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Abstract
Sphingolipids are highly bioactive lipids. Sphingolipid meta-
bolism produces key membrane components
(e.g. sphingomyelin) and a variety of signaling lipids with
different biological functions (e.g. ceramide, sphingosine-1-
phosphate). The coordinated activity of tens of different en-
zymes maintains proper levels and localization of these lipids
with key roles in cellular processes. In this review, we highlight
the signaling roles of sphingolipids in cell death and survival.
We discuss recent findings on the role of specific sphingolipids
during these processes, enabled by the use of lipidomics to
study compositional and spatial regulation of these lipids and
synthetic sphingolipid probes to study subcellular localization
and interaction partners of sphingolipids to understand the
function of these lipids.
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The Sphinx of lipids
While analyzing the chemical composition of the brain
in the 1870s, Thudichum discovered a new class of lipid.
As he struggled with the many structural enigmas that

this molecule presented [1], he termed this new
molecule ‘sphingosin’ after the Greek mythological
creature, the Sphinx. The members of the sphingolipid
family include ceramides, sphingomyelins, glyco-
sphingolipids, and sphingosine-1-phosphate. They play
specific signaling and structural roles in numerous
cellular processes [2]. In this review, we will mainly
www.sciencedirect.com
focus on signaling roles of sphingolipids in cell death and
survival and disease states (i.e. cancer, neurodegenera-
tive diseases, and therapy resistance) associated with
these cellular processes. Although many methods exist
to study sphingolipid function, we will specifically focus
on contributions from lipidomics to study compositional
regulation, imaging mass spectrometry to study tissue
distribution, and biorthogonal synthetic probes to study

subcellular localization and interaction partners of
sphingolipids.

Sphingolipid synthesis involves a network of enzymes
that tightly regulate the levels and localization of these
lipids. The biosynthesis of sphingolipids begins on the
cytosolic leaflet of the endoplasmic reticulum [2]. The
first step involves the production of 3-ketosphinganine
by serine palmitoyl transferase, which is then reduced
to dihydrosphinganine. Dihydrosphinganine is acylated
by ceramide synthases (CerSs), producing dihydrocer-

amides. Mammalian cells have six isoforms of CerS
(CerS1e6), and different isoforms catalyze the biosyn-
thesis of dihydroceramides with various acyl chain
lengths, mainly C14eC26 [2]. Dihydroceramide desa-
turases form ceramides by inserting a trans double bond
at C4 of sphinganine (Figure 1, orange box) [2]. Other
ceramides can also be produced by the use of L-alanine
or glycine by serine palmitoyl transferase, resulting in 1-
deoxyceramide or 1-deoxymethyl ceramide, respectively
(see inlet in Figure 1) [3].

Ceramides are central molecules in the sphingolipid
pathway as they are the building blocks for other
sphingolipids and have proapoptotic roles [2]. It is now
well established that apoptosis-inducing agents promote
ceramide production [4] and exogenous addition of a
short- and long-chain ceramide can directly induce cell
death [5,6]. From a more mechanistic perspective,
elevated ceramide levels lead to mitochondrial outer
membrane permeabilization by activation of a B-cell
lymphoma 2 (Bcl-2) protein family through phosphoi-
nositide-3-kinase and Akt/PBK signaling [7]. Short-

chain ceramides, on the other hand, can activate protein
phosphatase 2A, which in turn leads to mitochondrial
permeabilization through BCL-2 inactivation [8,9].
Other studies have demonstrated that ceramides can
directly interact with mitochondria and induce outer
membrane permeabilization [10]. Recently, it was
shown that the interaction between mitochondrial
Current Opinion in Chemical Biology 2021, 65:49–56
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voltage-dependent anion channel 2 and ceramides plays
a role in mitochondrial membrane permeabilization in
apoptosis, providing a new perspective for the ceram-
ides’ proapoptotic role [11]. Furthermore, in vitro ex-
periments suggested that ceramides can form channels
on membranes, and this has been proposed to be linked
to its proapoptotic activity [12].

