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Abstract

Sphingolipids, universal components of biological membranes of all eukaryotic organ-
isms, from yeasts to mammals, in addition of playing a structural role, also play an impor-
tant part of signal transduction pathways. They participate or, also, ignite several
fundamental subcellular signaling processes but, more in general, they directly contrib-
ute to key biological activities such as cell motility, growth, senescence, differentiation as
well as cell fate, i.e., survival or death. The sphingolipid metabolic pathway displays an
intricate network of reactions that result in the formation of multiple sphingolipids,
including ceramide, and sphingosine-1-phosphate. Different sphingolipids, that have
key roles in determining cell fate, can induce opposite effects: as a general rule,
sphingosine-1-phosphate promotes cell survival and differentiation, whereas ceramide
is known to induce apoptosis. Furthermore, together with cholesterol, sphingolipids
also represent the basic lipid component of lipid rafts, cholesterol- and sphingolipid-
enriched membrane microdomains directly involved in cell death and survival pro-
cesses. In this review, we briefly describe the characteristics of sphingolipids and lipid
membrane microdomains. In particular, we will consider the involvement of various
sphingolipids per se and of lipid rafts in apoptotic pathway, both intrinsic and extrinsic,
in nonapoptotic cell death, in autophagy, and in cell differentiation. In addition, their
roles in the most common physiological and pathological contexts either as pathoge-
netic elements or as biomarkers of diseases will be considered. We would also hint how
the manipulation of sphingolipid metabolism could represent a potential therapeutic
target to be investigated and functionally validated especially for those diseases for
which therapeutic options are limited or ineffective.

Abbreviations
ALL acute lymphoblastic leukemia

AD Alzheimer’s disease

APP amyloid precursor protein

AA arachidonic acid

Aβ β-amyloid peptide

BACE1 β-secretase
Cer ceramide

CerS ceramide synthase

CDases ceramidases

NMIIA ceramide–RIPK1–nonmuscle myosin IIA

JNK C-Jun NH2-terminal kinase

CANX calnexin

DRs death receptors

DHA docosahexaenoic acid

DRMs detergent-resistant membranes

dhCer dihydroceramide

dhSph dihydrosphingolipids

DISC death-inducing signaling complex

Mdivi-1 3-(2,4-dichloro-5-methoxyphenyl)-2,3-dihydro-2-thioxo-4(1H)-

quinazolinone
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DLP1 dynamin-like protein 1

ER endoplasmic reticulum

GalCer galacto-glycoconjugate

GD Gaucher’s disease

GBA glucocerebrosidase gene

GlcCer glucosylceramides

GSL glycosphingolipid

GPRC5B G protein-coupled receptor family C group 5 member B

IRE-1 inositol-requiring element 1

LSD lipid storage diseases

LMP lysosomal membrane permeabilization

AIF mitochondrial-associated apoptosis-inducing factor

MAMs mitochondria-associated membranes

MA-nSMase mitochondria-associated neutral sphingomyelinase

MFN2 mitofusin 2

MLKL mixed lineage protein kinase domain-like protein

NPC Niemann Pick type C disease

PD Parkinson disease

PI3P phosphatidylinositol 3-phosphate

PLAD pre-ligand assembly domain

PUFA polyunsaturated fatty acid

PrP prion protein

PrPC prion cellular protein

PCD programmed cell death

ROS reactive oxygen species

SLs sphingolipids

SM sphingomyelin

SMase sphingomyelinase

SMS sphingomyelin synthase

S1P sphingosine-1-phosphate

ST8SIA1 GD3-synthase

TCR T-cell receptor

IP3R3 3 inositol 1,4,5-trisphosphate receptor

TNF tumor necrosis factor

TRAIL TNF-related apoptosis-inducing ligand

VAPs vesicle-associated proteins

VDAC1 voltage-dependent anion channel 1

WIPI1 WD repeat protein phosphoinositide interacting 1

1. Introduction

Sphingolipids (SLs), first discovered in brain extracts in 1876, are polar

lipids in which the molecular skeleton is represented by the sphingosine

molecule, an unsaturated long chain amino alcohol. SLs are very similar
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to phospholipids but are different in the presence of sphingosine instead of

glycerol. Ceramide (Cer) is the invariant unit of all sphingolipids and con-

stitutes its hydrophobic portion. Depending on the hydrophilic part, there

are three different categories of sphingolipids: sphingomyelin (SM), cere-

brosides, and gangliosides (Bartke and Hannun, 2009). The SL metabolic

pathway displays a complex network of reactions that result in the formation

of multiple SLs, including Cer, dihydroceramide (dhCer), and sphingosine-

1-phosphate (S1P). The reactions of SL catabolism take place in lysosomes

and occur thanks to the activity of the hydrolases that have optimal pH

values between 3.5 and 5.5.

SLs are important constituents of biological membranes. However,

their role is not merely structural. In fact, they are bioactive lipids of rele-

vance in signal transduction pathways playing a central role in several

fundamental biological processes such as cell motility, growth, senescence,

differentiation, and fate (Hannun and Obeid, 2008). This distinguishes

them from other lipids with exclusively structural and/or energetic func-

tions. SLs are found in cellular membranes, lipoproteins, and other lipid-

rich structures. They are synthesized in the endoplasmic reticulum (ER)

and Golgi apparatus (Hannun and Obeid, 2018) and participate to mem-

brane scrambling among intracellular organelles. Their importance in cell

physiology is underscored by the fact that changes in their metabolic flux

impact organelle physiology and pathology (Ouasti et al., 2007). In partic-

ular, glycosphingolipids, SM andCer, together with phospholipids, are able

to regulate vesicle flow and membrane fusion and fission, including plasma

membranes andmitochondrial membranes (Bieberich, 2018). For example,

it has been reported that deficiency of Cer and phosphoethanolamine in

Drosophila leads to defects at the plasma membrane, resulting in accelerated

aging, while the increase of Cer affects homeostasis requiring metabolic

adaptations that involve glycolytic and lipolytic pathways (Nirala et al.,

2013; Rao et al., 2007). Of importance, SLs also represent the basic lipid

component, together with cholesterol, of lipid rafts, structural and func-

tional structures that play essential roles in cell life and death.

2. Lipid rafts and mitochondrial raft-like microdomains

Lipid rafts, defined as cholesterol- and SLs-enriched membrane

microdomains, are essential components present in plasma membranes in

all eukaryotic cells, playing important roles that include cellular stabilization

and signaling (Brown and London, 2000; Pike, 2003). Generally, lipid rafts
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are ranging from 10 to 200nm, enriched mainly in cholesterol (3–5-fold
respect surrounding bilayer) and SLs such as sphingomyelin (SM), and gan-

gliosides, which are typically elevated by 50% compared to the plasma mem-

brane (Pike, 2006; Santos and Preta, 2018). SM and gangliosides are the

major SLs present in these small membrane microdomains. SM emerges as

an important molecule to generate bioactive SLs by Cer. Sphingomyelin

synthase (SMS) is the enzyme that generates SM and diacylglycerol from

phosphatidylcholine and Cer. A large amount of evidence recognized that

both SM and SMS are signaling molecules involved in cell migration, apo-

ptosis, autophagy as well as, more in general, in human disorders such as can-

cer and neurodegenerative disorders (Gabande-Rodriguez et al., 2014;

Maceyka and Spiegel, 2014). Rafts are characteristically insoluble in cold,

nonionic detergents and can be experimentally isolated as detergent-resistant

membranes (DRMs) (Adam et al., 2008). Lipid rafts can act as concentrating

platforms for individual receptors that are activated by ligand binding. One

subclass of lipid rafts, discovered in the 1950s, was found as cell surface

invaginations, named caveolae, which are formed by the polymerization

of caveolins (Yamada, 1955). Caveolae are involved in endocytosis of dif-

ferent proteins. Caveolae also play a role in signal transduction, but they can

be considered not essential, since several cell types lack caveolin, including

lymphocytes and neurons. Lipid rafts are not solely confined to the plasma

membrane. Rather, they are present as raft-like microdomain compart-

ments, in internal organelles, including mitochondria (Garofalo et al.,

2005, 2015), endoplasmic reticulum (ER) (Boslem et al., 2013; Muniz

et al., 2001), and at nuclear level (Cascianelli et al., 2008). For instance,

raft-associated GD3 ganglioside, normally localized at the plasma mem-

brane of T lymphocytes, can be redistributed to mitochondrial membranes

by microtubules following CD95/Fas triggering, where they contribute to

apoptogenic pathways (Sorice et al., 2009). Although rafts from these inter-

nal structures have not yet been characterized in a global way, significant

progress is evident. Raft-like microdomains are enriched in gangliosides

and cholesterol (although with a content lower as compared to plasma

membrane), but with a relatively low content of phospholipids (Garofalo

et al., 2015). Membrane rafts isolated from mitochondria are envisaged as

lateral assemblies of specific lipids and proteins contain the voltage-

dependent anion channel 1 (VDAC1) and the fission protein hFis and

can recruit other proteins when the cell death program is ignited (Ciarlo

et al., 2010; Garofalo et al., 2005). For example, cardiolipin, an essential

constituent of functional raft microdomains localized at contact sites
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between the inner and outer mitochondrial membranes, seems able to reg-

