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Glycosphingolipids (GSLs) are composed of hydrophobic ceramide and hydrophilic sugar chains. GSLs cluster to form membrane
microdomains (lipid rafts) on plasma membranes, along with several kinds of transducer molecules, including Src family kinases
and small G proteins. However, GSL-mediated biological functions remain unclear. Lactosylceramide (LacCer, CDw17) is highly
expressed on the plasma membranes of human phagocytes and mediates several immunological and inflammatory reactions,
including phagocytosis, chemotaxis, and superoxide generation. LacCer forms membrane microdomains with the Src family
tyrosine kinase Lyn and the G𝛼i subunit of heterotrimeric G proteins. The very long fatty acids C24:0 and C24:1 are the main
ceramide components of LacCer in neutrophil plasma membranes and are directly connected with the fatty acids of Lyn and G𝛼i.
These observations suggest that the very long fatty acid chains of ceramide are critical for GSL-mediated outside-in signaling.
Sphingosine is another component of ceramide, with the hydrolysis of ceramide by ceramidase producing sphingosine and fatty
acids. Sphingosine is phosphorylated by sphingosine kinase to sphingosine-1-phosphate, which is involved in awide range of cellular
functions, including growth, differentiation, survival, chemotaxis, angiogenesis, and embryogenesis, in various types of cells. This
review describes the role of ceramide moiety of GSLs and its metabolites in immunological and inflammatory reactions in human.

1. Introduction

Biological membranes are mainly composed of phospho-
lipids, sphingolipids, cholesterol, and membrane-associated
proteins.Thesemolecules are nonhomogeneously distributed
in membranes and can rearrange, leading to the formation
ofmembrane “domains” with highly differentiatedmolecular
compositions and supramolecular architectures, which are
stabilized by lateral interactions among the membrane com-
ponents. Although glycosphingolipids (GSLs) were originally
thought to be structural components of plasma membranes
[1], several experiments suggested that GSLs are involved in
the regulation of numerous cellular functions [2]. The mem-
brane lipid bilayer is a stable structure, constituting a physical
boundary between intra- and extracellular environments.

GSLs are expressed on the surface of cellular membranes.
Based on their physicochemical properties, especially their
many hydroxyl and acetamide groups, which can act as
hydrogen bond donors and acceptors, GSLs form clusters
through cis interactions [2]. There is a general consensus
on the roles played by the ceramide moiety of GSLs in
promoting the formation and stabilization of membrane
lipid domains. In addition, ceramide was also shown to be
involved in GSL-mediated functions and several biological
activities [3, 4]. Ceramide is composed of sphingosine and
fatty acid chains.We recently showed that very long fatty acid
chains of ceramide, such as C24:0 and C24:1, are responsible
for the direct connection between lactosylceramide (Lac-
Cer, CDw17) and palmitoylated signal transducer molecules
[5]. Moreover, the phosphorylated product of sphingosine,
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sphingosine-1-phosphate (S1P), was shown to be important
in immunological, especially inflammatory reactions [4, 6].

This review describes the role of the fatty acid chains
of ceramide in GSL-mediated outside-in signaling in pro-
moting GSL-enriched domain-mediated cellular functions,
as well as the activities of S1P in inflammatory reactions of
keratinocytes in human.

2. Organization of GSL-Enriched
Lipid Microdomains

GSLs on biologicalmembranes tend to form specific domains
with several types of molecules. The most studied GSL-
enriched domains are membrane lipid microdomains, called
lipid rafts, defined by their GSL- and cholesterol-rich nature,
enrichment in GPI-anchored proteins and membrane-
anchored signaling molecules, and cytoskeletal association
[7, 8]. As shown in artificial membrane models, GSLs tend
to form clusters [9], with this cluster formation confirmed
in intact cells by immunoelectron microscopy [10–12]. The
GSL-enriched microdomains on plasma membranes have
a diameter of 50–100 nm and include signal transducer
molecules, such as Src family kinases [11, 12]. GSLs that
contain saturated fatty acid chains with higher transition
temperatures [13] show ordered, less fluid, liquid phase.
Cholesterol is composed of a highly hydrophobic sterol-ring
system and 3-hydroxy moiety, the only hydrophilic part of
themolecule.The small cholesterol sterol-ring system and the
ceramide moiety of sphingolipids are thought to interact via
hydrogen bonds and hydrophobic van derWaal’s interactions
[14]. In addition, hydrophilic interactions between sugar
moieties of GSLs promote the lateral association of GSLs
and cholesterol. In contrast, phospholipids have low acyl
chain melting temperatures and unsaturated acyl chains.
Phospholipids tend to be loosely packaged in bilayers, result-
ing in the formation of liquid-disordered membranes that
allow rapid lateral and rotational movement of lipids [15].
These interactions result in the separation of GSL- and
cholesterol-enriched lipid microdomains from other phos-
pholipids in the cell membrane and the formation of distinct
domains.

