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Abstract

Sphingolipids are a large group of molecules, crucial components of all mammalian cells,
that are particularly abundant in the central and peripheral nervous system and associ-
ated with important human brain functions. Sphingolipids are necessary for membrane
organization and driving functions. Ceramide, sphingosine-1-phosphate and GM1, show
bioactive properties. Ceramide and sphingosine-1-phosphate play a crucial role in the
regulation of physio-pathological conditions. Small changes in their levels, in the ratio
sphingosine-1-phosphate/ceramide as well as in chain length profiles of sphingolipids con-
tribute to alter signaling pathways in neurons and glia, contributing to various neurological
disorders. GM1 is considered a neurotrophic and neuroprotective compound and seems
to be necessary for the correct functioning of neuronal membrane receptors, suggesting
that a reduction in its level in the brain can be involved in neurodegenerative diseases. In
this review, we give an overview of sphingolipid metabolism, summarizing the role of
ceramide, sphingosine-1-phosphate, and GM1 in maintaining human health.

Keywords: sphingolipids; ceramide; sphingosine-1-phosphate; glycosphingolipids;
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1. Sphingolipid Structure

Sphingolipids are a complex and very large group of compounds present in all cells and
tissues, some of which occur in high concentrations in the nervous system [1]. Sphingolipids
are characterized by containing the long-chain amino alcohol 2-amino-1,3-dihydroxy-
octadec (or eicos)-4-ene, commonly known as sphingosine (Figure 1A). The sphingolipid
structure is very variable and originates from “de novo synthesis”, from the degradation of
more complex structures [2], or the recycling of long chain bases via a salvage pathway [3,4].

Sphingolipids are crucial compounds in the physiology of cells, playing a role in
membrane organization, membrane receptor activity and in modulating a wide range of
physiological processes such as cell proliferation, differentiation and death.

Within the sphingolipids, there are the amphiphilic glycosphingolipids and phoshos-
phingolipids, in which the amino group of sphingosine is linked with a long acyl chain.
Glycosphingolipids can be classified as neutral or acidic; the acidic ones contain sialic acid
and are named gangliosides (Figure 1B,C), or contain sulphate and are named sulphatides.
The main phosphosphingolipid is sphingomyelin (Figure 1D). In addition, as phosphos-
phingolipid we have in small amount sphingosine-1-phosphate (51P) [3,5-9] (Figure 1E).
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Finally, we mention the very hydrophobic ceramide (Cer), a sphingosine which amino
group is linked with a fatty acid (Figure 1F).
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Figure 1. Chemical structure of sphingolipids. (A) structure of four long-chain bases present in
sphingolipids. Cig and Cy( sphingosines are the main long chain bases, covering 95% of total long
chain bases. The Cig sphingosine and sphinganine are components of all sphingolipids, while the Cpg
species are present also in gangliosides; (B) general structure of gangliosides. The structure of sialic
acid is represented linked to a general glycolipid R; (C) structure of ganglioside GM1; (D) structure
of sphingomyelin; (E) Structure of Cyg S1P; (F) chemical structures of C;g ceramide, Cpy ceramide,
Cjg dihydroceramide and Cyy dihydroceramide.

2. Sphingolipid Metabolism

The metabolic process leading to the final content and pattern of sphingolipids de-
pends on several processes, namely biosynthesis, intracellular trafficking and catabolism.
Being sphingolipids, membrane components, their structure and content are strictly as-
sociated with the turnover of the plasma membrane and depending on a two-way flow
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of molecules from and to the plasma membranes. This process is mainly driven by vesic-
ular traffic, while non-vesicular transport via sphingolipid-binding proteins contributes
significantly to specific steps [10-16].

De novo biosynthesis of sphingolipids initiates at the cytosolic leaflet of the endoplas-
mic reticulum (ER). The enzymes responsible for the reaction sequence that leads to the
sequential reactions which produce ceramide, the common precursor of sphingomyelin
and all glycosphingolipids, are also located in the ER. “De novo” synthesis of sphingolipids
is catalyzed by serine palmitoyl transferase and by serine oleyl transferase [17], which
condenses palmitoyl-CoA or stearolyl-CoA with L-serine to form dihydrosphingosine,
named sphinganine [3,18]. Then, the N-acylation of sphinganine with a fatty acid produces
dihydroceramide in a reaction catalysed by a family of six (dihydro)-ceramide synthases
(CerS) [17,19]. In the salvage pathway, the same enzyme catalyses ceramide synthesis
from sphingosine (Sph) [3], which is produced in the lysosomal catabolism of complex
sphingolipids. In the “de novo” synthesis, Cer is formed by the addition of a double
bond to dihydroceramide by dihydroceramide desaturase (DES). Ceramide reaches the
Golgi apparatus by both the vesicular and ceramide transported CERT mediated path-
ways [13-16] for sphingomyelin (SM) synthesis, and by vesicular transport for the synthesis
of glycosphingolipids. Cer, in turn, can be phosphorylated by Cer kinase to form Cer
1-phosphate (Cer1P) possibly via the direct action of CERT [3,20] or may be converted into
complex sphingolipids (SM and glycosphingolipids). Cerl1P is mainly synthesized in the
Golgi apparatus. Cer1P is also present in the perinuclear region, implying that Cer kinase
might also be localized close to the nuclear envelope, or that Cer1P could be transported
from the Golgi apparatus to the nuclear membrane [21]. A specific CerlP transfer protein
(CPTP) has also been reported [22]. CPTP transfers CerlP from the Golgi apparatus to
the plasma membrane and to other organelles where it could exert its effects regulating
different cell functions [22-24]. SM synthase (SMS existing in two isoforms) catalyse the
synthesis of SM linking the 1-hydroxyl group of Cer to phosphocholine [3].

Regarding the synthesis of glycosphingolipids, ceramide is first glucosylated. A ce-
ramide glucosyltransferase on the cytosolic surface of the early Golgi membrane generates
glucosylceramide, the first glycosylated product, which can in minor quantities directly
reach the plasma membrane [25], presumably transported through a non-vesicular mech-
anism. FAPP2 is a transfer protein for glucosylceramide that has a crucial role in the
synthesis of complex glycosphingolipids [21,26-29]. A portion of ceramide is also trans-
formed into galactosylceramide. Glucosylceramide is translocated to the luminal side of
the Golgi, where the glycosyltransferases that synthesize more complex glycosphingolipids
are located.

Both glycosphingolipids and sphingomyelin are transported from the Golgi apparatus
to the plasma membrane through exocytotic vesicle-mediated traffic. According to this,
the sphingolipid components of the inner membrane layer of vesicles, after fusion of these
with the membrane, become components of the external plasma membrane.

Very little is known about the regulation of the neo-biosynthetic process of sphin-
golipids. Glycosphingolipid production is believed to be mainly regulated transcriptionally
by regulating glycosyltransferase or transporter protein levels. These have been in part
confirmed by observing some parallel changes of cellular glycosphingolipid patterns and
variations in the expression of the corresponding glycosyltransferases. However, it has been
proposed that differential intracellular trafficking of different glycosphingolipids might
affect the resulting glycosphingolipid patterns [30]. The general scheme for the synthesis of
sphingolipids is reported in Figure 2.
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Figure 2. Sphingolipid synthesis and metabolism. SPT, serine-palmitoyl transferase; KSR, ketosph-
inganine reductase; CerS, ceramide synthase; DES, dihydroceramide desaturase; GlcCerS, gluco-
sylceramide synthase; GlcCerDase, glucosylceramidase; CerGalT, ceramide galactosyl transferase;
GalCerDase, galactosylceramidase; SMS, sphingomyelin synthase; Gal T, galactosyl transferase;
Sulfatidyl T, Sulfatidyl transferase; SM, Sphingomyelin; GlcCer, Glucosylceramide; GalCer, Galacto-
sylceramide; LacCer, Lactosylceramide; PC, phosphatidylcholine; DAG, diacylglycerol.

The degradation of plasma membrane sphingolipids takes place in the lysosomes,
which are reached by the endocytic vesicular flow through the early and late endosomal
compartments. Sphingolipids that start at the plasma membrane can travel to the Golgi on
their way to lysosomes, be structurally modified there, and then be sent back to the plasma
membrane. In neuronal cells observed in neuronal cells [31], this provides a further mecha-
nism for controlling plasma membrane sphingolipid composition. Similarly, intermediate
products of the lysosomal catabolism may exit the lysosomes and be recycled, through the
salvage pathway, along the biosynthetic pathway [32]. In lysosomes, sphingolipids are
sequentially degraded by specific hydrolases, in some cases assisted by specific activator
proteins, to low-molecular-mass molecules, choline, sphingosine and the carbohydrate
units. The carbohydrate units are recycled through several cellular processes. A scheme for
the lysosomal degradation of sphingolipids is reported in Figure 3.

Cer can be de-acylated to Sph and fatty acids by three isoforms of ceramidases (clas-
sified according to their optimum pH) present at the level of membranes, lysosomes and
mitochondria [3,33]. Sph, formed in the lysosomes, in the cytoplasm and in the ER, can be
phosphorylated in an ATP-dependent reaction by sphingosine kinase to form S1P [34,35].
Two isoforms of sphingosine kinase have been demonstrated: sphingosine kinase 1 (SphK1)
localized mainly in the cytosol and at the plasma membrane [36], and sphingosine kinase
2 (SphK2) found mainly at the plasma membrane and nucleus [37,38]. In the ER, S1P, in
turn, may be phosphorylated or dephosphorylated to Sph by specific SIP phosphatases
(SPPs) [39-43] or irreversibly cleaved by S1P lyase to form hexadecenal and phospho-
ethanolamine [44-46].
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Figure 3. Sphingolipid catabolism. SM, Sphingomyelin; GlcCer, Glucosylceramide; GalCer, Galac-
tosylceramide; LacCer, Lactosylceramide; SMase, sphingomyelinase; GlcCerDase, glucosylcerami-
dase; CerDase, ceramidase; GalCerDase, galactosylceramidase; SphK, sphinosine kinase; SPP1,
Sphingosine-1-Phosphate phosphatase; S1P lyase, Sphingosine-1-Phosphate lyase.

The biological role of simple degradation products derived from the lipid fraction of
sphingolipids has been studied in detail, and the knowledge that some reactions involving
ceramide occur in the plasma membrane has opened a new frontier in the regulation of
sphingolipid membrane composition. Sphingolipid membrane composition depends not
only on Golgi biosynthesis, lysosomal catabolism, and intracellular trafficking but also on
direct transformations at the plasma membrane surface.

Sphingomyelin hydrolysis by a plasma membrane Mg?*-dependent neutral sphin-
gomyelinase (SMase) occurs at the cell surface [47]. The enzyme is membrane-resident or
translocated to it from intracellular sites upon stimulus. A second enzyme [48,49] must also
be considered: the lysosomal acid SMase, probably associated with the membrane after
plasma membrane-lysosome fusion. A sphingomyelin synthase (SMS2) distinct from the
Golgi isoform has been detected at the plasma membrane [50]. Therefore, the presence of
two enzyme activities allows cells to adjust plasma membrane ceramide and sphingomyelin
levels reciprocally in response to physiological changes, without having to sort substrates
to intracellular metabolic compartments (Figure 4).

Comparable observations have been documented for additional enzymes involved
in bioactive sphingoid regulation; plasma membrane-associated ceramidases and SphK1
have been implicated in producing sphingosine and/or sphingosine-1-phosphate at the cell
surface [51-53]. S1P can act intracellularly or can be transported across the membrane by
specific transporters and can act through specific receptors (S1PRs) present at the plasma
membrane [54]. Sphingosine can also be phosphorylated to form S1P by sphingosine
kinase 2 (SphK2) at the mitochondria, nucleus, and ER [55] (Figure 4).

With respect to glycosphingolipids, the information on the plasma membrane regula-
tion of ganglioside content by desialylation-sialylation reactions goes back many years. The
existence of a membrane-associated sialidase has been previously known [56,57]. However,
more recent reports confirm the existence of sialidase Neu3, which differs from the lyso-
somal sialidase [58,59]. More recent is the information of the plasma association of acidic
glucosidase, galactosidase and hexosaminidase, due to a lysosome—plasma membrane
fusion process. In addition, the plasma membrane gluocerebrosidase GBA2, different from
the lysosomal GBA1, has been studied in detail. These glycosidases, together with the
plasma membrane sialyltransferase as well as other glycosyltransferases, are [60] associ-
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ated with the plasma membrane, allowing a series of equilibrium reactions involving the
glycosphingolipid structures and ceramide [61] (Figure 4).
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Figure 4. Sphingolipid rheostat. Schematic cartoon of important enzymes that regulate the S1P

levels with “inside-out” signaling by the S1P/S1PR axis that can influence actions of the sphingolipid
rheostat. SPPase, S1P phosphatase; S1PRs, S1P receptors.

3. The Hydrophobic Sphingolipids
3.1. Ceramide and Ceramide Properties

Ceramide is characterized by a long-chain sphingoid base N-acylated with fatty acids
of varying chain lengths (usually C14-C26) [62]. In mammals, ceramide synthases are
the enzymes of N-acylation of sphinganine/sphingosine and each of the six ceramide
synthases (CerS1-6) mainly use as substrate a small range of acyl-CoAs, giving rise to
different ceramide species [19]. The six endoplasmic reticulum (ER) membrane-bound
CerS each N-acylate substrates using a select group of fatty acyl-CoAs, but they exhibit less
specificity in the utilization of long-chain bases. It is not yet known why mammals have
multiple CerS that generate a specific subset of ceramide, but this suggests a pivotal role
for ceramide with specific fatty acid moieties in cell physiology [63]. Since sphingolipids
are particularly abundant in nervous tissue, small changes in chain length profiles can
profoundly alter membrane properties and signaling pathways in neurons and glia [64].

It has been demonstrated that the different molecular species of Cer have a different
effect on the membrane organization; the acyl chain saturation drives the membrane
lateral organization, and the chain asymmetry dictates interdigitation and membrane
morphology [64]. The saturated ceramide have a crucial role in increasing the order and
promoting gel/fluid phase separation in the membranes. On the contrary, unsaturated
ceramides show a reduced ability (C24:1) or no ability (C18:1) to form gel domains at
37 °C [64]. On the other hand, the variation among saturated species is reduced, and these
differences are generally associated with the morphology and size of the gel domains.
Moreover, very long chain ceramides form tubular structures [64].

In the CNS, the different isoforms of CerS are characterized by specific expressions.
In particular CerS1, that utilizes mainly C18-Cer, is highly expressed in neurons of the
forebrain and cerebellum; CerS2, that utilizes mainly C22-24-Cer, is enriched in oligodendro-
cytes and myelin, where very-long-chain ceramides stabilize compact myelin membranes;
CerS5/6, that utilizes mainly (C16-Cer), is widely expressed, including in astrocytes and mi-
croglia, and is often linked to stress responses; and CerS3, that utilizes mainly C24-26-Cer,
is expressed at low levels in brain except in reproductive tissues, but contributes to minor
pools in glia [63,65].
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Different studies have indicated that some functions of ceramides are chain length
dependent, and chain length guides membrane and signaling functions C16 Cer is a potent
inducer of apoptosis and inflammatory cytokines; C18 Cer promotes synaptic plasticity and
neurite outgrowth by organizing lipid rafts and recruiting signaling kinases at growth cones;
very-long-chain ceramides (C22-24) enhance membrane order and rigidity, supporting
myelin integrity and long-term axonal conduction [63,65].