ulate apoptosis by integrating signals from a variety of apoptosis-inducing

proteins (Scorrano, 2008; Sorice et al., 2009). Raft-like microdomains

appear also to be involved in a series of mitochondrial functions, including

oxidative phosphorylation, ATP production and membrane “scrambling,”

participating in cell death pathways and recruitment of proteins to mito-

chondria. Mitochondrial raft-like microdomains are analogous to lipid rafts

on the plasmamembrane, since they represent preferential sites on themito-

chondrial membranewhere key reactions can be catalyzed. The inclusion of

proteins into lipid rafts is tightly dependent on lipid composition. Thus,

based on this assumption, it was also demonstrated that mitochondrial

raft-like microdomains are essential in the extension of mitochondrial inter-

connected network due to the chemical inhibition of the GTPase activity of

the dynamin-like protein 1 (DLP1) by 3-(2,4-dichloro-5-methoxyphenyl)-

2,3-dihydro-2-thioxo-4(1H)-quinazolinone (Mdivi-1), a selective inhibi-

tor of mitochondrial fission process (Ciarlo et al., 2018). It is known that

mitochondria fusion and fission are strictly related, since the inhibition of

one of these processes leads to an increase of the other. Thus, recruitment

of mitofusin 2 (MFN2) into lipid rafts through the association with GD3 is

mandatory inMdivi-1-inducedmitochondria network organization, i.e., in

promoting the fusion of the outer mitochondrial membranes.

The underlying mechanisms coupling SLs and more specifically Cer to

mitochondrial functions remain poorly understood. Early studies identified

severalCer-producing enzyme activities in mitochondria andmitochondria-

associated membranes (MAMs), which include ceramide synthase (CerS)

(Mullen et al., 2012; Senkal et al., 2007), ceramidases (CDases) (Bionda

et al., 2004; El Bawab et al., 2000) and, most recently, a mitochondria-

associated neutral sphingomyelinase (MA-nSMase) (Wu et al., 2010)

(Fig. 1). Finally, the implication of Cer in this context should be under-

scored. In fact, studies using pharmacological inhibitors to block Cer gener-

ation or performed in genetically modified organisms and/or cells whereCer

generation is impaired have strongly supported a critical role ofCer accumu-

lation in the progression of mitochondrial apoptosis andmitophagy, defining

ceramide as a bona fide transducer of mitochondrial function (Hernández-

Corbacho et al., 2017).

More recently, the presence and relevance of lipid rafts at ER level has

also been suggested. Raft-like microdomains in the ER are characterized by

the presence of two proteins that localize at the ER only, the prohibitins

erlin-1 and erlin-2 (Browman et al., 2006). In addition, DRMs isolated from
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the ER sub-structures known as MAM were recently shown to contain the

novel ligand-responsive sigma-1 receptor molecular chaperone and the type

3 inositol 1,4,5-trisphosphate receptor (IP3R3) (Hayashi and Fujimoto,

2010). Gangliosides can reside at the MAMs, where their effect on opposite

cell fate decisions, survive or die, could depend on their local concentration,

structural characteristics and sugar modifications (Annunziata et al., 2018).

Finally, the key role of lipid rafts in nuclear structure and function has also

been suggested. In the nuclear membrane and nuclear matrix, lipids regulate

fluidity, while they participate in cellular signaling in chromatin-associated

activity (Albi and Villani, 2009; Cascianelli et al., 2008). Furthermore, cel-

lular nuclei contain high levels of phosphatidylcholine and SM, which are

VDAC1
h-Fis

GD3GD3

CHOL

Raft-like microdomain

Mitochondria

MAMs

ER

MAM-associated raft-like components:
GANGLIOSIDES

CerS

VDAC1

MFN2

AMBRA1

BECN1

WIPI1

CANX

h-Fis

DRP1

Fig. 1 Schematic drawingdepicting raft-likemicrodomains associatedwithmitochondria.
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partially associated with cholesterol and proteins to form lipid–protein
complexes. Two pools of cholesterol co-exist in chromatin: a SM-free cho-

lesterol pool that does not change during cellular proliferation and a

SM-linked cholesterol pool that can change during the S-phase of the cell

cycle in relation to SMase activation (Albi et al., 2003). It is known that

nuclear lipids play a role in proliferation, differentiation, and apoptotic

process. In the nuclear envelope, GM1, a typical raft glycosphingolipid,

was shown to regulate both Ca2+ influx into the nucleus and to affect epi-

genetic regulation of gene expression (Itokazu et al., 2017; Ledeen andWu,

2008). Moreover, Garofalo et al. (2007) observed that in lymphoblastoid

T cells, after CD95/Fas triggering, the mitochondrial raft marker GD3),

was detectable at nuclear level. In fact small mitochondria could act as

“cargo boats” transportingGD3 into the nucleus, possibly togetherwith other

pro-apoptoticmolecules, contributing to apoptosis execution (Garofalo et al.,

2007). The presence of this molecule in the nucleus has already been reported

in neurons, where, during α-amyloid-induced apoptosis, it co-localizes with

chromatin (Copani et al., 2002). In addition, a co-localization of GD3 with

the nucleus was also observed in neuronal cerebellar granule cells undergoing

apoptosis (Melchiorri et al., 2002).

3. Sphingolipids and lipid rafts in the regulation
of apoptosis

Cells have several modes to trigger cell death, which can occur in a

programmed and highly controlled fashion, known as “programmed cell

death” (PCD). These types of cell death (PCD) are involved in the regu-

lation of homeostasis and integrity of tissues in adult unicellular and mul-

ticellular organisms as well as in the correct development of organs in

mammals (Fuchs and Steller, 2011). In fact, aberrant regulation of these cell

death processes can lead to autoimmune diseases (Rossin et al., 2019), neu-

rodegenerative disorders (Radak et al., 2017) or cancer development

(Fulda, 2009; Plati et al., 2008).

Apoptosis, the most renowned and morphologically distinct of these

programmed death processes, can briefly be described herein as characterized

by shrinkage of the cell, condensation and fragmentation of DNA, preserva-

tion of organelle structure and plasma membrane integrity, and disintegration

of the cell through blebbing of the plasma membrane, which release into the

surrounding microenvironment small vesicles, the “apoptotic bodies,”
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engulfed by phagocytes and neighboring cells (Hacker, 2000; Hengartner,

2000; Pistritto et al., 2016). Different stimuli may activate the apoptotic path-

way. They include the binding of extracellular ligands to death receptors

(DRs) at the cell surface, which stimulates the extrinsic pathway, and a variety

of receptor-independent stimuli, such as UV- or gamma-irradiation, free rad-

icals, viral infections, cellular stress, serum or growth factor withdrawal, heat

shock, chemotherapy, DNA damage (Pistritto et al., 2016; Ruggieri and

Matarrese, 2020). Binding of extracellular death ligands to their cognate recep-

tors (for example, TNF-R1, Fas/CD95, TRAIL-R1, or TRAIL-R2) at the

plasmamembrane promoted the extrinsic pathway. Their engagement induce

receptors aggregation and the subsequent recruitment of the adaptor protein

FADD and initiator caspase-8 and -10molecules, resulting in the formation of

the so-called death-inducing signaling complex (DISC). Active caspase-8/10

cleaves and activates the effector caspases (i.e., caspase-3 or -7), and then in turn

in the execution of cell death. However, both the extrinsic and intrinsic path-

ways converge onmitochondria,where permeabilization of themitochondrial

outer membrane occurs, leading to the formation of large pore through

which apoptogenic proteins (i.e., cytochrome C) can be released into the

cytosol where they trigger the activity of a family of cysteine proteases, i.e.,

caspases, that lead to proteolysis, cell disassembly, and apoptosis.

Bioactive SLs have emerged as key regulators not only of the intrinsic

pathway of apoptosis (Patwardhan et al., 2016) but also of the extrinsic death

receptors mediated apoptotic pathways (Bollinger et al., 2005). Cer repre-

sents a central intermediate in the biosynthetic pathway of SLs (Hannun

and Obeid, 2018). SLs, and especially Cer, have been linked to the modu-

lation of apoptosis (Ogretmen and Hannun, 2004). Therefore, Cer and the

enzymes that regulate the generation of ceramides, includingCerSs, SMases,

SK1 and SK2, have been studied in regard to cell death, in particular to apo-

ptosis (Galadari et al., 2015). Herein, we will specifically focus on the role of

Cer and other SLs in regard to the receptor-mediated pathways of apoptosis.

