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Abstract: In mammals, the brain exhibits the highest lipid 
content in the body next to adipose tissue. Complex sphin-
golipids are characteristic compounds of neuronal mem-
branes. Vital neural functions including information flux 
and transduction occur along these membranes. It is there-
fore not surprising that neuronal function and survival is 
dependent on the metabolism of these lipids. Autophagy is 
a critical factor for the survival of post-mitotic neurons. On 
the one hand, it fulfils homeostatic and waste-recycling 
functions and on the other hand, it constitutes an effective 
strategy to eliminate harmful proteins that cause neuronal 
death. A growing number of experimental data indicate 
that several sphingolipids as well as enzymes catalyzing 
their metabolic transformations efficiently but very differ-
ently affect neuronal autophagy and hence survival. This 
review attempts to elucidate the roles and mechanisms of 
sphingolipid metabolism with regard to the regulation of 
autophagy and its consequences for brain physiology and 
pathology.

Keywords: ceramide; gangliosides; glucosylceramide; 
sphingomyelin; sphingosine 1-phosphate.

Introduction
Complex glycosphingolipids (GSLs) are abundant and 
exhibit characteristic profiles in neuronal membranes 
(van Echten-Deckert and Herget, 2006). Vital neural func-
tions including information flux and transduction occur 
along these membranes. It is therefore not surprising 
that sphingolipid metabolism is closely related to various 

neurological disorders (van Echten-Deckert and Herget, 
2006; van Echten-Deckert and Walter, 2012; Olsen and 
Faergeman, 2017). During the last two decades especially, 
bioactive sphingolipids such as ceramide and S1P emerged 
as key signaling molecules with roles in diverse cellular 
processes (Hannun and Obeid, 2008). As part of lipid bilay-
ers sphingolipids confer unique characteristics and fluidity 
to membrane domains. Together with cholesterol, sphin-
gomyelin and gangliosides contribute to raft formation 
(Simons and Gerl, 2010). In addition, membrane dynam-
ics and membrane trafficking are essentially dependent on 
the interconversion of sphingolipids (Zheng et  al., 2006; 
Zhang et  al., 2009). A growing number of studies docu-
ment the close connection of sphingolipid metabolism 
and autophagy (Zheng et  al., 2006; Lavieu et  al., 2008; 
Bedia et al., 2011; Jiang and Ogretmen, 2014; Harvald et al., 
2015). The latter is especially critical for the survival of 
post-mitotic cells with high energy demands, like neurons 
(Nixon, 2013). Thus suppression of basal autophagy or its 
loss is causative for neurodegeneration (Hara et al., 2006; 
Komatsu et al., 2006; Saitsu et al., 2013). There are excel-
lent reviews showing how perturbations at different stages 
of the autophagy machinery are linked to defects in neu-
rodegenerative disorders including Alzheimer’s disease 
(AD), Parkinson’s disease (PD), lysosomal storage disor-
ders (LSD) and amyotrophic lateral sclerosis (ALS) (Nixon, 
2013; Menzies et al., 2015). The heavy reliance of neurons 
on autophagy and the global lysosomal network including 
the endosomal pathway becomes clear from the numer-
ous reports mentioned in these reviews (Nixon, 2013; 
Menzies et al., 2015). We, therefore, attempt to review dif-
ferent aspects of how sphingolipid interconversion affects 
autophagy in neurons and also in other neural cells.

Sphingolipid metabolism
The de novo pathway of sphingolipid biosynthesis starts 
with serine and fatty acyl-CoA condensation catalyzed 
by the rate-limiting enzyme serine palmitoyltransferase 
(Figure 1). The consecutive action of 3-ketodihydrosphin-
gosine reductase, one of six known (dihydro)ceramide 
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synthases, and dihydroceramide desaturase generates cer-
amide, the membrane anchor of most sphingolipids (van 
Echten-Deckert and Herget, 2006). Ceramide is then either 
glycosylated to generate a multitude of GSLs or acquires 
a phosphocholine head group to form sphingomyelin 
(Figure 1). Alternatively, ceramide is phosphorylated to 
generate ceramide 1-phosphate (not shown in Figure 1). 

It should be mentioned that a minor part of sphingolpids 
is generated from dihydroceramide, indicating that glyco-
syltransferases and sphingomyelin synthases also accept 
saturated ceramides as a substrate.