Ceramides form complex sphingolipids (reviewed in
[2]). For such metabolic processing, ceramides are
transported to the Golgi apparatus by the ceramide
transport protein or vesicular transport [13]. Sphin-
gomyelin synthase, primarily found in the luminal
trans Golgi and plasma membrane, uses ceramides and
forms sphingomyelins, important structural lipids
[2,14]. Similarly, ceramides can be glycosylated to
Figure 1

A simplified diagram of sphingolipid biosynthesis. Only C14 fatty acid–c
discussed in this review are shown in bold. Highlighted in orange is the de n
serine palmitoyl transferase produces 3-ketosphinganine. 3-ketosphinganine i
is then acylated by ceramide synthases, resulting in dihydroceramide. A trans
desaturase to yield ceramide. Ceramide can be incorporated into more comple
in green, by glucosylceramide synthase and sphingomyelin synthase, respec
Ceramide can also be phosphorylated by ceramide kinase or hydrolyzed by c
highlighted in yellow. Sphingosine can be phosphorylated by sphingosine kin
hexadecenal and phosphoethanolamine by sphingosine-1-phosphate lyase, h
glucosylceramide and sphingomyelin by glucocerebrosidase and sphingomye
synthase to regenerate ceramide. Alternatively, serine palmitoyl transferase c
deoxyceramide or deoxymethyl ceramide, respectively. SPT, serine palmitoyl
desaturase; CDase, ceramidase; GCS, glucosylceramide synthase; GCase, gl
N-SMase, neutral sphingomyelinase; A-SMase, acid sphingomyelinase; SK, s
sphingosine-1-phosphate lyase.
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form glucosyl and highly glycosylated ceramides, gan-
gliosides, lipids that are involved in cell-cell recogni-
tion and signal transduction (Figure 1, green box)
[15,16]. Sphingomyelins and glycosphingolipids are
trafficked to the plasma membrane [3], where they
can participate in the formation of tightly packed
domains, called lipid rafts [17]. These domains recruit
specific proteins and can directly affect protein func-

tion through localization and conformation, and
cellular signaling [17]. Ceramide can be regenerated
from sphingomyelin and glycosphingolipids via sphin-
gomyelinases and glucocerebrosidase, respectively [2].
It is important to note that there are multiple distinct
sphingomyelinases (acid sphingomyelinase and neutral
sphingomyelinase), each with their own substrate
specificity and subcellular localization [2], which
ontaining species are shown as an example. Sphingolipids that are
ovo sphingolipid synthesis. Condensation of serine and palmitoyl-CoA by
s reduced by 3-ketosphinganine reductase to produce sphinganine, which
double bond is introduced on the fourth carbon by dihydroceramide
x sphingolipids such as glucosylceramide and sphingomyelin, highlighted
tively. Glucosylceramides can be further modified to yield gangliosides.
eramidase to produce ceramide-1-phosphate or sphingosine, respectively,
ase, resulting in sphingosine-1-phosphate, which can be broken down to
ighlighted in gray. Ceramide can be regenerated by the breakdown of
linase, respectively. Sphingosine can be used as a substrate by ceramide
an incorporate alanine or glycine to ultimately lead to the production of
transferase; KSR, 3-keto-sphinganine reductase; DES, dihydroceramide
ucocerebrosidase; CerK, ceramide kinase; SMS, sphingomyelin synthase;
phingosine kinase; SPPase, sphingosine phosphate phosphatase; SPL,
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allows cells to maintain levels of specific sphingolipids
in distinct membranes.

Sphingolipid breakdown is also mediated through cer-
amide via ceramidases, which forms sphingosine. Much
like sphingomyelinases, there are multiple ceramidases,
each with their own localization and substrate specificity
[2]. Sphingosine can be phosphorylated to sphingosine-

1-phosphate (Figure 1, yellow box) [2]. Unlike ceram-
ides, sphingosine-1-phosphate is a key pro survival
sphingolipid [18]. It can be released to the extracellular
matrix and participate in cell-cell communication and
signaling via interaction with sphingosine-1-phosphate
receptors [19]. Sphingosine-1-phosphate can also be
processed by sphingosine-1-phosphate lyase, which
breaks down the phosphorylated sphingoid bases to
hexadecenal and phosphoethanolamine, sphingolipid
degradation products (Figure 1, gray box) [16]. Overall,
the coordinated activity of a number of enzymes regu-