Studies performed in the last two decades, evidenced that a prerequisite

for the correct initiation of the apoptotic signaling via death receptors is

represented by receptors trimerization at the plasma membrane through

the pre-ligand binding assembly extracellular domain (PLAD) (Algeciras-

Schimnich et al., 2002; Siegel et al., 2000). This event was extensively

described for the signaling pathway induced by the receptor Fas (Siegel

et al., 2000), but it was also observed in the signaling induced by TNF

(Chan, 2007). It has been reported that once transported at the plasma mem-

brane of T cells Fas molecules trimerize (Algeciras-Schimnich et al., 2002).
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Therefore, binding of the trimerized Fas ligand induces receptor aggregation

and clustering in lipid rafts (Gajate andMollinedo, 2015; Simons and Ikonen,

1997; Simons and Toomre, 2000; Sonnino and Prinetti, 2013). Strikingly,

surface recruitment of death receptors may also lead to self-activation even

in the absence of ligand. Once these clusters are formed, a conformational

change of the intracellular part of the receptors occurs (Chan, 2007), enabling

the recruitment of FADD and pro-caspase-8 to form the DISC, where

caspase-8 is activated and activate effector caspases (i.e., caspase-3 and -7),

in turn leading to apoptosis execution (Garofalo et al., 2003; Malorni

et al., 2007; Scheel-Toellner et al., 2002). In light of these considerations,

the Fas recruitment into the lipid rafts is considered a prerequisite for an effi-

cient apoptosis induction and execution (Gajate and Mollinedo, 2015).

According with this, the constitutive localization of TRAIL death receptor 1

(TRAIL-R1), but not of TRAIL death receptor 2 (TRAIL-R2), in lipid rafts

was suggested to represent a prerequisite for susceptibility to TRAIL in

human cancer B-cell lines (Marconi et al., 2013). In fact, agents able to dis-

aggregate lipid rafts induced TRAIL resistance (Delmas et al., 2004;

Marconi et al., 2013), whereas the anticancer agents known to favor the

recruitment of DRs into the lipid rafts (e.g., perifosine, a synthetic alkyl-

lysophospholipid), significantly increased TRAIL-induced apoptosis

(Marconi et al., 2013; Wagner et al., 2007). By contrast, in gastric cancer

cells resistant to TRAIL, delfosine upregulated TRAIL-R2 and increased

its localization in lipid rafts, making them sensitive to TRAIL (Lim et al.,

2016). Several agents, i.e., Oxaliplatin, Epirubicin, β-elemene, Bufalin,

Resveratrol, Ursodeoxycholic acid, Edelfosine have been reported to be

able to induce death receptor aggregation into lipid rafts, promoting apo-

ptosis (Delmas et al., 2004; Lim et al., 2011, 2016; Xu et al., 2009, 2011,

2018; Yan et al., 2014). Thus, depending on the cell type, the TRAIL-

mediated death signal may involve TRAILR1, TRAILR2, or both but,

in any case, their localization within the lipid microdomains would seem

mandatory. Similarly, the recruitment into membrane lipid rafts of

TNFR1 following its engagement by TNF-α has also been observed in

T cells (Legler et al., 2003).

Growing evidence hinted that Cer could play an essential role in

receptor-mediated apoptosis. In fact, Cer formed from sphingolipids self-

associates through hydrogen bonding to promote raft coalescence and for-

mation of molecular platforms that cluster signal transducer components of

DISC. For instance, an increase in the amount of Cer molecules was

observed at the plasma membrane following Fas- or TRAIL-induced cell
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death (Dumitru and Gulbins, 2006; Park et al., 2008, 2010). Moreover, low

levels of intracellularCerwere correlatedwith resistance to apoptosis induced

by death ligands in different tumor cell types (Asakuma et al., 2003; Autelli

et al., 2009; Cremesti et al., 2001; Schaefer et al., 2000; White-Gilbertson

et al., 2009; Zhang et al., 2009a,b). This is apparently due to the fact that

TRAIL, as well as Fas or TNF, are able to promote the activation of

SMase that in turn induces the formation of Cer and its translocation to

the plasma membrane (Colell et al., 2002; Dumitru and Gulbins, 2006;

Grassm�e et al., 2003).Once at the plasmamembrane, ceramides self-associate

into lipid rafts to form Cer-enriched membrane microdomains that in turn

fuse each other’s forming Cer-enriched membrane platforms (Nurminen

et al., 2002). Herein, proteins involved in intracellular signaling cluster

together with death receptors (i.e., Fas or TRAILR2), facilitating DISC for-

mation thus amplifying the transduction of death signals into the cells

(Dumitru et al., 2007; Grassm�e et al., 2001a, b) (Fig. 2A).
All in all, these considerations suggested that Cer could enhance Fas-

mediated apoptosis, as well as TRAIL-induced cell death, by promoting

aggregation of trimerized receptors into lipid rafts (Cremesti et al., 2001;

Gajate and Mollinedo, 2015; Park et al., 2010). It seems conceivable that

the activation and translocation of SMase at the plasma membrane and con-

sequent formation of Cer could depend on caspase-8 activation and could

occur at an early stage during the induction of death signaling (Grassm�e
et al., 2003; Stephan et al., 2017), also involving Syntaxin-4 (Perrotta

et al., 2010). However, it has also been suggested that SMase can be activated

in late stages of death signaling, once clusters of death receptors are internal-

ized into receptosomes and fuse with intracellular trans-Golgi vesicles car-

rying inactive SMase molecules (Edelmann et al., 2011; Lee et al., 2006;

Schneider-Brachert et al., 2004; Stephan et al., 2017) (Fig. 2B). A further

important protein involved in SL metabolism able to modulate cell fate is

the Cer Synthase-6 (CERS6), an enzyme that catalyzes the synthesis of

C16-ceramide molecules, a specific form of Cer induced by apoptosis.

For example, downregulation of CERS6 seems capable of protecting colon

cancer cells from TRAIL-mediated apoptosis (White-Gilbertson et al.,

2009). CERS6 downregulation was also correlated with an impaired trans-

location of active caspase-3 into the nucleus (White-Gilbertson et al., 2009)

whereas the increase of C16-ceramide using exogenous C6-ceramide was

able to sensitize resistant colon cancer cells to TRAIL activity (White-

Gilbertson et al., 2009). Recently, it has also been reported a role for

CERS6 in modulating the response to chemotherapy of acute lymphoblastic
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Fig. 2 Molecular events occurring following the activation of receptor-mediated apo-
ptotic signaling pathway. (A) Early events. Binding of death ligand to its cognate recep-
tor can induce the activation of SMase molecules that, in turn, translocate at the plasma
membrane inducing self-association of ceramide (CER) molecules. These events lead to
the formation of CER-enriched membrane microdomains, where DISC formation is
highly enhanced. (B) Late events. Once the death receptor is internalized into intracel-
lular vesicles, known as “receptosomes,” it can fuse with lysosomes containing inactive
SMase molecules, stimulating its activation by caspase-7 molecules. CER, ceramides;
SMase, sphingomyelinase, DISC, death-inducing-signaling-complex, DD, death domain;
DED, death effector domain.
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leukemia (ALL) cells (Verlekar et al., 2018). This function of CERS6 seems

to involve the Fas pathway. In fact, the immunoprecipitation of CERS6 in

ALL cells demonstrated an association of CERS6 with Fas. These data

suggested that the binding of CERS6 to Fas could interfere with FADD

Fig. 2—Cont’d
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association to Fas, then leading to inhibition of DISC formation and, sub-

sequently, of apoptosis (Verlekar et al., 2018). Due to the central role played

by Cer in the extrinsic pathway of apoptosis, Cer analogs have been devel-

oped with the aim to mimic endogenous Cer (Antoon and Beckman, 2012;

Bielawska et al., 2008; Singh et al., 2011). Five of these have shown to be

able to increase the sensitivity of human colon cancer cells to Fas-mediated

cell death through enhancement of caspase-8 activation (Coe et al., 2016).

4. Sphingolipids in nonapoptotic cell death

4.1 Necroptosis
Even if apoptosis is one of the most investigated forms of programmed cell

death, certain SLs have recently been shown to induce a PCD that is inde-

pendent of caspase activation and is called necroptosis. This particular

programmed form of necrosis is dependent on the kinases RIPK1 and

RIPK3, which can be activated in response to various stimuli, including

Toll-like receptors, virus infection, genotoxic stress, and TNF receptors

(Vandenabeele et al., 2010). Necroptosis is involved in a number of diseases,

including ischemia/reperfusion injuries and neurodegenerative diseases

(Dhuriya and Sharma, 2018). The possible role of SLs in this particular cell

death process has emerged in two lipid storage diseases (LSDs): Gaucher dis-

ease type 2 and Krabbe disease. Gaucher’s disease (GD) is an inherited

metabolic disorder caused by mutations in the glucocerebrosidase gene

(GBA). GD type 2 differs from the type 1 for the presence of neurological

signs. These signs are due to a neuronal loss caused by the accumulation of

monohexosylceramides, glucosylceramide (GlcCer), and glucosylsphingosine

in the brain. In a mouse model of GD type 2, Vitner et al. found that neu-

rodegenerationwas not related to an increase in apoptosis cell death or caspase

activation.What positively correlatedwith neuronal loss was instead the pres-

ence of elevated levels of RIPK1 and RIPK3 in both neurons and microglia

(Vitner et al., 2014). These authors showed that RIP kinases were involved in

pathological events of GD type 2 and also in the acute neuropathological

changes in Krabbe’s disease (severe neurodegenerative SL storage disease cau-

sed by the accumulation of a different monohexosyleceramide, the galacto-

glycoconjugate (GalCer), and its lyso-derivative psychosine) (Wenger et al.,

1997). The necroptosis pathway was not activated in mouse models of other

SL storage diseases, including Niemann Pick type C disease (NPC), Sandhoff

disease and GM1 gangliosidosis in which the accumulation of cholesterol

and GlcCer occurs mainly in lysosomes. At variance, in GD the accumulation

of GluCer mainly occurs in the ER, indicating that the intracellular site of
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accumulation could be an important determinant in inducing apoptosis or

necroptosis (Platt, 2014). Cer appears to be involved in the induction of

necroptosis also in another pathological model, such as preeclampsia, a seri-

ous hypertensive disorder of pregnancy. Bailey et al. (2017) have recently

demonstrated a direct role of Cer in the activation of the RIP1/RIP3 com-

plex and the consequent activation of necroptosis in human trophoblast

cells. These studies could open new avenues for this, currently untreatable,

pregnancy disorder.