Note that sialic acid containing gangliosides are 
highly enriched in the brain, being particularly abun-
dant in neuronal membranes (van Echten-Deckert and 
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Figure 1: Scheme of central sphingolipid pathways in the mammalian brain.
Ceramide (Cer) is generated either de novo, starting from serine and palmitoylCoA (black arrows) or via recycling of its degradation product 
sphingosine 1-phosphate (S1P) (green arrows). Cer is both, the biosynthetic precursor and the degradation product of all glycosphingo
lipids and of sphingomyelin (SM). Degradation of ceramide occurs via hydrolysis generating a fatty acid and sphingosine (Sph), which after 
phosphorylation to S1P is irreversibly cleaved into ethanolamine phosphate (EAP) and hexadecenal (red arrows). Given are only degrading 
enzymes (red) that are mentioned in the text. Abbreviations used are (i) for lipids and their components: Cer, ceramide, N-acylsphingosine; 
DHCer, dihydroceramide; EAP, ethanolamine phosphate; Gal, D-galactose; GalNAc, N-acetyl-D-galactosamine; Glc, D-glucose; GlcNAc, 
N-acetyl-glucosamine; NeuAc, N-acetylneuraminic acid; SM, sphingomyelin; Sph, sphingosine; S1P, sphingosine 1-phosphate. The terminol-
ogy used for gangliosides is that of Svennerholm (Svennerholm, 1963). (ii) for glycosyltransferases: GlcT, ceramide glucosyltransferase 
(GlcCer-synthase); GalT I, galactosyltransferase I (lactosyl synthase); GalT II, galactosyltransferase II (GM1a/GD1b synthase); GalNAcT, 
N-Acetyl-D-galactosaminyltransferase (GM2/GD2 synthase); SAT I, sialyltransferase I (GM3 synthase); SAT II, sialyltransferase II (GD3 syn-
thase); SAT IV, sialyltransferase IV (GD1a/GT1b synthase); SAT V, sialyltransferase V (GT1a/GQ1b synthase). (iii) for other enzymes: CerS, 
ceramide synthases (from six different isoenzymes CerS1 is prevalent in the brain); CDase, ceramidase (acid ceramidase is one of the major 
glycoproteins in the brain); SK, sphingosine kinases (two known isoforms SK1 and SK2); SPP, S1P phosphatases (two known isoforms SPP1 
and SPP2); SPL, S1P-lyase; SMS, sphingomyelin synthase; ASM, acid sphingomyelinase (defect in Niemann-Pick type A and B); β-Galase, 
β-galactosidase (defect in GM1 gangliosidosis); GlcCerase, glucocerebrosidase (defect in Gaucher disease).
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Herget, 2006; van Echten-Deckert and Walter, 2012). The 
degradation of GSLs is localized mainly in the lysosomes, 
and occurs by the stepwise action of specific acid exohy-
drolases, starting at the hydrophilic end of the molecule 
(Kolter and Sandhoff, 2010) (Figure 1). More than ten dif-
ferent exohydrolases are known to be involved in GSL 
degradation. For the degradation of GSLs with three or 
fewer monosaccharide residues lysosomal exohydrolases 
need the assistance of small glycoprotein cofactors, the 
sphingolipid activator proteins (SAPs) (Furst and Sand-
hoff, 1992). The deficiency of any one of the degrading 
hydrolases and or SAPs can cause an accumulation of the 
corresponding lipid substrate in the lysosomal compart-
ment, leading to cellular toxicity. The so-called sphin-
golipidoses or gangliosidosis belong to the lysosomal 
lipid storage disorders (LSDs), a group of rare inherited 
diseases that often affect the brain as neurons are par-
ticularly sensitive to lipid accumulation (Kolter and 
Sandhoff, 2006; Platt et al., 2012).

The degradation of sphingomyelin to generate cera-
mide is catalyzed by several sphingomyelinases (Stoffel, 
1999). Since the discovery of the sphingomyelin cycle and 
of ceramide as a bioactive signaling molecule (Hannun, 
1994; Hannun and Obeid, 1995) the interest in sphingo-
myelinases increased continuously, especially their role 
in the central nervous system (CNS) (Hannun and Obeid, 
2002; Ledesma et al., 2011; Ong et al., 2015).

Degradation of ceramide comprises the formation 
of two other bioactive sphingolipids: (i) sphingosine the 
product of deacylation of ceramide catalyzed by diverse 
ceramidases (Coant et  al., 2017), and (ii) sphingosine 
1-phosphate (S1P) formed upon phosphorylation of sphin-
gosine by two different kinases (SK1 and SK2) (Maceyka 
et al., 2012). Final degradation of the sphingoid backbone 
occurs by the S1P-lyase catalyzed irreversible cleavage of 
S1P yielding ethanolamine phosphate and a long-chain 
aldehyde (Kumar and Saba, 2009). Note that S1P is also 
a substrate for phosphatases (SPP) (Le Stunff et al., 2002) 
being recycled to sphingosine (Le Stunff et al., 2007), thus 
starting a salvage pathway used especially by terminally 
differentiated cells, including neurons to rebuild complex 
GSLs (Gillard et al., 1998).

There are some characteristics of sphingolipid metab-
olism in the brain. Cellular gangliosides usually contain 
C18-sphingosine. However, gangliosides of the CNS also 
contain sphingosine with 20 carbons (Sonnino and Chig-
orno, 2000). They appear with the onset of neuronal 
differentiation and their content increases throughout 
the life span. From the six ceramide synthases (CerS1-6) 
known, CerS1 is prevalent in the brain (Ben-David and 
Futerman, 2010). It catalyzes the addition of stearic acid to 

the respective sphingoid base, generating C18-ceramide, 
the predominant ceramide species in the brain.

Note that from the two kinases known to generate S1P 
by phosphorylation of sphingosine, in the rodent brain 
sphingosine kinase 2 (SK2) predominates and is most 
active in the cerebellum followed by the cortex and brain-
stem (Blondeau et  al., 2007). Also in human brain only 
SK2 was reliably detectable (Katsel et al., 2007), suggest-
ing that sphingosine kinase 1 (SK1) plays a minor role in 
the CNS.

As mentioned, sphingolipid storage disorders mainly 
frequently affect the brain. Beside the abundancy of 
sphingolipids, the CNS is the cholesterol richest organ of 
the body (Dietschy and Turley, 2001). Thus, LSDs affecting 
the brain often involve the storage of sphingolipids and/
or cholesterol.