Electron microscopy using labeled anti-GSL antibodies
has revealed GSL clusters on the surface of glycosphin-
golipid/phosphatidylcholine (PC) liposomes, even in the
absence of sphingomyelin (SM) and cholesterol [2]. LacCer
forms clusters, consisting of LacCer-enrichedmicrodomains,
on plasma membranes [11]. The anti-LacCer mAbs T5A7
and Huly-m13 recognized LacCer on human neutrophils,
but only T5A7 recognized LacCer on mouse neutrophils.
Interestingly, Huly-m13 but not T5A7 can be used for
immunoprecipitation [16], suggesting a difference in bind-
ing and/or cluster formation of Huly-m13 and T5A7 to
LacCer-enriched microdomains. Indeed, stimulated emis-
sion depletion (STED) superresolution microscopy showed
that T5A7 and Huly-m13 bind to different regions of
the same LacCer/dioleoylphosphatidylcholine (DOPC) lipo-
somes (Figure 1) [17]. LacCer-enriched microdomains are
composed of LacCer, SM, phospholipids, and cholesterol.

Surface plasmon resonance analysis showed that reduction
of the LacCer content in the DOPC/cholesterol/LacCer/SM
lipid layer markedly decreased Huly-m13 but not T5A7
binding to LacCer [17], suggesting that the content of LacCer
in LacCer-enrichedmicrodomains affects the binding avidity
of Huly-m13 to LacCer. In contrast, the molecular species
of PC, including DOPC, dipalmitoylphosphatidylcholine
(DPPC), and palmitoyl-oleoyl-phosphatidylcholine (POPC),
did not affect the binding avidity of Huly-m13 to LacCer-
coated plastic wells. Lactose inhibited the binding of Huly-
m13 to LacCer/DOPC liposome-coated and DOPC/LacCer
mixture-coated plastic wells, suggesting that Huly-m13 binds
only to LacCer clusters in LacCer-enriched microdomains.
In contrast, the binding avidity of T5A7 to LacCer-coated
plastic wells was much weaker than its binding avid-
ity to DOPC/LacCer-, POPC/LacCer-, and DPPC/LacCer
mixture-coated wells, suggesting that the binding of T5A7 to
LacCer is affected by PC. The ability of lactose to inhibit the
binding of T5A7 to DOPC/LacCer liposome-coated plastic
wells was similar to its ability to inhibit the binding of Huly-
m13 [17]. In contrast, lactose inhibition of T5A7 binding to
DOPC/LacCer mixture-coated plastic wells was significantly
lower than its inhibition of Huly-m13 binding, suggesting
that T5A7 recognizes the PC-enhanced three-dimensional
structure of LacCer clusters. Thus, Huly-m13 may bind
to the core region of lactose clusters in LacCer-enriched
domains, while T5A7 binds to “dispersed” LacCer clusters in
the phase boundary regions of these microdomains. These
findings suggest that the specificities of these antibodies
against the same GSLs are dependent on the organizations
of the GSLs and molecules surrounding the GSL-enriched
domains.