Cer is a bioactive lipid able to act as second messengers [33,66-69] activating protein
phosphatase 2A (PP2A), atypical PKC(, and stress-activated MAP kinases, but inhibiting
Akt [70-73]. Cer is involved in the regulation of cell fate participating in the regulation of
numerous cellular functions, including the modulation of stress resistance, proliferation,
differentiation of nervous system cells to mature phenotypes [74-76], cell death, senescence,
adhesion, migration, inflammatory responses, angiogenesis, and intracellular trafficking
within the central nervous system [77,78]. In lower organism models such as Caenorhabditis
elegans and yeast, a crucial role of sphingolipids in aging has been shown, demonstrating
a link between Cer synthesis and longevity [6,75,79-82]. Cer was demonstrated to be
a negative modulator of proliferation and survival in neurons and astrocytes and to be
involved in regulating neuronal differentiation [83-85]. Human iPSC-derived neurons
and glia differ in ceramide synthesis, in the composition of ceramide isoforms, and in
the responses to altered ceramide levels. In particular, studies demonstrated an increase
of the de novo synthesis of Cer in glia, especially very-long-chain species, and that glia
tolerates high ceramide loads; on the contrary, neurons synthesize less Cer but are much
more sensitive to small ceramide increases, leading to ER stress and apoptosis [86]. In
Alzheimer’s disease (AD) patients, there is an increase in Cer levels. These variations are
associated with inflammation and neuronal death [87]. A increases Cer, up-regulating the
activity of sphingomyelinases (SMases) [88-90] or of serine palmitoyltranferase (SPT) activ-
ity [88,91]. Analysis of human post-mortem brain material demonstrated that Alzheimer’s
disease (AD) patients show an increase in C16-Cer and altered C24-Cer/C18-Cer ratios
in membranes, contributing to synaptic loss and neuro-inflammation [91]. In the early
stages of AD, levels of Cer C22:0 and C24:0 derived from de novo synthesis increased [92].
Moreover, it has been shown that in AD there is an up-regulation of d18:1 species of sph-
ingolipids, but recently it has been shown that AD is associated with distinct changes of
plasma Cer, such as upregulation of Cer 418:1/16:0 [93]. Furthermore, in the brain, in
particular in the myelin sheath, SM is a very abundant sphingolipid [2]; the SM C16:1,
SM C18:1 and SM C16:0 and one hydroxy-sphingomyelin SM (OH) C14:1 were found
at very high levels in AD brains [87,94]. Fumonisin B1, a ceramide synthase inhibitor,
affects neurons in vitro, causing equine leukoencephalomalacia, and a failure of neural
tube closure [35,95-99]. These changes in ceramide metabolism are believed to play a
role in the disease’s progression and severity. Furthermore, higher Cer levels have been
observed in Parkinson’s disease (PD) patients with cognitive impairment compared to
controls without cognitive impairment, and there is and direct correlation between high
Cer levels and worse cognitive function [100]. The total amount of ceramide in the anterior
cingulate cortex of brains from Parkinson’s disease (PD) cases was significantly lower than
in the anterior cingulate cortex of control cases. Most individual ceramide species were
decreased in the anterior cingulate cortex samples of PD cases, but the highest reductions
were found in Cer(d18:1/22:0), Cer(d18:1/23:0), and Cer(d18:1/24:1) [101]. Alterations in
Cer metabolism are fundamental elements in several tumors, including glioblastoma. An
inverse correlation between Cer levels and malignant progression and poor prognosis of
glioblastoma has been reported [102]. Moreover, in US87MG glioma cells, the levels of the
epidermal growth factor receptor variant III (EGFRvIII), generally expressed by glioblas-
toma, confer a resistance phenotype to the alkylating agent Temozolomide by counteracting
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Cer increase [103]. Moreover, in glioma cells overexpressing EGFR resistant to TMZ, the
treatment with the drug increased Cer levels, including very-long-chain Cer C22:0 and
C24:0, to a lesser extent compared to the sensitive cells [103].

Ischemic injury also increases Cer in vulnerable neurons. Elevated ceramide levels
have been observed in association with reperfusion after an ischemic event [104]. After
mild ischemia—reperfusion, it has been shown that ceramide species accumulate in isolated
mitochondria and the ER [105]. Mitochondrial Cer elevation was limited to C18:0-, C18:1
and C16:0 species, whereas the ER displayed broad ceramide accumulation, consistent
with compartment-specific activation of ceramide synthases [106]. In mice, the decrease of
C22-Cer in myelin, due to the lack of CerS2 activity, causes damage in sheath stability [107].

A dihydroceramide desaturase 1 (DES1), responsible for the conversion of dihydroce-
ramide (dhCer) to Cer, low enzymatic activity leads to accumulation of dhCer and other
dihydrosphingolipids. Changes in the ratio between dhCer and Cer has a crucial effect
in vitro and in vivo [108]. A correlation between high levels of dhCer and neurodegenera-
tive diseases such as PD and AD has been proposed; in patients with clinical signs of AD
the levels of dhCer in cerebrospinal fluid were significantly higher than in people with
mild cognitive impairment and dhCer levels in plasma or serum is negatively correlated
with the prevalence and incidence of AD [109,110].

The role of DES1 and dhCer in the nervous system is further highlighted by data
in the literature demonstrating that loss-of-function variants in DES1 are associated with
hypomyelinating leukodystrophy and neurodegeneration [111-114]. Moreover, the inhibi-
tion of dhydroceramide desaturase 1 promotes autophagy, influencing the final cell fate in
glioblastoma cells [115].

3.2. Sphingosine-1-Phosphate and Its Properties

S1P is involved in the regulation of a variety of biological functions; its levels have
to be tightly regulated through the control of the different enzymes responsible for S1P
synthesis and/or degradation [33,77,116]. S1P regulates crucial aspects of cell fate, includ-
ing apoptosis suppression [117], cell growth regulation [118], calcium homeostasis [119],
and cell trafficking and cell signaling. S1P acts mainly through the binding to a family of
5 G-protein coupled S1P receptors (S1PR1-5). In the nervous system, S1PR1, SIPR2, S1PR3
and S1PRS5 are expressed, supporting the crucial role of S1P signaling [120-125]. S1P is a
bioactive molecule acting as a signaling molecule able to regulate different physiological
and pathophysiological conditions [69,121,126,127]. In particular, S1P activates complex
cascades responsible for the regulation of different cellular processes such as cell migration
and angiogenesis [122,128]. S1P increases vascular density, amplifies VEGF-induced angio-
genesis and activates Rac/Rho signaling, stimulating the assembly of adherens junctions
on endothelial cells [128-130].

Indeed, S1P has fundamental roles in the CNS, including neurogenesis, neuropro-
tection, neuronal repair, and remyelination, among others [35,131]. S1P, in both neurons
and glial cells, is a positive modulator of cell proliferation, survival, and motility [132].
Moreover, S1P induces calcium signaling in cerebellar astrocytes, while differentiated
neurons lack a calcium response to S1P. This mechanism could participate in neuron-glia
interactions within the cerebellum [133].

The S1P plays a crucial regulatory role in the nervous system, acting with the opposite
role of Cer with the known concept of the “Cer/S1P rheostat” (Figure 4). The variation
in S1P levels leads to pathological conditions, contributing to various neurological dis-
orders. S1P has different functions in the nervous system; in particular it is involved in:
(i) neuroprotection and cell survival; S1P, acting through its G-protein-coupled receptors
(S1PR1-5), activates anti-apoptotic signaling pathways promoting cell proliferation, migra-
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tion, and cytoskeletal dynamics, giving the chance to neurons and glial cells to overcome
injury or stress [134-136]; (ii) myelination and remyelination; S1P is involved in protect-
ing oligondendrocytes responsible of myelin formation [137,138]; the inhibitor of S1PRs,
fingolimod, is already a drug in use on multiple sclerosis (MS) [55,139-141]; (iii) neuroin-
flammation modulation; S1P in pathologies such as AD and PD, S1P, depending on the
subtype of activated S1P receptor, may suppress or promote inflammatory responses [142];
(iiif) neurodegenerative diseases; alterations in S1P metabolism may promote the disease
progression affecting autophagy, mitochondrial function, and neuronal resilience [143-146].

Ap production has a direct correlation with reduced expression of sphingosine-kinase
1 and enhanced expression of S1P lyase. In AD, fingolimod decreases neuronal a gen-
eration [147] and the injection of fingolimod in the hippocampus of a rat model with
pre-aggregated Af3 reduces hippocampal neuron damage [148]. In PD the gene expression
of sphingosine kinases and of S1P lyase was significantly modified and the enzymatic activ-
ity of SphK1 and SphK2 were significantly decreased [149-152]. In particular, in PD in vitro
models, SphK inhibition was associated with elevated x-synuclein secretion, decreased
PI3K/ Akt pathway activation, and upregulation of pro-apoptotic genes [150]. S1P is known
to be an onco-promoter molecule in many tumors, as well as glioblastoma [34,153-155].
Several studies demonstrate that, in glioblastoma cells, SIP induces proliferation, motility
and invasiveness promoting the malignant behavior [156-158]. Increased level of S1P pro-
duced by SphK1 is related to the oncogenic effects regulated by S1P and this is correlated to
high level of SphK1 in glioblastoma cell lines [159,160]; the inhibition of SphK1 have been
shown to decrease xenografts and human glioblastoma cell growth [161]. The expression
of SphK1 in glioblastoma is inversely correlated with patient survival [162]. Glioblastoma
cells overexpressing EGFR-VIII are characterized by higher levels of extracellular S1P and
increased sphingosine kinase-1 (5K1) activity than empty vector expressing cells and the
EGFR overexpressing cells are resistant to TMZ and have higher invasiveness properties
compared to the empty vector expressing cell [66,163].

4. The Amphiphilic Gangliosides

Gangliosides, containing up to 5-6 sialic acid units, are enriched tenfold in neurons
relative to non-neuronal cells. 3-4% of the total cellular gangliosides are present in the
cytosol where they interact with soluble proteins [164]. However, the majority of them are
present on the outer layer of plasma membranes. Inside the membrane, gangliosides exert
strong interactions with the neighboring membrane hydrophobic components, participat-
ing in the membrane stabilization and organization. The ganglioside large hydrophilic
oligosaccharide chain, together with the net of hydrogen bonds formed by their ceramide
moiety, determines chemical and physico-chemical properties in favor of the formation of
membrane lipid domains, called lipid rafts [165], that are rigid portions of the membranes.
During human brain aging, the 3-keto-sphinganine synthase shows an increasing specificity
for stearoyl-CoA compared with palmitoyl-CoA; consequently, the ratio of sphingolipid
C20 and C18 sphingosines increases [166]. As a result, the gangliosides become more
hydrophobic and, consequently, the plasma membranes and the lipid rafts become more
rigid during aging. However, currently no information is available on the biological role of
these changes.

The ganglioside oligosaccharide protrudes from the outer layer of the membrane and
can interact with the hydrophilic portion of the membrane’s neighboring proteins. The
interactions between gangliosides and membrane proteins, such as membrane receptors,
take place at the lipid—-water interface and are driven by saccharide-saccharide or by sialic
acid-positively charged amino acid interactions.
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Cellular ganglioside content is determined by a complex network of metabolic path-
ways, including biosynthesis in the Golgi apparatus, catabolism in lysosomes and intracel-
lular trafficking [167]. In addition to this, gangliosides can be structurally rearranged at
the cell surface, by membrane-associated glycosidases [168], among which the sialidase
Neu3 [169] plays a key role in regulating the amount of sialidase resistant monosialogan-
gliosides and lactoisytlceramide produced from polysialylated gangliosides.

During neuronal differentiation, ganglioside levels rise progressively, shifting from
simple forms to complex and polysialylated gangliosides. Ganglioside composition and
levels do not change over a long period, but some brain regions in elderly people show
reduced GM1 and GD1a [170]. The reduction of the GM1 ganglioside has been associated
with a number of neurological diseases.

Ganglioside GM1 and Its Properties

GM1 (Figure 1C) is one of the major gangliosides in the mammalian brain. It is a
monosialoganglioside that, according to the IUPAC-IUB nomenclature, is correctly coded
as Neu5AcIIPGgOseyCer. GM1 covers 10-15% of total brain ganglioside content and is
largely associated with membrane lipid rafts. The ceramide moiety of GM1 contains over
95% of C18 sphingosine at birth, the remaining being the sphinganine species. With aging,
the ganglioside is progressively synthesized with ceramide that contains the C20 species. In
the brains of old mammals, the C20 species are predominant against the C18 species [171].

GM1 has been deeply studied for its biological properties, and it is now considered a
neurotrophic and neuroprotective compound [172] (Figure 5).

I Mitochondrion I I Nucleus I 1 .
x .y .
I Protection «-» Differentiation & Survival I o~

Figure 5. GM1 as a neuroprotective and neurotrophic factor. Schematic cartoon of the role of GM1 in
activating neuronal receptor functions.

The neurotrophic nerve growth factor, NGF, is necessary for the activity of the trans-
membrane tropomyosin receptor kinase A, TrkA, encoded in humans by the NTRK1 gene.

NGEF binding to TrkA induces receptor dimerization, associated with conformational
changes of the receptor cytosolic part and to the auto-catalytic kinase activity of this
portion. Phosphorylated tyrosine residues in TrkA’s cytoplasmic domain recruit signaling
molecules, initiating a cytosolic phosphorylation cascade that activates signaling pathways,
such as the Ras/MAPK and the PI3K/Akt, which are required for neuronal differentiation,
maintenance and survival.

Nevertheless, the NGF-TrkA system requires the GM1 ganglioside and the formation
of the NGF-TrkA-GM1 tri-component complex to turn on the neuronal signaling. PC12
cells contain very little GM1 in their plasma membranes and the exogenous administration
of GM1 markedly potentiates NGF-mediated TrkA activation; in cells lacking endogenous
GM1, NGF failed to induce TrkA auto-phosphorylation of Trka, but restoring GM1 levels
reinstated TrkA responsiveness to its ligand [173]; GM1 does not substitute NGF, which
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continues to be required for receptor functions. Thus, GM1 is required for the proper
functioning of TrkA and supports the knowledge on the neurotrophic and protective effects
mediated by the ganglioside GM1.

If the autophosphorylation of TrkA requires the tricomponent complex NGF-TrkA-
GM1, TrkA and GM1 should co-localize. GM1 is a component of the lipid rafts in cultured
cells and in brain cells [174-177]. Conversely, in Neuro2a (N2a) neuroblastoma cells,
although TrkA activation and their differentiation require both NGF and GM1, TrkA is
located in a fluid portion of the plasma membrane separate from the GM1 lipid raft. The
GM1 oligosaccharide binds to the extracellular domain of TrkA, while the GM1 ceramide
is located well away from the receptor membrane domain. It has been suggested that the
extracellular portion of the TrkA located outside the GM1 lipid raft may flop down onto
the plasma membrane, approaching the GM1 oligosaccharide chain [178]. A GM1-binding
site in the extracellular domain of TrkA implies that the GM1 oligosaccharide could act as
an endogenous activator of the TrkA receptor. The capability of the GM1 oligosaccharide
alone to induce neuritogenesis in a neuroblastoma cell line was observed in the past [179]
and has been recently confirmed [180]. It has been suggested that the specific carbohydrate
pattern of GM1-oligosaccharide links NGF and the TrkA receptor, directly promoting
and stabilizing their interaction and thereby inducing TrkA phosphorylation and MAPK
signaling [178,181,182].