It may be possible to modulate (enhance or suppress) specific non-

apoptotic cell death pathways targeting the lipid-dependent mechanisms

of these processes providing novel routes to treat cancer or other pathol-

ogies. For example, starting from the evidence that in L929 cell line Cer-

induced necroptosis in response to tumor necrosis factor α treatment

(Strelow et al., 2000), Nganga et al. (2019) have shown that the sphingo-

sine analog drug FTY720 (fingolimod) could induce in both A549 and

H1341 human lung cancer cells a form of necroptosis dependent on the

formation of Cer-enriched membrane pores (ceramidosomes) that were

associated with the formation of the ceramide–RIPK1–nonmuscle myosin

IIA (NMIIA) complex. Necroptosis was, therefore, ultimately caused by

pore formation at the plasma membrane, which results in the release of

cytoplasmic material to the extracellular environment. Thus, in this model,

FTY720-fingolimod might mimic the function of an endogenous lipid

that normally promotes necroptosis of transformed cells to limit tumor

formation.

SLs may also play a role in inducing necroptosis due to their structural

function within lipid rafts. Chen et al. (2014) demonstrated that the

Mixed lineage protein kinase domain-like protein (MLKL), that was iden-

tified to function downstream of RIP3K in inducing necroptosis, should

form oligomers within lipid rafts of the plasma membrane in order to per-

form its function. Although there is no definite evidence on the molecular

mechanisms by which SLs can act in regulating necroptosis, what seems clear

is that their function could be as structural or signaling molecules, with great

differences on both the cellular location and the cell type considered.

4.2 Lysosomal cell death
Lysosomal cell death, or lysosome-dependent cell death, is triggered by

lysosomal membrane permeabilization (LMP), which results in the translo-

cation of cathepsins to the cytoplasm and subsequent cell death due to deg-

radation events. This peculiar nonapoptotic cell death is relevant for several
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pathophysiological conditions, including inflammation, tissue remodeling,

aging, neurodegeneration, cardiovascular disorders, and intracellular patho-

gen response (Serrano-Puebla and Boya, 2016). Some lipids and lipidmetab-

olites could trigger LMP. Two works (Taha et al., 2005; Ullio et al., 2012)

have suggested in different cellular models (i.e., the rat hepatoma cell line

HTC, and the human breast cancer cell line MCF-7) how sphingosine

could play a role in this particular process. However, the exact mechanism

by which SLs participate in this process is still not entirely clear.

Notwithstanding, in the absence of sphingosine a noticeable decrease in

LMP is detectable, suggesting that, thanks to its lysosomotropic and deter-

gent properties, sphingosine could play a role in the formation of those spe-

cific structures allowing the permeation of lysosomes.

4.3 Parthanatos
Parthanatos is a form of nonapoptotic cell death driven by the hyperactivation

of a specific PARP-1’s component, involving generation of ROS, increase in

mitochondrial permeability, accumulation of poly ADP-ribose polymers and

activation of calpain. Parthanatos does not require the mediation of caspases

for its execution, but is clearly dependent on the nuclear translocation of the

mitochondrial-associated apoptosis-inducing factor (AIF) (Fatokun et al.,

2014). Since AIF is a mitochondrial protein, its translocation into the

nucleus inevitably relates parthanatos to mitochondrial injury. This partic-

ular type of cell death seems to be involvedmainly in the context of the cen-

tral nervous system, with relevance to neurological and neurodegenerative

conditions. However, it may also underlie many further disease conditions,

including diabetes and inflammatory disorders. Prado Spalm et al. (2019)

recently showed that C2-acetylsphingosine (C2-Cer), a cell-permeable

Cer, is able to induce photoreceptor death by activating a caspase-

independent mechanism that involves the activation of PARP-1, the loss

of mitochondrial membrane potential, calpain activation, and AIF release

and translocation. All these represent the typical features of parthanatos.

This type of effect induced by C2-Cer was not found in other cell types

suggesting its possible relevance both from the pathogenetic point of view

and in the search for molecular targets for the treatment of these pathologies

(Prado Spalm et al., 2019). In fact, there are some checkpoints in the exe-

cution of parthanatos that could be taken into account in the perspective of a

therapeutic management of some pathologies associated with this type of

alterations of nonapoptotic cell death.
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4.4 Ferroptosis
Ferroptosis represents an emerging and recently discovered type of regulated

cell death characterized by iron-dependent accumulation of ROS occurring

through Fe(II)-dependent lipid peroxidation (Dixon et al., 2012). Several

proteins responsible for the regulation of iron such as ferritin and transferrin

and the cysteine antiporter receptors have been implicated in the regulation

of ferroptosis (Mancias et al., 2014). Recent studies suggested that ferroptosis

could play an important regulatory role in the onset and progression of many

diseases (Buccarelli et al., 2018; Li et al., 2020). Novgorodov et al. (2018)

have shown elevations of ceramide species and sphingosine that were pre-

ventable by inhibiting acid sphingomyelinase (ASM) activity in a model of

primary oligodendrocytes in culture treated with glutamate. The inhibition

of the glutamate/cystine antiporter system xc
� induced by glutamate treat-

ment could trigger ferroptosis in these cells. Oligodendrocytes survival

was enhanced by both downregulating ASM expression and blocking

ASM activity. These data strongly support the involvement of SLs in the

induction of ferroptosis (Novgorodov et al., 2018).

5. Sphingolipids in autophagy

Autophagy is a finely regulated degradative process for damaged or

non-essential cellular constituents, such as proteins and organelles, essential

to maintain cellular homeostasis (Hamasaki et al., 2013; Mizushima and

Komatsu, 2011). During autophagy, cells ensure basal turnover of cellular

organelles and constant supply of energy and macromolecular precursors

(Ktistakis and Tooze, 2016). Autophagy is induced in response to various

stress stimuli, such as nutrient starvation, reactive oxygen species, hypoxia,

infection, and drugs. Impairments in autophagy are associated with increased

inflammation and the development of a plethora of human diseases (Parzych

and Klionsky, 2014). Several phases characterized the autophagic process:

initiation, formation, elongation, phagophore formation and fusion with

endolysosomal vesicles, during which specific proteins and lipids are actively

involved (Mizushima et al., 2011). Thus, it is evident that regulation of

autophagy can affect each of these pathways, so researches have focused

on the detailed analysis of these complex interactions.

Several species of SL metabolites, mostly GD3, Cer and S1P have been

demonstrated to act as bioactive signaling molecules as well as key compo-

nents of microdomains of emerging importance in the different steps of
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autophagy (Hannun and Obeid, 2008; Matarrese et al., 2014; Taniguchi

et al., 2012). In particular, mitochondria-derived glycosphingolipid are crit-

ical throughout the autophagic process, from biogenesis to maturation.

Because of the opposing roles of certain SL metabolites in the regulation

of apoptosis and autophagy, a growing number of experimental data focused

on how SLs could be able to mediate the switch between cell survival and

cell death.

In this field, the role ofCer has been considered crucial in autophagy and

apoptosis crosstalk regulation. Considering the diversity of individual Cer

species (Hannun and Obeid, 2011) the high number of reports regarding

their ambiguity in cell signaling and biological effects is not surprising. In

fact, the de novo biosynthesis pathway leads to a pool of Cers with different

fatty acyl chains, which has been extensively implicated in inflammation,

differentiation as well as in the control of autophagy. However, additional

studies have proposed that variations of intracellular Cer levels could play a

role in the control of cell fate in different models, leading to opposing auto-

phagic pathways: protective (pro-survival) or lethal autophagy (pro-death)

depending on metabolic stimuli ( Jiang and Ogretmen, 2014). Moreover,

it cannot be excluded that the capacity of Cer to regulate death or survival

could also depend on its different cellular localization including mitochon-

dria, plasma membrane, endosome/lysosome, and endoplasmic reticulum/

Golgi apparatus.

