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Ceramide (Cer) is a structural backbone of sphingolipids and is composed of a long-chain base and a fatty acid.
Existence of a variety of Cer species, which differ in chain-length, hydroxylation status, and/or double bond num-
ber of either of their hydrophobic chains, has been reported. Ceramide is produced by Cer synthases. Mammals
have six Cer synthases (CERS1–6), each of which exhibits characteristic substrate specificity toward acyl-CoAs
with different chain-lengths. Knockoutmice for each Cer synthase show corresponding, isozyme-specific pheno-
types, revealing the functional differences of Cers with different chain-lengths. Cer diversity is especially promi-
nent in epidermis. Changes in Cer levels, composition, and chain-lengths are associated with atopic dermatitis.
Acylceramide (acyl-Cer) specifically exists in epidermis and plays an essential role in skin permeability barrier
formation. Accordingly, defects in acyl-Cer synthesis cause the cutaneous disorder ichthyosis with accompanying
severe skin barrier defects. Although themolecularmechanism bywhich acyl-Cer is generatedwas long unclear,
most genes involved in its synthesis have been identified recently. In Cer degradation pathways, the long-chain
base moiety of Cer is converted to acyl-CoA, which is then incorporated mainly into glycerophospholipids. This
pathway generates the lipid mediator sphingosine 1-phosphate. This review will focus on recent advances in
our understanding of the synthesis and degradation pathways, physiological functions, and pathology of Cers/
acyl-Cers.
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1. Introduction

Ceramide (Cer) is a hydrophobic backbone of sphingolipids.
Sphingolipids exist in all eukaryotes, but not in prokaryotes, except for
a limited number of bacteria species such as Sphingomonas [1]. Cer con-
tains two hydrophobic chains, a long-chain base (LCB) and a fatty acid
(FA), which are connected via an amide bond (Fig. 1A). Addition of a
polar head group at the C1 hydroxyl group of the LCB portion of Cer en-
dows the resulting sphingolipid with amphipathic properties. Charac-
teristic in vivo head group types differ among organisms [2–5]. In
mammals, it is either phosphocholine [in sphingomyelin (SM)] or
sugar chains (in glycosphingolipids) [5,6] (Fig. 1A). Hundreds of
glycosphingolipids differing in sugar classes and/or their linking
modes exist. The sugar residues found in mammalian sphingolipids
are glucose, galactose, N-acetylglucosamine, N-acetylgalactosamine, fu-
cose, and sialic acid [5,7,8] (Fig. 1B). The simplest glycosphingolipids are
glucosylceramide (GlcCer) and galactosylceramide (GalCer), which re-
spectively contain a glucose or galactose residue linked to Cer via β-
linkage (Fig. 1C). GlcCer and GalCer are collectively referred as cerebro-
side or mono-hexosylceramide. Sulfatide is a sulfated derivative of
GalCer (Fig. 1B and C). Gangliosides refer to glycosphingolipids contain-
ing sialic acid(s). Other derivatives of GalCer include the ganglioside
GM4 and the gala-series of glycosphingolipids (Fig. 1C). Addition of a
galactose residue to GlcCer produces lactosylceramide (LacCer), which
is a precursor of SM4, a sulfated derivative of LacCer, and numerous
glycosphingolipid series (the ganglio-series, asialoganglio-series,
isoganglio-series, globo-series, isoglobo-series, muco-series, lacto-
series, and neolacto-series) (Fig. 1C).

Intracellular sphingolipids constitute ~10% of total lipids in mam-
mals [9], although their levels vary among tissues. Sphingolipids are
enriched in the plasma membrane, especially in the outer leaflet [10].
Sphingolipids account for 20–30% of total plasma membrane lipids [9].
SM is the most abundant sphingolipid species in mammals; SM levels
are higher than even the sum of all glycosphingolipid levels in most tis-
sues. In erythrocytes, inwhich the only cellularmembrane is the plasma
membrane, SM and glycosphingolipids account for 18% and 10% of total
lipids, respectively [11].

Levels of glycerophospholipids, another lipid class constituting
membranes, aremuch higher than those of sphingolipids [9]. Therefore,
only glycerophospholipids may be sufficient to build biological mem-
branes, as is the case for prokaryotes. Rather, the importance of
sphingolipids may lie in their conferring specialized functions and/or
properties to the membranes. During the course of evolution, eukary-
otes produced a variety of cell types differing in functions: creation of
a multiplicity of sphingolipids with individualized functions was likely
necessary to fulfill this wide range of roles. Loss of sphingolipids bymu-
tations in sphingolipid biosynthetic genes is lethal in all organisms ex-
amined to date [12–15], indicating that sphingolipids indeed possess
specialized functions and cannot be substituted by
glycerophospholipids.

Sphingolipids are involved in a variety of physiological functions in-
cluding skin barrier formation, myelin maintenance, immunity, blood
vessel stabilization, recognition of bacteria, bacterial toxins, and viruses,
insulin resistance, spermatogenesis, and auditory sense formation [5,7,
16–22]. They fulfill these roles through modulating cellular events
such as lipid microdomain formation, apoptosis, organelle and
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