The neurotrophine GDNF is necessary for the activity of RET (rearranged during
transfection). RET is a tyrosine kinase receptor, which interacts with the glial cell line-
derived neurotrophic factor GDNF receptor GFR«1, a GPI-anchored membrane protein.
This interaction promotes proliferation, differentiation, survival, migration, and metabolism
via the PI3-K/Akt and Src signaling pathways. RET is required for the development of both
the peripheral and central nervous systems and is regarded as necessary for the survival of
adult dopaminergic neurons.

GDNEF, a soluble neurotrophine, binds GFR«1 with high affinity, inducing RET to
redistribute into lipid rafts [183] and undergo auto-phosphorylation. GFRoc1-GDNF-RET
trimeric complex is the trigger for neuronal signaling linked to mitochondrial activity and
cell survival. The transcription factor Nurrl controls RET expression at the membrane, and
Nurr1 levels are decreased when a-synuclein is overexpressed [184].

GM1 is required for RET auto-phosphorylation, and the subsequent phosphorylation
cascade is essential for downstream signaling. Moreover, GM1 prevents the formation
of a-synuclein aggregates [185,186]; these aggregates suppress Nurrl, a potent activator
of RET.

GM1 is necessary for the activation of RET. A mouse model was obtained by disruption
of the B4galnt1 gene. The omozygote mice had no GM1, and the heterozygotes had a minor
quantity. The mice showed severe and mild neurodegenerative phenotypes, respectively,
characterized by abundant x-synuclein and aggregates alongside decreased RET and
phosphorylated RET expression [187]. Injection of a membrane-permeable analog of GM1,
capable of partially crossing the blood-brain barrier [188-191], to these mice partially
restored the correct neuronal functions. When added to striatal slices in situ, GM1increased
phosphorylated RET levels and downstream cell signaling in a concentration- and time-
dependent manner [192].

Although the precise role of GM1 in regulating GFRo1-GDNF-RET signaling remains
unclear, GM1 is clearly necessary for RET activation and is suggested to play a specific role
in avoiding a-synuclein aggregation.

a-Synuclein, a cytosolic disordered protein, is abundant in neurons and concentrated
in presynaptic endings where it displays high affinity for negatively charged membrane
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lipids [193] thereby thus promoting synaptic vesicle docking to the membrane. This
suggests its role in the fusion of synaptic vesicles with membranes [194].

Under certain conditions, the soluble disordered protein assembles into oligomers that
quickly grow in molecular mass, producing large insoluble fibrils found in intracellular
and intercellular Lewy bodies [195].

GM1 strongly binds to «-synuclein [185,186,195], maintaining its non-amyloid «-helix
structure and thus providing neuroprotection. Treating the B4galnt1 heterozygote mice with
the GM1 oligosaccharide produced similar results [196]. When GM1 was injected into rats
overexpressing human mutant a-synuclein (A53T), striatal a-synuclein aggregation was
reduced and the nigrostriatal system showed neurorestorative improvements [197,198].

Axon terminal membranes contain high concentrations of both GM1 and «-synuclein
but x-synuclein is concentrated at the cytoplasmic side of the plasma membrane [199], while
GML1 is inserted into the outer layer of the membrane. Thus, the interaction between GM1
and a-synuclein must occur after the exit of a-synuclein from the axon terminal membrane.
While this occurs, GM1’s interaction with «-synuclein inhibits protein aggregation [200].
Lipid domains are structurally rigid yet highly dynamic platforms, and any change in the
component content requires a rearrangement of their composition [201]. Any process that
reduces the Golgi neo-synthesis of GM1 or the plasma membrane conversion of GD1a into
GM1, hereby making lipid rafts less rigid, could dramatically reduce the interaction between
GM1 and a-synuclein. Then a-synuclein would start aggregating, and the aggregates
would be transported to other cells, i.e., entering into the post-synapse and neural body, as
well as into other brain cells.

However, a second cell location for the GM1-a-synuclein interaction should be taken
into account. A minor fraction of GM1 complexed with proteins is found in the cytoplasm.
We could therefore speculate that the small amount of cytosolic GM1 is responsible for
stabilizing «-synuclein and inhibiting its aggregation. Only a small number of studies
address cytoplasmic GM1 and its associated protein. Using photolabeling and crosslinking
techniques, cytoplasmic proteins associated with GM1 were identified in human fibrob-
lasts [202]. Specifically, a set of several specific protein bands with a molecular mass
between 30 kDa and approximately 100 kDa was identified. Unfortunately, under physio-
logical conditions, fibroblasts contain very low levels of a-synuclein, and no photolabeling
studies were performed on the neuron cytoplasm.

The necessity of GM1 for the correct function of neuronal membrane receptors suggests
that any reduction of brain GM1 can be involved in neurodegenerative diseases. The role
of GML1 in the pathogenesis of PD characterized by fibrillary a-synuclein aggregation and
progressive degeneration of nigro-striatal dopaminergic neurons has been studied. The
main result of this is that in the PD cell brain cytosol, aggregates composed of multiple
substances, known as Lewy bodies, are present. The Lewy bodies contain aggregates of
a-synuclein. «-Synuclein, is toxic in its aggregate form. In addition, in this, the progressive
death of dopaminergic neurons leads to the progressive reduction of dopamine.

Genetic alterations are linked to PD, some of which involve glycosphingolipids. Ap-
proximately 5% of PD cases result from reduced expression of the enzyme GBA1, the
lysosomal glucocerebrosidase. This results in the accumulation of glucosylceramide fol-
lowed by progressive neurodegeneration. It has long been recognized that patients with
type-1 Gaucher’s disease, who have partially reduced GBA1 activity but no serious neuro-
logical symptoms, gradually develop PD. The rest of PD cases are sporadic and linked to
various genetic errors associated with glycosyltransferases and observed in parents at the
age of 60 or older. Aging in humans has been linked to a reduction in the ganglioside GM1
and more complex gangliosides. The decrease in ganglioside GM1 under a specific thresh-
old level seems responsible for the aetiopathogenesis of the sporadic form of PD [203-206].
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In particular, expression of the B3galt4 and St3gal? genes is markedly reduced. The B3galt4
gene encodes the galactosyltransferase that converts GM2 into GM1, while the 5t3gal2 gene
encodes the sialyltransferase that synthesizes GM1b from tetrahexosylceramide, GD1a
from GM1a, and GT1b from GD1b. Since glycosyltransferases act sequentially, reduced
expression of the B3galt and St3gal2 results in a partial decrease ofGM1. The absence of
B4galnt1 gene expression in a PD mouse model, which controls the synthesis of GM1 from
GM2, leads to loss of GM1 and elevated levels of GM3, GD3 and GM2 gangliosides. These
mice show very serious neurodegeneration, and their life is very short. Nevertheless, the
heterozygous loss of the B4galnt1 gene leads to a partial decrease in GM1 similar to that
observed in PD patients [187,188,204-207] and can be used for studies of replacement ther-
apy using GM1. Injection of GM1 to the heterozygous mice reduced the non-neurological
gastrointestinal and sympathetic cardiac symptoms that are characteristic of PD [208]. Less
evident was the improvement in the neurological symptoms. This is unsurprising, since
only a minimal fraction of GM1 is known to cross the blood-brain barrier [209], thereby
limiting its ultimate benefits. Nevertheless, superior effects on the neurological symptoms
were observed with a more hydrophobic synthetic GM1 analog, which penetrates the brain
in greater amounts [188-191]. However, because of its significant toxicity, this compound
cannot be used as a therapeutic agent.

To address these issues, animals were administered a soluble form of GM1 oligosaccha-
ride. As we reported above, GM1 binds the neuronal receptor through its oligosaccharide
chain, and all the neurotrophic and neuroprotective effects exerted by GM1 were replicated
using its free and soluble oligosaccharide [210]. The GM1 oligosaccharide crosses the blood—
brain barrier and reaches the brain neurons [209]. Administration of the GM1 oligosac-
charide to heterozygous mice fully reversed physical symptoms, decreased «-synuclein
aggregation and normalized tyrosine hydroxylase expression and neurotransmitter concen-
trations in the substantia nigra, restoring the wild-type healthy condition.

These findings are consistent with GM1’s reported neurorestorative and neuropro-
tective effects in additional in vivo PD models, including mice and non-human primates
exposed to 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine [197] and rats transduced with
human A53T mutant x-synuclein via adeno-associated viral vector [211].

5. Conclusions

Sphingolipids play a crucial role in membrane organization, membrane receptor
activity and in modulating cell fate. Cer and S1P play a pivotal role in the regulation of
physio-pathological conditions within the central nervous system [74-78]. Small changes
in their levels, in the sphingosine-1-phosphate/ceramide ratio and in sphingolipid chain
length profiles alter signaling pathways in neurons and glia and contribute to various
neurological disorders. It is known from the literature that ceramide chain length drives
different signaling functions [62-65]. In AD patients, there is an increase in Cer levels
that is associated with inflammation and neuronal death [87] and in PD patients, it has
been demonstrated a direct correlation between high Cer levels and worse cognitive
function [100]. Furthermore, it is known to be a correlation between high levels of dhCer
and neurodegenerative diseases such as PD and AD [109,110]. The variations in S1P
level lead to pathological conditions, contributing to various neurological disorders such
as myelination and remyelination [137-141], neuroinflammation modulation [142], and
neurodegenerative diseases [143-146].

In several tumors, including glioblastomas, the alterations in Cer and S1P metabolism
are a crucial element. It has been demonstrated an inverse correlation between Cer levels
and malignant progression and poor prognosis of glioblastoma [102]. S1P is recognized to
be an onco-promoter molecule in many tumors, as well as glioblastoma [34,153-155].
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GM1, a neurotrophic and neuroprotective compound, has been suggested as a neces-
sary factor for the correct function of neuronal membrane receptors [172]. This suggests that
the reduction of its level in the brain can be involved in neurodegenerative diseases. GM1
stabilizes the non-amyloidogenic a-helix conformation of the protein, strongly interacting
with a-synuclein [185,186,195], thus exerting a neuroprotective effect. The necessity of
GML1 for the correct function of neuronal membrane receptors suggests that any reduction
of brain GM1 can be involved in neurodegenerative diseases.

Altogether, this data suggests that the dysregulation of sphingolipid metabolism
and levels is deeply involved in pathological conditions of the nervous system such
as neurodegenerative disorders and cancer [211-214]. These data on the altered sph-
ingolipid metabolism suggest that its regulation may help to identify targets for future
therapeutic interventions.

Author Contributions: P.G. and S.S. conceived and designed the review. P.G. and S.S. wrote the
manuscript; L.M. drew the chemical structure in the figures; P.G., S.S. and L.M. critically revised the
manuscript; P.G. and S.S. supervised the preparation of the manuscript. All authors have read and
agreed to the published version of the manuscript.

Funding: This study was supported by Piano di sostegno alla ricerca BBOMETRA-Linea B (grant
PSR2023_Giussani) to P.G. from the Department of Medical Biotechnology and Translational Medicine,
Universita degli Studi di Milano, Italy.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Acknowledgments: The funders had no role in the study design, data collection and analysis,
decision to publish, or preparation of the manuscript.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Muralidharan, S.; Shimobayashi, M.; Ji, S.; Burla, B.; Hall, M.N.; Wenk, M.R ; Torta, F. A reference map of sphingolipids in murine
tissues. Cell Rep. 2021, 35, 109250. [CrossRef]

2. Gault, C.R.; Obeid, L.M.; Hannun, Y.A. An overview of sphingolipid metabolism: From synthesis to breakdown. Adv. Exp. Med.
Biol. 2010, 688, 1-23.

3. Hannun, Y.A,; Obeid, L.M. Principles of bioactive lipid signalling: Lessons from sphingolipids. Nat. Rev. Mol. Cell Biol. 2008, 9,
139-150. [CrossRef]

4.  Tettamanti, G.; Bassi, R.; Viani, P.; Riboni, L. Salvage pathways in glycosphingolipid metabolism. Biochimie 2003, 85, 423—437.
[CrossRef]

5. Rufail, M.L.; Bassi, R.; Giussani, P. Sphingosine-1-Phosphate Metabolic Pathway in Cancer: Implications for Therapeutic Targets.
Int. ]. Mol. Sci. 2025, 26, 1056. [CrossRef]

6.  Tringali, C.; Giussani, P. Ceramide and Sphingosine-1-Phosphate in Neurodegenerative Disorders and Their Potential Involvement
in Therapy. Int. J. Mol. Sci. 2022, 23, 7806. [CrossRef]

7.  Farooqui, A.A.; Farooqui, T. Phospholipids, Sphingolipids, and Cholesterol-Derived Lipid Mediators and Their Role in Neurolog-
ical Disorders. Int. . Mol. Sci. 2024, 25, 10672. [CrossRef]

8. Mei, M,; Liu, M.; Mei, Y.; Zhao, ].; Li, Y. Sphingolipid metabolism in brain insulin resistance and neurological diseases. Front.
Endocrinol. 2023, 14, 1243132. [CrossRef]

9.  Trayssac, M.; Hannun, Y.A.; Obeid, L.M. Role of sphingolipids in senescence: Implication in aging and age-related diseases. .
Clin. Investig. 2018, 128, 2702-2712. [CrossRef]

10. Van Echten, G.; Sandhoff, K. Ganglioside metabolism. Enzymology, Topology, and regulation. J. Biol. Chem. 1993, 268, 5341-5344.
[CrossRef]

11. Kolter, T,; Proia, R.L.; Sandhoff, K. Combinatorial ganglioside biosynthesis. J. Biol. Chem. 2002, 277, 25859-25862. [CrossRef]

12. Tettamanti, G. Ganglioside/glycosphingolipid turnover: New concepts. Glycocon;j. J. 2004, 20, 301-317. [CrossRef]


https://doi.org/10.1016/j.celrep.2021.109250
https://doi.org/10.1038/nrm2329
https://doi.org/10.1016/S0300-9084(03)00047-6
https://doi.org/10.3390/ijms26031056
https://doi.org/10.3390/ijms23147806
https://doi.org/10.3390/ijms251910672
https://doi.org/10.3389/fendo.2023.1243132
https://doi.org/10.1172/JCI97949
https://doi.org/10.1016/S0021-9258(18)53324-X
https://doi.org/10.1074/jbc.R200001200
https://doi.org/10.1023/B:GLYC.0000033627.02765.cc

Int. J. Mol. Sci. 2025, 26, 11118 15 of 23

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.
28.

29.

30.

31.

32.

33.

34.

35.

36.