lates the cellular levels of sphingolipids with different
biological activities, and dysregulation of these enzymes
is involved in numerous diseases.
How can we study sphingolipids?
As exemplified previously, sphingolipids are structurally
and functionally very diverse, which calls for the use of
different sets of tools to study them in cells depending
on the biological question of interest. Many analytical
(reviewed in [20]) and imaging-based techniques that
rely on the use of sphingolipid sensors [21,22] exist to
study sphingolipid function. In this review, we will pri-
marily focus on tools that enable precise, structure-
specific measurements mediated by mass spectrom-
etry, chemical and genetic perturbation-based ap-

proaches, facilitated mainly by the inactivation of
enzymes that produce these lipids, and biorthogonal
lipid probes that allow lipid visualization and the tem-
poral control of lipid activation. We discuss recent ef-
forts on elucidating sphingolipid function, mainly of
ceramides, sphingosine, and sphingosine-1-phosphate,
in cell death and survival in the following sections.
These studies benefitted from mass spectrometry to
study the composition and spatial regulation of sphin-
golipids and small molecule probes to study the inter-
actome and achieve temporal activation of these lipids.
Sphingolipidomics
LC-MS–based sphingolipidomics
Sphingolipids exhibit a wide range of concentrations

[2,23]. Changes in sphingolipid levels have been asso-
ciated with numerous pathologies, including neurode-
generative diseases and cancer formation and
progression [2] and development of drug resistance and
the prosurvival signaling pathway in cancer cells [4].
Liquid chromatographyemass spectrometry (LC-MS,
reviewed in [24]) has been the ‘go-to’ bioanalytical tool
to detect, identify, and quantify sphingolipids in
www.sciencedirect.com
biological samples and elucidated many exciting bio-
logical questions in sphingolipid flux [23] in cells and
their involvement in cancer formation and progression.
In this section, we highlight some of the recent studies
that used LC-MS to elucidate the role of ceramides,
sphingomyelins, sphingosine, and sphingosine-1-
phosphate in important cellular processes, including
cell death and survival, and briefly discuss the role of

these sphingolipids in diseases that are linked to these
fundamental cellular processes.

Mitochondrial localization of ceramides has been of high
interest because of their proapoptotic activities, as their
interactions with certain proteins can lead to membrane
permeabilization [7e9]. Through a combination of LC-
MS and other bioanalytical techniques, Oleinik et al.
[25] identified a new protein, PERMIT (Protein that
mediates endoplasmic reticulum-mitochondria traf-
ficking), that traffics CerS1 from the ER to the outer

mitochondrial membrane, which, in turn, increases
mitochondrial ceramide levels. This study is particularly
important because it suggests that the mitochondrial
localization of ceramides can be due to their de novo
synthesis at the mitochondria in addition to their traf-
ficking to the mitochondria.

Many chemotherapeutics modulate sphingolipid levels
[4], and strong correlations between alterations in
sphingolipid landscape and therapy resistance have been
reported [26e28]. A recent study investigated the ef-

fects of sublethal doses of chemotherapeutics on cellular
lipids and reported that the increased ceramide pools
and localization of these species, specifically at the
plasma membrane, were mediated by the conversion of
sphingomyelin to ceramide via neutral sphingomyeli-
nase 2 [29]. Subsequent LC-MS analysis showed that
plasma membraneelocalized ceramides regulate cell
adhesion and migration, different than previously
established proapoptotic activity of these lipids, which
is associated with their mitochondrial interactions.
These results demonstrate that cellular localization of
ceramides might affect their cellular function [29].

DNA damageeinduced apoptosis is a common
chemotherapeutic strategy. DNA damage, however, can
instead induce senescence, resulting in cell cycle arrest
and secretion of inflammatory factors, which reduces
the effectiveness of cancer therapy [30]. To investigate
potential lipid-related targets in therapy-induced
senescence, we used LC-MSebased untargeted lipi-
domics to elucidate changes in sphingolipid meta-
bolism during therapy-induced senescence in colon
cancer cells and showed the depletion of 1-

deoxyceramides in senescent cells [26]. Chemical
perturbations to increase the levels of 1-
deoxyceramides desensitize cells to cellular senes-
cence, suggesting a functional role of 1-deoxyceramides
during this process [26].
Current Opinion in Chemical Biology 2021, 65:49–56
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Sphingosine kinase 1 expression has recently been
linked to oncogene-induced senescence. Trayssac et al.
[27] found that senescent cells had increased expression
of sphingosine kinase 1 and its inhibition enhanced the
senescent phenotype by oncogenic K-Ras activation and
led to the increase in long- and very long-chain ceram-
ides (C18-26), identified by LC-MS. They also showed
that these lipid changes were mediated by CerS2, spe-

cifically linking CerS2-derived ceramides as potential
regulators of senescence.

