS profiling and high energy collisional dissociation
(HCD) all ion fragmentation. Metabolomics 9:67-83. https://
doi.org/10.1007/s11306-012-0400-1

Westrate LM, Lee JE, Prinz WA, Voeltz GK (2015) Form fol-
lows function: the importance of endoplasmic reticulum shape.
Annu Rev Biochem 84:791-811. https://doi.org/10.1146/annur
ev-biochem-072711-163501

Aviram N, Schuldiner M (2017) Targeting and translocation of
proteins to the endoplasmic reticulum at a glance. J Cell Sci
130:4079-4085. https://doi.org/10.1242/jcs.204396
Jacquemyn J, Cascalho A, Goodchild RE (2017) The ins and
outs of endoplasmic reticulum-controlled lipid biosynthesis.
EMBO Rep 18:1905-1921. https://doi.org/10.15252/embr.
201643426

Fagone P, Jackowski S (2009) Membrane phospholipid syn-
thesis and endoplasmic reticulum function. J Lipid Res
50(Suppl):S311-S316. https://doi.org/10.1194/jlr.R8000
49-JLR200

Zelnik ID, Ventura AE, Kim JL et al (2020) The role of ceramide
in regulating endoplasmic reticulum function. Biochim Biophys
acta Mol cell Biol lipids 1865:158489. https://doi.org/10.1016/].
bbalip.2019.06.015


https://doi.org/10.1002/mas.21492
https://doi.org/10.1002/mas.21492
https://doi.org/10.23937/2469-5807/1510075
https://doi.org/10.23937/2469-5807/1510075
https://doi.org/10.1016/j.plipres.2018.04.003
https://doi.org/10.1016/j.plipres.2018.04.003
https://doi.org/10.4161/nucl.19662
https://doi.org/10.4161/nucl.19662
https://doi.org/10.1016/J.BBALIP.2010.02.002
https://doi.org/10.1016/J.BBALIP.2010.02.002
https://doi.org/10.1006/bbrc.1999.0659
https://doi.org/10.1006/bbrc.1999.0659
https://doi.org/10.1016/J.CELL.2018.05.047
https://doi.org/10.1016/J.CELL.2018.05.047
https://doi.org/10.1194/jlr.R800009-JLR200
https://doi.org/10.1194/jlr.R800009-JLR200
https://doi.org/10.1002/JCB.20691
https://doi.org/10.1111/jnc.15373
https://doi.org/10.1007/BF02533066
https://doi.org/10.1007/BF02535053
https://doi.org/10.1016/s0022-2275(20)31991-x
https://doi.org/10.1083/JCB.201512056
https://doi.org/10.1016/S1388-1981(99)00110-9
https://doi.org/10.1021/ja507832e
https://doi.org/10.1124/mol.65.4.813
https://doi.org/10.1039/d0sm00404a
https://doi.org/10.1039/d0sm00404a
https://doi.org/10.1016/J.JLR.2021.100084
https://doi.org/10.3109/09537104.2016.1174203
https://doi.org/10.3109/09537104.2016.1174203
https://doi.org/10.1038/nrm.2017.16
https://doi.org/10.1038/nrm.2017.16
https://doi.org/10.1038/s41467-018-04422-2
https://doi.org/10.1002/alz.12394
https://doi.org/10.1002/alz.12394
https://doi.org/10.1016/j.bbagen.2019.129487
https://doi.org/10.1016/j.bbagen.2019.129487
https://doi.org/10.1111/j.1432-1033.1978.tb12205.x
https://doi.org/10.1007/978-1-60761-322-0_1
https://doi.org/10.1007/978-1-60761-322-0_1
https://doi.org/10.1042/BJ20021834
https://doi.org/10.1042/BJ20021834
https://doi.org/10.1152/ajpendo.00088.2019
https://doi.org/10.1007/s11306-012-0400-1
https://doi.org/10.1007/s11306-012-0400-1
https://doi.org/10.1146/annurev-biochem-072711-163501
https://doi.org/10.1146/annurev-biochem-072711-163501
https://doi.org/10.1242/jcs.204396
https://doi.org/10.15252/embr.201643426
https://doi.org/10.15252/embr.201643426
https://doi.org/10.1194/jlr.R800049-JLR200
https://doi.org/10.1194/jlr.R800049-JLR200
https://doi.org/10.1016/j.bbalip.2019.06.015
https://doi.org/10.1016/j.bbalip.2019.06.015

The expanding organelle lipidomes: current knowledge and challenges

Page 23 0of 27 237

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

Sprong H, Kruithof B, Leijendekker R et al (1998) UDP-
galactose:ceramide galactosyltransferase is a class I integral
membrane protein of the endoplasmic reticulum. J Biol Chem
273:25880-25888. https://doi.org/10.1074/jbc.273.40.25880
Holthuis J, Ungermann C (2012) Cellular microcompartments
constitute general suborganellar functional units in cells. Biol
Chem. https://doi.org/10.1515/hsz-2012-0265

Veyrat-Durebex C, Bocca C, Chupin S et al (2018) Metabolomics
and lipidomics profiling of a combined mitochondrial plus endo-
plasmic reticulum fraction of human fibroblasts: a robust tool for
clinical studies. J Proteome Res 17:745-750. https://doi.org/10.
1021/acs.jproteome.7b00637

Agliarulo I, Parashuraman S (2022) Golgi apparatus regulates
plasma membrane composition and function. Cells. https://doi.
org/10.3390/cells11030368

Kellokumpu S (2019) Golgi pH, Ion and Redox Homeostasis:
How Much Do They Really Matter? Front cell Dev Biol 7:93.
https://doi.org/10.3389/fcell.2019.00093

Bremer EG, Schlessinger J, Hakomori S (1986) Ganglioside-
mediated modulation of cell growth. Specific effects of GM3 on
tyrosine phosphorylation of the epidermal growth factor receptor.
J Biol Chem 261:2434-2440

Pike LJ, Han X, Gross RW (2005) Epidermal growth factor
receptors are localized to lipid rafts that contain a balance of
inner and outer leaflet lipids: a shotgun lipidomics study. J Biol
Chem 280:26796-26804. https://doi.org/10.1074/jbc.M5038
05200

Regina Todeschini A, Hakomori S (2008) Functional role of
glycosphingolipids and gangliosides in control of cell adhesion,
motility, and growth, through glycosynaptic microdomains. Bio-
chim Biophys Acta 1780:421-433. https://doi.org/10.1016/j.bba-
2en.2007.10.008

Di Paolo G, De Camilli P (2006) Phosphoinositides in cell regu-
lation and membrane dynamics. Nature 443:651-657. https://doi.
org/10.1038/nature05185

Bartke N, Hannun YA (2009) Bioactive sphingolipids: metabo-
lism and function. J Lipid Res 50(Suppl):S91-S96. https://doi.
org/10.1194/j1r.R800080-JLR200