Hanada, K.; Kumagai, K.; Yasuda, S.; Miura, Y.; Kawano, M.; Fukasawa, M.; Nishijima, M. Molecular machinery for non-vesicular
trafficking of ceramide. Nature 2003, 426, 803-809. [CrossRef]

Hanada, K.; Kumagai, K.; Tomishige, N.; Yamaji, T. CERT-mediated trafficking of ceramide. Biochim. Biophys. Acta 2009, 1791,
684-691. [CrossRef]

Hanada, K. Intracellular trafficking of ceramide by ceramide transfer protein. Proc. Jpn. Acad. Ser. B Phys. Biol. Sci. 2010, 86,
426-437. [CrossRef]

Giussani, P.; Colleoni, T.; Brioschi, L.; Bassi, R.; Hanada, K.; Tettamanti, G.; Riboni, L.; Viani, P. Ceramide traffic in C6 glioma cells:
Evidence for CERT-dependent and independent transport from ER to the Golgi apparatus. Biochim. Biophys. Acta 2008, 1781,
40-51. [CrossRef]

Becker, I; Wang-Eckhardt, L.; Yaghootfam, A.; Gieselmann, V.; Eckhardt, M. Differential expression of (dihydro)ceramide
synthases in mouse brain: Oligodendrocyte-specific expression of CerS2/Lass2. Histochem. Cell Biol. 2008, 129, 233-241.
[CrossRef] [PubMed]

Lee, M.T,; Le, H.H.; Besler, K.R; Johnson, E.L. Identification and characterization of 3-ketosphinganine reductase activity encoded
at the BT_0972 locus in Bacteroides thetaiotaomicron. J. Lipid Res. 2022, 63, 100236. [CrossRef]

Levy, M.; Futerman, A.H. Mammalian ceramide synthases. IUBMB Life 2010, 62, 347-356. [CrossRef]

Lamour, N.F; Stahelin, R.V.; Wijesinghe, D.S.; Maceyka, M.; Wang, E.; Allegood, J.C.; Merrill, A.H., Jr.; Cho, W.; Chalfant, C.E.
Ceramide kinase uses ceramide provided by ceramide transport protein: Localization to organelles of eicosanoid synthesis. J.
Lipid Res. 2007, 48, 1293-1304. [CrossRef]

D’Angelo, G.; Polishchuk, E.; Di Tullio, G.; Santoro, M.; Di Campli, A.; Godi, A.; West, G.; Bielawski, ].; Chuang, C.C.; van der
Spoel, A.C.; et al. Glycosphingolipid synthesis requires FAPP2 transfer of glucosylceramide. Nature 2007, 449, 62—67. [CrossRef]
[PubMed]

Simanshu, D.K.; Kamlekar, R.K.; Wijesinghe, D.S.; Zou, X.; Zhai, X.; Mishra, S.K.; Molotkovsky, J.G.; Malinina, L.; Hinchcliffe,
E.H.; Chalfant, C.E.; et al. Non-vesicular trafficking by a ceramide-1-phosphate transfer protein regulates eicosanoids. Nature
2013, 500, 463-467. [CrossRef]

Gao, Y.G,; Zhai, X; Boldyrev, L A.; Molotkovsky, ].G.; Patel, D.J.; Malinina, L.; Brown, R.E. Ceramide-1-phosphate transfer protein
(CPTP) regulation by phosphoinositides. J. Biol. Chem. 2021, 296, 100600. [CrossRef] [PubMed]

Zhai, X.; Gao, Y.G.; Mishra, S.K.; Simanshu, D.K.; Boldyrev, I.A.; Benson, L.M.; Bergen, H.R., 3rd; Malinina, L.; Mundy, J.;
Molotkovsky, J.G.; et al. Phosphatidylserine Stimulates Ceramide 1-Phosphate (C1P) Intermembrane Transfer by C1P Transfer
Proteins. J. Biol. Chem. 2017, 292, 2531-2541. [CrossRef] [PubMed]

Warnock, D.E.; Lutz, M.S,; Blackburn, W.A_; Young, W.W., Jr.; Baenziger, J.U. Transport of newly synthesized glucosylceramide to
the plasma membrane by a non-Golgi pathway. Proc. Natl. Acad. Sci. USA 1994, 91, 2708-2712. [CrossRef]

Merrill, A.-H., Jr. Sphingolipid and glycosphingolipid metabolic pathways in the era of sphingolipidomics. Chem. Rev. 2011, 111,
6387-6422. [CrossRef]

Korner, C.; Frohlich, F. Compartmentation and functions of sphingolipids. Curr. Opin. Cell Biol. 2022, 74, 104-111. [CrossRef]
D’Angelo, G.; Capasso, S.; Sticco, L.; Russo, D. Glycosphingolipids: Synthesis and functions. Febs J. 2013, 280, 6338-6353.
[CrossRef]

D’Angelo, G.; Uemura, T.; Chuang, C.C.; Polishchuk, E.; Santoro, M.; Ohvo-Rekild, H.; Sato, T.; Di Tullio, G.; Varriale, A.; D"Auria,
S.; et al. Vesicular and non-vesicular transport feed distinct glycosylation pathways in the Golgi. Nature 2013, 501, 116-120.
[CrossRef]

Veldman, R.J.; Klappe, K.; Hinrichs, J.; Hummel, I.; van der Schaaf, G.; Sietsma, H.; Kok, ].W. Altered sphingolipid metabolism in
multidrug-resistant ovarian cancer cells is due to uncoupling of glycolipid biosynthesis in the Golgi apparatus. FASEB J. 2002, 16,
1111-1113. [CrossRef]

Riboni, L.; Prinetti, A.; Bassi, R.; Tettamanti, G. Formation of bioactive sphingoid molecules from exogenous sphingomyelin in
primary cultures of neurons and astrocytes. FEBS Lett. 1994, 352, 323-326. [CrossRef]

Riboni, L.; Bassi, R.; Prinetti, A.; Tettamanti, G. Salvage of catabolic products in ganglioside metabolism: A study on rat cerebellar
granule cells in culture. FEBS Lett. 1996, 391, 336-340. [CrossRef]

Giussani, P; Tringali, C.; Riboni, L.; Viani, P; Venerando, B. Sphingolipids: Key regulators of apoptosis and pivotal players in
cancer drug resistance. Int. . Mol. Sci. 2014, 15, 4356—4392. [CrossRef]

Pyne, S.; Adams, D.R.; Pyne, N.J. Sphingosine 1-phosphate and sphingosine kinases in health and disease: Recent advances. Prog.
Lipid Res. 2016, 62, 93-106. [CrossRef]

Goins, L.; Spassieva, S. Sphingoid bases and their involvement in neurodegenerative diseases. Adv. Biol. Regul. 2018, 70, 65-73.
[CrossRef]

Le Stunff, H.; Milstien, S.; Spiegel, S. Generation and metabolism of bioactive sphingosine-1-phosphate. J. Cell Biochem. 2004, 92,
882-899. [CrossRef]


https://doi.org/10.1038/nature02188
https://doi.org/10.1016/j.bbalip.2009.01.006
https://doi.org/10.2183/pjab.86.426
https://doi.org/10.1016/j.bbalip.2007.11.002
https://doi.org/10.1007/s00418-007-0344-0
https://www.ncbi.nlm.nih.gov/pubmed/17901973
https://doi.org/10.1016/j.jlr.2022.100236
https://doi.org/10.1002/iub.319
https://doi.org/10.1194/jlr.M700083-JLR200
https://doi.org/10.1038/nature06097
https://www.ncbi.nlm.nih.gov/pubmed/17687330
https://doi.org/10.1038/nature12332
https://doi.org/10.1016/j.jbc.2021.100600
https://www.ncbi.nlm.nih.gov/pubmed/33781749
https://doi.org/10.1074/jbc.M116.760256
https://www.ncbi.nlm.nih.gov/pubmed/28011644
https://doi.org/10.1073/pnas.91.7.2708
https://doi.org/10.1021/cr2002917
https://doi.org/10.1016/j.ceb.2022.01.006
https://doi.org/10.1111/febs.12559
https://doi.org/10.1038/nature12423
https://doi.org/10.1096/fj.01-0863fje
https://doi.org/10.1016/0014-5793(94)00984-8
https://doi.org/10.1016/0014-5793(96)00772-7
https://doi.org/10.3390/ijms15034356
https://doi.org/10.1016/j.plipres.2016.03.001
https://doi.org/10.1016/j.jbior.2018.10.004
https://doi.org/10.1002/jcb.20097

Int. J. Mol. Sci. 2025, 26, 11118 16 of 23

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.
50.

51.

52.

53.

54.
55.

56.

57.

58.

59.

60.

61.

62.

Igarashi, N.; Okada, T.; Hayashi, S.; Fujita, T.; Jahangeer, S.; Nakamura, S. Sphingosine kinase 2 is a nuclear protein and inhibits
DNA synthesis. . Biol. Chem. 2003, 278, 46832-46839. [CrossRef] [PubMed]

Yoshimoto, T.; Furuhata, M.; Kamiya, S.; Hisada, M.; Miyaji, H.; Magami, Y.; Yamamoto, K.; Fujiwara, H.; Mizuguchi, J. Positive
modulation of IL-12 signaling by sphingosine kinase 2 associating with the IL-12 receptor beta 1 cytoplasmic region. J. Immunol.
2003, 171, 1352-1359. [CrossRef]

Le Stunff, H.; Peterson, C.; Liu, H.; Milstien, S.; Spiegel, S. Sphingosine-1-phosphate and lipid phosphohydrolases. Biochim.
Biophys. Acta 2002, 1582, 8-17. [CrossRef]

Le Stunff, H.; Peterson, C.; Thornton, R.; Milstien, S.; Mandala, S.M.; Spiegel, S. Characterization of murine sphingosine-1-
phosphate phosphohydrolase. J. Biol. Chem. 2002, 277, 8920-8927. [CrossRef]

Le Stunff, H.; Galve-Roperh, L; Peterson, C.; Milstien, S.; Spiegel, S. Sphingosine-1-phosphate phosphohydrolase in regulation of
sphingolipid metabolism and apoptosis. J. Cell Biol. 2002, 158, 1039-1049. [CrossRef]

Brindley, D.N.; English, D.; Pilquil, C.; Buri, K,; Ling, Z.C. Lipid phosphate phosphatases regulate signal transduction through
glycerolipids and sphingolipids. Biochim. Biophys. Acta 2002, 1582, 33—44. [CrossRef] [PubMed]

Ogawa, C.; Kihara, A.; Gokoh, M.; Igarashi, Y. Identification and characterization of a novel human sphingosine-1-phosphate
phosphohydrolase, hSPP2. . Biol. Chem. 2003, 278, 1268-1272. [CrossRef]

Zhou, |.; Saba, ].D. Identification of the first mammalian sphingosine phosphate lyase gene and its functional expression in yeast.
Biochem. Biophys. Res. Commun. 1998, 242, 502-507. [CrossRef]

Van Veldhoven, P.P.; Mannaerts, G.P. Sphinganine 1-phosphate metabolism in cultured skin fibroblasts: Evidence for the existence
of a sphingosine phosphatase. Biochem. ]. 1994, 299 Pt 3, 597-601. [CrossRef]

Van Veldhoven, PP; Gijsbers, S.; Mannaerts, G.P.; Vermeesch, J.R.; Brys, V. Human sphingosine-1-phosphate lyase: cDNA cloning,
functional expression studies and mapping to chromosome 10q22(1). Biochim. Biophys. Acta 2000, 1487, 128-134. [CrossRef]
Okazaki, T.; Bielawska, A.; Domae, N.; Bell, RM.; Hannun, Y.A. Characteristics and partial purification of a novel cytosolic,
magnesium-independent, neutral sphingomyelinase activated in the early signal transduction of 1 alpha,25-dihydroxyvitamin
D3-induced HL-60 cell differentiation. J. Biol. Chem. 1994, 269, 4070-4077. [CrossRef] [PubMed]

Levade, T.; Jaffrézou, J.P. Signalling sphingomyelinases: Which, where, how and why? Biochim. Biophys. Acta 1999, 1438, 1-17.
[CrossRef] [PubMed]

Goni, EM.; Alonso, A. Sphingomyelinases: Enzymology and membrane activity. FEBS Lett. 2002, 531, 38—46. [CrossRef]
Huitema, K.; van den Dikkenberg, J.; Brouwers, ].F.; Holthuis, ].C. Identification of a family of animal sphingomyelin synthases.
Embo J. 2004, 23, 33-44. [CrossRef]

Slife, C.W.; Wang, E.; Hunter, R.; Wang, S.; Burgess, C.; Liotta, D.C.; Merrill, A.H., Jr. Free sphingosine formation from endogenous
substrates by a liver plasma membrane system with a divalent cation dependence and a neutral pH optimum. J. Biol. Chem. 1989,
264,10371-10377. [CrossRef]

Tani, M.; Iida, H.; Ito, M. O-glycosylation of mucin-like domain retains the neutral ceramidase on the plasma membranes as a
type Il integral membrane protein. . Biol. Chem. 2003, 278, 10523-10530. [CrossRef] [PubMed]

Hwang, Y.H.; Tani, M.; Nakagawa, T.; Okino, N.; Ito, M. Subcellular localization of human neutral ceramidase expressed in
HEK293 cells. Biochem. Biophys. Res. Commun. 2005, 331, 37-42. [CrossRef]

Pyne, N.J.; Pyne, S. Recent advances in the role of sphingosine 1-phosphate in cancer. FEBS Lett. 2020, 594, 3583-3601. [CrossRef]
Grassi, S.; Mauri, L.; Prioni, S.; Cabitta, L.; Sonnino, S.; Prinetti, A.; Giussani, P. Sphingosine 1-Phosphate Receptors and Metabolic
Enzymes as Druggable Targets for Brain Diseases. Front. Pharmacol. 2019, 10, 807. [CrossRef]

Schengrund, C.L.; Rosenberg, A. Intracellular location and properties of bovine brain sialidase. J. Biol. Chem. 1970, 245, 6196-6200.
[CrossRef]

Tettamanti, G.; Preti, A.; Lombardo, A.; Suman, T.; Zambotti, V. Membrane-bound neuraminidase in the brain of different animals:
Behaviour of the enzyme on endogenous sialo derivatives and rationale for its assay. J. Neurochem. 1975, 25, 451-456. [CrossRef]
[PubMed]

Miyagi, T.; Sagawa, J.; Konno, K.; Tsuiki, S. Inmunological discrimination of intralysosomal, cytosolic, and two membrane
sialidases present in rat tissues. J. Biochern. 1990, 107, 794-798. [CrossRef]

Papini, N.; Anastasia, L.; Tringali, C.; Croci, G.; Bresciani, R.; Yamaguchi, K.; Miyagi, T.; Preti, A.; Prinetti, A.; Prioni, S.; et al. The
plasma membrane-associated sialidase MmMNEU3 modifies the ganglioside pattern of adjacent cells supporting its involvement in
cell-to-cell interactions. J. Biol. Chem. 2004, 279, 16989-16995. [CrossRef]

Preti, A.; Fiorilli, A.; Lombardo, A.; Caimi, L.; Tettamanti, G. Occurrence of sialyltransferase activity in the synaptosomal
membranes prepared from calf brain cortex. J. Neurochem. 1980, 35, 281-296. [CrossRef] [PubMed]