3. GSL Metabolism Diseases

Disorders of the degradation of GSLs sometimes cause
human diseases [18, 19]. For degradation, GSLs are endo-
cytosed and reach endosomes and other organelles. Then,
those molecules are constitutively degraded by their suitable
catabolic enzymes.When the activities of lysosomal enzymes
are impaired, degradation is not able to proceed normally
and undegraded molecules accumulate in the organelle and
intracellular membranes, causing several metabolism dis-
eases. For instance, genetic disorder of glucocerebrosidase
(GBA) (EC 3.2.1.45; [20]), Gaucher disease, results in accu-
mulation of GlcCer and its deacetylated form glucosylsph-
ingosine is caused by abnormality of GBA. Gaucher disease
is a multisystem disorder whose features include peripheral
blood cytopenias, hepatosplenomegaly, bone disease, and
neurological manifestations in some cases [21]. The form
of intravenous enzyme replacement therapy in the 1990s
has been developed and resulted in dramatic improvements
in haematological and visceral disease [22]. Recognition of
complications, including multiple myeloma and Parkinson
disease, has challenged the traditional macrophage-centric
view of the pathophysiology of this disorder. However, the
pathways by which enzyme deficiency results in the clinical
manifestations of this disorder remain obscure. In spinal
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Figure 1: Stimulated emission depletion (STED) microscopic observation. The LacCer/DOPC liposomes (a, b) and LacCer and DOPC in
ethanol (c, d) were coated onto the back surfaces of 96-well NUNC Immunoplates, followed by overnight incubation at room temperature
with gentle shaking. The chemical condition of the backside surface of the plate was the same as the surfaces of the wells. The coated plates
were blocked with BSA, sequentially stained with Alexa 488-T5A7 (green) ATTO425-Huly-m13 (red) (a, c) or ATTO425-conjugated Huly-
m13 (red)→Alexa 488-conjugated T5A7 (green) (b, d), and viewed under a TCS STEDCW superresolution microscope (Leica), with signals
detected using aGaAsP hybrid detection system (Leica). Deconvolution was performed usingHuygens STEDdeconvolution software (Leica).
The panels on the right show enlargements of those on the left. White bars depict 1𝜇m.

cords of amyotrophic lateral sclerosis (ALS) patients, levels
of GM1, GM3, LacCer, GlcCer, GalCer, and ceramide were
significantly elevated [23]. Furthermore, glucocerebrosidase-
1, glucocerebrosidase-2, hexosaminidase, galactosylcerami-
dase, 𝛼-galactosidase, and𝛽-galactosidase activities were also
elevated in those patients. Inhibition of glucosylceramide
synthesis accelerated disease course in ALS model mice,
whereas infusion of exogenous GM3 significantly slowed the
onset of paralysis and increased survival. These observations
suggest that GSLs and their metabolism are likely important
participants in pathogenesis of ALS. Further studies about
GSL metabolism pathways in GSL-related disease will serve
to advance our understanding of other associated disorders.

4. GSL- and Ceramide-Enriched Membrane
Microdomains Are Binding Targets for
Pathogenic Microorganisms

Over the last 30 years, many studies have indicated that GSLs
expressed on the cell surface may act as binding sites for
microorganisms. The binding avidities of microorganisms
to several types of GSL [24–27] suggest that GSLs are
involved in host-pathogen interactions. Indeed, microorgan-
isms have been shown to recognize and enter host cells
via GSL-enriched membrane microdomains on the cells
[28]. Among GSLs, LacCer has been well described to bind
to several kinds of microorganisms, including viruses and
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fungi [27]. For instance, Candida albicans specifically bind
to LacCer though the binding of 𝛽-1,6-long glucosyl side-
chain-branched 𝛽-1,3-glucan to LacCer-enriched domains
[26, 29]. It is also well known that microorganisms-derived
toxins, such as Shiga toxin, specifically bind to GSLs [30–32].
Furthermore, a sphingolipid metabolite, ceramide, has been
demonstrated to play a crucial role in pulmonary infection
and inflammation [33]. Ceramide, which is degraded product
of GSLs and sphingomyelin, has been reported to form
ceramide-rich membrane platforms and involve uptake of
several microorganisms including Pseudomonas aeruginosa.
Abnormal amounts of enzymes involved in the synthesis of
ceramide have been demonstrated in emphysematic smokers
and in patients with severe sepsis [34]. Therefore, GSLs
and their metabolites play important roles in infection and
inflammation.

5. Fatty Acid Chains of Ceramide Are
Indispensable for GSL-Mediated Signaling

GSLs have been reported to interact with membrane proteins
and modulate the properties of these proteins [2, 25].
In addition, certain proteins, including glycosylphosphati-
dylinositol- (GPI-) anchored and palmitoylated proteins,
tend to enter GSL-enriched membrane microdomains [13].
These observations suggested that GSLs may be involved
in transferring information across membranes. However,
the mechanism by which GSLs interact with proteins and
mediate outside-in signaling is unclear. The ceramide moiety
consists of a long chain base linked to a fatty acid chain.
Sphingosine containing C18 carbons [(2S,3R,4E)-2-amino-
1,3-dihydroxy-octadecene] is generally the main structure in
mammals, but a structure containing 20 carbons is relatively
abundant in neurons. However, the fatty acid content of
GSL ceramide is highly heterogeneous [35]. Ceramide is
synthesized by ceramide synthases (CerS) 1–6, each of which
uses a restricted subset of fatty acyl-CoAs for N-acylation
of the sphingoid long chain base [36]. The expression levels
of genes encoding CerS are tissue specific, suggesting that
the molecular varieties and expression patterns of GSLs are
associated with the functions of these cells [37].