Capasso S, D’Angelo G (2019) Imaging lipid metabolism at the
Golgi complex. Methods Mol Biol 1949:47-56. https://doi.org/
10.1007/978-1-4939-9136-5_5

D’Angelo G, Polishchuk E, Di Tullio G et al (2007) Glycosphin-
golipid synthesis requires FAPP2 transfer of glucosylceramide.
Nature 449:62-67. https://doi.org/10.1038/nature06097
Hanada K, Kumagai K, Yasuda S et al (2003) Molecular machin-
ery for non-vesicular trafficking of ceramide. Nature 426:803—
809. https://doi.org/10.1038/nature02188

Russo D, Parashuraman S, D’Angelo G (2016) Glycosphin-
golipid-Protein Interaction in Signal Transduction. Int J Mol Sci.
https://doi.org/10.3390/ijms17101732

Bretscher MS (1972) Phosphatidyl-ethanolamine: differential
labelling in intact cells and cell ghosts of human erythrocytes
by a membrane-impermeable reagent. J] Mol Biol 71:523-528.
https://doi.org/10.1016/s0022-2836(72)80020-2

Verkleij AJ, Zwaal RF, Roelofsen B et al (1973) The asymmetric
distribution of phospholipids in the human red cell membrane. A
combined study using phospholipases and freeze-etch electron
microscopy. Biochim Biophys Acta 323:178-193. https://doi.org/
10.1016/0005-2736(73)90143-0

Howell KE, Palade GE (1982) Hepatic Golgi fractions resolved
into membrane and content subfractions. J Cell Biol 92:822-832.
https://doi.org/10.1083/jcb.92.3.822

Orci L, Montesano R, Meda P et al (1981) Heterogeneous distri-
bution of filipin—cholesterol complexes across the cisternae of the
Golgi apparatus. Proc Natl Acad Sci U S A 78:293-297. https://
doi.org/10.1073/pnas.78.1.293

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

Rosales Fritz VM, Maxzid MK, Maccioni HJ (1996) GT3 syn-
thesis in the proximal Golgi occurs in a compartment different
from those for GD3 and GM3 synthesis. J] Neurochem 67:1393—
1400. https://doi.org/10.1046/j.1471-4159.1996.67041393.x
Olzmann JA, Carvalho P (2019) Dynamics and functions of lipid
droplets. Nat Rev Mol Cell Biol 20:137-155. https://doi.org/10.
1038/s41580-018-0085-z

Henne WM, Reese ML, Goodman JM (2018) The assembly of
lipid droplets and their roles in challenged cells. EMBO J. https://
doi.org/10.15252/embj.201898947

Thiam AR, Ikonen E (2021) Lipid Droplet Nucleation. Trends
Cell Biol 31:108-118. https://doi.org/10.1016/j.tcb.2020.11.006
Bohnert M (2020) Tethering fat: tethers in lipid droplet contact
sites. Contact 3:2515256420908142. https://doi.org/10.1177/
2515256420908142

Bosch M, Parton RG, Pol A (2020) Lipid droplets, bioenergetic
fluxes, and metabolic flexibility. Semin Cell Dev Biol 108:33—46.
https://doi.org/10.1016/j.semcdb.2020.02.010

Salo VT, Ikonen E (2019) Moving out but keeping in touch:
contacts between endoplasmic reticulum and lipid droplets. Curr
Opin Cell Biol 57:64-70. https://doi.org/10.1016/j.ceb.2018.11.
002

Wilfling F, Haas JT, Walther TC, Farese RVJ (2014) Lipid drop-
let biogenesis. Curr Opin Cell Biol 29:39-45. https://doi.org/10.
1016/j.ceb.2014.03.008

Jarc E, Petan T (2019) Lipid droplets and the management of
cellular stress. Yale J Biol Med 92:435-452

Ackerman D, Tumanov S, Qiu B et al (2018) Triglycerides pro-
mote lipid homeostasis during hypoxic stress by balancing fatty
acid saturation. Cell Rep 24:2596-2605.e5. https://doi.org/10.
1016/j.celrep.2018.08.015

Nguyen TB, Louie SM, Daniele JR et al (2017) DGAT1-depend-
ent lipid droplet biogenesis protects mitochondrial function dur-
ing starvation-induced autophagy. Dev Cell 42:9-21.e5. https://
doi.org/10.1016/j.devcel.2017.06.003

Rambold AS, Cohen S, Lippincott-Schwartz J (2015) Fatty acid
trafficking in starved cells: regulation by lipid droplet lipoly-
sis, autophagy, and mitochondrial fusion dynamics. Dev Cell
32:678-692. https://doi.org/10.1016/j.devcel.2015.01.029
Herms A, Bosch M, Reddy BIN et al (2015) AMPK activation
promotes lipid droplet dispersion on detyrosinated microtubules
to increase mitochondrial fatty acid oxidation. Nat Commun
6:7176. https://doi.org/10.1038/ncomms8176

Chitraju C, Trotzmiiller M, Hartler J et al (2012) Lipidomic
analysis of lipid droplets from murine hepatocytes reveals dis-
tinct signatures for nutritional stress. J Lipid Res 53:2141-2152.
https://doi.org/10.1194/j1r.M028902

Jarc E, Petan T (2020) A twist of FATe: Lipid droplets and
inflammatory lipid mediators. Biochimie 169:69-87. https://doi.
org/10.1016/j.biochi.2019.11.016

Schlager S, Goeritzer M, Jandl K et al (2015) Adipose triglycer-
ide lipase acts on neutrophil lipid droplets to regulate substrate
availability for lipid mediator synthesis. J Leukoc Biol 98:837—
850. https://doi.org/10.1189/j1b.3A0515-206R

Shmarakov IO, Jiang H, Liu J et al (2019) Hepatic stellate cell
activation: a source for bioactive lipids. Biochim Biophys acta
Mol cell Biol lipids 1864:629-642. https://doi.org/10.1016/].
bbalip.2019.02.004

Johnson MR, Stephenson RA, Ghaemmaghami S, Welte MA
(2018) Developmentally regulated H2Av buffering via dynamic
sequestration to lipid droplets in Drosophila embryos. Elife
7:¢36021. https://doi.org/10.7554/eLife.36021

Dubey R, Stivala CE, Nguyen HQ et al (2020) Lipid droplets
can promote drug accumulation and activation. Nat Chem Biol
16:206-213. https://doi.org/10.1038/s41589-019-0447-7