Valaperta, R.; Chigorno, V.; Basso, L.; Prinetti, A.; Bresciani, R.; Preti, A.; Miyagi, T.; Sonnino, S. Plasma membrane production of
ceramide from ganglioside GM3 in human fibroblasts. FASEB ]. 2006, 20, 1227-1229. [CrossRef]

Ho, QW.C.; Zheng, X.; Ali, Y. Ceramide Acyl Chain Length and Its Relevance to Intracellular Lipid Regulation. Int. ]. Mol. Sci.
2022, 23, 9697. [CrossRef]


https://doi.org/10.1074/jbc.M306577200
https://www.ncbi.nlm.nih.gov/pubmed/12954646
https://doi.org/10.4049/jimmunol.171.3.1352
https://doi.org/10.1016/S1388-1981(02)00132-4
https://doi.org/10.1074/jbc.M109968200
https://doi.org/10.1083/jcb.200203123
https://doi.org/10.1016/S1388-1981(02)00135-X
https://www.ncbi.nlm.nih.gov/pubmed/12069808
https://doi.org/10.1074/jbc.M209514200
https://doi.org/10.1006/bbrc.1997.7993
https://doi.org/10.1042/bj2990597
https://doi.org/10.1016/S1388-1981(00)00079-2
https://doi.org/10.1016/S0021-9258(17)41744-3
https://www.ncbi.nlm.nih.gov/pubmed/8307965
https://doi.org/10.1016/S1388-1981(99)00038-4
https://www.ncbi.nlm.nih.gov/pubmed/10216276
https://doi.org/10.1016/S0014-5793(02)03482-8
https://doi.org/10.1038/sj.emboj.7600034
https://doi.org/10.1016/S0021-9258(18)81629-5
https://doi.org/10.1074/jbc.M207932200
https://www.ncbi.nlm.nih.gov/pubmed/12499379
https://doi.org/10.1016/j.bbrc.2005.03.134
https://doi.org/10.1002/1873-3468.13933
https://doi.org/10.3389/fphar.2019.00807
https://doi.org/10.1016/S0021-9258(18)62678-X
https://doi.org/10.1111/j.1471-4159.1975.tb04349.x
https://www.ncbi.nlm.nih.gov/pubmed/1151380
https://doi.org/10.1093/oxfordjournals.jbchem.a123127
https://doi.org/10.1074/jbc.M400881200
https://doi.org/10.1111/j.1471-4159.1980.tb06263.x
https://www.ncbi.nlm.nih.gov/pubmed/6161218
https://doi.org/10.1096/fj.05-5077fje
https://doi.org/10.3390/ijms23179697

Int. J. Mol. Sci. 2025, 26, 11118 17 of 23

63.

64.

65.
66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.
81.

82.

83.

84.

85.

86.

87.

88.

89.

Zelnik, I.D.; Rozman, B.; Rosenfeld-Gur, E.; Ben-Dor, S.; Futerman, A.H. A Stroll Down the CerS Lane. Adv. Exp. Med. Biol. 2019,
1159, 49-63.

Pinto, S.N; Silva, L.C.; Futerman, A.H.; Prieto, M. Effect of ceramide structure on membrane biophysical properties: The role of
acyl chain length and unsaturation. Biochim. Biophys. Acta 2011, 1808, 2753-2760. [CrossRef]

Grosch, S.; Schiffmann, S.; Geisslinger, G. Chain length-specific properties of ceramides. Prog. Lipid Res. 2012, 51, 50-62. [CrossRef]
Bassi, R.; Brambilla, S.; Tringali, C.; Giussani, P. Extracellular Sphingosine-1-Phosphate Downstream of EGFR Increases Human
Glioblastoma Cell Survival. Int. J. Mol. Sci. 2021, 22, 6824. [CrossRef] [PubMed]

Giussani, P,; Bassi, R.; Anelli, V.,; Brioschi, L.; De Zen, F.; Riccitelli, E.; Caroli, M.; Campanella, R.; Gaini, S.M.; Viani, P et al.
Glucosylceramide synthase protects glioblastoma cells against autophagic and apoptotic death induced by temozolomide and
Paclitaxel. Cancer Investig. 2012, 30, 27-37. [CrossRef]

Ogretmen, B. Sphingolipid metabolism in cancer signalling and therapy. Nat. Rev. Cancer 2018, 18, 33-50. [CrossRef]

Hannun, Y.A.; Obeid, L.M. Sphingolipids and their metabolism in physiology and disease. Nat. Rev. Mol. Cell Biol. 2018, 19,
175-191, Correction in Nat. Rev. Mol. Cell Biol. 2018, 19, 673. [CrossRef] [PubMed]

Bishop, R.T.; Li, T.; Sudalagunta, P.; Nasr, M.; Nyman, K.J.; Alugubelli, R R.; Meads, M.; Frieling, J.; Nerlakanti, N.; Tauro, M.; et al.
Acid ceramidase controls proteasome inhibitor resistance and is a novel therapeutic target for the treatment of relapsed /refractory
multiple myeloma. Haematologica 2025, 110, 1351-1367. [CrossRef] [PubMed]

Ishii, T.; Warabi, E.; Mann, G.E. Mechanisms underlying Nrf2 nuclear translocation by non-lethal levels of hydrogen peroxide:
p38 MAPK-dependent neutral sphingomyelinase2 membrane trafficking and ceramide /PKC(/CK2 signaling. Free Radic. Biol.
Med. 2022, 191, 191-202. [CrossRef]

Khamrui, E.; Banerjee, S.; Mukherjee, D.D.; Biswas, K. Emerging role of MAPK signaling in glycosphingolipid-associated
tumorigenesis. Glycocon;. J. 2024, 41, 343-360. [CrossRef]

Bilal, F,; Soueid, J.; Saab, S.; Makhoul, N.; Hamze, Z.; El-Bazzal, L.; Makoukji, J.; Boustany, R.M. Downregulation of AKT-mediated
p27(Kip1) phosphorylation with shift to sphingomyelin synthesis in CLN3 disease. IBRO Neurosci. Rep. 2025, 19, 223-234.
[CrossRef]

Czubowicz, K.; Jesko, H.; Wencel, P.; Lukiw, W.J.; Strosznajder, R.P. The Role of Ceramide and Sphingosine-1-Phosphate in
Alzheimer’s Disease and Other Neurodegenerative Disorders. Mol. Neurobiol. 2019, 56, 5436-5455. [CrossRef] [PubMed]

Jesko, H.; Stepieni, A.; Lukiw, W.].; Strosznajder, R.P. The Cross-Talk Between Sphingolipids and Insulin-Like Growth Factor
Signaling: Significance for Aging and Neurodegeneration. Mol. Neurobiol. 2019, 56, 3501-3521. [CrossRef] [PubMed]
Mencarelli, C.; Martinez-Martinez, P. Ceramide function in the brain: When a slight tilt is enough. Cell. Mol. Life Sci. 2013, 70,
181-203. [CrossRef]

Maceyka, M.; Spiegel, S. Sphingolipid metabolites in inflammatory disease. Nature 2014, 510, 58—67. [CrossRef] [PubMed]
Airola, M.V,; Hannun, Y.A. Sphingolipid metabolism and neutral sphingomyelinases. Handb. Exp. Pharmacol. 2013, 215, 57-76.
Cutler, R.G.; Thompson, K.W.; Camandola, S.; Mack, K.T.; Mattson, M.P. Sphingolipid metabolism regulates development and
lifespan in Caenorhabditis elegans. Mech. Ageing Dev. 2014, 143-144, 9-18. [CrossRef]

Obeid, L.M.; Hannun, Y.A. Ceramide, stress, and a “LAG” in aging. Sci. Aging Knowl. Environ. 2003, 2003, Pe27. [CrossRef]
Huang, X.; Withers, B.R.; Dickson, R.C. Sphingolipids and lifespan regulation. Biochim. Biophys. Acta 2014, 1841, 657-664.
[CrossRef]

Jiang, J.C.; Kirchman, P.A.; Allen, M.; Jazwinski, S.M. Suppressor analysis points to the subtle role of the LAG1 ceramide synthase
gene in determining yeast longevity. Exp. Gerontol. 2004, 39, 999-1009. [CrossRef]

Riboni, L.; Viani, P; Bassi, R.; Stabilini, A.; Tettamanti, G. Biomodulatory role of ceramide in basic fibroblast growth factor-induced
proliferation of cerebellar astrocytes in primary culture. Glia 2000, 32, 137-145. [CrossRef]

Riboni, L.; Viani, P; Bassi, R.; Giussani, P.; Tettamanti, G. Basic fibroblast growth factor-induced proliferation of primary
astrocytes—Evidence for the involvement of sphingomyelin biosynthesis. J. Biol. Chem. 2001, 276, 12797-12804. [CrossRef]
Tettamanti, G.; Prinetti, A.; Bassi, R.; Viani, P.; Giussani, P.; Riboni, L. Sphingoid bioregulators in the differentiation of cells of
neural origin. J. Lipid Mediat. Cell Signal 1996, 14, 263-275. [CrossRef]

Mclnnis, J.J.; Sood, D.; Guo, L.; Dufault, M.R.; Garcia, M.; Passaro, R.; Gao, G.; Zhang, B.; Dodge, ].C. Unravelling neuronal and
glial differences in ceramide composition, synthesis, and sensitivity to toxicity. Commun. Biol. 2024, 7, 1597. [CrossRef]
Chinnathambi, S.; Selvakumar, S.; Chandrashekar, M. Lipids modulates Tau and amyloid-f3 proteins in Alzheimer’s disease. Adv.
Protein Chem. Struct. Biol. 2025, 146, 137-159. [PubMed]

Yuyama, K.; Mitsutake, S.; Igarashi, Y. Pathological roles of ceramide and its metabolites in metabolic syndrome and Alzheimer’s
disease. Biochim. Biophys. Acta 2014, 1841, 793-798. [CrossRef] [PubMed]

He, X.; Huang, Y,; Li, B.; Gong, C.X.; Schuchman, E.H. Deregulation of sphingolipid metabolism in Alzheimer’s disease. Neurobiol.
Aging 2010, 31, 398-408. [CrossRef]


https://doi.org/10.1016/j.bbamem.2011.07.023
https://doi.org/10.1016/j.plipres.2011.11.001
https://doi.org/10.3390/ijms22136824
https://www.ncbi.nlm.nih.gov/pubmed/34201962
https://doi.org/10.3109/07357907.2011.629379
https://doi.org/10.1038/nrc.2017.96
https://doi.org/10.1038/nrm.2017.107
https://www.ncbi.nlm.nih.gov/pubmed/29165427
https://doi.org/10.3324/haematol.2024.285587
https://www.ncbi.nlm.nih.gov/pubmed/39633543
https://doi.org/10.1016/j.freeradbiomed.2022.08.036
https://doi.org/10.1007/s10719-024-10168-5
https://doi.org/10.1016/j.ibneur.2025.06.005
https://doi.org/10.1007/s12035-018-1448-3
https://www.ncbi.nlm.nih.gov/pubmed/30612333
https://doi.org/10.1007/s12035-018-1286-3
https://www.ncbi.nlm.nih.gov/pubmed/30140974
https://doi.org/10.1007/s00018-012-1038-x
https://doi.org/10.1038/nature13475
https://www.ncbi.nlm.nih.gov/pubmed/24899305
https://doi.org/10.1016/j.mad.2014.11.002
https://doi.org/10.1126/sageke.2003.39.pe27
https://doi.org/10.1016/j.bbalip.2013.08.006
https://doi.org/10.1016/j.exger.2004.03.026
https://doi.org/10.1002/1098-1136(200011)32:2%3C137::AID-GLIA30%3E3.0.CO;2-2
https://doi.org/10.1074/jbc.M011570200
https://doi.org/10.1016/0929-7855(96)00535-4
https://doi.org/10.1038/s42003-024-07231-0
https://www.ncbi.nlm.nih.gov/pubmed/40610072
https://doi.org/10.1016/j.bbalip.2013.08.002
https://www.ncbi.nlm.nih.gov/pubmed/23948264
https://doi.org/10.1016/j.neurobiolaging.2008.05.010

Int. J. Mol. Sci. 2025, 26, 11118 18 of 23

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

Malaplate-Armand, C.; Florent-Bechard, S.; Youssef, 1.; Koziel, V.; Sponne, I.; Kriem, B.; Leininger-Muller, B.; Olivier, J.L.;
Oster, T.; Pillot, T. Soluble oligomers of amyloid-beta peptide induce neuronal apoptosis by activating a cPLA2-dependent
sphingomyelinase-ceramide pathway. Neurobiol. Dis. 2006, 23, 178-189. [CrossRef] [PubMed]

Cutler, R.G; Kelly, ]J.; Storie, K.; Pedersen, W.A.; Tammara, A.; Hatanpaa, K.; Troncoso, ]J.C.; Mattson, M.P. Involvement of
oxidative stress-induced abnormalities in ceramide and cholesterol metabolism in brain aging and Alzheimer’s disease. Proc.
Natl. Acad. Sci. USA 2004, 101, 2070-2075. [CrossRef]

Katsel, P,; Li, C.; Haroutunian, V. Gene expression alterations in the sphingolipid metabolism pathways during progression of
dementia and Alzheimer’s disease: A shift toward ceramide accumulation at the earliest recognizable stages of Alzheimer’s
disease? Neurochem. Res. 2007, 32, 845-856. [CrossRef]

Chua, X.Y; Torta, F; Chong, J.R.; Venketasubramanian, N.; Hilal, S.; Wenk, M.R.; Chen, C.P,; Arumugam, T.V.; Herr, D.R; Lai,
M.K.P. Lipidomics profiling reveals distinct patterns of plasma sphingolipid alterations in Alzheimer’s disease and vascular
dementia. Alzheimers Res. Ther. 2023, 15, 214. [CrossRef] [PubMed]

Varma, V.R.; Oommen, A.M.; Varma, S.; Casanova, R.; An, Y.; Andrews, R.M.; O’Brien, R.; Pletnikova, O.; Troncoso, J.C.; Toledo,
J.; et al. Brain and blood metabolite signatures of pathology and progression in Alzheimer disease: A targeted metabolomics
study. PLoS Med. 2018, 15, €1002482. [CrossRef] [PubMed]

Furuya, S.; Ono, K; Hirabayashi, Y. Sphingolipid biosynthesis is necessary for dendrite growth and survival of cerebellar Purkinje
cells in culture. J. Neurochem. 1995, 65, 1551-1561. [CrossRef]

Harel, R.; Futerman, A .H. Inhibition of sphingolipid synthesis affects axonal outgrowth in cultured hippocampal neurons. J. Biol.
Chem. 1993, 268, 14476-14481. [CrossRef]

Marasas, W.E,; Kellerman, T.S.; Gelderblom, W.C.; Coetzer, ].A.; Thiel, P.G.; van der Lugt, J.J. Leukoencephalomalacia in a horse
induced by fumonisin Bl isolated from Fusarium moniliforme. Onderstepoort J. Vet. Res. 1988, 55, 197-203.