Although GSL-enriched microdomains have been impli-
cated in a number of important membrane events [2, 38, 39],
the molecular mechanisms responsible for GSL-mediated
cell functions are still unclear. One of the main issues
centers around the association of GSLs with signal transducer
molecules localized on the cytosolic side. However, we
recently analyzed LacCer-enriched microdomains in human
neutrophilic lineage cells [38]. LacCer, along with the Src
family kinase Lyn, forms lipid microdomains on the plasma
membranes of human neutrophils and is involved in several
cellular functions, including chemotaxis, phagocytosis, and
superoxide generation, highly dependent on Lyn [16, 29, 38].
HL-60 cells differentiated into neutrophilic lineage cells by
DMSO (D-HL-60)were found to acquire superoxide generat-
ing activity, but not through LacCer, despite their expression
of LacCer on plasma membranes [38]. Most LacCer and Lyn
were recovered in the microdomain fractions of neutrophils

and D-HL-60 cells. Lipidomics analysis revealed that LacCer
in the neutrophil plasma membrane was mainly composed
of molecular species containing C16:0, C24:1, and C24:0 fatty
acid chains, whereas over 70% of LacCer in the plasmamem-
branes ofD-HL-60 cells containedC16:0 fatty acid chains, but
only about 14% were C24:1 and C24:0 [11]. Lyn was immuno-
precipitated by anti-LacCer antibody in neutrophils but not
D-HL-60 cells. Importantly, Lyn was coimmunoprecipitated
by anti-LacCer antibody from the detergent resistant mem-
brane (DRM) fraction of plasma membranes from C24:0 and
C24:1, but not C16:0 or C22:0, LacCer-loaded D-HL-60 cells.
Anti-LacCer antibody induced superoxide generation from
D-HL-60 cells loaded with C24:0-LacCer, but not C16:0-
LacCer. Lyn colocalized with LacCer-enriched domains of
D-HL-60 cells loaded with C24:0-LacCer, but not C16:0-
LacCer. These results suggested that the C24 fatty acid chain
of LacCer is indispensable for connecting Lyn with LacCer-
enriched microdomains. Knockdown of Lyn molecules by
human Lyn-specific short interfering RNA (siRNA) in D-
HL-60 cells completely abolished the effects of C24:1-LacCer
loading function [11], suggesting that Lyn is crucial for C24-
LacCer-mediated neutrophil function. Experiments using
azide-photoactivatable tritium-labeled C24- and C16-LacCer
revealed that C24- but not C16-LacCer directly associated
with Lyn and a heterotrimeric G protein subunit G𝛼i. These
results confirm a specific direct interaction between C24-
LacCer and the signal transduction molecules Lyn and G𝛼i,
which are associated with the cytoplasmic layer via palmitic
acid chains (Figure 2). LacCer species with very long fatty
acids are indispensable for Lyn-coupled LacCer-enriched
membrane microdomain-mediated neutrophil functions.

GPI-anchored proteins are composed of glycerol phos-
pholipids, which do not haveC24 fatty acid chains, suggesting
that GPI-anchored proteins are not able to form large clusters
by themselves and cannot directly connect with signal trans-
duction molecules through fatty acid chains. To mediate cell
functions,GPI-anchored proteins require signal transduction
molecule-coupled transmembrane proteins or GSL-enriched
domains, such as LacCer-enriched domains [40]. Further
studies are required to determine the organization and
signaling mechanisms of membrane microdomains.

6. Role of Ceramide Metabolite Sphingosine-
1-phosphate in Immunological Reactions of
Human Keratinocytes

The epidermis consists of a single layer of proliferating
undifferentiated keratinocytes, the stratum basale, and sev-
eral superficial layers of the stratum spinosum and stratum
granulosum (SG), which form the stratum corneum (SC).
The SC acts as an air-liquid interface barrier to avoid
drying of tissues in contact with air. Ceramide is the main
component of SC and is important for the water retention
and permeability barrier functions of SC. Ceramides account
for 30–40% of SC lipids [41, 42]. All ceramide molecules
in the SC are derived from GlcCer and SM [43]. CDase
hydrolyzed ceramide to yield sphingosine and fatty acids.
Sphingosine can be phosphorylated by sphingosine kinase
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Figure 2: LacCer-enriched microdomains. (a) Size of LacCer microdomains containing C16:0 and C24:0 fatty acid chain. (b) LacCer forms
lipid microdomains on plasma membrane of human neutrophils and acts as a signal transduction platform. The C24 fatty acid chains of
LacCer interdigitate into inner leaflet of plasma membranes and directly interact with Lyn and G𝛼i. These molecules associate with LacCer
to mediate signaling from outside to inside, resulting in neutrophil chemotaxis, migration, and phagocytosis.