@ Springer


https://doi.org/10.1074/jbc.273.40.25880
https://doi.org/10.1515/hsz-2012-0265
https://doi.org/10.1021/acs.jproteome.7b00637
https://doi.org/10.1021/acs.jproteome.7b00637
https://doi.org/10.3390/cells11030368
https://doi.org/10.3390/cells11030368
https://doi.org/10.3389/fcell.2019.00093
https://doi.org/10.1074/jbc.M503805200
https://doi.org/10.1074/jbc.M503805200
https://doi.org/10.1016/j.bbagen.2007.10.008
https://doi.org/10.1016/j.bbagen.2007.10.008
https://doi.org/10.1038/nature05185
https://doi.org/10.1038/nature05185
https://doi.org/10.1194/jlr.R800080-JLR200
https://doi.org/10.1194/jlr.R800080-JLR200
https://doi.org/10.1007/978-1-4939-9136-5_5
https://doi.org/10.1007/978-1-4939-9136-5_5
https://doi.org/10.1038/nature06097
https://doi.org/10.1038/nature02188
https://doi.org/10.3390/ijms17101732
https://doi.org/10.1016/s0022-2836(72)80020-2
https://doi.org/10.1016/0005-2736(73)90143-0
https://doi.org/10.1016/0005-2736(73)90143-0
https://doi.org/10.1083/jcb.92.3.822
https://doi.org/10.1073/pnas.78.1.293
https://doi.org/10.1073/pnas.78.1.293
https://doi.org/10.1046/j.1471-4159.1996.67041393.x
https://doi.org/10.1038/s41580-018-0085-z
https://doi.org/10.1038/s41580-018-0085-z
https://doi.org/10.15252/embj.201898947
https://doi.org/10.15252/embj.201898947
https://doi.org/10.1016/j.tcb.2020.11.006
https://doi.org/10.1177/2515256420908142
https://doi.org/10.1177/2515256420908142
https://doi.org/10.1016/j.semcdb.2020.02.010
https://doi.org/10.1016/j.ceb.2018.11.002
https://doi.org/10.1016/j.ceb.2018.11.002
https://doi.org/10.1016/j.ceb.2014.03.008
https://doi.org/10.1016/j.ceb.2014.03.008
https://doi.org/10.1016/j.celrep.2018.08.015
https://doi.org/10.1016/j.celrep.2018.08.015
https://doi.org/10.1016/j.devcel.2017.06.003
https://doi.org/10.1016/j.devcel.2017.06.003
https://doi.org/10.1016/j.devcel.2015.01.029
https://doi.org/10.1038/ncomms8176
https://doi.org/10.1194/jlr.M028902
https://doi.org/10.1016/j.biochi.2019.11.016
https://doi.org/10.1016/j.biochi.2019.11.016
https://doi.org/10.1189/jlb.3A0515-206R
https://doi.org/10.1016/j.bbalip.2019.02.004
https://doi.org/10.1016/j.bbalip.2019.02.004
https://doi.org/10.7554/eLife.36021
https://doi.org/10.1038/s41589-019-0447-7

237

Page 24 of 27

M. J. Sarmento et al.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

Molenaar MR, Yadav KK, Toulmay A et al (2021) Retinyl esters
form lipid droplets independently of triacylglycerol and seipin.
J Cell Biol 220:e202011071. https://doi.org/10.1083/jcb.20201
1071

Senkal CE, Salama MF, Snider AJ et al (2017) Ceramide is
metabolized to acylceramide and stored in lipid droplets. Cell
Metab 25:686-697. https://doi.org/10.1016/j.cmet.2017.02.010
Bartz R, Zehmer JK, Zhu M et al (2007) Dynamic activity of
lipid droplets: protein phosphorylation and GTP-mediated pro-
tein translocation. J Proteome Res 6:3256-3265. https://doi.org/
10.1021/pr070158;j

Ouimet M, Franklin V, Mak E et al (2011) Autophagy regulates
cholesterol efflux from macrophage foam cells via lysosomal acid
lipase. Cell Metab 13:655-667. https://doi.org/10.1016/j.cmet.
2011.03.023

Shen W-J, Azhar S, Kraemer FB (2016) Lipid droplets and ster-
oidogenic cells. Exp Cell Res 340:209-214. https://doi.org/10.
1016/j.yexcr.2015.11.024

Walther TC, Farese RVJ (2012) Lipid droplets and cellular lipid
metabolism. Annu Rev Biochem 81:687-714. https://doi.org/10.
1146/annurev-biochem-061009-102430

Blaner WS, O’Byrne SM, Wongsiriroj N et al (2009) Hepatic
stellate cell lipid droplets: a specialized lipid droplet for retinoid
storage. Biochim Biophys Acta 1791:467-473. https://doi.org/
10.1016/j.bbalip.2008.11.001

Molenaar MR, Vaandrager AB, Helms JB (2017) Some lipid
droplets are more equal than others: different metabolic
lipid droplet pools in hepatic stellate cells. Lipid Insights
10:1178635317747281. https://doi.org/10.1177/1178635317
747281

Coll T, Eyre E, Rodriguez-Calvo R et al (2008) Oleate reverses
palmitate-induced insulin resistance and inflammation in skeletal
muscle cells. J Biol Chem 283:11107-11116. https://doi.org/10.
1074/jbc.M708700200

Koliwad SK, Streeper RS, Monetti M et al (2010) DGATI-
dependent triacylglycerol storage by macrophages protects mice
from diet-induced insulin resistance and inflammation. J Clin
Invest 120:756-767. https://doi.org/10.1172/JCI36066
Listenberger LL, Han X, Lewis SE et al (2003) Triglyceride
accumulation protects against fatty acid-induced lipotoxicity.
Proc Natl Acad Sci U S A 100:3077-3082. https://doi.org/10.
1073/pnas.0630588100

Triggiani M, Oriente A, Marone G (1994) Differential roles for
triglyceride and phospholipid pools of arachidonic acid in human
lung macrophages. J Immunol 152:1394-1403

Aldrovandi M, Fedorova M, Conrad M (2021) Juggling with
lipids, a game of Russian roulette. Trends Endocrinol Metab
32:463—473. https://doi.org/10.1016/j.tem.2021.04.012

Lange M, Wagner PV, Fedorova M (2021) Lipid composition
dictates the rate of lipid peroxidation in artificial lipid droplets.
Free Radic Res 55:469-480. https://doi.org/10.1080/10715762.
2021.1898603

Petan T (2020) Lipid droplets in cancer. In: Pedersen SHF, Bar-
ber DL (eds) Organelles in disease. Reviews of Physiology, bio-
chemistry and pharmacology, 1st edn. Springer Cham, Berlin, pp
53-86

Dierge E, Debock E, Guilbaud C et al (2021) Peroxidation of n-3
and n-6 polyunsaturated fatty acids in the acidic tumor environ-
ment leads to ferroptosis-mediated anticancer effects. Cell Metab
33:1701-1715.e5. https://doi.org/10.1016/j.cmet.2021.05.016
Jarc E, Kump A, Malavasic P et al (2018) Lipid droplets induced
by secreted phospholipase A(2) and unsaturated fatty acids pro-
tect breast cancer cells from nutrient and lipotoxic stress. Bio-
chim Biophys acta Mol cell Biol lipids 1863:247-265. https://
doi.org/10.1016/j.bbalip.2017.12.006