Autophagy
The self-eating phenomenon was first described by 
Ashford and Porter in 1962 (Ashford and Porter, 1962), 
6  years after the discovery of lysosomes by Christian De 
Duve. De Duve was the one to introduce the term autophagy 
for the process by which cells eliminate their cytoplasmic 
constituents via digestion in their own lysosomes (De 
Duve and Wattiaux, 1966). From lysosomal self-diges-
tion, autophagy emerged to a dynamic recycling system 
that produces new metabolic precursors and energy thus 
securing survival during critical circumstances including 
nutritional deficiency, hypoxia and other stressful condi-
tions (Mizushima and Komatsu, 2011). To date, three types 
of autophagy have been distinguished based on the differ-
ent ways cellular material is transported to the lysosomes: 
macroautophagy, microautophagy and chaperone medi-
ated autophagy (Mizushima and Komatsu, 2011). Here, 
we focus only on macroautophagy (commonly referred to 
as autophagy), known as the pathway for degradation of 
cellular organelles (Elmore et al., 2001; Iwata et al., 2006) 
besides the degradation of long-lived proteins (Komatsu 
et  al., 2007). Autophagy is an evolutionarily conserved 
process in all eukaryotic organisms, being essential for 
their survival, development, differentiation and homeo-
stasis (Levine and Klionsky, 2004). Accordingly, homolo-
gous autophagy-related genes (ATG) and corresponding 
proteins (ATG) – participate in autophagy from yeast to 
humans (Klionsky et  al., 2003). As illustrated in Figure 
2 autophagy starts with the formation of a phagophore 
(Mizushima et al., 2008), proposed to arise from a variety 
of non-ribosomal membrane sources (Menzies et  al., 



840      G. van Echten-Deckert and S. Alam: Sphingolipids and neuronal autophagy

2015). Subsequently this phagophore bilayer elongates to 
engulf the portion of cytoplasm to be removed. Closure 
of this growing membrane generates the autophago-
some, a vesicle which fuses via its outer membrane with 
a lysosome to generate an autolysosome. Finally the 
sequestered cargo is exposed to digestion by lysosomal 
hydrolases and recycled (Figure 2). Initiation and regu-
lation of the autophagy pathway requires the concerted 
action of about 30 evolutionarily conserved Atgs. Initia-
tion of autophagy depends on a class III phosphatidylin-
ositol-3-OH kinase (PI3K) complex formed by Beclin1/
ATG6 and other proteins. Elongation and closure of the 
phagophore membrane requires the conversion of LC3-I 
(microtubule-associated protein 1 light chain, the mam-
malian homologue of ATG8) to its phosphatidylethanol
amine (PE)-conjugated form and also conjugation of ATG5 
to ATG12. ATG7 is essential for both conjugation pathways. 
Thus LC3 is activated by ATG7, transferred to ATG3, and 
conjugated to PE on the surface of elongating autophagic 
vacuole membranes to promote forming of the autophago-
somes (Mizushima and Yoshimori, 2007).

Note that neurons are particularly reliant on 
autophagy (Nixon, 2013). In contrast to mitotic cells, 
post-mitotic neurons do not have the possibility to dilute 

arising cellular waste by division. In addition, the large 
expanses of dendritic and axonal cytoplasm consti-
tute rather long distances that have to be covered by 
autophagosomes to reach the lysosomes. This might also 
aggravate the removal of cellular waste that accumulates 
over a lifetime in neurons. It is therefore not surprising 
that defective autophagy is often associated with neu-
ronal dysfunction (Hara et al., 2006; Komatsu et al., 2006; 
Nixon, 2013; Menzies et al., 2015). Apart from homeostatic 
and waste-recycling tasks autophagy also constitutes an 
effective strategy for the elimination of aggregate-prone 
proteins in neurons and glial cells thus preventing neu-
rodegeneration (Fortun et  al., 2003; Ravikumar et  al., 
2004; Komatsu et al., 2006). There is also experimental 
evidence for the segregation via autophagic vacuoles of 
early apoptotic alterations in the neuronal cytoplasm, 
to prevent neuronal apoptosis (Stadelmann et al., 1999). 
All these findings indicate that autophagy is more than a 
bulk non-selective protein degradation pathway. Indeed, 
p62/ sequestosome 1 (SQSTM1), a common component of 
protein aggregates found in protein aggregation diseases 
of the brain like PD, AD, and Morbus Huntington (Kuusisto 
et al., 2001, 2002; Zatloukal et al., 2002; Nagaoka et al., 
2004) was found to function as an adaptor or receptor that 
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Figure 2: A simplified model of autophagy.
Autophagy starts with the formation of a phagophore at the phagophore assembly site (PAS). The phagophore then expands by recruit-
ing degradation-prone material including ubiquitinated proteins via, e.g. the lipidated membrane-bound LC3-II and the adapter p62. The 
mature autophagosomes fuse with lysosomes generating autolysosomes in which degradation of the cargo occurs. Degraded material can 
be recycled after efflux into the cytoplasm. Abbreviations used are: ATG, proteins encoded by autophagy-related genes; LC3, microtubule 
associated protein light chain; PE, phosphatidylethanolamine; p62, also known as sequestosome 1; ub, ubiquitin.
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selectively recruits cargo to autophagosomes (Bjorkoy 
et al., 2005). The p62 adaptor recognizes on the one hand 
ubiquitin, which decorates almost all protein aggre-
gates and on the other hand, the LC3 family members 
on autophagosomes (Bjorkoy et  al., 2005; Pankiv et  al., 
2007) (Figure 2). Note that several other proteins that are 
involved in the selective targeting of autophagic cargoes 
to autophagosomes have been described (Menzies et al., 
2015). Thus, clearance of damaged mitochondria by 
autophagy (termed mitophagy) requires two additional 
proteins: PINK1 (phosphatase and tensin homologue-
induced putative kinase 1) and parkin. In the absence 
of a mitochondrial membrane potential PINK1 accumu-
lates on the mitochondrial outer membrane and recruits 
parkin, thus targeting mitochondria for degradation by 
autophagy (de Vries and Przedborski, 2013). Note that 
the PINK-parkin pathway turned out to be critical for the 
clearance of dysfunctional mitochondria by autophagy 
locally in distal neuronal axons (Ashrafi et al., 2014).