Hormone therapy resistance in breast cancer presents a
major problem for therapeutics. Sphingosine kinase 1 is
commonly upregulated in breast cancer and is linked to
more aggressive cancer progression [31]. Maczis et al.
[28] found that tamoxifen resistance correlated with an
increased expression of estrogen receptor a36, which in
turn activated sphingosine kinase 1, leading to higher
levels of cellular and secreted sphingosine-1-phosphate.

Inactivation of sphingosine kinase 1 reduced the levels
of sphingosine-1-phosphate and sensitized tamoxifen-
resistant breast cancer to tamoxifen [28], suggesting a
new role of sphingosine-1-phosphate signaling in hor-
mone therapy resistance.

LC-MSebased analysis can also pave the way to estab-
lish novel correlations between changes in sphingolipid
levels and certain oncogenic transformations. Bhadwal
et al. [31] used multivariate analysis to demonstrate the
elevation of ceramide-1-phosphate and sphingosine-1-

phosphate in tumors isolated from patients with breast
cancer as compared with healthy tissues. They also
established significant upregulations in the expression
of ceramide kinase and sphingosine kinase, providing
insight into the underlying mechanisms and role of
sphingolipids in breast cancer formation and
progression.

Overall, LC-MSebased approaches are irreplaceable
tools for compositional analysis of sphingolipids and
usually the first step for elucidating new roles for these
lipids. Untargeted detection methods find their unique

applications to obtain a global overview of the changes in
lipid composition in an unbiased manner. Targeted LC-
MSebased lipid measurements, on the other hand, can
provide quantitative information on the changes in lipid
composition. Herein, we mainly focused on the analysis
of major sphingolipids derived from de novo biosyn-
thesis, which exhibit wide tissue distribution using
targeted and untargeted LC-MS. However, it is impor-
tant to note that certain tissues contain distinct sphin-
golipids and require the use of specialized targeted LC-
MS methods [32].

Imaging mass spectrometry
Sphingolipid metabolism is compartmentalized within
cells based on the organelle-specific production, break-
down, and transport of these lipids. Similarly, tissue
Current Opinion in Chemical Biology 2021, 65:49–56
distribution of sphingolipids also varies [33]. LC-MSe
based sphingolipidomics provides invaluable informa-
tion on compositional analysis of sphingolipids and, due
to its quantitative nature, can provide absolute con-
centrations of sphingolipids. However, LC-MSebased
sphingolipidomics uses total lipid extracts from cells or
tissues, which scrambles lipid species from all cellular
compartments, limiting the mechanistic insights that

can be obtained. To fill this missing spatial information,
it is possible to either biochemically isolate regions of
interest and carry out subsequent LC-MS analysis or
couple MS-based detections with techniques that pro-
vide spatial resolution. Such spatial compositional
analysis of lipids can pave the way for further mecha-
nistic investigations on lipid function.

Combining tissue imaging with MS (for review on im-
aging MS, see Ref. [34]; for a review on imaging MS of
sphingolipids, see Ref. [35]) has recently gained traction

to analyze the tissue distribution of sphingolipids,
including gangliosides, and has been useful in studying
neurogenerative disorders and cancer because of the
heterogeneous and progressive nature of these diseases.
Tobias et al. [36] investigated the localization of
different ceramides and gangliosides during cerebral
degeneration in a mouse model of Nieman-Pick disease,
type 1 and found gangliosides GM2 and GM3 are
upregulated in brain tissues of diseased state and
localize to certain regions of the brain. They also re-
ported correlations between ceramide and ganglioside

levels and redistribution with disease progression,
showing key spatial and temporal changes in
sphingolipid levels in the disease model.

A recent study characterized the lipid composition of
subtypes of breast cancer tissues, including invasive
breast cancer, ductal carcinoma, and noncancerous
benign tissue. Several ceramide species were upregu-
lated in the invasive breast cancer tissues along with an
overall accumulation of sphingolipids in triple-negative
and luminal B subtypes, suggesting that these lipid
signatures can be useful for molecular subtyping of

breast cancer types [37]. MS imaging of metastatic
breast and thyroid cancer in human lymph node tissues
also showed significant alternations in sphingolipid
levels, where ceramides showed significant accumula-
tions in cancerous tissue [38].