@ Springer

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

Zhang Y, Tan H, Daniels JD et al (2019) Imidazole ketone erastin
induces ferroptosis and slows tumor growth in a mouse lym-
phoma model. Cell Chem Biol 26:623-633.¢9. https://doi.org/
10.1016/j.chembiol.2019.01.008

Liu L, Zhang K, Sandoval H et al (2015) Glial lipid droplets and
ROS induced by mitochondrial defects promote neurodegenera-
tion. Cell 160:177-190. https://doi.org/10.1016/j.cell.2014.12.
019

Huotari J, Helenius A (2011) Endosome maturation. EMBO J
30:3481-3500. https://doi.org/10.1038/emboj.2011.286
Mindell JA (2012) Lysosomal acidification mechanisms. Annu
Rev Physiol 74:69-86. https://doi.org/10.1146/annurev-physi
0l-012110-142317

Bissig C, Gruenberg J (2013) Lipid sorting and multivesicu-
lar endosome biogenesis. Cold Spring Harb Perspect Biol
5:a016816. https://doi.org/10.1101/cshperspect.a016816

Esch BM, Frohlich F (2018) Chapter one—mechanisms of
lipid sorting in the endosomal pathway. In: Igli¢ A, Rappolt M,
Garcia-Séez AJ (eds) Advances in biomembranes and lipid self-
assembly. Academic Press, pp 1-39

Kobayashi T, Beuchat M-H, Chevallier J et al (2002) Sepa-
ration and characterization of late endosomal membrane
domains. J Biol Chem 277:32157-32164. https://doi.org/10.
1074/jbc.M202838200

Mobius W, van Donselaar E, Ohno-Iwashita Y et al (2003)
Recycling compartments and the internal vesicles of multi-
vesicular bodies harbor most of the cholesterol found in the
endocytic pathway. Traffic 4:222-231. https://doi.org/10.
1034/j.1600-0854.2003.00072.x

Leventis PA, Grinstein S (2010) The distribution and func-
tion of phosphatidylserine in cellular membranes. Annu Rev
Biophys 39:407-427. https://doi.org/10.1146/annurev.biophys.
093008.131234

Vance JE (2015) Phospholipid synthesis and transport in mam-
malian cells. Traffic 16:1-18. https://doi.org/10.1111/tra.12230
Schink KO, Tan K-W, Stenmark H (2016) Phosphoinositides
in control of membrane dynamics. Annu Rev Cell Dev
Biol 32:143-171. https://doi.org/10.1146/annurev-cellb
i0-111315-125349

Cullen PJ, Carlton JG (2012) Phosphoinositides in the mam-
malian endo-lysosomal network. Subcell Biochem 59:65-110.
https://doi.org/10.1007/978-94-007-3015-1_3

Posor Y, Jang W, Haucke V (2022) Phosphoinositides as mem-
brane organizers. Nat Rev Mol Cell Biol 23:797-816. https://doi.
org/10.1038/s41580-022-00490-x

Raiborg C, Schink KO, Stenmark H (2013) Class III phosphati-
dylinositol 3-kinase and its catalytic product PtdIns3P in regu-
lation of endocytic membrane traffic. FEBS J 280:2730-2742.
https://doi.org/10.1111/febs.12116

Balla T (2013) Phosphoinositides: tiny lipids with giant impact
on cell regulation. Physiol Rev 93:1019-1137. https://doi.org/10.
1152/physrev.00028.2012

Kobayashi T, Stang E, Fang KS et al (1998) A lipid associated
with the antiphospholipid syndrome regulates endosome struc-
ture and function. Nature 392:193-197. https://doi.org/10.1038/
32440

Gruenberg J (2020) Life in the lumen: The multivesicular endo-
some. Traffic 21:76-93. https://doi.org/10.1111/tra.12715
Matsuo H, Chevallier J, Mayran N et al (2004) Role of LBPA
and Alix in multivesicular liposome formation and endosome
organization. Science 303:531-534. https://doi.org/10.1126/scien
ce.1092425

Evers BM, Rodriguez-Navas C, Tesla RJ et al (2017) Lipidomic
and transcriptomic basis of lysosomal dysfunction in progranu-
lin deficiency. Cell Rep 20:2565-2574. https://doi.org/10.1016/j.
celrep.2017.08.056


https://doi.org/10.1083/jcb.202011071
https://doi.org/10.1083/jcb.202011071
https://doi.org/10.1016/j.cmet.2017.02.010
https://doi.org/10.1021/pr070158j
https://doi.org/10.1021/pr070158j
https://doi.org/10.1016/j.cmet.2011.03.023
https://doi.org/10.1016/j.cmet.2011.03.023
https://doi.org/10.1016/j.yexcr.2015.11.024
https://doi.org/10.1016/j.yexcr.2015.11.024
https://doi.org/10.1146/annurev-biochem-061009-102430
https://doi.org/10.1146/annurev-biochem-061009-102430
https://doi.org/10.1016/j.bbalip.2008.11.001
https://doi.org/10.1016/j.bbalip.2008.11.001
https://doi.org/10.1177/1178635317747281
https://doi.org/10.1177/1178635317747281
https://doi.org/10.1074/jbc.M708700200
https://doi.org/10.1074/jbc.M708700200
https://doi.org/10.1172/JCI36066
https://doi.org/10.1073/pnas.0630588100
https://doi.org/10.1073/pnas.0630588100
https://doi.org/10.1016/j.tem.2021.04.012
https://doi.org/10.1080/10715762.2021.1898603
https://doi.org/10.1080/10715762.2021.1898603
https://doi.org/10.1016/j.cmet.2021.05.016
https://doi.org/10.1016/j.bbalip.2017.12.006
https://doi.org/10.1016/j.bbalip.2017.12.006
https://doi.org/10.1016/j.chembiol.2019.01.008
https://doi.org/10.1016/j.chembiol.2019.01.008
https://doi.org/10.1016/j.cell.2014.12.019
https://doi.org/10.1016/j.cell.2014.12.019
https://doi.org/10.1038/emboj.2011.286
https://doi.org/10.1146/annurev-physiol-012110-142317
https://doi.org/10.1146/annurev-physiol-012110-142317
https://doi.org/10.1101/cshperspect.a016816
https://doi.org/10.1074/jbc.M202838200
https://doi.org/10.1074/jbc.M202838200
https://doi.org/10.1034/j.1600-0854.2003.00072.x
https://doi.org/10.1034/j.1600-0854.2003.00072.x
https://doi.org/10.1146/annurev.biophys.093008.131234
https://doi.org/10.1146/annurev.biophys.093008.131234
https://doi.org/10.1111/tra.12230
https://doi.org/10.1146/annurev-cellbio-111315-125349
https://doi.org/10.1146/annurev-cellbio-111315-125349
https://doi.org/10.1007/978-94-007-3015-1_3
https://doi.org/10.1038/s41580-022-00490-x
https://doi.org/10.1038/s41580-022-00490-x
https://doi.org/10.1111/febs.12116
https://doi.org/10.1152/physrev.00028.2012
https://doi.org/10.1152/physrev.00028.2012
https://doi.org/10.1038/32440
https://doi.org/10.1038/32440
https://doi.org/10.1111/tra.12715
https://doi.org/10.1126/science.1092425
https://doi.org/10.1126/science.1092425
https://doi.org/10.1016/j.celrep.2017.08.056
https://doi.org/10.1016/j.celrep.2017.08.056