Ross, P.E; Ledet, A.E.; Owens, D.L.; Rice, L.G.; Nelson, H.A.; Osweiler, G.D.; Wilson, T.M. Experimental equine leukoencephalo-
malacia, toxic hepatosis, and encephalopathy caused by corn naturally contaminated with fumonisins. J. Vet. Diagn. Investig.
1993, 5, 69-74. [CrossRef]

Suarez, L.; Felkner, M.; Brender, J.D.; Canfield, M.; Zhu, H.; Hendricks, K.A. Neural tube defects on the Texas-Mexico border:
What we’ve learned in the 20 years since the Brownsville cluster. Birth Defects Res. A Clin. Mol. Teratol. 2012, 94, 882-892.
[CrossRef] [PubMed]

Mielke, M.M.; Maetzler, W.; Haughey, N.J.; Bandaru, V.V,; Savica, R.; Deuschle, C.; Gasser, T.; Hauser, A.K.; Graber-Sultan, S.;
Schleicher, E.; et al. Plasma ceramide and glucosylceramide metabolism is altered in sporadic Parkinson’s disease and associated
with cognitive impairment: A pilot study. PLoS ONE 2013, 8, €73094. [CrossRef]

Abbott, S.K; Li, H.; Mufioz, S.S.; Knoch, B.; Batterham, M.; Murphy, K.E.; Halliday, G.M.; Garner, B. Altered ceramide acyl chain
length and ceramide synthase gene expression in Parkinson’s disease. Mov. Disord. 2014, 29, 518-526. [CrossRef] [PubMed]
Riboni, L.; Campanella, R.; Bassi, R.; Villani, R.; Gaini, S.M.; Martinelli-Boneschi, F.; Viani, P.; Tettamanti, G. Ceramide levels are
inversely associated with malignant progression of human glial tumors. Glia 2002, 39, 105-113. [CrossRef]

Bassi, R.; Cas, M.D.; Tringali, C.; Compostella, F; Paroni, R.; Giussani, P. Ceramide Is Involved in Temozolomide Resistance in
Human Glioblastoma U87MG Overexpressing EGFR. Int. J. Mol. Sci. 2023, 24, 15394. [CrossRef]

Mohamud Yusuf, A.; Hagemann, N.; Hermann, D.M. The Acid Sphingomyelinase/Ceramide System as Target for Ischemic
Stroke Therapies. Neurosignals 2019, 27, 32-43.

Yu, J.; Novgorodov, S.A.; Chudakova, D.; Zhu, H.; Bielawska, A.; Bielawski, J.; Obeid, L.M.; Kindy, M.S.; Gudz, T.I. JNK3 signaling
pathway activates ceramide synthase leading to mitochondrial dysfunction. J. Biol. Chem. 2007, 282, 25940-25949. [CrossRef]
[PubMed]

Novgorodov, S.A.; Gudz, T.I. Ceramide and mitochondria in ischemic brain injury. Int. |. Biochem. Mol. Biol. 2011, 2, 347-361.
Imgrund, S.; Hartmann, D.; Farwanah, H.; Eckhardt, M.; Sandhoff, R.; Degen, ].; Gieselmann, V.; Sandhoff, K.; Willecke, K. Adult
ceramide synthase 2 (CERS2)-deficient mice exhibit myelin sheath defects, cerebellar degeneration, and hepatocarcinomas. J. Biol.
Chem. 2009, 284, 33549-33560. [CrossRef]

Tzou, EY.; Hornemann, T.; Yeh, ].Y.; Huang, S.Y. The pathophysiological role of dihydroceramide desaturase in the nervous
system. Prog. Lipid Res. 2023, 91, 101236. [CrossRef]

Fonteh, A.N.; Ormseth, C.; Chiang, J.; Cipolla, M.; Arakaki, X.; Harrington, M.G. Sphingolipid metabolism correlates with
cerebrospinal fluid Beta amyloid levels in Alzheimer’s disease. PLoS ONE 2015, 10, e0125597. [CrossRef]

Huynh, K,; Lim, W.L.E; Giles, C.; Jayawardana, K.S; Salim, A.; Mellett, N.A.; Smith, A.A.T.; Olshansky, G.; Drew, B.G.; Chatterjee,
P,; et al. Concordant peripheral lipidome signatures in two large clinical studies of Alzheimer’s disease. Nat. Commun. 2020,
11, 5698. [CrossRef] [PubMed]

Karsai, G.; Kraft, F.; Haag, N.; Korenke, G.C.; Hanisch, B.; Othman, A.; Suriyanarayanan, S.; Steiner, R.; Knopp, C.; Mull, M,; et al.
DEGS1-associated aberrant sphingolipid metabolism impairs nervous system function in humans. J. Clin. Investig. 2019, 129,
1229-1239. [CrossRef]


https://doi.org/10.1016/j.nbd.2006.02.010
https://www.ncbi.nlm.nih.gov/pubmed/16626961
https://doi.org/10.1073/pnas.0305799101
https://doi.org/10.1007/s11064-007-9297-x
https://doi.org/10.1186/s13195-023-01359-7
https://www.ncbi.nlm.nih.gov/pubmed/38087395
https://doi.org/10.1371/journal.pmed.1002482
https://www.ncbi.nlm.nih.gov/pubmed/29370177
https://doi.org/10.1046/j.1471-4159.1995.65041551.x
https://doi.org/10.1016/S0021-9258(19)85263-8
https://doi.org/10.1177/104063879300500115
https://doi.org/10.1002/bdra.23070
https://www.ncbi.nlm.nih.gov/pubmed/22945287
https://doi.org/10.1371/journal.pone.0073094
https://doi.org/10.1002/mds.25729
https://www.ncbi.nlm.nih.gov/pubmed/24822250
https://doi.org/10.1002/glia.10087
https://doi.org/10.3390/ijms242015394
https://doi.org/10.1074/jbc.M701812200
https://www.ncbi.nlm.nih.gov/pubmed/17609208
https://doi.org/10.1074/jbc.M109.031971
https://doi.org/10.1016/j.plipres.2023.101236
https://doi.org/10.1371/journal.pone.0125597
https://doi.org/10.1038/s41467-020-19473-7
https://www.ncbi.nlm.nih.gov/pubmed/33173055
https://doi.org/10.1172/JCI124159

Int. J. Mol. Sci. 2025, 26, 11118 19 of 23

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.
123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

Pant, D.C.; Dorboz, I; Schluter, A.; Fourcade, S.; Launay, N.; Joya, J.; Aguilera-Albesa, S.; Yoldi, M.E.; Casasnovas, C.; Willis, M.].;
et al. Loss of the sphingolipid desaturase DEGS1 causes hypomyelinating leukodystrophy. J. Clin. Investig. 2019, 129, 1240-1256.
[CrossRef] [PubMed]

Dolgin, V.; Straussberg, R.; Xu, R.; Mileva, L; Yogev, Y.; Khoury, R.; Konen, O.; Barhum, Y.; Zvulunov, A.; Mao, C.; et al. DEGS1
variant causes neurological disorder. Eur. |. Hum. Genet. 2019, 27, 1668-1676. [CrossRef] [PubMed]

Blackburn, N.B.; Michael, L.E,; Meikle, PJ.; Peralta, ]. M.; Mosior, M.; McAhren, S.; Bui, H.H.; Bellinger, M.A; Giles, C.; Kumar, S.;
et al. Rare DEGSI] variant significantly alters de novo ceramide synthesis pathway. J. Lipid Res. 2019, 60, 1630-1639. [CrossRef]
[PubMed]

Casasampere, M.; Ordénez, Y.F; Casas, J.; Fabrias, G. Dihydroceramide desaturase inhibitors induce autophagy via
dihydroceramide-dependent and independent mechanisms. Biochim. Biophys. Acta Gen. Subj. 2017, 1861, 264-275. [CrossRef]
Hla, T.; Brinkmann, V. Sphingosine 1-phosphate (51P): Physiology and the effects of S1P receptor modulation. Neurology 2011, 76,
S3-S8. [CrossRef]

Cuvillier, O.; Pirianov, G.; Kleuser, B.; Vanek, P.G.; Coso, O.A.; Gutkind, S.; Spiegel, S. Suppression of ceramide-mediated
programmed cell death by sphingosine-1-phosphate. Nature 1996, 381, 800-803. [CrossRef]

Olivera, A.; Spiegel, S. Sphingosine-1-phosphate as second messenger in cell proliferation induced by PDGF and FCS mitogens.
Nature 1993, 365, 557-560. [CrossRef]

Spiegel, S.; Milstien, S. Sphingosine-1-phosphate: An enigmatic signalling lipid. Nat. Rev. Mol. Cell Biol. 2003, 4, 397-407.
[CrossRef]

Choi, J.W.; Chun, J. Lysophospholipids and their receptors in the central nervous system. Biochim. Biophys. Acta 2013, 1831, 20-32.
[CrossRef]

Wu, Y.P,; Mizugishi, K.; Bektas, M.; Sandhoff, R.; Proia, R.L. Sphingosine kinase 1/S1P receptor signaling axis controls glial
proliferation in mice with Sandhoff disease. Hum. Mol. Genet. 2008, 17, 2257-2264. [CrossRef]

Blaho, V.A.; Hla, T. An update on the biology of sphingosine 1-phosphate receptors. J. Lipid Res. 2014, 55, 1596-1608. [CrossRef]
Chun, J.; Hla, T.; Lynch, K.R.; Spiegel, S.; Moolenaar, W.H. International Union of Basic and Clinical Pharmacology. LXXVIIL
Lysophospholipid receptor nomenclature. Pharmacol. Rev. 2010, 62, 579-587. [CrossRef] [PubMed]

Maceyka, M.; Payne, S.G.; Milstien, S.; Spiegel, S. Sphingosine kinase, sphingosine-1-phosphate, and apoptosis. Biochim. Biophys.
Acta 2002, 1585, 193-201. [CrossRef]

Maceyka, M.; Harikumar, K.B.; Milstien, S.; Spiegel, S. Sphingosine-1-phosphate signaling and its role in disease. Trends Cell Biol.
2012, 22, 50-60. [CrossRef] [PubMed]

Velazquez, EN.; Hernandez-Corbacho, M.; Trayssac, M.; Stith, J.L.; Bonica, J.; Jean, B.; Pulkoski-Gross, M.J.; Carroll, B.L.; Salama,
M.E; Hannun, Y.A.; et al. Bioactive sphingolipids: Advancements and contributions from the laboratory of Dr. Lina M. Obeid.
Cell Signal 2021, 79, 109875. [CrossRef] [PubMed]

Gomez-Larrauri, A.; Larrea, A.; Martin, C.; Gomez-Muioz, A. The critical roles of bioactive sphingolipids in inflammation. J. Biol.
Chem. 2025, 301, 110475. [CrossRef]

Mohamud Yusuf, A.; Zhang, X.; Gulbins, E.; Peng, Y.; Hagemann, N.; Hermann, D.M. Signaling roles of sphingolipids in the
ischemic brain and their potential utility as therapeutic targets. Neurobiol. Dis. 2024, 201, 106682. [CrossRef]

Lee, M.].; Thangada, S.; Claffey, K.P.; Ancellin, N.; Liu, C.H.; Kluk, M.; Volpi, M.; Sha’afi, R.I; Hla, T. Vascular endothelial cell
adherens junction assembly and morphogenesis induced by sphingosine-1-phosphate. Cell 1999, 99, 301-312. [CrossRef]

Lee, O.H.; Kim, YM.; Lee, YM.; Moon, EJ.; Lee, D.J.; Kim, J.H.; Kim, KW.; Kwon, Y.G. Sphingosine 1-phosphate induces
angiogenesis: Its angiogenic action and signaling mechanism in human umbilical vein endothelial cells. Biochem. Biophys. Res.
Commun. 1999, 264, 743-750. [CrossRef]

Chun, J.; Hartung, H.P. Mechanism of action of oral fingolimod (FTY720) in multiple sclerosis. Clin. Neuropharmacol. 2010, 33,
91-101. [CrossRef] [PubMed]

Bassi, R.; Anelli, V.; Giussani, P; Tettamanti, G.; Viani, P; Riboni, L. Sphingosine-1-phosphate is released by cerebellar astrocytes
in response to bFGF and induces astrocyte proliferation through G(i)-protein-coupled receptors. Glia 2006, 53, 621-630. [CrossRef]
Giussani, P.; Ferraretto, A.; Gravaghi, C.; Bassi, R.; Tettamanti, G.; Riboni, L.; Viani, P. Sphingosine-1-phosphate and calcium
signaling in cerebellar astrocytes and differentiated granule cells. Neurochem. Res. 2007, 32, 27-37. [CrossRef]

An, S.; Zheng, Y.; Bleu, T. Sphingosine 1-phosphate-induced cell proliferation, survival, and related signaling events mediated by
G protein-coupled receptors Edg3 and Edg5. . Biol. Chem. 2000, 275, 288-296. [CrossRef] [PubMed]

Stepanovska, B.; Huwiler, A. Targeting the S1P receptor signaling pathways as a promising approach for treatment of autoimmune
and inflammatory diseases. Pharmacol. Res. 2020, 154, 104170. [CrossRef] [PubMed]

Motyl, ].A.; Strosznajder, J.B.; Wencel, A.; Strosznajder, R.P. Recent Insights into the Interplay of Alpha-Synuclein and Sphingolipid
Signaling in Parkinson’s Disease. Int. ]. Mol. Sci. 2021, 22, 6277. [CrossRef]

Giussani, P,; Prinetti, A.; Tringali, C. The role of Sphingolipids in myelination and myelin stability and their involvement in
childhood and adult demyelinating disorders. . Neurochem. 2021, 156, 403—414. [CrossRef]


https://doi.org/10.1172/JCI123959
https://www.ncbi.nlm.nih.gov/pubmed/30620337
https://doi.org/10.1038/s41431-019-0444-z
https://www.ncbi.nlm.nih.gov/pubmed/31186544
https://doi.org/10.1194/jlr.P094433
https://www.ncbi.nlm.nih.gov/pubmed/31227640
https://doi.org/10.1016/j.bbagen.2016.11.033
https://doi.org/10.1212/WNL.0b013e31820d5ec1
https://doi.org/10.1038/381800a0
https://doi.org/10.1038/365557a0
https://doi.org/10.1038/nrm1103
https://doi.org/10.1016/j.bbalip.2012.07.015
https://doi.org/10.1093/hmg/ddn126
https://doi.org/10.1194/jlr.R046300
https://doi.org/10.1124/pr.110.003111
https://www.ncbi.nlm.nih.gov/pubmed/21079037
https://doi.org/10.1016/S1388-1981(02)00341-4
https://doi.org/10.1016/j.tcb.2011.09.003
https://www.ncbi.nlm.nih.gov/pubmed/22001186
https://doi.org/10.1016/j.cellsig.2020.109875
https://www.ncbi.nlm.nih.gov/pubmed/33290840
https://doi.org/10.1016/j.jbc.2025.110475
https://doi.org/10.1016/j.nbd.2024.106682
https://doi.org/10.1016/S0092-8674(00)81661-X
https://doi.org/10.1006/bbrc.1999.1586
https://doi.org/10.1097/WNF.0b013e3181cbf825
https://www.ncbi.nlm.nih.gov/pubmed/20061941
https://doi.org/10.1002/glia.20324
https://doi.org/10.1007/s11064-006-9219-3
https://doi.org/10.1074/jbc.275.1.288
https://www.ncbi.nlm.nih.gov/pubmed/10617617
https://doi.org/10.1016/j.phrs.2019.02.009
https://www.ncbi.nlm.nih.gov/pubmed/30776422
https://doi.org/10.3390/ijms22126277
https://doi.org/10.1111/jnc.15133

Int. J. Mol. Sci. 2025, 26, 11118 20 of 23

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.
154.