A current challenge in adapting MS imaging to study
clinical samples is that tissue samples are formalin-fixed
for storage, which is not MS friendly. A recent effort on
imaging of gangliosides in the fresh frozen and formalin-
fixed rat brain led to the development of a method that

allows the use of fixed samples of brain tissue to obtain
comparable high-resolution information on ganglioside
levels with similar spatial distribution [39]. Overall,
improvements on sample preparation, data acquisition,
and analysis will enable the wide range applications of
www.sciencedirect.com
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imaging MS and the potential integration with LC-MS,
providing both spatial and compositional analysis.
Synthetic sphingolipid probes
Lipids that show different compositional or spatial
regulation, identified by MS, as exemplified previously,
are ideal candidates for subsequent mechanistic in-
vestigations. The use of small molecules, including in-
hibitors and biorthogonal probes, has advanced our
understanding of sphingolipid function. It is possible to
alter sphingolipid levels using small molecule inhibitors
and investigate the impact of these alterations on
phenotypic outcomes. A healthy number and variety of

small molecules are available to perturb the sphingolipid
pathway (Figure 2, reviewed in [40]). These small
molecules target the biosynthesis of ceramides and their
downstream complex sphingolipids and breakdown
(shown in orange, green, and gray, respectively in
Figure 2). Most commonly used are inhibitors of CerSs,
including fumonisins, which are effective in reducing
overall ceramide levels [21,41]. A recently developed
small molecule, P053, that shows specificity
toward CerS1, reduces the levels of C18-fatty acid
containing sphingolipids [42] (Figure 2). Integration of

these chemical perturbations with LC-MS analysis to
identify consequent sphingolipid changes can provide
Figure 2

Small molecule inhibitors of sphingolipid synthesis and their targets. Sm
targeted enzyme indicated in red. Inhibitors are highlighted corresponding to
(orange), glucosylceramide/sphingomyelin (green), and sphingosine/ceramide
phenyl-2-hexadecanoylamino-3-morpholino-1-propanol; SPT, serine palmitoyl
synthase; N-SMase, neutral sphingomyelinase; A-SMase, acid sphingomyelin
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invaluable information on how sphingolipid levels affect
phenotypes of interest.
Bifunctional probes
Biorthogonal sphingolipid probes with multiple func-
tionalities (i.e. clickable, crosslinkable, photo-
activatable, and photoswitchable) have been

instrumental in identifying proteins that interact with
these lipids and their subcellular localization and also
allow temporal activation. A group of these probes,
known as bifunctional analogs, contain terminal alkyne
and diazirine moieties. The photoactivatable diazirine
ring reacts with neighboring biomolecules (i.e. proteins
that the probes interact with) and results in covalent
labeling of the probe upon irradiation. The alkyne is
used to install a reporter molecule, mainly either an
azido fluorophore to study cellular localization or an
azido biotin for affinity-based enrichment and subse-

quent analysis of bound proteins (Figure 3a). Haberkant
et al. [43] developed a photoactivatable and clickable
sphingosine (pacSph, Figure 3a) analog to study the
cellular metabolism of the lipid probe to ceramides,
sphingomyelins, and glycosylated sphingolipids and
identified hundreds of novel sphingolipid-binding pro-
teins. A similar bifunctional analog of ceramide (pacCer)
led to the identification of new ceramide-binding
all molecule inhibitors and their structure are provided along with their
the location of the pathway they target; colors correspond to de novo
-1-phosphate (yellow) synthesis. FB1, Fumonisin B1; PPMP, D-threo-1-
transferase; DES, dihydroceramide desaturase; GCS, glucosylceramide
ase; CerK, ceramide kinase; CDase, ceramidase.
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Figure 3