The expanding organelle lipidomes: current knowledge and challenges

Page 250f 27 237

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

van Niel G, D’Angelo G, Raposo G (2018) Shedding light on
the cell biology of extracellular vesicles. Nat Rev Mol Cell Biol
19:213-228. https://doi.org/10.1038/nrm.2017.125

Colombo M, Raposo G, Théry C (2014) Biogenesis, secretion,
and intercellular interactions of exosomes and other extracellular
vesicles. Annu Rev Cell Dev Biol 30:255-289. https://doi.org/
10.1146/annurev-cellbio-101512-122326

Hessvik NP, Llorente A (2018) Current knowledge on exosome
biogenesis and release. Cell Mol Life Sci 75:193-208. https://
doi.org/10.1007/s00018-017-2595-9

Raposo G, Stoorvogel W (2013) Extracellular vesicles:
exosomes, microvesicles, and friends. J Cell Biol 200:373-383.
https://doi.org/10.1083/jcb.201211138

Gruenberg J, Stenmark H (2004) The biogenesis of multivesicu-
lar endosomes. Nat Rev Mol Cell Biol 5:317-323. https://doi.
org/10.1038/nrm1360

Willms E, Cabanas C, Miger I et al (2018) Extracellular vesicle
heterogeneity: subpopulations, isolation techniques, and diverse
functions in cancer progression. Front Immunol 9:738. https://
doi.org/10.3389/fimmu.2018.00738

Mathieu M, Martin-Jaular L, Lavieu G, Théry C (2019) Spe-
cificities of secretion and uptake of exosomes and other extra-
cellular vesicles for cell-to-cell communication. Nat Cell Biol
21:9-17. https://doi.org/10.1038/s41556-018-0250-9

Burla B, Arita M, Arita M et al (2018) MS-based lipidomics
of human blood plasma: a community-initiated position paper
to develop accepted guidelines. J Lipid Res 59:2001-2017.
https://doi.org/10.1194/j1r.S087163

Arvidson G, Ronquist G, Wikander G, Ojteg AC (1989) Human
prostasome membranes exhibit very high cholesterol/phospho-
lipid ratios yielding high molecular ordering. Biochim Biophys
Acta 984:167-173. https://doi.org/10.1016/0005-2736(89)
90212-5

Vidal M, Sainte-Marie J, Philippot JR, Bienvenue A (1989)
Asymmetric distribution of phospholipids in the membrane
of vesicles released during in vitro maturation of guinea pig
reticulocytes: evidence precluding a role for “aminophospho-
lipid translocase.” J Cell Physiol 140:455-462. https://doi.org/
10.1002/jcp.1041400308

Wubbolts R, Leckie RS, Veenhuizen PTM et al (2003) Pro-
teomic and biochemical analyses of human B cell-derived
exosomes. Potential implications for their function and mul-
tivesicular body formation. J Biol Chem 278:10963-10972.
https://doi.org/10.1074/jbc.M207550200

Royo F, Gil-Carton D, Gonzalez E et al (2019) Differences
in the metabolite composition and mechanical properties of
extracellular vesicles secreted by hepatic cellular models. J
Extracell vesicles 8:1575678. https://doi.org/10.1080/20013
078.2019.1575678

Lydic TA, Townsend S, Adda CG et al (2015) Rapid and com-
prehensive “shotgun” lipidome profiling of colorectal cancer
cell derived exosomes. Methods 87:83-95. https://doi.org/10.
1016/j.ymeth.2015.04.014

Trajkovic K, Hsu C, Chiantia S et al (2008) Ceramide triggers
budding of exosome vesicles into multivesicular endosomes.
Science 319:1244—1247. https://doi.org/10.1126/science.11531
24

Llorente A, Skotland T, Sylvdnne T et al (2013) Molecular lipi-
domics of exosomes released by PC-3 prostate cancer cells. Bio-
chim Biophys Acta 1831:1302-13009. https://doi.org/10.1016/j.
bbalip.2013.04.011

Arienti G, Carlini E, Polci A et al (1998) Fatty acid pattern of
human prostasome lipid. Arch Biochem Biophys 358:391-395.
https://doi.org/10.1006/abbi.1998.0876

Skotland T, Ekroos K, Kauhanen D et al (2017) Molecular
lipid species in urinary exosomes as potential prostate cancer

205.

206.

207.

208.

209.

210.

211.

212.

213.

214.

215.

216.

217.

218.

219.

220.

221.

222.

biomarkers. Eur J Cancer 70:122—-132. https://doi.org/10.1016/j.
ejca.2016.10.011

Chen S, Datta-Chaudhuri A, Deme P et al (2019) Lipidomic
characterization of extracellular vesicles in human serum. J Circ
biomarkers 8:1849454419879848. https://doi.org/10.1177/18494
54419879848

Zhang H, Freitas D, Kim HS et al (2018) Identification of distinct
nanoparticles and subsets of extracellular vesicles by asymmetric
flow field-flow fractionation. Nat Cell Biol 20:332-343. https://
doi.org/10.1038/s41556-018-0040-4

Pienimaeki-Roemer A, Kuhlmann K, Bottcher A et al (2015)
Lipidomic and proteomic characterization of platelet extracel-
lular vesicle subfractions from senescent platelets. Transfusion
55:507-521. https://doi.org/10.1111/trf.12874

Osteikoetxea X, Sédar B, Németh A et al (2015) Differential
detergent sensitivity of extracellular vesicle subpopulations. Org
Biomol Chem 13:9775-9782. https://doi.org/10.1039/c50b0
1451d

Osteikoetxea X, Balogh A, Szab6-Taylor K et al (2015) Improved
characterization of EV preparations based on protein to lipid
ratio and lipid properties. PLoS ONE 10:e0121184. https://doi.
org/10.1371/journal.pone.0121184