155.

156.

157.

158.

159.

160.

161.

Grassi, S.; Giussani, P.; Prioni, S.; Button, D.; Cao, J.; Hakimi, I.; Sarmiere, P.; Srinivas, M.; Cabitta, L.; Sonnino, S.; et al. Human
Remyelination Promoting Antibody Stimulates Astrocytes Proliferation Through Modulation of the Sphingolipid Rheostat in
Primary Rat Mixed Glial Cultures. Neurochem. Res. 2019, 44, 1460-1474. [CrossRef]

Al-Hashmi, GK.H.; Al-Asmi, A ; Islam, M.M.; Al-Zakwani, L; Butt, M.; Al-Qassabi, A.; Al-Abri, H.; Gujjar, A.R. Effectiveness and
Safety Profile of Fingolimod in Treating Omani Patients with Multiple Sclerosis: A single tertiary centre experience. Sultan Qaboos
Univ. Med. J. 2025, 25, 225-232. [CrossRef]

Shang, Y.; Huang, Y.; Meng, Q.; Yu, Z.; Wen, Z.; Yu, E. Fingolimod as a potent anti-Staphylococcus aureus: pH-dependent cell
envelope damage and eradication of biofilms/persisters. BMC Microbiol. 2025, 25, 299. [CrossRef]

Dayani, L.; Haddadi, F; Aliomrani, M.; Taheri, A. Preparation and In vitro/In vivo Evaluation of Fingolimod hydrochloride
Loaded Polymeric Mixed Nano-Micelles for Treatment of Multiple Sclerosis. ]. Neuroimmune Pharmacol. 2025, 20, 41. [CrossRef]
Chiricozzi, E.; Loberto, N.; Schiumarini, D.; Samarani, M.; Mancini, G.; Tamanini, A.; Lippi, G.; Dechecchi, M.C.; Bassi, R.;
Giussani, P; et al. Sphingolipids role in the regulation of inflammatory response: From leukocyte biology to bacterial infection. J.
Leukoc. Biol. 2018, 103, 445-456. [CrossRef]

Maktabi, B.; Shehjar, F.; Senger, Z.; Kountz, L.; Hasan, S.; Maaieh, K.; Hoersten, K.; Duric, J.; Shah, Z.A. Sphingosine-1-Phosphate
Modulation in Neurological Disorders: Insights from MS and Stroke. Brain Sci. 2025, 15, 436. [CrossRef]

Murayama, R.; Cai, Y.; Nakamura, H.; Hashimoto, K. Demyelination in psychiatric and neurological disorders: Mechanism:s,
clinical impact, and novel therapeutic strategies. Neurosci. Biobehav. Rev. 2025, 174, 106209. [CrossRef]

Abulaban, A.A.; Al-Kuraishy, H.M.; Al-Gareeb, A L; Albuhadily, A K.; Shokr, M.M.; Alexiou, A.; Papadakis, M.; Batiha, G.E. The
janus face of astrocytes in multiple sclerosis: Balancing protection and pathology. Brain Res. Bull. 2025, 226, 111356. [CrossRef]
Yuan, X.; Klein, D.; Maier, A.M.; Martini, R. Therapeutic sphingosine-1-phosphate receptor modulation by repurposing fingolimod
(FTY720) leads to mitigated neuropathy and improved clinical outcome in a mouse model for Charcot-Marie-Tooth 1X disease.
Neuromuscul. Disord. 2025, 50, 105345. [CrossRef]

Takasugi, N.; Sasaki, T.; Ebinuma, I.; Osawa, S.; Isshiki, H.; Takeo, K.; Tomita, T.; Iwatsubo, T. FTY720/fingolimod, a sphingosine
analogue, reduces amyloid-beta production in neurons. PLoS ONE 2013, 8, e64050. [CrossRef] [PubMed]

Asle-Rousta, M.; Kolahdooz, Z.; Oryan, S.; Ahmadiani, A.; Dargahi, L. FTY720 (fingolimod) attenuates beta-amyloid peptide
(Abeta42)-induced impairment of spatial learning and memory in rats. . Mol. Neurosci. 2013, 50, 524-532. [CrossRef] [PubMed]
Shen, W.; Jiang, L.; Zhao, J.; Wang, H.; Hu, M.; Chen, L.; Chen, Y. Bioactive lipids and their metabolism: New therapeutic
opportunities for Parkinson’s disease. Eur. ]. Neurosci. 2022, 55, 846-872. [CrossRef] [PubMed]

Pyszko, J.A.; Strosznajder, ].B. The key role of sphingosine kinases in the molecular mechanism of neuronal cell survival and
death in an experimental model of Parkinson’s disease. Folia Neuropathol. 2014, 52, 260-269. [CrossRef]

Sivasubramanian, M.; Kanagaraj, N.; Dheen, S.T.; Tay, S.S. Sphingosine kinase 2 and sphingosine-1-phosphate promotes
mitochondrial function in dopaminergic neurons of mouse model of Parkinson’s disease and in MPP+ -treated MN9D cells
in vitro. Neuroscience 2015, 290, 636—648. [CrossRef] [PubMed]

Pyszko, J.; Strosznajder, J.B. Sphingosine kinase 1 and sphingosine-1-phosphate in oxidative stress evoked by 1-methyl-4-
phenylpyridinium (MPP+) in human dopaminergic neuronal cells. Mol. Neurobiol. 2014, 50, 38—48. [CrossRef]

Pyne, N.J.; Pyne, S. Sphingosine 1-phosphate and cancer. Nat. Rev. Cancer 2010, 10, 489-503. [CrossRef]

Pyne, N.J.; Tonelli, F; Lim, K.G.; Long, ].S.; Edwards, J.; Pyne, S. Sphingosine 1-phosphate signalling in cancer. Biochem. Soc. Trans.
2012, 40, 94-100. [CrossRef]

Yester, ] W.; Tizazu, E.; Harikumar, K.B.; Kordula, T. Extracellular and intracellular sphingosine-1-phosphate in cancer. Cancer
Metastasis Rev. 2011, 30, 577-597. [CrossRef]

Van Brocklyn, J.; Letterle, C.; Snyder, P; Prior, T. Sphingosine-1-phosphate stimulates human glioma cell proliferation through
Gi-coupled receptors: Role of ERK MAP kinase and phosphatidylinositol 3-kinase beta. Cancer Lett. 2002, 181, 195-204. [CrossRef]
Van Brocklyn, J.R.; Young, N.; Roof, R. Sphingosine-1-phosphate stimulates motility and invasiveness of human glioblastoma
multiforme cells. Cancer Lett. 2003, 199, 53-60. [CrossRef]

Mahajan-Thakur, S.; Bien-Moller, S.; Marx, S.; Schroeder, H.; Rauch, B.H. Sphingosine 1-phosphate (S1P) signaling in glioblastoma
multiforme-A systematic review. Int. J. Mol. Sci. 2017, 18, 2448. [CrossRef]

Zhang, H.; Li, W,; Sun, S.; Yu, S.; Zhang, M.; Zou, E. Inhibition of sphingosine kinase 1 suppresses proliferation of glioma cells
under hypoxia by attenuating activity of extracellular signal-regulated kinase. Cell Prolif. 2012, 45, 167-175. [CrossRef] [PubMed]
Edsall, L.C.; Cuvillier, O.; Twitty, S.; Spiegel, S.; Milstien, S. Sphingosine kinase expression regulates apoptosis and caspase
activation in PC12. J. Neurochem. 2001, 76, 1573-1584. [CrossRef] [PubMed]

Kapitonov, D.; Allegood, ].C.; Mitchell, C.; Hait, N.C.; Almenara, J.A.; Adams, ] K.; Zipkin, R.E; Dent, P.; Kordula, T.; Milstien, S.;
et al. Targeting sphingosine kinase 1 inhibits Akt signaling, induces apoptosis, and suppresses growth of human glioblastoma
cells and xenografts. Cancer Res. 2009, 69, 6915-6923. [CrossRef]


https://doi.org/10.1007/s11064-018-2701-x
https://doi.org/10.18295/2075-0528.2829
https://doi.org/10.1186/s12866-025-03973-x
https://doi.org/10.1007/s11481-025-10203-8
https://doi.org/10.1002/JLB.3MR0717-269R
https://doi.org/10.3390/brainsci15050436
https://doi.org/10.1016/j.neubiorev.2025.106209
https://doi.org/10.1016/j.brainresbull.2025.111356
https://doi.org/10.1016/j.nmd.2025.105345
https://doi.org/10.1371/journal.pone.0064050
https://www.ncbi.nlm.nih.gov/pubmed/23667698
https://doi.org/10.1007/s12031-013-9979-6
https://www.ncbi.nlm.nih.gov/pubmed/23435938
https://doi.org/10.1111/ejn.15566
https://www.ncbi.nlm.nih.gov/pubmed/34904314
https://doi.org/10.5114/fn.2014.45567
https://doi.org/10.1016/j.neuroscience.2015.01.032
https://www.ncbi.nlm.nih.gov/pubmed/25637806
https://doi.org/10.1007/s12035-013-8622-4
https://doi.org/10.1038/nrc2875
https://doi.org/10.1042/BST20110602
https://doi.org/10.1007/s10555-011-9305-0
https://doi.org/10.1016/S0304-3835(02)00050-2
https://doi.org/10.1016/S0304-3835(03)00334-3
https://doi.org/10.3390/ijms18112448
https://doi.org/10.1111/j.1365-2184.2012.00807.x
https://www.ncbi.nlm.nih.gov/pubmed/22288844
https://doi.org/10.1046/j.1471-4159.2001.00164.x
https://www.ncbi.nlm.nih.gov/pubmed/11238741
https://doi.org/10.1158/0008-5472.CAN-09-0664

Int. J. Mol. Sci. 2025, 26, 11118 21 0f23

162.

163.

164.

165.

166.

167.
168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

Van Brocklyn, J.R.; Jackson, C.A.; Pearl, D.K.; Kotur, M.S.; Snyder, PJ.; Prior, T.W. Sphingosine kinase-1 expression correlates with
poor survival of patients with glioblastoma multiforme: Roles of sphingosine kinase isoforms in growth of glioblastoma cell lines.
J. Neuropathol. Exp. Neurol. 2005, 64, 695-705. [CrossRef] [PubMed]

Cattaneo, M.G.; Vanetti, C.; Samarani, M.; Aureli, M.; Bassi, R.; Sonnino, S.; Giussani, P. Crosstalk between sphingosine-1-
phosphate and EGFR signalling pathways enhances human glioblastoma cell invasiveness. FEBS Lett. 2018, 592, 949-961.
[CrossRef]

Sonnino, S.; Ghidoni, R.; Marchesini, S.; Tettamanti, G. Cytosolic gangliosides: Occurrence in calf brain as ganglioside--protein
complexes. J. Neurochem. 1979, 33, 117-121. [CrossRef]

Sonnino, S.; Prinetti, A.; Mauri, L.; Chigorno, V.; Tettamanti, G. Dynamic and structural properties of sphingolipids as driving
forces for the formation of membrane domains. Chem. Rev. 2006, 106, 2111-2125. [CrossRef]

Chigorno, V.; Negroni, E.; Nicolini, M.; Sonnino, S. Activity of 3-ketosphinganine synthase during differentiation and aging of
neuronal cells in culture. J. Lipid Res. 1997, 38, 1163-1169. [CrossRef]

Sandhoff, R.; Sandhoff, K. Emerging concepts of ganglioside metabolism. FEBS Lett. 2018, 592, 3835-3864. [CrossRef] [PubMed]
Aureli, M.; Mauri, L.; Carsana, E.V.; Dobi, D.; Breviario, S.; Lunghi, G.; Sonnino, S. Gangliosides and Cell Surface Ganglioside
Metabolic Enzymes in the Nervous System. Adv. Neurobiol. 2023, 29, 305-332. [PubMed]

Miyagi, T.; Yamaguchi, K. Mammalian sialidases: Physiological and pathological roles in cellular functions. Glycobiology 2012, 22,
880-896. [CrossRef]

Chowdhury, S.; Wu, G.; Lu, Z.H.; Kumar, R.; Ledeen, R. Age-Related Decline in Gangliosides GM1 and GD1a in Non-CNS Tissues
of Normal Mice: Implications for Peripheral Symptoms of Parkinson’s Disease. Biomedicines 2023, 11, 209. [CrossRef]

Sonnino, S.; Chigorno, V. Ganglioside molecular species containing C18- and C20-sphingosine in mammalian nervous tissues and
neuronal cell cultures. Biochim. Biophys. Acta 2000, 1469, 63-77. [CrossRef] [PubMed]

Aureli, M.; Mauri, L.; Ciampa, M.G; Prinetti, A.; Toffano, G.; Secchieri, C.; Sonnino, S. GM1 Ganglioside: Past Studies and Future
Potential. Mol. Neurobiol. 2016, 53, 1824-1842. [CrossRef] [PubMed]

Mutoh, T.; Hamano, T.; Yano, S.; Koga, H.; Yamamoto, H.; Furukawa, K.; Ledeen, R.W. Stable transfection of GM1 synthase
gene into GM1-deficient NG108-15 cells, CR-72 cells, rescues the responsiveness of Trk-neurotrophin receptor to its ligand, NGF.
Neurochem. Res. 2002, 27, 801-806. [CrossRef] [PubMed]

Mutoh, T.; Tokuda, A.; Miyadai, T.; Hamaguchi, M.; Fujiki, N. Ganglioside GM1 binds to the Trk protein and regulates receptor
function. Proc. Natl. Acad. Sci. USA 1995, 92, 5087-5091. [CrossRef]

Duchemin, A.M.; Ren, Q.; Neff, N.H.; Hadjiconstantinou, M. GM1-induced activation of phosphatidylinositol 3-kinase: Involve-
ment of Trk receptors. J. Neurochem. 2008, 104, 1466-1477. [CrossRef]

Duchemin, A.M.; Ren, Q.; Mo, L.; Neff, N.H.; Hadjiconstantinou, M. GM1 ganglioside induces phosphorylation and activation of
Trk and Erk in brain. J. Neurochem. 2002, 81, 696-707. [CrossRef]

Mo, L.; Ren, Q.; Duchemin, A.M.; Neff, N.H.; Hadjiconstantinou, M. GM1 and ERK signaling in the aged brain. Brain Res. 2005,
1054, 125-134. [CrossRef]

Chiricozzi, E.; Biase, E.D.; Maggioni, M.; Lunghi, G.; Fazzari, M.; Pome, D.Y.; Casellato, R.; Loberto, N.; Mauri, L.; Sonnino, S.
GM1 promotes TrkA-mediated neuroblastoma cell differentiation by occupying a plasma membrane domain different from TrkA.
J. Neurochem. 2019, 149, 231-241. [CrossRef]

Schengrund, C.L.; Prouty, C. Oligosaccharide portion of GM1 enhances process formation by S20Y neuroblastoma cells. .
Neurochem. 1988, 51, 277-282. [CrossRef]