Small molecule probes for temporal control of sphingolipids. (a). Bifunctional sphingolipid analogs contain photoactivatable diazirine and clickable
alkyne groups. The diazirine ring can be activated to form a covalent bond with a neighboring protein, and the alkyne group can be used to install a
reporter molecule. pacSph (photoactivatable and clickable sphingosine) and pacCer (photoactivatable and clickable ceramide) are shown. (b) Sphin-
gosine analogs are modified to localize to specific organelles. Uncaging these targeted probes releases sphingosine in the specified organelles. Lyso-So
(Lyso-caged sphingosine) and Mito-So (mito-caged sphingosine) can be targeted to subcellular structures. (c) Azobenzene-containing, photoswitchable
sphingolipid probes. On radiation, these probes are converted from their inactive cis to an active trans isomer, which mimics endogenous sphingolipids.
PhotoSph, photoswitchable sphingosine; PhotoS1P, photoswitchable sphingosine-1-phosphate; scaCer, short-chain, clickable, and photoswitchable
ceramide.
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proteins, ceramide transport proteinerelated steroido-
genic acute regulatory protein D7 [44], and voltage-
dependent anion channel 2 [11] and provided insight

into the mechanism framework by which ceramides
induce mitochondria-mediated toxicity. It is important
to note that these lipid probes are commercially avail-
able, allowing researchers to access and apply them to
new studies.

Photoactivatable probes
Another group of biorthogonal sphingolipid probes in-
cludes the ones that allow spatiotemporal activation,
including caged sphingolipids and azobenzene de-
rivatives. Removal of certain chemical moieties upon
irradiations (i.e. uncaging) is one of the first strategies
that have been implemented to study spatiotemporal

activation of sphingolipids. Feng et al. [45] developed
lysosome- and mitochondrial-targeted [46] photo-caged
sphingosine to study site-specific sphingolipid meta-
bolism. These probes allow sphingosine targeting to the
organelle of interest, and the levels of sphingosine and
its metabolism can be observed over time which allowed
locale-dependent metabolism and functional analysis of
these lipids (Figure 3b) [45].
Current Opinion in Chemical Biology 2021, 65:49–56
Photoswitchable probes
Trauner and colleagues [47] developed new classes of
probes that use light for activation. These probes
include clickable, azobenzene-containing sphingosine,
sphingosine-1-phosphate [47], ceramides [48], and

galactosylceramide [49]. The azobenzene moiety is
‘photoswitchable’, meaning it can be converted into
metabolically active forms upon irradiation. The irradi-
ation induces a reversible isomerization between a cis
and trans isomer of the probe. The trans isomer mimics
the shape of the endogenous lipid, thus enabling tem-
poral activation (Figure 3c). Photoswitchable sphingo-
sine and sphingosine-1-phosphate show prolonged
metabolic stability and can be used to modulate light-
dependent activation of lipid signaling and consequent
phenotypic alterations both in culture cells and also

in vivo [47]. Similarly, photoswitchable ceramides can be
activated upon irradiation and exhibit properties that are
similar to these of endogenous versions, including
incorporation to membrane and lateral lipid packing and
metabolic processing by sphingolipid-related enzymes
to form sphingomyelins and glucosylceramides [48].
The trans isomers of the photoswitchable ceramides can
also induce apoptosis under the conditions where there
www.sciencedirect.com
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is no appreciable apoptotic activity with the cis isomer,
allowing time-dependent induction of ceramide-
mediated apoptosis [50]. The increased metabolic sta-
bility combined with temporal activation of these probes
now allows researchers to study sphingosine-1-
phosphatee and ceramide-induced phenotypes ‘on-
demand’ upon irradiation and allows to turn on and off
these phenotypes. Overall, small molecules are the keys

to unlock sphingolipid functions as they allow efficient
perturbation at the lipid level and allow the temporal
lipid activation and identification of new protein targets.
Conclusions
Since the discovery of key signaling roles of ceramides
[5] and sphingosine-1-phosphate [51] around three
decades ago, research on sphingolipids gained traction
and their many exciting roles have been discovered.
These discoveries were enabled by important techno-
logical advances in high-resolution LC-MS and imaging
MS. In parallel, an increased number of small molecule
inhibitors that target sphingolipid biosynthesis and
synthetic lipid probes to identify the localization,
interaction partners and allow temporal activation have
provided invaluable insights into the function of specific

sphingolipids. In this review, we just scratched the
surface of recent studies and highlighted some that use
these methods and shed light on sphingolipid func-
tioning in different cellular processes. The integration
of these methods will accelerate the new discoveries and
will start bridging the current gap in our knowledge on
many exciting roles of these ‘enigmatic’ lipids.
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