It should be mentioned that although neuronal 
autophagy undoubtedly is crucial for neuronal health, 
there is also data to suggest that autophagy in glia may be 
similarly important in maintaining brain health (Di Malta 
et al., 2012; Motori et al., 2013; Smith et al., 2013).

It thus appears that the pathogenesis of most neu-
rodegenerative diseases is associated with compromised 
autophagy (Menzies et al., 2015). However, under certain 
circumstances autophagy can become deleterious, para-
doxically even its pro-survival function (Levine and 
Kroemer, 2008).

Gangliosides and neuronal 
autophagy
As mentioned post-mitotic neurons express particularly 
high levels of gangliosides. These sialic acid-containing 
complex GSLs are involved in fundamental neurobiologi-
cal processes including neuronal differentiation, synap-
togenesis, synaptic transmission and memory formation 
(Rahmann, 1995). The neuroprotective role of gangliosides 
has been reported already in the early 1990s based on their 
neuritogenic and neurotrophic activity and on the obser-
vation that mixtures of gangliosides facilitate the repair 
of neuronal tissue after mechanical, biochemical or toxic 
injuries (Svennerholm, 1994). Especially ganglioside GM1 
(see Figure 1) turned out to have a beneficial role in several 
neurodegenerative disorders including AD (Svenner-
holm et al., 2002) and PD (Wu et al., 2012). Moreover, GM1 
proved to be able to pass the blood-brain barrier following 

intravenous administration. Although the molecular mech-
anism for this therapeutic effect has never been reported, 
GM1 is still used for the treatment of a multitude of neu-
rological maladies (Zhu et  al., 2013) including ischemic 
stroke (Lenzi et al., 1994) and PD (Schneider et al., 2010). 
A recent study explains the protective effect of GM1 against 
Aβ-induced neurotoxicity by its potential to enhance 
neuronal autophagic activity (Dai et  al., 2017). However, 
this study does not provide any molecular mechanism 
except an enhanced expression of histone deacetylase 1, 
which is speculated to mediate an increased expression of 
autophagy proteins. By contrast, in a model of experimen-
tal stroke the robust protective effect of GM1 was associated 
with a significant inhibition of autophagy in neurons (Li 
et al., 2016). A possible explanation for this apparent dis-
crepancy is the fact that neurodegenerative diseases are 
generally correlated with a suppressed basal autophagy 
(Hara et al., 2006) whereas ischemic brain injury is linked 
to a severely enhanced autophagic activity in the damaged 
brain regions (Koike et al., 2008).

Additional information regarding the ambiguous 
effects of gangliosides on autophagy in the brain comes 
from a study conducted in primary cultured astrocytes 
(Hwang et al., 2010b). Astrocytes are the major glial cell 
type in the brain and the main responders to insults under 
various pathological conditions including ischemia, neu-
rodegeneration, infection and autoimmunity (Barres and 
Barde, 2000). It is known that under pathological circum-
stances gangliosides are released from damaged neurons 
into the extracellular space which might intensify the 
pathophysiological condition (Blennow et al., 1991; Michi-
kawa et al., 2001). Hwang et al. (2010b) demonstrate that 
especially ganglioside GT1b and to a lesser extent GD1a 
and GM1 induce autophagic cell death in astrocytes. The 
molecular mechanism underlying this autophagic death 
involves several signaling components: integrity of lipid 
rafts, generation of reactive oxygen species (ROS), inhibi-
tion of the AKT/mTOR pathway and activation of the ERK 
pathway (Hwang et al., 2010b). In addition, ganglioside-
induced autophagic cell death requires initiation of the 
NF-κB pathway which is also causative for inflammatory 
activation of astrocytes (Hwang et al., 2010a). The immu-
nogenic potential of gangliosides was already detected in 
the early 1990s and lead to the withdrawal of GM1 from the 
European market (Figueras et al., 1992).

Interestingly, a direct contribution of exogenously 
added ganglioside GD3 to the biogenesis and maturation 
of autophagic vacuoles has been reported in fibroblasts 
(Matarrese et al., 2014). Although GD3 is not a major gan-
glioside in post-mitotic neurons, but abundant in the early 
stages of brain development (van Echten-Deckert and 
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Herget, 2006), this approach is to the best of our knowl-
edge the first to suggest that gangliosides, via their mole-
cular interaction with autophagy-associated molecules, 
could be recruited to autophagosomes, thus contributing 
to their maturation and finally to autolysosome formation 
(Matarrese et al., 2014).