Laulagnier K, Motta C, Hamdi S et al (2004) Mast cell- and den-
dritic cell-derived exosomes display a specific lipid composition
and an unusual membrane organization. Biochem J 380:161-171.
https://doi.org/10.1042/BJ20031594

Denzer K, van Eijk M, Kleijmeer MJ et al (2000) Follicular den-
dritic cells carry MHC class II-expressing microvesicles at their
surface. J Immunol 165:1259-1265. https://doi.org/10.4049/
jimmunol.165.3.1259

Miranda AM, Lasiecka ZM, Xu Y et al (2018) Neuronal lysoso-
mal dysfunction releases exosomes harboring APP C-terminal
fragments and unique lipid signatures. Nat Commun 9:291.
https://doi.org/10.1038/s41467-017-02533-w

Rabia M, Leuzy V, Soulage C et al (2020) Bis(monoacylglycero)
phosphate, a new lipid signature of endosome-derived extracel-
lular vesicles. Biochimie 178:26-38. https://doi.org/10.1016/].
biochi.2020.07.005

Morioka S, Nakanishi H, Yamamoto T et al (2022) A mass
spectrometric method for in-depth profiling of phosphoinositide
regioisomers and their disease-associated regulation. Nat Com-
mun 13:83. https://doi.org/10.1038/s41467-021-27648-z
Feingold K, Elias P (2014) The important role of lipids in the
epidermis and their role in the formation and maintenance of the
cutaneous barrier. Biochim Biophys Acta 1841:279

Elias PM (1983) Epidermal lipids, barrier function, and desqua-
mation. J Invest Dermatol 80:44s-s49. https://doi.org/10.1038/
jid.1983.12

Gray GM, White RJ (1978) Glycosphingolipids and ceramides in
human and pig epidermis. J Invest Dermatol 70:336-341. https://
doi.org/10.1111/1523-1747.ep12543527

Feingold KR, Schmuth M, Elias PM (2007) The regulation of
permeability barrier homeostasis. J Invest Dermatol 127:1574—
1576. https://doi.org/10.1038/sj.jid.5700774

Wertz P (2006) Biochemistry of human stratum corneum lipids.
In: Elias PM, Feingold KR (eds) Skin barrier. CRC Press, pp
3342

Wertz P (2018) Epidermal lamellar granules. Skin Pharmacol
Physiol 31:262-268. https://doi.org/10.1159/000491757
Tarutani M, Nakajima K, Uchida Y et al (2012) GPHR-dependent
functions of the Golgi apparatus are essential for the formation
of lamellar granules and the skin barrier. J Invest Dermatol
132:2019-2025. https://doi.org/10.1038/jid.2012.100

Mabhanty S, Setty SRG (2021) Epidermal lamellar body biogen-
esis: insight into the roles of golgi and lysosomes. Front cell Dev
Biol 9:701950. https://doi.org/10.3389/fcell.2021.701950

@ Springer


https://doi.org/10.1038/nrm.2017.125
https://doi.org/10.1146/annurev-cellbio-101512-122326
https://doi.org/10.1146/annurev-cellbio-101512-122326
https://doi.org/10.1007/s00018-017-2595-9
https://doi.org/10.1007/s00018-017-2595-9
https://doi.org/10.1083/jcb.201211138
https://doi.org/10.1038/nrm1360
https://doi.org/10.1038/nrm1360
https://doi.org/10.3389/fimmu.2018.00738
https://doi.org/10.3389/fimmu.2018.00738
https://doi.org/10.1038/s41556-018-0250-9
https://doi.org/10.1194/jlr.S087163
https://doi.org/10.1016/0005-2736(89)90212-5
https://doi.org/10.1016/0005-2736(89)90212-5
https://doi.org/10.1002/jcp.1041400308
https://doi.org/10.1002/jcp.1041400308
https://doi.org/10.1074/jbc.M207550200
https://doi.org/10.1080/20013078.2019.1575678
https://doi.org/10.1080/20013078.2019.1575678
https://doi.org/10.1016/j.ymeth.2015.04.014
https://doi.org/10.1016/j.ymeth.2015.04.014
https://doi.org/10.1126/science.1153124
https://doi.org/10.1126/science.1153124
https://doi.org/10.1016/j.bbalip.2013.04.011
https://doi.org/10.1016/j.bbalip.2013.04.011
https://doi.org/10.1006/abbi.1998.0876
https://doi.org/10.1016/j.ejca.2016.10.011
https://doi.org/10.1016/j.ejca.2016.10.011
https://doi.org/10.1177/1849454419879848
https://doi.org/10.1177/1849454419879848
https://doi.org/10.1038/s41556-018-0040-4
https://doi.org/10.1038/s41556-018-0040-4
https://doi.org/10.1111/trf.12874
https://doi.org/10.1039/c5ob01451d
https://doi.org/10.1039/c5ob01451d
https://doi.org/10.1371/journal.pone.0121184
https://doi.org/10.1371/journal.pone.0121184
https://doi.org/10.1042/BJ20031594
https://doi.org/10.4049/jimmunol.165.3.1259
https://doi.org/10.4049/jimmunol.165.3.1259
https://doi.org/10.1038/s41467-017-02533-w
https://doi.org/10.1016/j.biochi.2020.07.005
https://doi.org/10.1016/j.biochi.2020.07.005
https://doi.org/10.1038/s41467-021-27648-z
https://doi.org/10.1038/jid.1983.12
https://doi.org/10.1038/jid.1983.12
https://doi.org/10.1111/1523-1747.ep12543527
https://doi.org/10.1111/1523-1747.ep12543527
https://doi.org/10.1038/sj.jid.5700774
https://doi.org/10.1159/000491757
https://doi.org/10.1038/jid.2012.100
https://doi.org/10.3389/fcell.2021.701950

237

Page 26 of 27

M. J. Sarmento et al.

223.

224,

225.

226.

227.

228.

229.

230.

231.

232.

233.

234.

235.

236.

237.

238.

239.