to form S1P, a molecule involved in a wide range of cel-
lular functions, including growth, differentiation, survival,
chemotaxis, angiogenesis, and embryogenesis, in various
types of cells [44, 45]. S1P was shown to inhibit keratinocyte
proliferation, to promote corneocyte differentiation [46],
and to chemoattract keratinocytes. Roles of S1P in skin
immunological functions have been demonstrated in mouse
models [45, 47–51]. Mice are the good experimental tool of
choice for the majority of immunologists, and the study of
immune responses in mice has provided considerable insight
into human immune system function. However, there are
significant differences in immunological reactions between
mice and human [52]. Little is known, however, about the role
of ceramide metabolites in the immunological functions of
differentiating keratinocytes.

A neutral CDase from Pseudomonas aeruginosa AN17
(PaCDase) isolated from a patient with atopic dermatitis
(AD) was shown to require detergents to hydrolyze ceramide
[53]. Staphylococcus aureus-derived lipids, which consist
primarily of cardiolipin and phosphatidylglycerol, enhanced
the PaCDase hydrolysis of normal ceramide and of human
skin-specific omega-hydroxyacyl ceramide in the absence
of detergents [11]. A three-dimensionally cultured human
primary keratinocyte (3D keratinocyte) culture system has
been utilized to simulate epidermal differentiation at its
air-liquid interface, resulting in the generation of basal,
spinous, and granular layers and an SC, with the latter
displaying permeability barrier functions [54]. Treatment of
3D keratinocytes with PaCDase and water-soluble stimu-
lants of keratinocytes, including trypsin, Dermatophagoides
pteronyssinus class 1 allergen (Der p1), andDermatophagoides
farinae allergen (Der f1) had no effect on the expression
of any of the genes in our DNA microarray analysis [55],

indicating that the SC of the 3D keratinocyte culture acts
as a permeability barrier. Triton X-100 is a detergent that
reduces permeability barrier functions, thereby moderately
increasing transepidermal water loss and the production
of erythema on human skin [56]. In the presence of 0.1%
Triton X-100, PaCDase markedly enhanced TNF-𝛼 mRNA
expression in 3D keratinocytes, an increase not observed in
cells treated with Triton X-100 alone [55]. TNF-𝛼 mRNA
expression was not enhanced by heat-inactivated or mutant
PaCDase, suggesting that ceramide metabolites induce TNF-
𝛼 mRNA expression in keratinocytes. TNF-𝛼, a critical
cytokine in several dermatological diseases [57], is secreted
by keratinocytes [58] and shown to be involved in the
progression of atopic dermatitis (AD) [59]. Among the
metabolites of ceramide, only sphingosine and S1P enhanced
TNF-𝛼 mRNA levels in 3D keratinocytes. S1P is synthe-
sized from sphingosine by sphingosine kinase (SphK) and
stimulates 3D keratinocytes through specific receptors [60].
Both the specific SphK inhibitor CAS 1177741-83-1 and the
S1P receptor antagonist VPC 23019 suppressed the PaCDase-
induced expression of TNF-𝛼 mRNA in 3D keratinocytes.
S1P is generally considered to stimulate cells through plasma
membrane G protein-coupled receptors, for example, S1P1–
S1P5 [61]. S1P was recently shown to activate NF-𝜅B [62]
independently of S1P receptors [63]. However, VPC2301, a
competitive antagonist for S1P1 and S1P3 receptors, inhibited
the PaCDase-enhanced gene expression not only of TNF-
𝛼 but also of endothelin-1 and IL-8 [55]. Thus, the S1P-
induced production of these inflammatory mediators is
mediated by S1P receptors in human primary keratinocytes
in a 3D culture system. cDNA microarray analysis showed
that S1P strongly upregulated the expression of endothelin-
1, CXCL1, TNF-𝛼, 𝛽-defensin 5, IL-8, CXCL2, interferon
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Figure 3: Schematic mechanism of the production of inflammatory mediators by ceramide metabolites in human keratinocytes. PaCDase
degrades ceramide into sphingosine in the stratum corneum, and sphingosine is converted to S1P by SphK of keratinocytes. S1P is then
released extracellularly and binds to S1P receptors, resulting in the production and release of TNF-𝛼. The released TNF-𝛼 binds to TNF-𝛼
receptors, activating NF-𝜅B and inducing the production of IL-8 and endothelin-1.