GM1 gangliosidosis is caused by mutations in the GLB1 
gene, which affect the activity of lysosomal β-galactosidase 
that catalyzes cleavage of the terminal galactose residue 
of GM1 (see Figure 1). Thus, GM1 accumulates in the lys-
osomes (Okada and O’Brien, 1968) particularly in neurons 
due to its high abundancy there. Thus, the nervous system 
of GM1 gangliosidosis patients is most severely affected 
(Suzuki and Kamoshita, 1969). Further, in post-mitotic 
neurons gangliosides are generated mainly via a recycling 
pathway that is greatly dependent on a correct endoso-
mal/lysosomal processing and transport. It is therefore not 
surprizing that autophagy has been identified as a major 
pathway for cellular lipid metabolism (Singh et al., 2009). 
However, the exact mechanism and clinical significance of 
perturbed autophagy in GM1 gangliosidosis is not entirely 
clear. Elevation of LC3-II as well as of beclin1 in the cortex 
and hippocampus of the respective mouse model was first 
interpreted as an enhancement of autophagy (Takamura 
et  al., 2008). Additional studies revealed, however, that 
the increase in these two autophagy marker proteins is 
mTOR independent and rather indicative for an impaired 
autophagic flux (Boland et al., 2010).

Together these studies clearly indicate that ganglio-
side metabolism is definitely involved in the regulation of 
neuronal autophagy, but the crosstalk between ganglio-
sides and autophagy awaits elucidation.

Glucosylceramide (GlcCer) meta-
bolism and neuronal autophagy
GlcCer is the most abundant GSL in many cell types and 
the precursor of virtually all GSLs including gangliosides 
(see Figure 1). Further, GlcCer is a direct metabolite of the 
bioactive signaling lipid ceramide. It is generated by glu-
cosylation of ceramide but can also act as a precursor for 
ceramide formation if its carbohydrate residue is cleaved 
by GlcCer hydrolases (see Figure 1). Disruption of the gene 
encoding the enzyme that catalyzes ceramide glucosyla-
tion demonstrated the vital role of GlcCer for embryonic 
development and early differentiation (Yamashita et  al., 
1999). On the other hand, mutations in the gene encod-
ing glucocerebrosidase causes cytotoxic lysosomal accu-
mulation of GlcCer (Hruska et al., 2008). This pathology, 

known as Gaucher disease, is the most common inherited 
LSD. Studies in mouse models indicate massive defects of 
neuronal autophagy including accumulation of ubiqui-
tinated protein aggregates, insoluble α-synuclein and of 
p62 (Ward et al., 2016). In addition neurons and astrocytes 
of the Gaucher mouse model accumulated dysfunctional 
mitochondria due to impaired mitophagy (Osellame et al., 
2013). The molecular mechanism underlying GlcCer-
induced defects include diminished activity of lysoso-
mal proteases, impaired autophagosome maturation and 
down-regulation of the master regulator of lysosomal 
genes, the transcription factor EB (Ward et  al., 2016). 
A direct effect of accumulated GlcCer on autophagy is, 
however, not yet available.

Sphingomyelin metabolism and 
neuronal autophagy
Spingomyelin accounts for 10% of all mammalian cellular 
lipids and is often considered a hybrid phospho-sphin-
golipid due to its phosphocholine head group bound to 
ceramide. Like GlcCer it is a direct metabolite of ceramide 
and due to its abundancy in all cells an important source 
of ceramide, especially as a response to cellular stress 
(Hannun, 1994; Levade and Jaffrezou, 1999).

Degradation of sphingomyelin to generate ceramide is 
catalyzed by several sphingomyelinases that differ in sub-
cellular localization and pH optimum (Goni and Alonso, 
2002). Functional mutations of the lysosomal acid sphin-
gomyelinase (ASM) leading to accumulation of sphingo-
myelin is known as Niemann-Pick disease (NP), another 
LSD. NP comprises type A (NPA), B (NPB) and C (NPC) of 
the disease. NPA and NPB are caused by mutations in the 
gene encoding ASM (Horinouchi et al., 1995). NPC is caused 
by mutations affecting proteins (NPC1 or NPC2) respon-
sible for the cholesterol efflux from the late endosomal/
lysosomal compartment (Kwon et al., 2009). Note that the 
molecular bases underlying this disease are closely linked 
to sphingomyelin metabolism (Lloyd-Evans et  al., 2008). 
In neurons from ASM-knockout mice as well as in fibro-
blasts from NPA patients accumulation of sphingomyelin 
considerably affected autophagy leading to an accumula-
tion of autophagosomes (Gabande-Rodriguez et  al., 2014). 
The reason for this defective autophagy flux was due to a 
sphingomyelin-induced lysosomal membrane permeabili-
sation that leads to a release into the cytosol of lysosomal 
proteases and an inadequate clearance of autolysosomes 
(Gabande-Rodriguez et al., 2014). Of interest, this effect of 
accumulated sphingomyelin could be partially reduced by 
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inhibiting ceramide synthase with fumonisin B1. Note that 
in primary cultured neurons dose-response studies revealed 
that the generation of sphingomyelin (IC50 of 0.7 μm) was 10 
times more sensitive to inhibition by fumonisin B1 than was 
glycolipid formation (IC50 of approximately 7 μm) (Merrill 
et al., 1993). Accumulation of sphingomyelin in ASM-knock-
out mice also caused functional deficits in the retina with 
the most prominent degeneration in the photoreceptor 
and outer nuclear layer (Wu et al., 2015). Like in neurons, 
these deficits were accompanied by an enhancement of the 
autophagosomal marker LC3-II, suggesting a block in the 
autophagic flux.