Freinkel RK, Traczyk TN (1981) A method for partial purifica-
tion of lamellar granules from fetal rat epidermis. J Invest Der-
matol 77:478-482. https://doi.org/10.1111/1523-1747.ep124
97735

Grayson S, Johnson-Winegar AD, Elias PM (1983) Isolation
of lamellar bodies from neonatal mouse epidermis by selective
sequential filtration. Science 221:962-964. https://doi.org/10.
1126/science.6879194

Freinkel RK, Traczyk TN (1985) Lipid composition and acid
hydrolase content of lamellar granules of fetal rat epidermis. J
Invest Dermatol 85:295-298. https://doi.org/10.1111/1523-1747.
epl2276831

Ishida-Yamamoto A, Simon M, Kishibe M et al (2004) Epi-
dermal lamellar granules transport different cargoes as distinct
aggregates. J Invest Dermatol 122:1137-1144. https://doi.org/
10.1111/5.0022-202X.2004.22515.x

Sando GN, Zhu H, Weis JM et al (2003) Caveolin expression and
localization in human keratinocytes suggest a role in lamellar
granule biogenesis. J Invest Dermatol 120:531-541. https://doi.
org/10.1046/j.1523-1747.2003.12051.x

Menon GK, Lee SE, Lee S-H (2018) An overview of epider-
mal lamellar bodies: novel roles in biological adaptations and
secondary barriers. J Dermatol Sci 92:10-17. https://doi.org/
10.1016/j.jdermsci.2018.03.005

Wertz PW, Downing DT (1983) Ceramides of pig epidermis:
structure determination. J Lipid Res 24:759-765

Wertz PW, Downing DT, Freinkel RK, Traczyk TN (1984)
Sphingolipids of the stratum corneum and lamellar granules
of fetal rat epidermis. J Invest Dermatol 83:193-195. https://
doi.org/10.1111/1523-1747.ep12263553

Landmann L, Wertz PW, Downing DT (1984) Acylgluco-
sylceramide causes flattening and stacking of liposomes. An
analogy for assembly of the epidermal permeability barrier.
Biochim Biophys Acta 778:412—418. https://doi.org/10.1016/
0005-2736(84)90388-2

Wertz PW (2000) Lipids and barrier function of the skin. Acta
Derm Venereol Suppl (Stockh) 208:7-11. https://doi.org/10.
1080/000155500750042790

Breiden B, Sandhoff K (2014) The role of sphingolipid metab-
olism in cutaneous permeability barrier formation. Biochim
Biophys Acta 1841:441-452. https://doi.org/10.1016/j.bbalip.
2013.08.010

Wertz PW (2021) Roles of lipids in the permeability barriers
of skin and oral mucosa. Int J Mol Sci. https://doi.org/10.3390/
ijms22105229

Chang F, Swartzendruber DC, Wertz PW, Squier CA (1993)
Covalently bound lipids in keratinizing epithelia. Biochim
Biophys Acta 1150:98-102. https://doi.org/10.1016/0005-
2736(93)90126-k

Lesch CA, Squier CA, Cruchley A et al (1989) The perme-
ability of human oral mucosa and skin to water. J Dent Res
68:1345-1349. https://doi.org/10.1177/002203458906800
91101

Dazzoni R, Grélard A, Morvan E et al (2020) The unprece-
dented membrane deformation of the human nuclear envelope,
in a magnetic field, indicates formation of nuclear membrane
invaginations. Sci Reports 101(10):1-14. https://doi.org/10.
1038/541598-020-61746-0

Tessier C, Sweers K, Frajerman A et al (2016) Membrane
lipidomics in schizophrenia patients: a correlational study
with clinical and cognitive manifestations. Transl Psychiatry.
https://doi.org/10.1038/tp.2016.142

Brigandi SA, Shao H, Qian SY et al (2015) Autistic children
exhibit decreased levels of essential fatty acids in red blood
cells. Int J Mol Sci 16:10061-10076. https://doi.org/10.3390/
ijms160510061

@ Springer

240.

241.

242.

243.

244.

245.

246.

247.

248.

249.

250.

251.

252.

253.

254.

255.

Bolognesi A, Chatgilialoglu A, Polito L, Ferreri C (2013)
Membrane lipidome reorganization correlates with the fate of
neuroblastoma cells supplemented with fatty acids. PLoS ONE
8:1-12. https://doi.org/10.1371/journal.pone.0055537
Veyrat-Durebex C, Bris C, Codron P et al (2019) Metabo-lipid-
omics of fibroblasts and mitochondrial-endoplasmic reticulum
extracts from ALS patients shows alterations in purine, pyrimi-
dine, energetic, and phospholipid metabolisms. Mol Neurobiol
56:5780-5791. https://doi.org/10.1007/s12035-019-1484-7
Pan Q, Li M, Shi Y-L et al (2014) Lipidomics reveals mitochon-
drial membrane remodeling associated with acute thermoreg-
ulation in a rodent with a wide thermoneutral zone. Lipids
49:715-730. https://doi.org/10.1007/s11745-014-3900-0
Gaudioso A, Garcia-Rozas P, Casarejos MJ et al (2019) Lipid-
omic alterations in the mitochondria of aged Parkin null mice
relevant to autophagy. Front Neurosci. https://doi.org/10.3389/
fnins.2019.00329

Durand M, Coué M, Croyal M et al (2021) Changes in key
mitochondrial lipids accompany mitochondrial dysfunction and
oxidative stress in NAFLD. Oxid Med Cell Longev. https://doi.
org/10.1155/2021/9986299

Boslem E, Weir JM, Maclntosh G et al (2013) Alteration of
endoplasmic reticulum lipid rafts contributes to lipotoxicity in
pancreatic B-cells. J Biol Chem 288:26569-26582. https://doi.
org/10.1074/jbc.M113.489310

Martin OC, Pagano RE (1994) Internalization and sorting of
a fluorescent analogue of glucosylceramide to the Golgi appa-
ratus of human skin fibroblasts: utilization of endocytic and
nonendocytic transport mechanisms. J Cell Biol 125:769-781.
https://doi.org/10.1083/jcb.125.4.769

Madison KC, Howard EJ (1996) Ceramides are transported
through the Golgi apparatus in human keratinocytes in vitro. J
Invest Dermatol 106:1030-1035. https://doi.org/10.1111/1523-
1747.ep12338596

Arai K, Ohtake A, Daikoku S et al (2020) Discrimination of
cellular developmental states focusing on glycan transforma-
tion and membrane dynamics by using BODIPY-tagged lacto-
syl ceramides. Org Biomol Chem 18:3724-3733. https://doi.
org/10.1039/DOOB00547A

Erdmann RS, Takakura H, Thompson AD et al (2014) Super-
resolution imaging of the Golgi in live cells with a bioorthog-
onal ceramide probe. Angew Chem Int Ed Engl 53:10242—
10246. https://doi.org/10.1002/anie.201403349

Al-Menhali AS, Anderson C, Gourine AV et al (2021) Prot-
eomic analysis of cardiac adaptation to exercise by high reso-
lution mass spectrometry. Front Mol Biosci 8:723858. https://
doi.org/10.3389/fmolb.2021.723858

Jaganjac M, Milkovic L, Gegotek A et al (2020) The rele-
vance of pathophysiological alterations in redox signaling
of 4-hydroxynonenal for pharmacological therapies of major
stress-associated diseases. Free Radic Biol Med 157:128-153.
https://doi.org/10.1016/j.freeradbiomed.2019.11.023
Jaganjac M, Cindri¢ M, Jakovcevi¢ A et al (2021) Lipid per-
oxidation in brain tumors. Neurochem Int 149:105118. https://
doi.org/10.1016/j.neuint.2021.105118