Since the regulation of Cer levels depends on activation of distinct CerS

isoform, several papers based on observations derived from human patholog-

ical conditions suggested that the increase of these enzymes can strongly

contribute to regulate both cell death and/or autophagy processes through

the generation of Cer with different chain length, varying from C14 to C26

(Ponnusamy et al., 2010). For instance, recently, Brachtendorf et al. (2019)

showed that in human colon cancer, chemotherapeutic treatment was able to

enhance CerS 5 expression in a p53-dependent manner. The enhancement

of CerS 5 seems to be responsible for the increase of long chain ceramides

(C16-Cer), which, in turn, can contribute to tumor chemoresistance by

influencing early autophagic events and, probably, mitochondrial respira-

tion rate. These data are in agreement with a previous published work

(Gosejacob et al., 2016) revealing that CerS 5 is essential in glyce-

rophospholipids homeostasis and to maintain C16:0-ceramide pools

which contribute to the control of diet-induced obesity by mitophagy

(a form of autophagy that selectively acts as quality control of mitochon-

dria through the elimination and recycling of injured mitochondria).
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In fact, by using CerS5 knockout mice, the authors described an impair-

ment of autophagic response after consumption of a high-fat diet as mon-

itored by LC3A lipidation levels (Gosejacob et al., 2016). Thus, they

suggested that the loss of CerS5 and, consequently, the impairment of

autophagy flux, might apparently lead to the development of obesity

and its comorbidities. This is in line with the evidence that autophagy

was proposed to play a critical role in normal adipogenesis in vivo because

of the requirement of functional specific autophagy-related genes 7 (atg7)

(Zhang et al., 2009a, b). Furthermore, Cer-induced mitophagy might not

merely represent a molecular switch between lethal and pro-survival-

related autophagy, but could also have an impact on the regulation of

energy metabolism. Thus, mitochondrial dysfunction accompanied by

defective mitophagy could lead to toxic, and in some instances lethal, gen-

eration of ROS. A good example of the relevance of this matter is repre-

sented by the implication of CerS5 in lipid-induced autophagy due to the

C14:0-ceramide production in cardiomyocytes, a mechanism of great rel-

evance in cardiac muscle integrity and function (Russo et al., 2012).

Although the mechanism and the function of Cer-induced autophagy

need to be investigated in more detail, there is evidence (Back et al.,

2018) that under nutrient starvation,Cermight induce protective autophagy

through the deactivation of Akt/mTOR signaling axis, the first negative

regulator of autophagy (Yang and Klionsky, 2010), and p38 MAPK activa-

tion. By contrast,Cer can also be responsible of lethal autophagy. As recently

reported by Morad et al. (2019), a decreased phosphorylation of both Akt

and mTOR,was evident as an early event in human acute myeloid leukemia

(AML) cell line after treatment with C6-ceramide mixed with tamoxifen.

This effect was associated to lethal, Atg5-dependent autophagy and partic-

ipating mitophagy, suggesting a potential role for C6-ceramide when

administrated together with tamoxifen in the regulation of chemotherapy

resistance in AML.

A further ceramide-induced autophagy pathway is that associated with

the increased expression of the autophagy-associated gene beclin1 (Scarlatti

et al., 2004); in fact the stimulation with exogenous C2-Cer in human

colon cancer HT-29 cells was able to induce intracellular long chain Cer

accumulation, with an increase of Beclin1 expression. Moreover, amino

acid deprivation resulted in an increase of Cer levels, which suppressed

mTOR activity and induced autophagy in a PP1/PP2A-dependent manner.

This effect was inhibited by Cer synthase inhibitor myriocin. In addition,

in neuronal cells, the inhibition of glucosylceramides (GlcCer)-synthase
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significantly affected this pathway (Shen et al., 2014). Intriguingly, it has also

been hypothesized that in certain circumstances the C2-Cer-induced

autophagy was found to be also protective. In particular, in the human neu-

roblastoma cell line SH-SY5Y (Fan et al., 2017) C2-Cer inhibited the AKT

pathway, but simultaneously activated the c-Jun NH2-terminal kinase (JNK)

andERK1/2 pathways. The latter two turned out to play pro-survival roles, at

least in SH-SY5Y cells.

Decrease in Cer, is also associated to an overexpression of gangliosides.

Not surprisingly, neurons are particularly reliant on autophagy, since this

process is especially critical for the survival of post-mitotic cells with

high-energy demands. Post-mitotic cells are particularly enriched with gan-

gliosides, which are generated mainly via a recycling pathway that is strongly

dependent on a correct endosomal/lysosomal processing and transport

(Nixon, 2013). Early studies on ganglioside GM1 revealed its protective role

against Aβ-induced neurotoxicity in hippocampal tissue, indicating an

involvement of GM1 in the initial stage of autophagosome formation

through an enhanced expression of Beclin1 and virtually an enhancement

of neuronal autophagic activity, although the molecular mechanism remains

to be investigated (Dai et al., 2017). Additional studies revealed, in contrast,

that accumulation of gangliosides, due to impairment of ganglioside clear-

ance from lysosome in a SPG11 zebrafish model, could lead to accumulation

of autophagy markers in lysosomes, contributing to neuronal death. In par-

ticular, accumulation of gangliosides was observedwhen lysosomemembrane

recycling was inhibited by downregulation of clathrin or dynamin, as respon-

sible of a correct endosomal/lysosomal processing and transport (Boutry et al.,

2018). This observation was supported by experimental data demonstrating

that inhibition of ganglioside synthesis prevented neurodegeneration and

improvedmotoneuron phenotype.Moreover, Hwang et al. (2010a) reported

an interesting contribution of exogenously ganglioside mixture containing

GT1b, GD1a and GM1 to autophagic cell death in primary cultures of astro-

cytes, as revealed by an enhancement of autophagic vacuoles. This effect was

inhibited by either a knockdown of beclin-1/Atg-6 or Atg-7 gene expres-

sion or by 3-methyladenine, an inhibitor of autophagy. The molecular

mechanism(s) underlying this autophagic process involves several signaling

components, including generation of reactive oxygen species (ROS), inhi-

bition of the AKT/mTOR pathway, activation of the ERK pathway and

integrity of lipid rafts. Interestingly, ganglioside-induced autophagic cell

death requires initiation of the NF-κB pathway, which is also causative

for inflammatory activation of astrocytes (Hwang et al., 2010b).
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6. Lipid rafts in autophagy

Several lines of evidence define autophagy as a dynamic process that

involves a dramatic remodeling of intracellular membranes during which

core-complex proteins and some core-complex SLs have been suggested

to act together as key regulators. In particular, recent progresses in the field

(electron microscopy, biochemical and genetic approaches and more

recently high-resolution electron tomography studies), indicated the ER

membrane as the major source membranes involved in autophagosome bio-

genesis (Karanasios et al., 2016). However, the properties of the ER domain

promoting the autophagosome intermediate are not completely known. It is

known that a number of ER localized proteins co-operate in mediating the

early steps of autophagosome formation (Hayashi-Nishino et al., 2009).

Activation of the ULK complex downstream of mTOR inactivation

induces the complex to translocate to the ER and to interact with the tail

of anchored ER vesicle-associated proteins (VAPs), an essential condition

for nucleation of phagophores. Previous works showed that autophagosome

assembles on PI3P-enriched membrane domains that are in dynamic equi-

librium with ER, representing a preferential platform for VPS34 complex I

recruitment (Karanasios et al., 2013). Although a large family of mul-

tiprotein complexes has been identified as essential actors of autophagic

pathway, a particular attention was recently given to lipid contribution

to the interplay between the ER and mitochondria during autophagy.

Recent studies (Annunziata et al., 2018; Vance, 2014) identified particular

ER membrane areas tightly associated to outer mitochondria membranes,

now called MAMs. The recruitment of autophagy-related core interactors

to MAMs was previously reported by a pioneering study of Hamasaki et al.

(2013). They suggested that the ATG14 complex as well as DFCP1

re-localize to the MAM fractions during starvation, and that this recruit-

ment could involve the lipid rafts.

An interesting point could be to investigate if the molecular machinery

that regulates vesicle trafficking from the ER has a role in autophagosome

formation and in particular how proteins and lipids could be transferred

to these isolated membranes. It could be assumed that MAMs could act as

sites of nonvesicular lipid transfer between the ER and the mitochondria,

leading to combined role of proteins and lipids, specifically cholesterol

and GSLs, in allowing the formation of MAMs and their physiological

function(s). On these regard, recent studies (Hayashi-Nishino et al., 2009;
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He and Levine, 2010; Saita et al., 2013) provide some insight on this issue

suggesting that the autophagic process induced upon starvation could be the

result of a complex framework of events under the control of both core-

complex proteins and some core-complex SLs. It means that lipid rafts,

which have been detected within MAM, could represent a physical and

functional platform operating during the early steps of the autophagic pro-

cess (Garofalo et al., 2016). Accordingly, changes of organelle curvature

leading to the formation of vesicles during autophagy could be facilitated

by the SL constituents (Carlsson and Simonsen, 2015). A direct implication

of ganglioside GD3 to the biogenesis and maturation of autophagic vacuoles

has already been reported by Matarrese et al. (2014) under nutrient starva-

tion. In particular, in a model of human primary fibroblasts, it has been rev-

ealed that GD3, a core component of lipid raft-like microdomains, could be

detected in immature autophagosomes associated with phosphatidylinositol

3-phosphate (PI3P) and LC3-II as well as in autolysosomes associated with

LAMP1. Accordingly, disruption of mitochondrial dynamics by CerS-

inhibitor fumonisin B1 significantly impaired these associations and conse-

quently prevented autophagosome biogenesis and maturation. Moreover,

knocking down of GD3 synthase was found to significantly inhibit

autophagy, suggesting that the block of SL biogenesis may affect PI3P syn-

thesis and autophagosome formation. This is not surprising, since it has been

reported that during autophagosome formation, the clearance of PI3P is crit-

ical in regulating both the size and the rate of production of autophagosomes

(Cebollero et al., 2012). In fact, PI3P production appears to be involved in

the generation of a platform that is essential for the recruitment of specific

effectors required for membrane trafficking events occurring during

autophagy (Karanasios et al., 2013; Koyama-Honda et al., 2013).