Chiricozzi, E.; Di Biase, E.; Lunghi, G.; Fazzari, M.; Loberto, N.; Aureli, M.; Mauri, L.; Sonnino, S. Turning the spotlight on the
oligosaccharide chain of GM1 ganglioside. Glycocon;. J. 2021, 38, 101-117. [CrossRef]

Fazzari, M.; Audano, M.; Lunghi, G.; Di Biase, E.; Loberto, N.; Mauri, L.; Mitro, N.; Sonnino, S.; Chiricozzi, E. The oligosaccharide
portion of ganglioside GM1 regulates mitochondrial function in neuroblastoma cells. Glycocon;j. J. 2020, 37, 293-306. [CrossRef]
Di Biase, E.; Lunghi, G.; Fazzari, M.; Maggioni, M.; Pome, D.Y.; Valsecchi, M.; Samarani, M.; Fato, P.; Ciampa, M.G.; Prioni, S.;
et al. Gangliosides in the differentiation process of primary neurons: The specific role of GM1-oligosaccharide. Glycoconj. J. 2020,
37,329-343. [CrossRef]

Tansey, M.G.; Baloh, R.H.; Milbrandt, J.; Johnson, E.M., Jr. GFRalpha-mediated localization of RET to lipid rafts is required for
effective downstream signaling, differentiation, and neuronal survival. Neuron 2000, 25, 611-623. [CrossRef] [PubMed]
Decressac, M.; Kadkhodaei, B.; Mattsson, B.; Laguna, A.; Perlmann, T; Bjérklund, A. x-Synuclein-induced down-regulation of
Nurrl disrupts GDNF signaling in nigral dopamine neurons. Sci. Transl. Med. 2012, 4, 163ra156, Erratum in Sci. Transl. Med. 2016,
8, 335er334.. [CrossRef] [PubMed]

Bartels, T.; Kim, N.C.; Luth, E.S.; Selkoe, D.J. N-alpha-acetylation of «-synuclein increases its helical folding propensity, GM1
binding specificity and resistance to aggregation. PLoS ONE 2014, 9, e103727. [CrossRef]

Martinez, Z.; Zhu, M.; Han, S.; Fink, A.L. GM1 specifically interacts with alpha-synuclein and inhibits fibrillation. Biochemistry
2007, 46, 1868-1877. [CrossRef]


https://doi.org/10.1097/01.jnen.0000175329.59092.2c
https://www.ncbi.nlm.nih.gov/pubmed/16106218
https://doi.org/10.1002/1873-3468.13000
https://doi.org/10.1111/j.1471-4159.1979.tb11713.x
https://doi.org/10.1021/cr0100446
https://doi.org/10.1016/S0022-2275(20)37198-4
https://doi.org/10.1002/1873-3468.13114
https://www.ncbi.nlm.nih.gov/pubmed/29802621
https://www.ncbi.nlm.nih.gov/pubmed/36255680
https://doi.org/10.1093/glycob/cws057
https://doi.org/10.3390/biomedicines11010209
https://doi.org/10.1016/S0005-2736(00)00210-8
https://www.ncbi.nlm.nih.gov/pubmed/10998569
https://doi.org/10.1007/s12035-015-9136-z
https://www.ncbi.nlm.nih.gov/pubmed/25762012
https://doi.org/10.1023/A:1020209008169
https://www.ncbi.nlm.nih.gov/pubmed/12374216
https://doi.org/10.1073/pnas.92.11.5087
https://doi.org/10.1111/j.1471-4159.2007.05088.x
https://doi.org/10.1046/j.1471-4159.2002.00831.x
https://doi.org/10.1016/j.brainres.2005.06.068
https://doi.org/10.1111/jnc.14685
https://doi.org/10.1111/j.1471-4159.1988.tb04867.x
https://doi.org/10.1007/s10719-021-09974-y
https://doi.org/10.1007/s10719-020-09920-4
https://doi.org/10.1007/s10719-020-09919-x
https://doi.org/10.1016/S0896-6273(00)81064-8
https://www.ncbi.nlm.nih.gov/pubmed/10774729
https://doi.org/10.1126/scitranslmed.3004676
https://www.ncbi.nlm.nih.gov/pubmed/23220632
https://doi.org/10.1371/journal.pone.0103727
https://doi.org/10.1021/bi061749a

Int. J. Mol. Sci. 2025, 26, 11118 22 0f 23

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.
205.

206.

207.

208.

209.

210.

211.

Wu, G,; Lu, Z.H.; Kulkarni, N.; Ledeen, R.W. Deficiency of ganglioside GM1 correlates with Parkinson’s disease in mice and
humans. J. Neurosci. Res. 2012, 90, 1997-2008. [CrossRef]

Hadaczek, P.; Wu, G.; Sharma, N.; Ciesielska, A.; Bankiewicz, K.; Davidow, A.L.; Lu, Z.H.; Forsayeth, J.; Ledeen, R W. GDNF
signaling implemented by GM1 ganglioside; failure in Parkinson’s disease and GM1-deficient murine model. Exp. Neurol. 2015,
263, 177-189. [CrossRef]

Wu, G,; Lu, Z.H.; Wang, ].; Wang, Y.; Xie, X.; Meyenhofer, M.F.; Ledeen, R.W. Enhanced susceptibility to kainate-induced seizures,
neuronal apoptosis, and death in mice lacking gangliotetraose gangliosides: Protection with LIGA 20, a membrane-permeant
analog of GML1. J. Neurosci. 2005, 25, 11014-11022. [CrossRef] [PubMed]

Wu, G,; Lu, Z.H,; Xie, X,; Li, L.; Ledeen, R.W. Mutant NG108-15 cells (NG-CR72) deficient in GM1 synthase respond aberrantly to
axonogenic stimuli and are vulnerable to calcium-induced apoptosis: They are rescued with LIGA-20. J. Neurochem. 2001, 76,
690-702. [CrossRef]

Wu, G;; Xie, X.; Lu, Z.H.; Ledeen, R.W. Cerebellar neurons lacking complex gangliosides degenerate in the presence of depolarizing
levels of potassium. Proc. Natl. Acad. Sci. USA 2001, 98, 307-312. [CrossRef]

Newburn, E.N.; Duchemin, A.M.; Neff, N.H.; Hadjiconstantinou, M. GM1 ganglioside enhances Ret signaling in striatum. J.
Neurochem. 2014, 130, 541-554. [CrossRef] [PubMed]

Snead, D.; Eliezer, D. Intrinsically disordered proteins in synaptic vesicle trafficking and release. J. Biol. Chem. 2019, 294, 3325-3342.
[CrossRef]

Burré, J.; Sharma, M.; Tsetsenis, T.; Buchman, V.; Etherton, M.R.; Stidhof, T.C. Alpha-synuclein promotes SNARE-complex
assembly in vivo and in vitro. Science 2010, 329, 1663-1667. [CrossRef]

Bartels, T.; Choi, ].G.; Selkoe, D.J. «-Synuclein occurs physiologically as a helically folded tetramer that resists aggregation. Nature
2011, 477, 107-110. [CrossRef]

Chiricozzi, E.; Mauri, L.; Lunghi, G.; Di Biase, E.; Fazzari, M.; Maggioni, M.; Valsecchi, M.; Prioni, S.; Loberto, N.; Pome, D.Y.; et al.
Parkinson’s disease recovery by GM1 oligosaccharide treatment in the B4galnt1(+/—) mouse model. Sci. Rep. 2019, 9, 19330.
[CrossRef] [PubMed]

Schneider, J.S.; Aras, R.; Williams, C.K.; Koprich, J.B.; Brotchie, ].M.; Singh, V. GM1 Ganglioside Modifies alpha-Synuclein Toxicity
and is Neuroprotective in a Rat alpha-Synuclein Model of Parkinson’s Disease. Sci. Rep. 2019, 9, 8362. [CrossRef]

Fazzari, M.; Di Biase, E.; Zaccagnini, L.; Henriques, A.; Callizot, N.; Ciampa, M.G.; Mauri, L.; Carsana, E.V.; Loberto, N.; Aureli,
M.; et al. GM1 oligosaccharide efficacy against x-synuclein aggregation and toxicity in vitro. Biochim. Biophys. Acta Mol. Cell Biol.
Lipids 2023, 1868, 159350. [CrossRef] [PubMed]

Fortin, D.L.; Nemani, V.M.; Voglmaier, S.M.; Anthony, M.D.; Ryan, T.A.; Edwards, R.H. Neural activity controls the synaptic
accumulation of alpha-synuclein. J. Neurosci. 2005, 25, 10913-10921. [CrossRef]

Fortin, D.L.; Troyer, M.D.; Nakamura, K.; Kubo, S.; Anthony, M.D.; Edwards, R.H. Lipid rafts mediate the synaptic localization of
alpha-synuclein. J. Neurosci. 2004, 24, 6715-6723. [CrossRef]

Ottico, E.; Prinetti, A.; Prioni, S.; Giannotta, C.; Basso, L.; Chigorno, V.; Sonnino, S. Dynamics of membrane lipid domains in
neuronal cells differentiated in culture. J. Lipid Res. 2003, 44, 2142-2151. [CrossRef] [PubMed]

Chigorno, V.; Valsecchi, M.; Acquotti, D.; Sonnino, S.; Tettamanti, G. Formation of a cytosolic ganglioside-protein complex
following administration of photoreactive ganglioside GM1 to human fibroblasts in culture. FEBS Lett. 1990, 263, 329-331.
[CrossRef]

Del Tredici, K.; Riib, U.; De Vos, R.A.; Bohl, J.R.; Braak, H. Where does parkinson disease pathology begin in the brain? ].
Neuropathol. Exp. Neurol. 2002, 61, 413-426. [CrossRef]

Ledeen, R.; Wu, G. Gangliosides of the Nervous System. Methods Mol. Biol. 2018, 1804, 19-55.

Ledeen, R.W.; Wu, G. Gangliosides, a-Synuclein, and Parkinson’s Disease. Prog. Mol. Biol. Transl. Sci. 2018, 156, 435-454.
[PubMed]

Schneider, ].S. Altered expression of genes involved in ganglioside biosynthesis in substantia nigra neurons in Parkinson’s disease.
PLoS ONE 2018, 13, €0199189. [CrossRef]

Chiricozzi, E.; Lunghi, G.; Di Biase, E.; Fazzari, M.; Sonnino, S.; Mauri, L. GM1 Ganglioside Is a Key Factor in Maintaining the
Mammalian Neuronal Functions Avoiding Neurodegeneration. Int. J. Mol. Sci. 2020, 21, 868. [CrossRef] [PubMed]

Wu, G.; Lu, Z.H.; Seo, ].H.; Alselehdar, S.K.; DeFrees, S.; Ledeen, R.W. Mice deficient in GM1 manifest both motor and non-motor
symptoms of Parkinson’s disease; successful treatment with synthetic GM1 ganglioside. Exp. Neurol. 2020, 329, 113284. [CrossRef]
Di Biase, E.; Lunghi, G.; Maggioni, M.; Fazzari, M.; Pome, D.Y.; Loberto, N.; Ciampa, M.G.; Fato, P.; Mauri, L.; Sevin, E.; et al.
GM1 Oligosaccharide Crosses the Human Blood-Brain Barrier In Vitro by a Paracellular Route. Int. J. Mol. Sci. 2020, 21, 2858.
[CrossRef]

Chiricozzi, E.; Aureli, M.; Mauri, L.; Di Biase, E.; Lunghi, G.; Fazzari, M.; Valsecchi, M.; Carsana, E.V.; Loberto, N.; Prinetti, A.;
et al. Glycosphingolipids. Adv. Exp. Med. Biol. 2021, 1325, 61-102.

Davies, L.; Fassbender, K.; Walter, S. Sphingolipids in neuroinflammation. Handb. Exp. Pharmacol. 2013, 421-430. [CrossRef]


https://doi.org/10.1002/jnr.23090
https://doi.org/10.1016/j.expneurol.2014.10.010
https://doi.org/10.1523/JNEUROSCI.3635-05.2005
https://www.ncbi.nlm.nih.gov/pubmed/16306414
https://doi.org/10.1046/j.1471-4159.2001.00036.x
https://doi.org/10.1073/pnas.98.1.307
https://doi.org/10.1111/jnc.12760
https://www.ncbi.nlm.nih.gov/pubmed/24821093
https://doi.org/10.1074/jbc.REV118.006493
https://doi.org/10.1126/science.1195227
https://doi.org/10.1038/nature10324
https://doi.org/10.1038/s41598-019-55885-2
https://www.ncbi.nlm.nih.gov/pubmed/31852959
https://doi.org/10.1038/s41598-019-42847-x
https://doi.org/10.1016/j.bbalip.2023.159350
https://www.ncbi.nlm.nih.gov/pubmed/37330108
https://doi.org/10.1523/JNEUROSCI.2922-05.2005
https://doi.org/10.1523/JNEUROSCI.1594-04.2004
https://doi.org/10.1194/jlr.M300247-JLR200
https://www.ncbi.nlm.nih.gov/pubmed/12897192
https://doi.org/10.1016/0014-5793(90)81406-E
https://doi.org/10.1093/jnen/61.5.413
https://www.ncbi.nlm.nih.gov/pubmed/29747823
https://doi.org/10.1371/journal.pone.0199189
https://doi.org/10.3390/ijms21030868
https://www.ncbi.nlm.nih.gov/pubmed/32013258
https://doi.org/10.1016/j.expneurol.2020.113284
https://doi.org/10.3390/ijms21082858
https://doi.org/10.1007/978-3-7091-1511-4_21

Int. J. Mol. Sci. 2025, 26, 11118 23 0f 23

212. Hawkins-Salsbury, J.A.; Parameswar, A.R;; Jiang, X.; Schlesinger, P.H.; Bongarzone, E.; Ory, D.S.; Demchenko, A.V.; Sands, M.S.
Psychosine, the cytotoxic sphingolipid that accumulates in globoid cell leukodystrophy, alters membrane architecture. J. Lipid Res.
2013, 54, 3303-3311. [CrossRef] [PubMed]

213. Mizugishi, K.; Yamashita, T.; Olivera, A.; Miller, G.E; Spiegel, S.; Proia, R.L. Essential role for sphingosine kinases in neural and
vascular development. Mol. Cell Biol. 2005, 25, 11113-11121. [CrossRef] [PubMed]

214. Penno, A.; Reilly, M.M.; Houlden, H.; Laura, M.; Rentsch, K.; Niederkofler, V.; Stoeckli, E.T.; Nicholson, G.; Eichler, E.; Brown,
R.H., Jr.; et al. Hereditary sensory neuropathy type 1 is caused by the accumulation of two neurotoxic sphingolipids. J. Biol. Chem.
2010, 285, 11178-11187. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1194/jlr.M039610
https://www.ncbi.nlm.nih.gov/pubmed/24006512
https://doi.org/10.1128/MCB.25.24.11113-11121.2005
https://www.ncbi.nlm.nih.gov/pubmed/16314531
https://doi.org/10.1074/jbc.M109.092973

	Sphingolipid Structure 
	Sphingolipid Metabolism 
	The Hydrophobic Sphingolipids 
	Ceramide and Ceramide Properties 
	Sphingosine-1-Phosphate and Its Properties 

	The Amphiphilic Gangliosides 
	Conclusions 
	References