Note that accumulation of autophagosomal markers 
was often considered as excessive autophagy although 
it was caused by an impaired autophagic flux. A proper 
example highlighting the difficulties associated with the 
interpretation of autophagy function or dysfunction are 
studies regarding the role of autophagy in NPC (Pacheco 
and Lieberman, 2008; Elrick et al., 2012; Ordonez et al., 
2012). Loss of function mutations in the NPC1 protein 
result in incorrect trafficking of cholesterol and accu-
mulation of unesterified cholesterol and of sphingolip-
ids including primarily sphingomyelin and to a lesser 
extent GSLs in late endosomes and lysosomes. Thus, in 
this disorder not only the endosomal/lysosomal system 
is affected but also other membrane compartments like 
the endoplasmic reticulum (ER), which do not receive 
the cholesterol required for a correct membrane compo-
sition (Pacheco and Lieberman, 2008). Accumulation of 
autophagosomes in degenerating Purkinje neurons in 
mice with mutant NPC1  suggested a cell death associ-
ated induction of autophagy (Ko et al., 2005). Improved 
knowledge of autophagy pathway and superior methods 
to measure this pathway revealed that autophagy is 
defective in this disease (Elrick et al., 2012; Ordonez et al., 
2012). In conclusion, both, accumulation of sphingomy-
elin as well as an impaired lipid trafficking, contribute to 
the regulation of neuronal autophagy that appears to be 
both, induced and defective.

Ceramide metabolism and neuronal 
autophagy

Ceramide, a key intermediate in sphingolipid metabolism 
is not only the hydrophobic membrane anchor of sphin-
golipids but emerged as a central bioactive molecule in 
cellular stress response, differentiation, senescence and 
apoptosis, as well as in neurodegeneration, inflamma-
tion, cancer and infections (Hannun and Obeid, 2002). Its 
role in neuronal differentiation was reported almost two 

decades ago (Herget et al., 2000). There is, in addition, evi-
dence that the hippocampal content of ceramide consid-
erably affects neuronal growth, maturation and survival 
and hence behavior (Gulbins et al., 2013). The extensive 
implication of ceramide in the control of autophagy (Jiang 
and Ogretmen, 2014) implicates the question whether 
these effects of ceramide are correlated. Based on studies 
performed in diverse cell lines it has been proposed that an 
elevation of ceramide induces the formation of autophago-
somes (Zheng et  al., 2006). But is this assumption also 
applicable to post-mitotic neurons? A study conducted in 
primary cultured neurons revealed that inhibition of cera-
mide glucosylation enhances autophagy flux monitored 
by the increase of the ratio LC3II/LC3I (Shen et al., 2014). 
However, inhibition of GlcCer-synthase might not only 
lead to an increase of the amount of ceramide but might 
also reduce the amount of all GSLs and/or might direct 
ceramide either into the degradative pathway or to sphin-
gomyelin formation (see Figure 1). Thus, diverse changes 
could be responsible for the enhanced autophagy flux. 
Nevertheless, in agreement with findings in non-neuronal 
cells, where ceramide-induced autophagy involved deac-
tivation of the AKT/mTOR pathway (Scarlatti et al., 2004), 
the primary negative regulator of autophagy (Yang and 
Klionsky, 2010), inhibition of neuronal GlcCer-synthase 
affected the same pathway (Shen et al., 2014). Note that 
deactivation of AKT by ceramide occurs through the acti-
vation of PP2A (protein phosphatase 2A) which acts on 
PI3K-dependent kinase 2 thus precluding phosphoryla-
tion of serine 473 and hence activation of AKT (Schubert 
et al., 2000). Apparently, in rapidly dividing cells inhibi-
tion of the AKT-pathway often leads to autophagic cell 
death (Gozuacik and Kimchi, 2007) and is accompanied 
by an up-regulation of beclin 1 (Scarlatti et  al., 2004) 
whereas in post-mitotic neurons it has a pro-survival 
effect by promoting degradation of aggregate-prone pro-
teins (Spilman et al., 2010) most probably due to an ele-
vated autophagic flux as well as an increase in size and 
number of lysosomes and late endosomes (Shen et  al., 
2014). Intriguingly, C2-ceramide-induced autophagy was 
found to be protective also in the human neuroblastoma 
cell line SH-SY5Y (Fan et al., 2017). Yet multiple signaling 
pathways were critical in C2-ceramide-induced autophagy 
in these cells. As described above, C2-ceramide inhibited 
the AKT pathway but simultaneously activated the c-Jun 
NH2-terminal kinase (JNK) and ERK1/2 pathways. The 
latter two turned out to play pro-survival roles in SH-SY5Y 
cells. The pro-survival role of the ERK1/2 pathway in 
ceramide-induced autophagy has been shown in other 
carcinoma cells (Zhu et al., 2014). However, the pro-sur-
vival role of JNK in C2-ceramide-induced autophagy is 
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rather surprising, as it was linked to cell death in other 
carcinoma cells (Li et  al., 2009). Ceramide was shown 
to liberate beclin1 for autophagy induction through the 
JNK-mediated phosphorylation of Bcl-2 (Pattingre et  al., 
2009). Notably, suppressors of apoptosis such as the Bcl-2 
family directly bind and control beclin1 (Pattingre et al., 
2005). Of note, disruption of the beclin1/Bcl-2 complex 
emerged as a common mechanism in ceramide-associated 
autophagy that usually promotes cell death (Young et al., 
2013). However, in neuroblastoma cells ceramide-induced 
activation of JNK did not act on the beclin1/Bcl-2 complex. 
One is tempted to conclude that in neurons and neuro-
blastoma cells ceramide-induced autophagy is protective 
although it is mediated by inhibition of the AKT-pathway.