Interestingly, Garofalo et al. (2016) also observed that some key auto-

phagic proteins, such as AMBRA1 andWD repeat protein phosphoinositide

interacting 1 (WIPI1) were recruited to the BECN1 complex and

re-localized to lipid rafts at MAM level by interacting with ganglioside

GD3 and Calnexin (CANX) and these associations were mainly evident

in the early phases of autophagic process. Importantly, the disassembly of

signaling molecules from lipid rafts by knocking down ST8SIA1 (GD3-

synthase) or MFN2 expression impaired both AMBRA1 and WIPI1 inter-

action with lipid raft components at MAM level, hindering autophagic flux.

These data suggest that GD3 could strongly be implicated in the early steps

of membrane scrambling at MAM level and lead to autophagosome biogen-

esis and maturation. Lipid rafts could thus play an important role in
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regulation of all the autophagic machinery by controlling the association and

dissociation of the interactor proteins of relevance in various steps of

autophagosome formation.

7. Sphingolipids and lipid microdomains
in differentiation

As mentioned above, SLs, universal components of biological mem-

branes of all eukaryotic organisms, from yeasts to mammals, in addition to

playing a structural role, also play an important part in signal transduction,

thus participating in all cellular functions, including differentiation (Hannun

and Obeid, 2018).

SLs and lipid microdomains are indispensable in the development and

differentiation of the nervous system, both central and peripheral, as well

as in neuronal differentiation of mesenchymal stem cells (Mattei et al.,

2015). Interestingly, nervous system is second only to the adipose tissue,

as far as lipid content is concerned (Adibhatla and Hatcher, 2008; Aureli

et al., 2015), and the amount of lipids detectable in the brain represents more

than 50% of its dry weight. Lipids found in the brain are SLs, glyce-

rophospholipids, and cholesterol, which are present in almost equal ratios

(Zhang and Liu, 2015). These lipids are involved in developmental, main-

tenance, and in almost all cellular processes of the brain. In fact, they act as

signaling molecules, source of energy, contribute to synaptogenesis, neuro-

genesis, impulse conduction, and many other functions (Hussain et al.,

2013). All the events associated with the development, maintenance, and

activities of the nervous system depend on the various combination of lipids

present in the different lipid rafts of the neuronal cells, and each alteration of

the lipid metabolism that alters the composition of these specialized mem-

brane areas often represents a marker of a neuronal pathology (Hussain et al.,

2019). Lipid membrane microdomains present in neuronal cells essentially

contain cholesterol and GSLs (Saher et al., 2011). Most of the cholesterol

is present in the brain as myelin and represents a determining factor in

the processes of myelination and synaptogenesis, as well as a limiting factor

in the maturation of the brain as it also contributes to the neurotransmission

(Liu et al., 2010). In particular, it has been observed that the glia-derived cho-

lesterol promotes the development and differentiation of synapses making it

indispensable for neuronal differentiation and plasticity (Goritz et al., 2005),

and experimental lines of evidence show that pre- and postsynaptic areas
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are rich in cholesterol that maintains and organizes the synaptic proteins. The

level of cholesterol in the brain appears particularly critical since neuronal

functions are impaired either by its deficiency or by its excessive level, and

must therefore be finely monitored (Suzuki et al., 2007).

Gangliosides also have a recognized role in neuronal differentiation and

the pattern of synthesized gangliosides changes according to the stages of

brain development so that some of them are considered useful markers of

differentiation (Yanagisawa et al., 2005; Yanagisawa and Yu, 2007).

In particular, GD1a has been shown to induce early neural differentia-

tion, while GD3 is also involved in the maturation process. By contrast,

GD1b seems to be responsible for the more advanced stages of differentia-

tion by increasing the formation of actin-rich dendrites (Ryu et al., 2017).

The mandatory role of gangliosides in the development and differentiation

of the nervous system is further supported by the fact that mutations affecting

genes involved in their metabolism lead to both cognitive and motor disor-

ders of clinical relevance (Ryu et al., 2017).

A further cell types in which lipid rafts are considered of great relevance

are immune system cells. In particular, T cells require distinct species of gan-

gliosides during differentiation and activation. In fact, the initial events of

T-cell activation involve the movement of the T-cell receptor (TCR) into

lipid rafts. It has been proposed that the repertoire selection from immature

thymocytes to mature T-cell subsets is accompanied by selective expression

of gangliosides in individual T-cell subsets. The selection of gangliosides

seems to represent an indispensable process in the formation of distinct

and functional lipid rafts in mature T cells. For example, ganglioside compo-

sition of rafts necessary for signaling events mediated by TCR and

costimulatory molecules differ between CD4+ T cells and CD8+ T cells

(Nagafuku et al., 2012). In particular, by liquid chromatography (LC)-MS

analysis, Nagafuku et al. demonstrated that thymocytes and peripheral

CD4+ T and CD8+ T cells express comparable levels of GM1 and

GD1b, whereas GD1a was not detectable in any of the three cell types,

and that GalNAcGM1b and GM1b levels were significantly higher in

the CD8+ T-cell subset. By using GM3S and GM2/GD2S null mice these

authors revealed a distinct expression of gangliosides between CD4+

T cells and CD8+ T cells. This knowledge lays the foundations for the

development of a therapeutic strategy to treat immune diseases by targeting

specific T-cell subpopulations by modulating ganglioside composition of

lipid rafts.
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A cross talk between the CD3 signaling and GM synthesis pathway was

also observed in splenic T lymphocytes during functional maturation fol-

lowing mild activation. In lymphocytes derived from mice, Brumeanu

et al. (2007) observed that CD3 signaling was able to upregulate de novo

synthesis of GM without affecting the cholesterol biosynthesis. This activity

can lead to a change of the proportion of GM and cholesterol in lipid rafts

accounting for the stage of functional maturation. In the same vein Zhu et al.

(2011) reported that lowering the levels of major components of lipid

rafts, i.e., SLs, can attenuate TCR signaling, T-cell activation, and differen-

tiation to the Th17 lineage.

It has also been reported an important role of S1P in orchestrating the fate

of photoreceptors in retina (Crousillac et al., 2009; Simón et al., 2019). In

particular, S1P can act as a key molecule in determining the final number of

photoreceptors, first regulating the proliferation of photoreceptor neuro-

blasts, and subsequently promoting their survival and making their differen-

tiation progress. The mechanisms responsible for S1P actions in retinal cells

have not yet been clarified. Some studies suggested that S1P could mediate

an increase in calcium levels in dendrites and cytosol (Borges et al., 2008;

Crousillac et al., 2009) promoting either external Ca2+ influx or its release

from intracellular stores. Thus, S1P might participate in neurotransmitter

release and signaling in the inner retina (Crousillac et al., 2009). While

on the one hand scientific evidence identifies lipid dysmetabolism as a pos-

sible cause of retinal degeneration, on the other hand it suggests the manip-

ulation of lipid metabolism as a possible therapeutic strategy to prevent

retinal degeneration.

SLs, in particular Cer and S1P, represent important signaling molecules

involved in the differentiation of skin cells, i.e., keratinocytes. It has been

observed that S1P can induce an increase of intracellular Ca2+ and cell cycle

arrest, which constitute the first stages of keratinocyte differentiation.

Moreover, through the modulation of calcium, S1P could regulate the

expression of genes involved in the formation of adherent junctions between

neighboring cells indispensable for the formation of the epidermal barrier

(Borodzicz et al., 2016). According with this, a dysmetabolism of SLs has

also been observed in psoriatic patients, in which, in comparison with con-

trol subjects, a lower serum Cer concentration and a higher S1P concentra-

tion were found (My�sliwiec et al., 2017). If this dysmetabolism simply

represents a pathological marker or if it could play a pathogenic role still

remains to be elucidated.
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8. Sphingolipids and diseases

The involvement of SLs and their dysregulated metabolism in the

pathogenetic mechanisms of human diseases and their progression is well

established. Sphingolipid biochemistry and signaling in human diseases

has very recently been considered, since implication of dihydrosphingolipids

(dhSph) in the pathophysiology of different disease has been suggested, as

elegantly reviewed by Megaye et al. (2019). For example dihydroceramide

(dhCer), produced as a result of the addition of fatty acyl-CoAs of differing

chain lengths to dihydrosphingosine-1-phosphate (dhSph) by the ceramide

synthase (CerS), has been implicated in predicting type 2 diabetes in obese

individuals (Blachnio-Zabielska et al., 2012). Cer metabolism is affected by

obesity and diabetes in human adipose tissue (Blachnio-Zabielska et al.,

2012). In addition, dhS1P plasma levels were found altered after major car-

diac event such as a myocardial infarction (Knapp et al., 2012) and in

hepato-renal toxicity (Riley and Voss, 2006).