regulatory factor 1, GADD45 gamma, and IL-23𝛼 subunit
mRNAs [55]. IL-8, CXCL1, and CXCL2 have been reported
to be upregulated in the lesional skin of patients with
AD and psoriasis [64]. S1P also enhanced the expression
of claudin-4 mRNA, which has been observed in more
layers of psoriatic than normal epidermis [65]. TNF-𝛼 can
induce the production of endothelin-1 and IL-8 by human
keratinocytes [66, 67]. Epidermal keratinocytes produce and
respond to TNF-𝛼 via TNFR1 [68]. Infliximab, a chimeric
IgG1𝜅 monoclonal antibody against human TNF-𝛼, inhibits
the TNF-𝛼-mediated production of IL-8 by keratinocytes
[69]. PaCDase-induced phosphorylation of NF-𝜅B p65 was
markedly suppressed by infliximab [55].TheNF-𝜅B inhibitor
curcumin inhibited PaCDase-induced expression of IL-8
and endothelin-1 mRNAs but not of TNF-𝛼 mRNA. TNF-
𝛼 induces IL-8 production via NF-𝜅B [70]. Therefore, it
is likely that S1P induces TNF-𝛼 production and release
from 3D keratinocytes via S1P receptors, resulting in TNF-𝛼
induction of cytokine production through NF-𝜅B-mediated
signal transduction (Figure 3). TNF-𝛼 is a critical cytokine
in psoriatic immunopathology, and the development of an
effective strategy is required to counteract its effects [57].
Infliximab, which is used to treat patients with plaque psoria-
sis, psoriatic arthritis, pustular psoriasis (excluding localized
type), and psoriatic erythroderma [71, 72], downregulates
antiapoptotic proteins in regressing psoriatic skin [72]. The
effects of infliximab have also been evaluated in other
inflammatory dermatoses and in systemic diseases involving
the skin, pityriasis rubra pilaris, pyoderma gangrenosum, and
cutaneous sarcoidosis [73]. AD is characterized by a marked

reduction in ceramides in the SC of lesional and nonlesional
forearms [74, 75] and by increased activities of the enzymes
ceramidase (CDase). The metabolic conversion of ceramide
to S1P has been found to protect keratinocytes against UVB-
induced, ceramide-mediated apoptosis [76]. These observa-
tions suggest that ceramide metabolites, especially S1P, are
involved in AD. AD is a common pruritic, inflammatory
skin disorder [77]. Chronic, localized, or even generalized
pruritus is the diagnostic hallmark of AD. Histamine H1-
receptor blockers are used to treat all types of itch resulting
from serious skin diseases, such as AD, as well as from renal
and liver diseases.However, they often lack efficacy in chronic
itch, a profound clinical problem that decreases quality of
life [78]. Nerve density in the epidermis is partly involved in
itch sensitization in pruritic skin diseases, such as AD [79].
Endothelin-1 has been shown to elicit itch in humans [80–82].
The molecular pathways that contribute to the transduction
of itch responses to endothelin-1 do not require either
PLC𝛽

3
or TRPV1 of neurons, which mediate histamine- and

serotonin-induced itch responses, respectively [83]. Thus,
keratinocyte-produced S1P may be involved in endothelin-1-
mediated pruritus in AD.Therefore, atopic dermatitis may be
exacerbated by treatment with S1P analogue FTY720.

7. Conclusion

Several reports have described the roles of ceramide metabo-
lites in immunological and inflammatory diseases [84–
88]. However, the physiological roles of GSL-enriched
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microdomains are largely undetermined, although much is
known about the organization and functions of LacCer-
enriched microdomains [24, 89, 90]. The analogous patterns
of GSLs and motifs of PAMPs result in the generation of
autoantibodies against these GSLs, inducing severe autoim-
mune inflammatory diseases [91]. Antibodies against neu-
ronal tissues are involved in immune-mediated neurological
disorders, with expression of several of these antibodies
found to correlate with the pathophysiology of these diseases
[92, 93]. Therefore, elucidation of their organization and
structural specificities, based on interactions between GSLs
and surroundingmolecules, are important for understanding
the physiological functions of GLS-enriched microdomains
and their related diseases.
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