More data regarding diverse mechanisms underlying 
ceramide-mediated autophagy in different cancer cell lines 
were elegantly reviewed elsewhere (Jiang and Ogretmen, 
2014). Interestingly, in non-neuronal cells a growing 
number of studies focus on dihydroceramide (DHCer) 
–induced autophagy and its role on cell fate (Signorelli 
et  al., 2009; Gagliostro et  al., 2012; Siddique et  al., 2013; 
Li et  al., 2014; Cingolani et  al., 2014; Rodriguez-Cuenca 
et  al., 2015; Hernandez-Tiedra et  al., 2016; Casasampere 
et  al., 2017). Regarding the effect of DHCer on neuronal 
autophagy, there is to the best of our knowledge, only one 
report available at the present time. Although treatment of 
primary cultured neurons with two DHCer desaturase inhib-
itors reduced the enzymatic activity only by 20% after 24 h 
and by nearly 50% after 48 h, a series of parameters includ-
ing viability, the expression of synaptic marker proteins, 
and the lipidome were significantly affected (Ordonez-
Gutierrez et al., 2018). Although experimental evidence for 
an increased autophagy is rather weak, the authors spec-
ulate that accumulation of DHCer is causative for induc-
tion of autophagy (Ordonez-Gutierrez et al., 2018). On the 
other hand, lipophagy, a specialized form of autophagy 
for the degradation of lipid droplets, was correlated with 
DHCer desaturase activity and neurodegeneration. Con-
sequently, in Drosophila depletion of DHCer desaturase 
caused lipophagy-mediated, activity-dependent neurode-
generation of photoreceptors (Jung et al., 2017). Similarly, 
impairment of lipophagy and apoptosis were induced in 
SH-SY5Y human neuroblastoma cells following DHCer 
treatment (Jung et  al., 2017). Moreover, pharmacologi-
cally induced accumulation of DHCer in glioblastoma cells 
turned out to be cytotoxic and accompanied by increased 
autophagy but also by ER stress and oxidative stress (Noack 
et al., 2014). In conclusion, DHCer appears to be correlated 
with an enhanced cytotoxic autophagy in neurons and glio-
blastoma cells. The molecular mechanism underlying this 
effect is, however, not known so far.

S1P metabolism and neuronal 
autophagy

S1P, a catabolic intermediate of ceramide has emerged as 
an evolutionarily conserved bioactive lipid. In contrast to 
ceramide, S1P is primarily known as a survival lipid mes-
senger due to its tissue protective properties (Olivera and 
Spiegel, 1993; Oskouian and Saba, 2010). Similarly, S1P 
has been found to induce protective autophagy, distinct 
from ceramide-induced autophagy-associated cell death 
in several malignant cell types (Li et al., 2014). Note that 
S1P acts either via five G-protein coupled receptors termed 
S1PR1-5 or as an intracellular second messenger (Spiegel 
and Milstien, 2003).

While the role of S1P-mediated autophagic mechanisms 
has been well documented in non-neuronal cells, studies 
on the role of S1P in neuronal autophagy are rather limited. 
In non-neuronal carcinoma cells S1P-mediated autophagy 
has not been related to the accumulation of beclin1 protein 
or to the suppression of AKT (Lavieu et al., 2006). However, 
mTOR was inhibited by increased S1P levels in cancer cells 
(Lavieu et al., 2006; Chang et al., 2009; Oskouian and Saba, 
2010). Thus, S1P induces autophagy via inhibiting mTOR 
independently of AKT and PI3K. Depending on the cell type 
induction of autophagy by exogenous S1P requires certain 
functional S1P receptors including S1PR3 (Taniguchi et al., 
2012) and S1PR5 (Chang et al., 2009).