Taking into account the key role of alterations occurring in programmed

cell death and autophagic pathways in human diseases and the implication of

SLs in both these cell processes described above, the “interplay” between SLs

and cell metabolism has been proposed to play a role in the onset and pro-

gression of several human diseases. In addition, since cell fate pathways and

its disturbances have been identified not only as pathogenetic determinants

but, also, as important therapeutic targets, the impact and the role of SLs

have been investigated in some detail in several pathological conditions.

Here belowwewill mention some paradigmatic examples of human diseases

in which SLs and their metabolic intermediates modifying cell fate can play

key roles.

8.1 Metabolic diseases
Several works indicate that SLs can play a key role in the pathogenesis of

several diseases including lifestyle-associated diseases, such as obesity,

hypertension, stroke, type 2 diabetes mellitus, and myocardial infarction

(Borodzicz et al., 2015). Evidence has been provided that sphingomyelin

synthase 2-driven diacylglycerol generation is the crucial lipid for insu-

lin resistance (Hirabayashi et al., 2013). Moreover, the interplay of the

orphan receptor G protein-coupled receptor family C group 5 member

B (GPRC5B) with plasma membrane SM synthase may contribute to

high-fat-induced insulin resistance (Kim et al., 2018). It has also been
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hypothesized that an imbalance in GM3 species levels could contribute to

chronic inflammation playing a pathogenetic role in metabolic disorders

(Inokuchi et al., 2017) whereas Cer has been suggested to be involved in

the cell senescence in adipocytes, hepatocytes, and myoblasts, also leading

to insulin resistance (Trayssac et al., 2018). A role for autophagy has been

suggested since many years for metabolic diseases, e.g., in terms of protec-

tion against glucose intolerance after a high-fat diet (He et al., 2012).

In addition, obesity and insulin resistance seem to be associated with a

downregulation of autophagy, whereas deletion of autophagy proteins in

adipose tissue can promote insulin sensitivity (Singh et al., 2009; Yang

et al., 2010).

8.2 Cancer
The field of investigation in which the impact of SLs in cell fate has more

intensively carried out can be referred as to cancer. This is due to the rele-

vance of apoptotic and autophagic cell programs either as concerns the onset

or the treatment of tumors. A plethora of works deals in fact with the impli-

cation of disturbances of different types of cell death in the pathogenesis of

tumors as well as with the search for drugs capable of inducing cell death,

respectively. Since sphingolipids and their metabolism have been associated

with processes determining cell fate, they have been extensively studied in

this matter. More recent works and hypotheses stem thus on the implication

of tumor suppressors and oncogenes affecting SL metabolism, modifying the

balance between pro-senescence and anti-senescence SLs. For example,

some in vitro studies suggest that the p53’s tumor-suppressive effects could

be mediated, at least in part, through the downregulation of sphingosine

kinase 1, leading to decreased sphingosine-1-phosphate levels and increased

Cer and SM levels, which then mediate apoptosis. Furthermore, the con-

version of Cer, a pro-apoptotic lipid, to sphingosine-1-phosphate, a pro-

survival lipid, can in turn modulate cancer cell fate. In the field of cancer,

several studies have been devoted to acidic ceramidase that has been observed

as overexpressed in many tumor types such as prostate (Saad et al., 2007),

head and neck squamous cell carcinoma (Elojeimy et al., 2007), and acute

myeloid leukemia (Tan et al., 2017). Importantly, it has also been shown

that the overexpression of this enzyme is associated with more aggressive

cancers and a higher resistance to chemotherapy (Beckham et al., 2013;

Saad et al., 2007). Something special also deals with the most promising

anticancer treatment, i.e., immunotherapy. In fact, targeting of the SL
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network could promote the anti-tumor immune response and overcome

resistance to immune checkpoint blockade therapy. Conversely, altered

SL metabolism seems also able to promote immune escape in certain

cancers, e.g., in melanoma cells (Garandeau et al., 2019). Hence, more in

general, SL interactionwith the adaptive immune systemhas been suggested

to be of great relevance. In few words, the study of the implication of SLs

and their metabolites in cancer appears as mandatory in order to improve

our knowledge of the mechanisms underlying cancer growth as well as can-

cer control.

8.3 Neurodegenerative diseases
Neural development and brain function are strictly dependent on

sphingolipids and their subcellular activity (Olsen and Færgeman, 2017;

van Echten-Deckert and Alam, 2018). Their accumulation, as gluco-

sylceramide, has been observed in several diseases, for example in the brain

of mouse models of Gaucher disease (Vardi et al., 2016), whereas a protec-

tive effect of sphingolipids against Sindbis and West Nile virus infections

has been hypothesized. This is apparently due to the induction of a type I

interferon response counteracting viral infection. Mutations of GBA2, the

nonlysosomal glucosylceramidase, have been associated in humans with

hereditary spastic paraplegia, autosomal recessive cerebellar ataxia and

Marinesco–Sj€ogren like syndrome (Woeste et al., 2019).

Raft-like microdomains may play a relevant role in the early events of

age-dependent neurodegenerative diseases. In particular in neurons, early

lipid impairment of these microdomains may affect the conformation

and intracellular signaling of raft integrated proteins involved in patholog-

ical events. In fact, the analyses of lipid rafts isolated from human frontal

cortex in nondemented subjects (24–85 year old), demonstrated that lipid

rafts undergo significant alterations of specific lipid classes during aging. In

particular, the major changes involve polyunsaturated fatty acids, polar

lipids (mainly phosphatidylinositol, sphingomyelin, sulfatides, and cerebro-

sides), and neutral lipids (particularly cholesterol and sterol esters). Very

interestingly, this “senescence” phenomenon of lipid raft show a clear gen-

der difference, being much more pronounced in women, especially after

menopause, than in men. Thus, it can hypothesize that the gender speci-

ficity of lipid metabolism may be responsible, at least in part, of the higher

prevalence of cognitive decline in postmenopausal women (Dı́az et al.,

2018; Gabelli and Codem, 2015).
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Therefore, the characterization of lipid raft patterns in different brain

areas may be useful to identify early neurodegeneration events, even in

asymptomatic stages, thus contributing to the development of new tools

of early diagnosis of neurodegeneration. Although the relevance of

sphingolipids in brain function has been known for decades, the molecular

details of their roles and the manipulation of sphingolipid metabolism is

emerging as a new challenge for pharmacology studies in the field of neu-

rological disorders. Determination of brain lipid alterations and their effects

on lipid/protein and protein/protein interactions may contribute to iden-

tify new potential pharmacological targets.

8.3.1 Alzheimer’s disease
AD is a progressive neurodegenerative disease that represents the majority

of all cases of dementia. This pathology induces an irreversible neurological

disorder that causes cognitive and behavioral impairment. At the molecular

level, β-amyloid peptide (Aβ), and τ protein have been identified as the

main agents causing Alzheimer’s disease (Rauk, 2009). Although amyloid

precursor protein (APP) itself is not a raft protein, a significant proportion

of APP is localized within lipid rafts (Cheng et al., 2007), following protein

palmitoylation. Therefore, it is generally considered that APP cleavage is

modulated within lipid raft microenvironment (Lemkul and Bevan, 2011).

The particular protein/lipid composition is known to influence Aβ
release (Ikeda et al., 2011) and aggregation (Tong et al., 2018). In addition,

cholesterol, a major component in lipid rafts, has an important role in APP

processing and Aβ production (Beel et al., 2010; Wahrle et al., 2002).

Indeed, this molecule plays a key role in the integration of APP within lipid

rafts, thus promoting its trafficking into these microdomains (Mayeux,

2003). Wahrle et al. (2002) observed that Γ-secretase activity could be

modulated following cholesterol content modifications at the cell plasma

membrane. The correlation between raft cholesterol and Γ-secretase levels
also enhances the cleavage of APP, depending on the availability of

β-secretase (BACE1), thereby increasing Aβ production in lipid rafts

(Beel et al., 2010). BACE1 is located within lipid rafts, where it is stabilized

by three palmitoylated residues (Kalvodova et al., 2005). Conversely,

depletion of membrane cholesterol leads to an increase of α-secretase cleav-
age of APP (Wahrle et al., 2002). Overall, these data demonstrate the

importance of cholesterol in APP processing and Aα production, a fact that

may have important consequences in AD. In addition, some studies have

reported alterations in cholesterol levels in specific brain areas with
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extensive Aβ deposits and neurofibrillary tangles (NFTs) related to AD.