Sindelar PJ, Guan Z, Dallner G, Ernster L (1999) The protec-
tive role of plasmalogens in iron-induced lipid peroxidation.
Free Radic Biol Med 26:318-324. https://doi.org/10.1016/
S0891-5849(98)00221-4

El-Ansary A, Chirumbolo S, Bhat RS et al (2020) The role of
lipidomics in autism spectrum disorder. Mol Diagnosis Ther
24:31-48. https://doi.org/10.1007/540291-019-00430-0
Bolotta A, Battistelli M, Falcieri E et al (2018) Oxidative stress
in autistic children alters erythrocyte shape in the absence
of quantitative protein alterations and of loss of membrane


https://doi.org/10.1111/1523-1747.ep12497735
https://doi.org/10.1111/1523-1747.ep12497735
https://doi.org/10.1126/science.6879194
https://doi.org/10.1126/science.6879194
https://doi.org/10.1111/1523-1747.ep12276831
https://doi.org/10.1111/1523-1747.ep12276831
https://doi.org/10.1111/j.0022-202X.2004.22515.x
https://doi.org/10.1111/j.0022-202X.2004.22515.x
https://doi.org/10.1046/j.1523-1747.2003.12051.x
https://doi.org/10.1046/j.1523-1747.2003.12051.x
https://doi.org/10.1016/j.jdermsci.2018.03.005
https://doi.org/10.1016/j.jdermsci.2018.03.005
https://doi.org/10.1111/1523-1747.ep12263553
https://doi.org/10.1111/1523-1747.ep12263553
https://doi.org/10.1016/0005-2736(84)90388-2
https://doi.org/10.1016/0005-2736(84)90388-2
https://doi.org/10.1080/000155500750042790
https://doi.org/10.1080/000155500750042790
https://doi.org/10.1016/j.bbalip.2013.08.010
https://doi.org/10.1016/j.bbalip.2013.08.010
https://doi.org/10.3390/ijms22105229
https://doi.org/10.3390/ijms22105229
https://doi.org/10.1016/0005-2736(93)90126-k
https://doi.org/10.1016/0005-2736(93)90126-k
https://doi.org/10.1177/00220345890680091101
https://doi.org/10.1177/00220345890680091101
https://doi.org/10.1038/s41598-020-61746-0
https://doi.org/10.1038/s41598-020-61746-0
https://doi.org/10.1038/tp.2016.142
https://doi.org/10.3390/ijms160510061
https://doi.org/10.3390/ijms160510061
https://doi.org/10.1371/journal.pone.0055537
https://doi.org/10.1007/s12035-019-1484-7
https://doi.org/10.1007/s11745-014-3900-0
https://doi.org/10.3389/fnins.2019.00329
https://doi.org/10.3389/fnins.2019.00329
https://doi.org/10.1155/2021/9986299
https://doi.org/10.1155/2021/9986299
https://doi.org/10.1074/jbc.M113.489310
https://doi.org/10.1074/jbc.M113.489310
https://doi.org/10.1083/jcb.125.4.769
https://doi.org/10.1111/1523-1747.ep12338596
https://doi.org/10.1111/1523-1747.ep12338596
https://doi.org/10.1039/D0OB00547A
https://doi.org/10.1039/D0OB00547A
https://doi.org/10.1002/anie.201403349
https://doi.org/10.3389/fmolb.2021.723858
https://doi.org/10.3389/fmolb.2021.723858
https://doi.org/10.1016/j.freeradbiomed.2019.11.023
https://doi.org/10.1016/j.neuint.2021.105118
https://doi.org/10.1016/j.neuint.2021.105118
https://doi.org/10.1016/S0891-5849(98)00221-4
https://doi.org/10.1016/S0891-5849(98)00221-4
https://doi.org/10.1007/s40291-019-00430-0

The expanding organelle lipidomes: current knowledge and challenges

Page 27 of 27 237

256.

257.

258.

phospholipid asymmetry. Oxid Med Cell Longev. https://doi.
org/10.1155/2018/6430601

Ferreri C, Sansone A, Ferreri R et al (2020) Fatty acids and
membrane lipidomics in oncology: a cross-road of nutritional,
signaling and metabolic pathways. Metabolites 10:1-26.
https://doi.org/10.3390/metabo10090345

Boslem E, Maclntosh G, Preston AM et al (2011) A lipidomic
screen of palmitate-treated MIN6 B-cells links sphingolipid
metabolites with endoplasmic reticulum (ER) stress and
impaired protein trafficking. Biochem J 435:267-276. https://
doi.org/10.1042/BJ20101867

Bestard-Escalas J, Maimoé-Barcel6 A, Lopez DH et al (2020)
Common and differential traits of the membrane lipidome of
colon cancer cell lines and their secreted vesicles: impact on
studies using cell lines. Cancers (Basel). https://doi.org/10.
3390/cancers12051293

259.

260.

Lobasso S, Tanzarella P, Mannavola F et al (2021) A lipid-
omic approach to identify potential biomarkers in exosomes
from melanoma cells with different metastatic potential. Front
Physiol 12:748895. https://doi.org/10.3389/fphys.2021.748895
Eiriksson FF, Nghr MK, Costa M et al (2020) Lipidomic study
of cell lines reveals differences between breast cancer subtypes.
PLoS ONE 15:e0231289. https://doi.org/10.1371/journal.pone.
0231289

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1155/2018/6430601
https://doi.org/10.1155/2018/6430601
https://doi.org/10.3390/metabo10090345
https://doi.org/10.1042/BJ20101867
https://doi.org/10.1042/BJ20101867
https://doi.org/10.3390/cancers12051293
https://doi.org/10.3390/cancers12051293
https://doi.org/10.3389/fphys.2021.748895
https://doi.org/10.1371/journal.pone.0231289
https://doi.org/10.1371/journal.pone.0231289

	The expanding organelle lipidomes: current knowledge and challenges
	Abstract
	Introduction
	Lipid composition and organelle function, dynamics and integrity
	Lipid composition of subcellular compartments
	Subcellular fractionation — an essential step in mapping subcellular lipidomes
	Lipid composition of the nucleus
	Lipid composition of the plasma membrane
	Lipid composition of mitochondria
	Lipid composition of the endoplasmic reticulum
	Lipid composition of the Golgi apparatus
	Lipid composition of lipid droplets
	Lipid composition of the organelles in the endosomal pathway
	Lipid composition of extracellular vesicles
	Lipid composition of epidermal lamellar bodies

	Lipidome dynamics under physiological and pathological conditions
	Lipidome dynamics under physiological conditions
	Lipidome dynamics during aging and neuropathology development
	Lipidome dynamics in cancer cells

	Final remarks
	Acknowledgements 
	References