Neuronal autophagy appears to be closely linked to S1P 
metabolism. In a search for novel regulators of autophagy 
in neurons the group of Andrey S. Tsvetkov found that like 
in non-neuronal cells SK1 that generates S1P by catalyzing 
sphingosine phosphorylation, enhances autophagic flux 
in neurons whereas S1P-degrading enzymes like SPP and 
S1P-lyase decrease this flux (Moruno Manchon et al., 2015). 
The authors suggest that activation/overexpression of SK1 
triggers the biogenesis of a pre-autophagosomal beclin1-
positive structure. They demonstrated that endosomes 
make contacts with the ER in cells undergoing autophagy 
and propose that endosomes, to which activated SK1 is 
relocated, provide the ER with S1P for the biogenesis of 
autophagosomes (Moruno Manchon et al., 2015). Notably, 
SPP and S1P-lyase are also localized to the ER, ensuring 
that dispensable S1P can be locally degraded to stop its 
signaling. Indeed, degradation of mutant huntingtin, the 
protein that causes Huntington’s disease, can be regulated 
by SK1 and S1P-lyase, suggesting a key function of S1P in 
this neurodegenerative disease (Moruno Manchon et  al., 
2015). Accordingly, pharmacological inhibition of S1P-
lyase with THI in striatal and cortical neurons transfected 
with mutant huntingtin protected them from neurotoxicity 
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and improved their survival (Moruno Manchon et  al., 
2015). In contrast to these results, we found a blocked 
autophagic flux in S1P-lyase deficient murine brains and 
also in primary cultured neurons treated with THI (Mitroi 
et  al., 2017). The explanation for this unexpected result 
is the fact that depletion of S1P-lyase not only causes an 
increase of S1P but also a decline in phosphatidylethan-
olamine (PE) synthesized from ethanolamine phosphate, 
one of the degradation products of S1P (see also Figure 1). 
The abundancy of sphingolipids in neurons might explain 
the age-dependent decrease of PE in S1P-lyase deficient 
brains. Obviously PE, the lipid anchor of LC3 in phagophore 
membranes is essential for the maturation and closure of 
autophagosomes (see also Figure 2). Accordingly, in S1P-
lyase deficient brain sections increased phagophore-like 
and reduced autolysosome-like structures were detected 
(Mitroi et  al., 2017). The biochemical analysis showing 
diminished LC3-II/LC3-I ratio, and increased expression 
of beclin1 and p62 also suggest a blockage at the initial 
stages of the autophagic flux (Mitroi et  al., 2017). In line 
with defective autophagy, we further observed the accumu-
lation of aggregate prone proteins like amyloid precursor 
protein (APP) and α-synuclein in the S1P-lyase deficient 
brains. Moreover, treatment of neurons with PE restored the 
autophagy defects, followed by normalization of the neu-
rodegenerative markers to control levels thereby providing 
new insights on how S1P-lyase might regulate autophagy 
in neurons (Mitroi et  al., 2017). In contrast to other cell 
types, neurons are abundant in complex sphingolipids and 
therefore the S1P degradation product ethanolamine phos-
phate might be essential for the PE involved in neuronal 
autophagy. Our findings assume significance in the context 
that artificially increasing PE levels have been shown to 
extend the life span by increasing autophagic flux in yeast 
(Rockenfeller et  al., 2015). Moreover, a striking scenario 
wherein Leishmania remodels the sphingolipid pathway for 
ethanolamine production, which otherwise is not the pre-
dominant PE synthesizing pathway in eukaryotes has been 
documented (Zhang et  al., 2007). Remarkably, according 
to the findings of Moruno Manchon et  al. (2015), we also 
found an increased expression of beclin1 in S1P-lyase defi-
cient brains (Mitroi et al., 2017), which might be independ-
ent of the PE content but correlate with the elevated S1P in 
S1P-lyase deficient neurons.

From these reports, it is evident that autophagy reg-
ulation by S1P is more complicated and dynamic than it 
appears at first glance. In neurons manipulation of S1P-
lyase, the enzyme which connects sphingolipid and phos-
pholipid metabolism, implicates both the increase of S1P 
and the simultaneous decrease in PE, which both affect 
autophagy albeit in an antagonistic way.

Similarly, SK1 catalyzes the conversion of pro-apop-
totic sphingosine to pro-survival S1P (Hannun and Obeid, 
2008). In neurons especially sphingosine was shown to 
be involved in the regulation of membrane fusion during 
synaptic vesicle exocytosis by acting on different compo-
nents of the SNARE complex (Darios et al., 2009). As neu-
ronal and endocytic SNARE proteins are highly conserved 
in structure and function (Antonin et al., 2000) it is not 
surprizing that sphingoid base metabolism also regulates 
membrane fusion events in the endocytic pathway, which 
converges with the highly conserved recycling pathway 
of autophagy (Young et al., 2016). Thus accumulation of 
sphingosine, the substrate of SK1 induces the formation 
of enlarged dysfunctional late endosomes that impair 
autophagy whereas recruitment of SK1 to sphingosine-
enriched endocytic vesicles and generation of S1P facili-
tates membrane trafficking along the endosomal pathway 
(Young et al., 2016).

Further, the cellular environment including basal con-
ditions, nutritional stress or cell damage might also dictate 
how enzymes involved in S1P metabolism act in relation to 
the autophagic processes. For instance, SK2 is a key player 
in hypoxia-induced autophagy promoting neuronal sur-
vival (Sheng et al., 2014). SK2, a BH3-only protein (Liu et al., 
2003) disrupts the beclin1/Bcl-2 complex thus releasing 
beclin1 for autophagy induction. Note that BH3-only pro-
teins usually antagonize the activity of pro-survival proteins 
such as the Bcl-2 family (Willis and Adams, 2005). However, 
in mouse cortical neurons SK2-associated autophagy pro-
motes survival and is independent of its catalytic activity. 
Remember, ceramide-induced and JNK-mediated disrup-
tion of the beclin1/Bcl-2 complex triggered autophagy-asso-
ciated cell death in cancer cells (see previous section).

Collectively, all these studies highlight the intimate 
link between S1P metabolism, autophagy, and endocytic/
membrane fusion events.

Conclusion and outlook
Autophagy plays a key role in brain homeostasis. There is 
no doubt that sphingolipid metabolism is closely involved 
in neuronal autophagy regulation. Yet the number of 
studies regarding this topic is relatively scarce but continu-
ously increasing (Table 1). Often the role of sphingolipids 
appears to be ambiguous. There is plenty of work ahead of 
understanding the mechanisms which determine the sur-
vival or cell death function of autophagy in neurons. Gener-
ally, enhanced neuronal autophagy appears to be beneficial 
in post-mitotic neurons but under certain circumstances 
it can also be detrimental. Understanding of the exact 
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regulation of autophagy is therefore of key importance. 
Neuronal autophagy is, in addition, a target for therapeutic 
strategies of neurological disorders including neurodegen-
erative diseases as well as LSD. In this regard manipulating 
sphingolipid metabolism might represent a helpful tool to 
direct the autophagy activity versus neuronal health. The 
development of pharmacological autophagy modulators 
that target sphingolipid metabolism is alive, although in its 
infancy (Casasampere et al., 2017).
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