Furthermore, it has been demonstrated that membrane cholesterol dereg-

ulation prompts the integration of Aβ peptide into nerve membranes

(Wahrle et al., 2002). Indeed, modulation of cholesterol levels is considered

a relevant factor of lipid raft physico-chemical properties and function (Cecchi

et al., 2009). Conversely, Aβ oligomers can also perturb cholesterol levels in

these microdomains (Han et al., 2011). Also, MAM has been observed as a

regulatory compartment for lipid regulation of cholesterol trafficking

(Tambini et al., 2016). In this concern, Tambini et al. showed that lipopro-

teins containing ApoE4 can upregulate MAM function to a significantly

greater degree than those containing ApoE3 (Vaya and Schipper, 2007).

Moreover, cholesterol derivatives, such as oxysterols (the oxidized deriv-

ative of cholesterol) may also be involved in AD pathogenesis (Marwarha

et al., 2013). Indeed, 2 of these oxysterol molecules, 24-hydroxycholesterol

(24-OH Chol) and 27-hydrocholesterol (27-OH Chol), have been found

to increase BACE1 activity at least in neuroblastoma cells.

A further relevant factor is represented by sphingomyelin. Indeed,

low levels of sphingomyelin can be detected in AD brains, accompanied

by an increased concentration of ceramides (Soreghan et al., 2003). The

higher production of Cer seems to be consequent to an increase of

sphingomyelinase (SMase) activity that hydrolyzes the sphingomyelin,

generating sphingomyelin depletion and promoting an abnormal APP

processing and cellular trafficking (Farooqui, 2012). Enhanced levels of

ceramides directly increase Aβ through stabilization of β-secretase.
Evidence also supports important roles of ceramides in neuronal apopto-

sis. Ceramides may initiate a cascade of biochemical pathways, which lead

to neuronal death by different mechanisms, including depolarization and

permeabilization of mitochondria, increased production of reactive oxy-

gen species (ROS), cytochrome c release, Bcl-2 depletion, and caspase-3

activation ( Jazvinš�cak et al., 2015).

8.3.2 Parkinson’s disease
Parkinson’s disease (PD) is characterized by a progressive loss of dopaminer-

gic neurons. The main alteration is the presence of intraneuronal inclusions,

termed Lewy bodies, formed by random and abnormal aggregation of

α-synuclein protein.

Alterations in sphingolipid metabolism may also be involved in PD

pathological progression, since membrane rearrangements of different lipid

classes, such as gangliosides, PUFA, cholesterol, saturated fatty acids and
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phospholipids may influence α-synuclein distribution and oligomerization

(Martinez et al., 2007). Specifically, it has been observed that GM1 gangli-

oside inhibits fibrillation of α-synuclein (Ariga, 2014). This observation is

in agreement with previous studies claiming an implication of gangliosides

in synucleinopathies (Badawy et al., 2018; Colasanti et al., 2014). In exper-

imental models some modifications were observed in the levels of other

ganglioside species (GD1a, GD1b, and GT1b), particularly in aged mice

(Martinez et al., 2007). These data suggested that gangliosides may partic-

ipate in the partitioning and conformational structure of α-synuclein.
Indeed, this protein has been shown to be integrated in lipid rafts, upon

binding with phospholipids (Kubo et al., 2005). This event also requires

the presence of monounsaturated or polyunsaturated fatty acids, such as

oleic acid or DHA, respectively, that are particularly abundant in lipid rafts

(Gedalya et al., 2009). Moreover, distinct n-3 and n-6 PUFA proportions

appear to be crucial for α-synuclein conformation, a phenomenon that may

stabilize the α-helix secondary structure of this protein (Gedalya et al.,

2009). Thus, PUFA proportion in lipid raft structure stability may play

a significant role in α-synuclein configuration and homeostasis at the

plasma membrane. Indeed, α-synuclein association with lipid raft moieties

is a requirement for the synaptic localization, vesicular transporter and

recycling of α-synuclein through PUFA association (Gedalya et al.,

2009). In particular, α-synuclein/PUFA binding in lipid rafts seems to be

mandatory, since it contributes to synapse vesicle recycling following neu-

ronal stimulation (Madeira et al., 2011). It has also been shown that

α-synuclein interacts with several proteins, including caveolin-1 (Fortin,

2004) and CD55 (Ferrucci et al., 2008), suggesting a pleiotropic mechanism

for this protein withinmembranemicrodomains. In the last few years, it was

shown that α-synuclein could be localized in MAMs (Guardia-Laguarta

et al., 2014, 2015). In particular, the association of α-synuclein with

MAMs is affected by pathogenic mutations of this protein in familiar PD.

As a consequence, a reduced ER-mitochondria connectivity, a decrease

in MAM functions and an increase of mitochondrial fragmentation were

observed (Guardia-Laguarta et al., 2014).

8.3.3 Prion-associated neuropathology
Since Prion protein (PrP) is a GPI-anchored protein, most of PrPC (prion

cellular protein), as well as PrPSc (prion scrapie protein), were found in lipid

rafts, as reported in neuronal (Mattei et al., 2002), and in lymphocytic cells

(Mattei et al., 2004). This localization is required for conversion of PrPC to
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the transmissible spongiform encephalopathy-associated protease-resistant

isoform (Vey et al., 1996). The refolding process of PrPC into PrPSc is gen-

erally accompanied by increase in β-sheet structure and capability to aggre-

gate into oligomers (Prusiner, 2013). Several studies suggested that PrPC is

also involved in the regulation of presynaptic copper concentration, intra-

cellular calcium homeostasis, lymphocyte activation, astrocyte proliferation,

and cellular resistance to oxidative stress (Watt et al., 2005). Recent studies

showed the involvement of PrPC in apoptotic signaling pathways (Zhang

et al., 2006). In this context, Mattei et al. (2011) showed that CD95/Fas

triggering induced a redistribution of PrPC to mitochondrial raft-like

microdomains, as well as at ER-mitochondria associated membranes, as rev-

ealed by immunoelectron microscopy observations. In particular, it was

suggested that lipid rafts could contribute to define the metabolic fate of

PrPC. Indeed, if raft-embedded PrPC is part of the complex framework

normally contributing to the death of the cell, a defective trafficking of

PrPC from and toward lipid rafts could also affect normal PrPC catabolism,

also leading to the formation of the 17-kDa polypeptide hydrolysis to form

the PrP 27–30 scrapie isoform.

8.4 Aging
The functional decline associated with brain aging is characterized by small

changes including loss of dendrites, reduction and morphological modifica-

tions of spines density, as well as changes in the molecular profile of synapses

(Mattson and Magnus, 2006). Moreover, the concentrations of several lipid

species in the human brain have been shown to decrease during senescence.

In particular, aging induces a decrease of neural gangliosides GM1 andGD1a

levels and, to a lower extent, GD1b and GT1b in the human frontal cortex

(Kracun et al., 1992). In addition, several studies have reported anomalies in

lipid rafts composition and function. In particular, it has been reported that

lipid raft composition undergoes significant alterations of specific lipid classes

(cholesterol, sterol esters, PUFA, sphingomyelin, sulfatides, and cerebro-

sides) and phospholipid-bound fatty acids (especially DHA and AA) in

correlation with brain aging (Dı́az et al., 2018). Interestingly, the impair-

ment in the proportion of distinct lipid classes follows a gradual temporal

behavior. For instance, saturated fatty acids appear to increase their levels

in lipid rafts after 70 years, whereas there is a decay in the main n-6 and

n-3 PUFA (AA and DHA, respectively) by the age of 80 years (Cabr�e
et al., 2018). As a consequence of these changes of lipid classes, several

protein-protein interactions and protein multicomplex rearrangements
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within lipid rafts were affected, thereby modifying different transduction

pathways involved in neuronal physiology (Colin et al., 2016; Marin et al.,

2017; Martı́n et al., 2010; Yamamoto et al., 2004). Nevertheless, the spe-

cific contribution of lipid raft patterns to the aging process remains to be

completely elucidated.

9. Conclusions

The extreme complexity of SLs metabolism makes their study partic-

ularly difficult both in the individual tissue districts, where some lipids can

perform specific functions, and in the whole organism, e.g., in the blood

flow. Biochemical and flow cytometric methods contributed to partially

clarify the importance of some sphingolipid/protein associations in the

physiological and pathological processes responsible for determining cell

fate, such as apoptosis and autophagy. In particular in neurons, early lipid

impairment of these microdomains may affect the conformation and intra-

cellular signaling of raft integrated proteins involved in pathological events.

Therefore, the characterization of lipid raft patterns may be useful to iden-

tify early neurodegeneration events, even in asymptomatic stages, thus

contributing to the development of new tools of early diagnosis of neu-

rodegeneration. A further paradigmatic example is that of cancer cell apo-

ptosis. For example, if the recruitment into the lipid rafts of death receptors

is mandatory for lethal signaling, it can be hypothesized that the use of drugs

capable of favoring or inducing the embedding of death receptors into lipid

rafts could be of great interest in the treatment of certain forms of cancer.

Only the comprehension of these mechanisms in different physiological

and pathological contexts will allow to get fruitful information for the

use of SLs as potential biomarkers, as pathogenetic determinants of diseases

or, why not, as therapeutic innovative targets.
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